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Abstract: The Standard Model (SM) of particle physics does a very good job of explaining
the interactions of fundamental particles. The discovery of the Higgs boson over a decade
ago was the final piece. But even before this discovery, there was mounting evidence that it
is an incomplete theory, to be subsumed by a more accurate description of nature at higher
energies. Neutrino masses, dark matter (DM), and various theoretical considerations like
the strong CP problem, hierarchy problem, etc. all motivate us to keep searching for this
more complete theory.

The Large Hadron Collider (LHC) is one of the biggest scientific machines ever built. Collid-
ing protons at high energies, it has two principal detectors around the beam line. We perform
a phenomenological study of the Higgs boson and top quark at the LHC, in search of new
physics and to constrain possible beyond the standard model theories. The heavy mass of
these particles ensures they scatter in a transverse direction, where their decay products can
be detected by the LHC detectors. But light and weakly interacting particles are also pro-
duced in these proton collisions and escape these detectors, as they are produced with very
low transverse momentum. The Forward Physics Facility (FPF) is a new proposal that aims
to detect this forward flux of particles by placing detectors downstream of the interaction
point. A large number of neutrinos are expected to interact with these detectors, enabling
precision measurements. We study various properties of neutrinos like their electromagnetic
properties, neutral current scattering cross section, and coupling to heavy neutral leptons
using this forward flux of neutrinos. If DM is sufficiently light, it can also be produced in
the forward direction. The FPF detectors can also be used to constrain various light DM
models that aren’t otherwise well constrained by direct detection techniques.
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signal cross-section is enhanced at low recoil energies, making FLArE a more
promising detector with its lower energy threshold. Right: Expected num-
ber of events for SM background (black), and signal + background (red) at
FLArE-10 for v, (solid), v, (dashed), and v, (dotted). For all the signal lines,
we use i, = 10 %upand My =107 GeV. . . . . . ... ...
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Projected sensitivity at 90% C.L. for y,, at FASERv2 (green solid), FLArE-
10 (red solid), FLArE-100 (blue solid) for 3 ab™! luminosity after applying the
strong cuts in the text. The gray shaded region indicates current constraints
coming from terrestrial experiments such as Borexino [12-14], XENONIT [14],
LSND [15], MiniBooNE [15], CHARM-II [16,17], NOMAD [15,18], and LEP [15]
as implemented in [19]. Astrophysical constraints from SN-1987 [15] and
BBN [14] are also shown. The dotted lines are for constant decay lengths of
Ng in the lab frame, corresponding to various lengths of interest. The colored
dotted lines show lgecay = ldetector for various detectors assuming Ey = 100
GeV, and the black dotted lines show lgecqy = A in various detector materials.
For comparison, we also show the 90% C.L. line coming from considering only
double bang events at FLArE-10 (red dashed line), assuming zero background.
The brown shaded box is the Region Of Interest (ROI) where Ng can explain
the MiniBooNE anomaly [20]. . . . . . ... ... ... ... ... ...
Same as Fig. 34 but for v, (top) and v, (bottom). . . . . .. ... ... ...

The number of neutrinos passing through the detector (top) and interacting in
the detector (bottom), for FASER»2 (left), FLArE-10 (center), and FLArE-
100 (right) during the HL-LHC era. The detector geometries and locations
are described in the text. These results assume 14 TeV pp collisions and an
integrated luminosity of £ = 3 ab™' and are estimated using Sibyll 2.3d
and the fast neutrino flux simulation introduced in Ref. [21]. . . . . . . ..
Left: The signal-to-background ratio S/B for the elastic scattering signature
for FLArE-10 and the two DM benchmark scenarios indicated as a function of
the maximum momentum of the outgoing proton pj'**. The expected number
of neutrino-induced background events for selected values of p;*** can be found
in table 10, and we assume the detectability threshold of Ej, > 20 MeV for
the proton kinetic energy. Right: The projected 90% CL exclusion bounds
for the elastic scattering signature for FASER»2 with 300 MeV < p, S 1 GeV
(green), FLArE-10 (red), and FLArE-100 (blue) with the proton energy and
momentum cuts indicated. Current bounds exclude the gray-shaded region;
see Sec. 7.7 for details. The thermal relic targets for the Majorana fermion
DM and complex scalar DM models are also shown. . . . .. ... ... ..
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Left: The event distribution as a function of the pion energy for y17° signal
events and neutrino-induced backgrounds in the liquid argon detectors. The
DM results are shown for two benchmark masses m, = myu//3 = 10 MeV
(blue) and 100 MeV (yellow) for the complex scalar DM model. They have
been obtained with the BANMC code [22] that takes into account the dominant
pion production via production of the A resonance. We also show the rele-
vant results for neutrino-induced backgrounds from NCRES and NCEL events
(brown histogram). This was obtained using the far-forward LHC neutrino
energy spectrum and full GENIE [23,24] simulations with further resonances
and final-state interactions of hadrons taken into account. Right: The color-
ful solid lines correspond to the projected 90% CL exclusion bounds in the
DM-nuclei scattering x17° signature for FASER»2 (green), FLATE-10 (red),
and FLArE-100 (blue). Current bounds and thermal relic targets are as in
Fig. 37. . .
Expected number of DIS events in the (Eyaq, Prhaa) plane for one benchmark
Majorana DM scenario (left) and SM NC neutrino background (right) at
FLATE-10. Most of the signal events are at low Ey,q and low pr paq, motivating
our choice of cuts. The dashed (solid) box shows the strong (loose) cuts of 1
GeV < Epag < 15 (30) GeV and 1 GeV < prhag < 1.5 (2.0) GeV used in our
analysis. . . .. L
The projected 90% CL exclusion bounds for the DIS signature in the Majorana
fermion DM model at various detectors. For FLArE-10 we show the limits
with and without the kinematic cuts, whereas for FASERr2 and FLArE-100
we show only the best limits corresponding to the strong cuts. The thermal
relic targets for Majorana fermion DM (black solid) and complex scalar DM
(black dashed), and current bounds (gray shaded region) are also shown.

The projected 90% CL exclusion bounds for Majorana fermion DM from DM-
nucleus elastic scattering, resonant pion production, and DIS (this work),
along with DM-electron scattering from Ref. [25] at FLArE-10. In the gray
shaded region, we also show the strongest existing constraints from BaBar,
NA64, NOvA, E137, and BEBC, as implemented in Refs. [26,27]. Projected
reaches from other experiments are shown in brown for beam dump/collider
experiments and in red for missing momentum-type searches. The green con-
tour shows the projected bound on Majorana fermion DM from SuperCDMS;
see text for more details. . . . . ... oo
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The projected 90% CL exclusion bounds for the FLArE-10 detector combining
all channels for the three integrated luminosities indicated. New parameter
space will start to be probed even for an integrated luminosity of order 30 fb™".

Existing constraints and projected reaches from other experiments are as in
Fig. A1, . 0o

Decay branching fractions of the B (left) and B — 37 (right) gauge bosons
for fixed )y, = 1 and 3, respectively. The “heavy hadrons” contour includes
charm and bottom hadrons, and the red contours correspond to all other
hadrons. Among them, we explicitly show the dominant branching fractions
into 7077, 7%, and kaon pairs KK = KtK~ + KgK. Here we assume
loop-induced couplings of the bosons to charged leptons of the first two gen-
erations of size g, = gy (e/4w)?. The relevant contour for boson decays into
ete” or utp~, shown in the left panel, has been multiplied by a factor of 1000
for visibility. The DM is taken to be a scalar, with the decay width given in
Eq. (82.11). . . . .
The (my, gy ) parameter space of hadrophilic DM models with U(1) 5 (left) and
U(1)p_3- (right) gauge boson mediators coupling to complex scalar DM, for
dark matter coupling o, = 0.01 (top) and 0.5 (bottom), and my = 3m,.. The
black contours are the thermal relic targets for complex scalar and Majorana
DM; DM is thermally overproduced below these contours. The light (dark)
red lines correspond to 90% CL exclusion bounds from DM DIS (elastic)
scatterings off nuclei for FLArE-10, FLArE-100, and FASER»2, as indicated.
The dotted brown contours are the sensitivity contours for SNDQLHC [28].
In the right panels, the light purple contours are the projected sensitivity
contours from probing the V-induced BSM NC interactions of tau neutrinos.
In both panels, the dark gray shaded regions are excluded by current bounds.
The light gray shaded regions in the left (right) panels correspond to the
anomaly-induced K and Z decays (NSI bounds). The very light gray shaded
regions are constraints from DM DD; these do not apply to Majorana and
inelastic scalar DM (see Sec. 8.2.4). . . . . . . . ... ...
Same as Fig. 45, but for only the FLArE-10 detector, complex scalar DM, and
fixed charges @, =1 (left) and @, = —Q); = 3 (right), resulting in a floating
a,. Additional expected exclusion bounds from probing displaced V' decays
to SM final states in FASER (FASER2) are shown with dark (light) blue lines.
In the right panel, the green contour is the sensitivity contour from probing
excess CC scatteringsof v,. . . . . . . . ... L
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CHAPTER I

INTRODUCTION

It is an incredible testament to the human mind that most of the physical phenomena
around us can be explained by one equation (albeit a rather large one) and a handful of
particles’. Theoretical and experimental progress over the last century has resulted in this
wonderful framework that is now called the Standard Model (SM) of particle physics, the
last piece of which, the Higgs boson, was only discovered eleven years ago [29,30]. But this
success of the Standard Model is tempered by large unknown questions plaguing us. Dark
matter [31-33], neutrino masses [34, 35|, matter antimatter asymmetry [36, 37|, etc. are
some of these unanswered questions. Many experimental observations indicate that there
are missing pieces in our understanding of nature, and the Standard Model needs to be
extended. The search for Beyond Standard Model (BSM) physics is one of the goals of the
physics community at present.

The word physics comes from ancient Greek, and it means knowledge of nature and much
like anything ancient, how physics is pursued has changed drastically. The initial days of
modern physics were dominated by individual brilliant minds like Galileo and Newton. Even
in more recent times like the beginning of the 20th century, much of the progress in physics
was made by singular minds. Then came the age of big machines, and bigger collaborations,
resulting in one of the greatest scientific machines ever built, the Large Hadron Collider
(LHC) [38]. Exploration of BSM physics proceeds via experimental and theoretical avenues,
and even within it, there are many approaches. In this dissertation, we take a data-driven

phenomenological approach to search for physics beyond the SM. In particular, we look at

'Except gravitational interactions.



new ways to study the data coming from LHC to search for any signatures of well-motivated
BSM theories. We also look at a new proposal to expand the physics potential at LHC in
the forward direction [39,40]. This new suite of experiments can significantly aid in the
search for BSM physics in a complementary manner to the conventional detectors currently
present at the LHC. Pilot experiments like FASER [41-43] and FASERwv [44,45] are already
installed and taking data. The first collider neutrinos were reported recently by the FASER
collaboration [46]. We now introduce the SM and some of its main features. We then briefly
mention some shortcomings of this model and why we need to look beyond it, motivating
the work done in this dissertation.

1.1 The Standard Model of Particle Physics

1.1.1 Particle Content of the SM

The particle content of the SM is shown in Fig. 1. All matter we see around us is made of
these quarks and leptons. They are grouped into three generations, where the only difference
is their mass. Together, they are called fermions, as they are spin—% particles. But their
more familiar property is their electric charge. The up-type quarks (up, charm, top) have an
electric charge of —|—§, the down-type quarks (down, strange, bottom) have —%, and charged
leptons (electron, muon, tau) have —1. The neutrinos are electrically neutral. The proton
gets its +1 charge from its up-up-down quark composition, and the neutron is electrically
neutral, as it is made up of two down quarks and one up quark. One of the ways fermions
interact with one another is by exchanging gauge bosons. In the SM they are the photon,
Z boson, W boson, and gluon, and they have spin-1. The photon, Z boson and gluons are
electrically neutral, whereas the W boson comes with 4+ 1 charge. There is also a third type
of particle, the Higgs boson, with spin-0 and zero electric charge. Spin 0 and 1 particles are
called bosons, as they have integer values for spin. Together, fermions and bosons make up

the particle content of the SM.
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Figure 1: Particle content of the SM. The first three columns on the left are the three
generations of fermions. The fourth column is the gauge bosons, and the right-most column

is the Higgs boson.

1.1.2 Gauge Symmetry of the SM

These fermions and bosons of the SM interact with each other in a multitude of ways. Each
interaction, which manifests as a term in the Lagrangian, must be symmetric under certain

gauge transformations. The gauge group of the SM is

GSM = SU(g)C X SU(Z)L X U(l)y. (1.1.1)

Here the subscripts C, L, and Y stand for color, weak isospin, and hypercharge respectively.
SU(3)¢ is the gauge theory that describes the strong interactions or Quantum Chromo-
dynamics (QCD). The theory of electroweak interactions is described by the gauge group

SU(2)r x U(1)y. All possible terms that respect these symmetries can and must be written



down in the Lagrangian. For SM, this is

'CSM = £gauge + Lfermions + 'CHiggs + ['Yukawa (112>

where each term is explained below.

1.1.3 Gauge Fields

Each gauge group of the SM comes with its own gauge boson fields. The number of gauge
bosons associated with a group corresponds to the number of generators the group has.
SU(3) has eight generators, given in terms of the Gell-Mann matrices (A), 7% = A*/2 where
a runs from 1 to 8. So there are 8 gauge bosons called gluons in QCD. The theory of
electroweak interactions has 4 gauge bosons. This comes from the three generators of SU(2)
which are given in terms of the Pauli matrices (o), T = ¢%/2 for a from 1 to 3 and the
one generator of the U(1)y group. These gauge bosons are the photon, W* boson, and Z
boson?.

To write down gauge invariant terms, we must first define gauge transformations. Every
gauge transformation can be represented by a unitary matrix U. This unitary matrix can

be written in terms of the generators of the corresponding gauge group, 1T, as

U = exp (i0,17). (1.1.3)

The gauge bosons of a group will transform under transformations belonging to that group
as AMT* — U <A5T ¢ — %8“) Ut where g is the coupling constant of the group. We next
define a field strength tensor from the gauge fields, A® = OrAY — 9 AP + g f Al A% where
fab¢ are the structure constants of the gauge group defined by [T“, Tb] = ifeT¢. The last

term exists only for the non-Abelian gauge groups SU(3)¢, and SU(2). A gauge invariant

2Technically they manifest as such only after electroweak symmetry breaking.



kinetic term for the gauge bosons can now be written down as —}lAg"’AW@. For the SM, we

have three such terms for the three gauge groups and their corresponding gauge fields. So

(1.1.4)

1 1 1
Egauge - _ZGgyGMV,(l — _Wé“/WP«Vﬂ — ZBHUB/“”

4

where G, W, B are the gauge fields of SU(3)¢, SU(2)r, and U(1)y groups respectively. This

is the first term in Eq. (1.1.2)

1.1.4 Fermion Fields

The fermion fields ¢ transform as ¢» — U1tp. But not all transformation act on all fermion
fields. This is determined by the quantum numbers of the fields, Table 1. The SM has two
left-handed fermion fields, (); and L, and three right-handed fermion fields, ugr, dgr and
lg. For instance, @, is a triplet (3) under SU(3)¢ and a doublet (2) under SU(2),. This
means it transforms under SU(3)c and SU(2), transformations as a triplet and a doublet
representation, respectively. The doublet components of ), are the left-handed up and down
type quarks, as shown in Table 1, whereas the triplet components are the three colors each
of the quarks come in. Contrast this with ug, the right-handed up quark. It is a singlet
(1) under SU(2);, which means it is not effected by any SU(2),, transformations. This also
demonstrates the chiral nature of SM. It does not treat left- and right-handed fermion fields
equally, as they have different representations under the electroweak gauge groups.

To construct gauge invariant terms for the fermions, we define the covariant derivative
DF = OF — igA!T® from the gauge boson fields. With this definition, we now have the
covariant derivative transforming as D* — UDH*UT. The covariant derivative when acting
upon a fermion field transforms as D*i¢ — UD*). We can now write down the gauge

invariant kinetic term for a fermion as

‘Cfermions = ZEVMDMw + h-C, (115)



Field SU@3)e | SU©2), | U1y
u
Qr = 3 2 1/3
d
L
ug 3 1 4/3
dr 3 1 -2/3
1%
Ly = 1 2 -1
l
L
Ir 1 1 -2
+
¢ = i 1 2 1
¢0

Table 1: Quantum numbers of the SM fields.

where v, are the Dirac matrices. In full generality, the form of the covariant derivative in
the SM is D#* = 0" —i (gsGFA*/2 + g, WHo®/2 + gy B*Y /2). For each SM fermion, only the
relevant gauge boson terms will be present depending on their quantum numbers, and this

is the second term in Eq. (1.1.2).

1.1.5 Electroweak Symmetry Breaking and Gauge Boson Masses

The last two terms of Eq. (1.1.2) contain the Higgs boson. So before writing the terms down,
we need to introduce the idea of electroweak symmetry breaking (EWSB). The concept
of symmetry breaking was introduced into the SM to solve the problem of gauge boson
masses. The short-range nature of electroweak interactions required that some gauge bosons
be massive. But a mass term for them, m% A, A*, would violate gauge invariance and is not
allowed in the SM. The idea behind symmetry breaking was that every time a continuous
symmetry was broken, massless particles corresponding to each broken generator would
appear. These massless modes would then be absorbed as longitudinal modes of gauge

bosons, giving them a mass. In the SM, this is the Higgs mechanism [47-52].



Re(¢)

Figure 2: The Mexican hat potential of the Higgs boson within the SM.

The Higgs mechanism spontaneously breaks SU(2), x U(1)y to U(1)gum, the theory of
electromagnetism. This can be done if the spin-0 scalar Higgs field, ¢, has a potential,
whose ground state solution is not symmetric under SU(2), x U(1l)y. So when the field
value relaxes to this vacuum expectation value (VEV), SU(2), x U(1)y is spontaneously
broken. The Higgs field is a complex scalar field, being a SU(2), doublet with hypercharge
1. So we can write down the gauge invariant kinetic term and potential for the Higgs field

as
Litiggs = (Dt D"6) — V(9). (1.1.6)

The covariant derivative acting on it will be D* = 0* — i (g, WFc®/2 + gy B*Y/2) and the

Higgs potential V'(¢) is given by

V(9) = —1*d'o + No'9)*. (1.L.7)

For ;2 > 0 and A\ > 0, the Higgs potential has the shape shown in Fig. 2. The minima of



the potential occurs when the Higgs doublet acquires the value

0 == "] with o= 118)

= — with v =4/ —. .
vz, X

Once the ¢ field acquires a VEV, it spontaneously breaks SU(2), x U(1)y to U(1)gas. This

means three generators are broken. Corresponding to them, there are three massless modes

called Goldstone bosons that get absorbed by the gauge bosons and give them mass. Hence,

there are three massive gauge bosons in the SM.

In the unitary gauge, one can expand the Higgs field about this VEV as

0
¢ = (1.1.9)

%(v%—h)

where h is the field corresponding to the Higgs boson particle. The kinetic term in Eq. (1.1.6)

when expanded about the VEV as above contains terms such as

h\ > 1 h\?

These terms give rise to gauge boson masses as well as their coupling to the Higgs boson.

The physical electroweak gauge fields can be written as

Wl iw?
W, = Du (1.1.11)
2

W3 — gy B
Z, = w (1.1.12)

91 t 9y

W3+ g.B
A, =P I (1.1.13)

V9Lt 9y

and their masses are given by
2 2

mis = U, = VILTOYY (1.1.14)

2

The photon filed A, has no such mass term and is massless in the SM.



1.1.6 Yukawa term and Fermion Masses

There is one more gauge invariant term involving the Higgs field that can be written down,

£Yuk:awa, = — (@LYd¢dR +@LYU$UR +ZLYZ¢ZR> + h.C. (1.1.15)

where ¢ = igag*. Yiu, are 3 x 3 matrices that contain the Yukawa couplings of Higgs
boson to the three generations of down-type quarks, up-type quarks, and charged leptons
respectively. After the Higgs field acquires a VEV, these matrices can be diagonalized to

give the fermions their masses,

v v v
—Y,, My=—Y;, M, =—=Y]. 1.1.16
\/i I \/§ ! : \/5 : ( )

The lack of right-handed neutrinos in the SM means we cannot write down an analogous

M, =

Yukawa term for neutrinos. Hence, the neutrinos are massless within the SM.

1.2 Going Beyond the Standard Model

The SM as expressed in Eq. (1.1.2) and Table 1 has had incredible success over the last
half a century. It successfully explains three of the four fundamental forces of nature. Its
predictions agree with experimental observation across a large range of energies to a very high
degree of precision. But we know its not the final theory. There are very good experimental
and theoretical reasons to consider the SM as a low energy effective theory, and that a more
complete Beyond the SM theory must exist. My dissertation has focussed on Higgs, top
quark, dark matter and neutrino physics. We briefly introduce these topics below and how

they motivate searches for new physics beyond the SM.

1.2.1 Higgs and top quark Physics

Expanding the Higgs potential about the VEV we find

1
Liiggs D —p*h* — Avh® — ZAh“. (1.2.1)
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Figure 3: Left: The branching ratio for the dominant decay modes of the Higgs boson as a
function of its mass. At higher masses, decay channels to heavier particles open up. Right:
The production cross section for the Higgs boson as a function of its mass. The gluon-fusion

(ggF) is the most dominant channel [1,2].

The mass of the Higgs boson can be read off as mj, = v/2u. The cubic and quartic self
couplings are given by gpnn, = —6iAv, and gpppn, = —6tA. The couplings of Higgs boson to
fermions are proportional to the fermion mass. Expanding Eq. (1.1.15) in the same way we

have

Ly ukawa O —)\L\/%} <1 + %) ?f = —my (1 + %) 7f (122)

The Higgs couplings to fermions are given as,

,)\f ,mf
= AL = 1.2,
gnss = 05 = T (1.2.3)

The heavier the fermion, the stronger it’s coupling to Higgs. This has huge phenomenological
implications [3,53]. The decay of Higgs will be more often into heavier particles as long as
it is kinematically allowed. For a 125 GeV Higgs, Fig. 3 left panel, the dominant decay is
to bb. Decays to gauge bosons are suppressed as my, < 2mzw, and only off-shell decays to
27", WW= are allowed. Decays to leptons are suppressed by their low masses and also by

the absence of a color factor. The Higgs can couple to massless gauge bosons via a loop.

10
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Figure 4: Some of the dominant production channels for the Higgs boson. Figure taken from

Ref. [3].

The h — gg decay is difficult to observe due to the QCD background, but is manifest in the
enhanced production cross section of the gluon fusion channel (ggF'), Fig. 3 right panel. The
electroweak decay of h — ~7 is suppressed, but has backgrounds that can be controlled and
was one of the channels via which the Higgs was discovered.

There are many ways to produce the Higgs at the LHC. Some dominant diagrams are
shown in Fig. 4. Apart from gluon fusion, diagrams containing the tth vertex are interesting.
This vertex is proportional to the top quark mass, which is the heaviest particle in the SM.
This enhanced coupling strength of the top quark to the Higgs boson makes it particularly
sensitive to the Higgs sector and an attractive place to look for new physics effects from BSM
theories, such as a shift in the Higgs-top Yukawa coupling (Chapter II). The top quark has a
mass of 173.5 + 1.4 GeV [54]. This high mass means it has a very short lifetime of &~ 1072
seconds [54]. So it will decay before it can hadronize and gives us a unique opportunity to
probe the unbounded quark’s properties. This can help constrain how the top quark couples
to gauge bosons (Chapter III). Taken together, it is apparent the importance top quark and

the Higgs boson have to the search for BSM physics.

11



Standard Model Effective Field Theory (SMEFT) Framework

It is important to discuss the Standard Model Effective Field Theory (SMEFT) Framework,
which plays a prominent role in our analysis. It is a model-independent way to analyze
data for new physics effects. In this framework, one considers the SM to be an effective
theory that is only valid till a certain energy scale A. The more complete theory that is valid
above A is unknown to us, but its effects may be deduced from low energy measurements.
To remain completely agnostic to the higher energy theory, we parameterize its effects with
higher dimensional operators (dimension > 4) that are only made from SM fields respecting
the SM gauge symmetries. These higher dimensional operators are suppressed by powers of
A as
cdim=5 cdim=6
Lsverr = Ly + Z L Ofm=b 4 Z O (1.2.4)
In SMEFT there is only one dimension 5 operator, the Weinberg operator [55], which plays
a prominent role in neutrino mass model building [56]. At dimension 6 there are over
2000 operators [57,58]. The coefficients, ¢;, are called Wilson coefficients. If SM were the
true theory at all energies, then all the ¢;s for dimension > 4 would be 0. But in the
SMEFT framework, SM is considered as the leading term in the approximation, and we
generically expect contributions from some of these higher dimensional operators. These
may manifest as a modification of the process cross section, or a distortion of the kinematic
distributions. Though they are suppressed by powers of A, they can be constrained by
precision measurements from the LHC [59-63]. The ATLAS collaboration, for e.g., looked
at the 4 lepton final state [4]. They focused on a subset of dimension 6 operators that could
contribute to this final state at the LHC. By comparing the SM prediction to the measured
distribution of events, they were able to place constraints on the relevant Wilson coefficients,
Fig. 5.
In chapters IT and III, we explore a complementary direction to this above analysis. The

effects of higher dimensional operators can show up in any observable, and it may not be
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ATLAS full model

Vs=13 TeV, 139 fb™ Expected 95% CL === Observed 95% CL
Coeff. Observable Draw Scale Obs. 95% interval
Cuc  May I = l x 4| [-0.20,-0.029] U [-0.010, 0.012]
Cic My S— x 5| [-0.033, 0.033 ]
Cup My [ -0.60, 0.29 ]
Cawe  May —i——— [-0.29, 0.13 ]
Cus Py, S x 0.05 | [-2.6,8.3]
Ch A, x 0.05 | [-13.0,-6.9] U [-1.5,4.4]
Che A [-0.70,0.21]
cly AD, e — [-0.19,0.55 ]
ch Ao, — [-0.47,0.12]
Chy My, x 0.5 | [-1.6,0.43]
Cli AP i e —— [-0.15,0.52]
Cy My [-0.51,0.41]
Cee My, S —— x 0.01 | [-33.0,42.0]
Cow My — [-0.14,0.21]
Cg My —— [-0.41,0.36 ]
c, My x 0.02 | [-21.0,26.0]
c, My x 0.02 | [-20.0,25.0]
¢y A, —— [-0.17,0.50 ]
cf.‘.’ my T — x 2| [-0.086,0.17 ]
cly My, — x 4 | [-0.064, 0.081]
c, my x 2| [-0.16,0.20]
C My x 2| [-0.11,0.14]
| | |

Figure 5: Constraints placed by the ATLAS collaboration on the 22 Wilson coefficients

contributing to the 4 lepton final state they analyzed in Ref. [4].

obvious a priori where to look for them. In chapter II, we show how new physics effects can
be enhanced in the boosted Higgs regime. Focusing on this part of the phase space enhances
the sensitivity of the analysis, allowing for better constraints on the Wilson coefficients. In
chapter III, we introduced new angular observables that increased the sensitivity to new
physics, especially CP violating higher dimensional operators. Such studies enable one to

take full advantage of the SMEFT framework.



1.2.2 Neutrino Physics

As we saw earlier, it is impossible to write down a mass term for neutrinos within the SM.
Yet we know neutrinos have a non-zero mass. This comes from observing neutrinos oscillate
between three flavors as it propagates [34,35]. Neutrino oscillations can be explained if we
introduce a mass difference between the three neutrino flavors and a slight misalignment
between the neutrino flavor basis (in which they interact), and the mass basis (in which they
propagate). This misalignment is parameterized by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [64-66]. The neutrino flavor basis can be written as (v., v,, v,) and the

mass basis as (v1, 5, v3). Then we can write
v(x) = X;Uv;(2); l=e p, 7 j=1,23 (1.2.5)

where U is the PMNS matrix. This is parameterized in terms of three mixing angles and a

phase, and two extra phases for Majorana neutrinos

C12C13 S12C13 s13€”% 1 0 0
_ 1) 1) ;21
U= —512C23 — C12523513€" C12C23 — S12523513€" 523C13 0 e 0 (1'2'6)
i6 ié 0 0 §23L
5128523 — €12€23513€ —C12523 — 512€23513€ C23C13 € 2

with ¢;; and s;; are cos 6;; and sin 6,5, ¢ is the Dirac phase, and «;; the two Majorana phases.
So along with the three neutrino masses m; with ¢ from 1 to 3, there are 7 parameters for
Dirac neutrinos and 9 for Majorana neutrinos. Precision measurement of neutrino oscillations
constrains the three mixing angles and the mass squared differences, Am32, and Am3,. This
is shown in Fig. 6 [5]

Other than oscillations, another avenue to study neutrinos is through their electromag-
netic properties [67]. In the SM, the neutrino is electrically neutral and hence won’t couple
to photons. However, if one were to write a fully general effective electromagnetic form factor

(A#) for the neutrino, then it will have terms that couple to a photon [68,69]

(vrp)libelvi(pi)) = (o) N (@)ua(pi), (1.2.7)
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Normal Ordering (best fit) Inverted Ordering (Ax® = 2.7)

bfp +1o 30 range bfp 1o 30 range
sin? 015 0.30415:913 0.269 — 0.343 0.30415:913 0.269 — 0.343
612/° 33.4410°78 31.27 — 35.86 33.457078 31.27 — 35.87
sin? 63 0.570195-9:8 0.407 — 0.618 0.57513:957 0.411 — 0.621
623/° 49.0713 39.6 — 51.8 49.3719 39.9 — 52.0
sin® 013 0.02221+8:00068  0.02034 — 0.02430 | 0.0224073-959%2  0.02053 — 0.02436
013/° 8.571913 8.20 — 8.97 8.6110:12 8.24 — 8.98
dcp/° 195751 107 — 403 286127 192 — 360
Am§1 +0.21 +0.21
Tos o2 742792 6.82 — 8.04 7.42792 6.82 — 8.04
Amgz +0.028 +0.028
Tos o7 | TROMIGGT 42431 42598 | —2407THGGR —2.583 —» —2.412

Figure 6: Three flavor oscillation parameter fit from global data taken from Ref. [5]

with
2

Nia) =7 (Qpi = 5 (1)) = i qunis (1.2.8)
Here @ (millicharge), u (neutrino magnetic moment), and (r?) (neutrino charge radius) are
the electromagnetic (EM) properties of the neutrino. These EM properties are good probes
of new physics (Chapter V) as in the SM only the neutrino charge radius should exist. Any
other EM property would be a sign of new physics. Also, they can help distinguish between
Dirac and Majorana neutrinos as Majorana neutrinos can have only off-diagonal neutrino
magnetic moments whereas Dirac neutrinos can have both diagonal and off-diagonal ones. So
along with neutrino oscillations, neutrino EM properties also provide a path to new physics

searches.

1.2.3 Dark Matter

Several astronomical observations indicate that SM particles only constitute around 4.9% of
the total energy budget of the universe. The remaining fraction is made up of dark matter
(DM), around 26.8%, and dark energy (DE), 68.3% [31]. Evidence for DM is overwhelming

and comes from observation of flat galaxy rotation curves [32], matter distribution in the
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Bullet cluster [33], measurements from CMB [31,70], etc. and is one of the most important
questions in particle physics.

One of the earliest pieces of evidence for DM came from Fritz Zwicky, who in 1933
applied the virial theorem to obtain the mass of the Coma cluster [71,72]. He began by
calculating the visible mass of the cluster from an estimate of the number of galaxies in the
cluster, and the average mass of each galaxy. Using an approximation for the physical size of
the cluster, he used the virial theorem to calculate the gravitational potential, and average
kinetic energy of each galaxy. The velocity estimate coming from this was far lower than that
obtained from the redshifts of these galaxies. This led him to conclude that some form of
dark matter resided in these galaxy clusters. This way of estimating the velocity of galaxies
in a galaxy cluster relied on various assumptions and as yet failed to convince the community
of the existence of dark mater®. The subsequent decades provided more conclusive evidence,
pushed forward by advances in observational techniques. Most of the mass in a galaxy is
concentrated in its center. As stars revolve around the galactic center, their speed of rotation
depends on the mass contained within their orbit. For stars sufficiently far from the galactic
center, we expect their speed to fall off due to increasingly less dense visible matter. But
observations of rotation curves from various galaxies [32,73] showed the rotational velocity of
stars peak (as expected) and then maintain that constant value even far outside the galactic
center. This could be explained if there was missing mass or dark matter in the galaxy that
extends far out from the center. Furthermore, one can compare the hydrogen surface density
(HI) profile, and the rotation curve from 21 cm line [6]. While the former drops off at large
radii, the rotation curves flatten out as seen in Fig. 7. This was another very important
piece of evidence in favor of dark matter.

More recently, gravitational lensing observations have also lent credence to dark matter.
The most striking example is the Bullet cluster [8] which is a pair of merging galactic clusters.

In the absence of dark matter, one would expect the distribution of baryonic matter inferred

3For a good historical account see Ref. [7]
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Figure 7: left: Hydrogen surface density profile for 5 galaxies studied in [6]. Right: The
rotation velocity curves for the same 5 galaxies, which show they flatten out at large radii

instead of falling off. Figure taken from Ref. [7]

from X-ray observations and gravitational lensing to overlap. But this is not the case. The
X-ray map coming from hot baryoinc matter, and lensing map coming from the total matter
potential have a spatial separation that can only be explained by some missing mass as seen
in Fig. 8.

We now know not only about the presence of dark matter, but also have some tantalizing
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Figure 8: The color map shows the distribution of matter coming from X-ray observation,
and the green contours come from the gravitational lensing observations. The two do not
overlap, indicating the presence of some hidden matter in the Bullet cluster. Figure taken

from Ref. [§]

hints as to its nature. Extensive simulations of structure formation in the early universe seem
to imply that most of the DM in the universe must be non-relativistic [74,75] or cold. Rela-
tivistic or hot dark matter would result in structure formation in a top-down manner, large
structures are formed first from the collapse of hot dark matter and then only the smaller
galaxy-sized structures. On the other hand, non-relativistic or cold dark matter follows a
bottom-up approach, forming small structures which then gravitationally bind to form larger
ones. Cosmological surveys [76] indicate a bottom-up approach to structure formation, ruling
out hot dark matter and in particular SM neutrinos as the primary component of DM. A

particle candidate for DM can only be found beyond the SM.
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1.3 Brief Overview of the Dissertation

There is a concerted effort to search for new physics from both the experimental and the-
oretical side. In the following chapters, we present various theoretical studies done in the
context of the LHC to study some unresolved questions in particle physics. Each chapter
is based on a research paper that was done during my PhD. The chapters are written to
be self-contained; it introduces the model, the question it aims to answer, and the analysis
techniques used. They draw their own conclusion at the end of each chapter.

In Chapters II and III, we study Higgs and top quark physics using the conventional
detectors at the LHC. Making use of novel analysis techniques, and by introducing new
experimental observables, we place limits on new physics models. In the second half of the
dissertation, we make use of the newly proposed Forward Physics Facility (FPF). Hosting
five new detectors, we explore its potential to study neutrino properties in chapters IV to VI.
Since DM in certain models can also be produced in the far forward direction, the FPF can
be used to study DM, which we pursue in chapters VII and VIII. We finally conclude in

chapter IX.
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CHAPTER I1

DIRECTLY PROBING THE HIGGS-TOP COUPLING AT HIGH SCALES

2.1 Introduction

The top-quark Yukawa coupling (y;) is the strongest interaction of the Higgs boson in the
Standard Model (SM) with 3, ~ 1. Owing to its magnitude, it plays a central role in Higgs
phenomenology in the SM and could be most sensitive to physics beyond the Standard Model
(BSM) associated with the electroweak symmetry breaking [77]. It is crucial for the stability
of the SM vacuum during the electroweak phase transition in the early universe [78,79]. It
yields the largest quantum correction to the Higgs boson mass and can trigger the electroweak
symmetry breaking in many well-motivated new physics scenarios [80-85]. Thus, the precise
measurement of y; can be fundamental to pin down possible new physics effects.

The top-quark Yukawa coupling has been determined indirectly at the LHC from the
Higgs discovery channel gg — h via the top-quark loop [86]. It can also be directly measured
via top pair production in association with a Higgs boson, tth. The observation of this
channel was reported in 2018 by both ATLAS and CMS collaborations, with respective
significances of 6.3 and 5.2 standard deviations [87,88]. These measurements confirm the
SM expectation that the Higgs boson interacts with the top-quark with an order one Yukawa
coupling. The high-luminosity LHC (HL-LHC) projections indicate that the top Yukawa will
be probed to a remarkable precision at the end of the LHC run, reaching an accuracy of
oy S O(4)% [39)].

The current measurements are performed near the electroweak scale () ~ v. If the

new physics scale A is significantly larger than the energy probed at the LHC, the BSM
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effects generally scale as (Q/A)™ with n > 0 [57,58,90], before reaching a new resonance.
Therefore, it is desirable to enhance the new physics effects by exploring the high energy
regime associated with the Higgs physics. Proposals have been made recently to study
the off-shell Higgs signals gg — h* — V'V [62,91-96]. This process could be sensitive to
potential new physics of the tth* and V'V h* interactions or a h* propagation at high energy
scales () > v.

In the present study, we directly explore the Higgs-top coupling at high energy scales
using the tth production channel. For an on-shell Higgs production with high transverse
momentum, this process effectively probes the top-quark Yukawa interaction at a high scale
in both the space-like and time-like regimes. In contrast, the off-shell Higgs physics probes
the complementary physics only in the time-like domain [94-96]. As a concrete formulation,
we study the BSM effects to the Higgs-top Yukawa in the Effective Field Theory (EFT)
framework, focusing on two relevant higher dimensional contributions. Then, we move on
to a BSM hypothesis that features a non-local momentum-dependent form factor of the
Higgs-top interaction [95,96]. This form factor generally captures the top Yukawa composite
substructure. To combine the large event yield with a high energy physics probe, we focus
on the channel with the largest Higgs decay branching fraction, BR(h — bb) ~ 58%, in
association with jet substructure techniques at the boosted Higgs regime.

The rest of the presentation is organized as follows. In Section 2.2, we present the
theoretical parameterization associated with the potential new physics for the Higgs-top
couplings in the EFT framework and an interaction form factor. We then derive the new
physics sensitivity to those interactions in Section 2.3, featuring the effects that benefit with
the energy enhancement at the boosted Higgs regime. Finally, we present a summary in

Section 2.4.
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2.2 New Physics parametrization

In this section, we describe two qualitatively different new physics parametrizations for
beyond-the-Standard Model effects to the Higgs-top coupling at high energy scales. The
first one considered is in the effective field theory framework by adding in a few relvant
dimension-6 operators that are results from integrating out some heavy degrees of freedom
mediating the Higgs and top interactions. The second formulation is a non-local Higgs-
top form factor, motivated from a strongly interacting composite theory for the Higgs and
top quarks. These two forms of new physics parameterizations are quite representative in

capturing the general features of the BSM couplings for the Higgs and the top quark.

2.2.1 Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) provides a consistent bottom-up
framework to search for new physics [57-63]. In this scenario, the beyond the SM par-
ticles are too heavy to be produced on-shell. The new states can be integrated out and
parametrized in terms of higher dimension operators as contact interactions [90]. In general,

the EF'T Lagrangian can be written as

Lopr = Lo+ Y %0 e (%) : (2.2.1)
i

where A is the scale of new physics, O; are effective operators of dimension-six compatible
with the SM symmetries, and ¢; are corresponding Wilson coefficients. Higher dimensional
operators can modify the existing SM interactions, as well as generate new Lorentz structures,
both of which can give rise to phenomenologically relevant energy enhancements in the

scattering amplitudes.
We follow the SMEFT framework to study the new physics effects to the Higgs-top

coupling at high scales. We adopt the Warsaw basis of operators [58] and focus on two-

fermion operators, leading to contributions to tth production at the LHC which are relatively
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Figure 9: Representative Feynman diagrams contributing to ¢th production. The black dots

represent the BSM vertices arising from the EFT operators.

unconstrained

O = (H'H)(Qt)H + h.c. (2.2.2)

Oic = g5(Qo" Tut)HG), + h.c.. (2.2.3)

The first new physics operator, O, rescales the SM top Yukawa coupling. The second one,
Oy, corresponds to the chromomagnetic dipole moment of the top-quark. Besides modifying
the gtt vertex in the SM, O,¢ also gives rise to new interaction vertices, namely ggtt, gtth
and ggtth. While O;s results in phenomenological effects to the associated ¢t processes,
it amounts to possibly significant new physics sensitivity in the ¢th channel [97]. Hence,
we incorporate it in our analysis exploring its high energy behavior. In Fig. 9, we present a
representative set of Feynman diagrams for t¢h production arising from the EFT interactions.
The experimental LHC analyses constrain these Wilson coefficients at 95% Confidence Level

(CL) to the ranges [98,99]

g/ N = [—2.3,3.1]/TeV?, c¢;o/A* = [—0.24,0.07)/TeV>.
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Guided by these results, we choose illustrative values of the coefficients as
lcia/A?] = 0.1 TeV ™2 and |ep/A?| =1 TeV ™2, (2.2.4)

for our following representative kinematic distributions. For recent phenomenological SMEFT

global fit studies, see Refs. [59,60].

2.2.2 Higgs-Top coupling form-factor

The top-quark Yukawa coupling has a special role in the naturalness problem, displaying the
dominant quantum corrections to the Higgs mass. Thus, it is crucially important to probe
the Higgs-top interaction at high scales into the ultra-violet regime. It is well-motivated
to consider that the top-quark and Higgs boson may not be fundamental, but composite
particles arising from strongly interacting new dynamics at a scale A [83,85,100,101]. In
such scenarios, the top Yukawa may exhibit a momentum-dependent form-factor near or
above the new physics scale A, rather than a point-like interaction. It is challenging to write
a form-factor, in a general form, without prior knowledge of the underlying strong dynamics
of the specific composite scenario. Inspired by the nucleon form-factor [102], we adopt the

following phenomenological ansatz

1

[(Q*/A%) = AT 0/A"

(2.2.5)

where () is the energy scale associated with the physical process. This educated guess results
in a dipole form-factor for the n = 2 scenario with an exponential spatial distribution in a
space-like probe. Higher values of n correspond to higher multi-poles, typically leading to a

stronger suppression.

2.3 Analysis

To probe these new physics contributions, we explore the pp — tth channel at high energy

scales. We combine the large signal event rate with controlled backgrounds, studying the
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Figure 10: Top panels: Transverse momentum distributions for the Higgs boson pry, (left)
and the hardest top-quark pr; (right). Bottom panels: Invariant mass distributions for the
top pair my (left) and the Higgs and top-quark my, (right). Each panel shows on the top
the tth sample in the SM and new physics scenarios. The results are presented at the NLO
QCD fixed order. We also show the local NLO K-factor (middle panel in each figure as
NLO/LO) and the ratio between new physics and SM scenarios (bottom panel in each figure
as BSM/SM). We assume the LHC at 14 TeV.

boosted h — bb final state in association with leptonic top-quark pair decays. The signal

is defined in the four b-tag sample and displays two opposite sign leptons. The leading
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Figure 11: Transverse momentum distribution of the Higgs boson pzy, for the tth sample in
the SM (black) and new physics scenarios with ¢;q/A% = 0.1 TeV™? (red), c;3/A% = 1 TeV 2
(blue). The leading backgrounds #tbb (purple) and #Z (green) are also presented. We assume
the LHC at 14 TeV.

backgrounds, in order of relevance, are ttbb and t£Z.

We perform the signal and background event generation with MadGraph5_aMC@NLO [103].
The tth and ttZ samples are generated at NLO QCD and the tfbb sample at LO. The
dimension-six EFT contributions are added through the FeynRules model SMEFT@NLO [104].
This implementation grants one-loop QCD computations, accounting for the EFT contri-
butions. In particular, it incorporates relevant extra radiation effects at the matrix ele-
ment level [105]. Shower, hadronization, and underlying event effects are simulated with
Pythia8 [106] using the Monash tune [107]. We use MadSpin to properly describe the top-
quark decays, accounting for spin correlation effects [108]. We adopt the parton distribution
functions from MMHT2014 NLO with ag(myz) = 0.118 [109] in the five flavor scheme. Ad-
ditional relevant parameters are m; = 172 GeV, m;, = 125 GeV, mz = 91.1876 GeV,
mw = 79.82 GeV, and G = 1.16637 x 10~° GeV 2. We set our scales to a constant value
of up = pr = my + my /2 to align better with previous studies [97]. We assume the LHC at
Vs =14 TeV.

Robust new physics studies at the LHC usually come hand in hand with precise theoretical
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Figure 12: 95% (full line) and 68% (dashed line) CL limits on the Wilson coefficients
(cia/A?, i/ A?) at the 14 TeV HL-LHC with 3 ab™' of data. The results are presented
both at the linear (black) and quadratic (red) order in dimension-6 SMEFT operator coeffi-

cients.

calculations. The impact of the higher order QCD corrections, which can be conventionally
estimated by a K-factor (i.e. the ratio between the NLO and LO predictions), usually
result in significant contributions. To illustrate the higher order and new physics effects
at high energies, we present in Fig. 10 the NLO fixed order parton level distribution for
several relevant kinematic observables associated with the ¢th signal sample: the transverse
momentum distribution for the Higgs boson pry, (upper left), for the hardest top-quark pry
(upper right), the invariant mass distribution for the top pair my (lower left), and for the
Higgs and top-quark my, (lower right). We observe that the higher order QCD corrections
are correlated with the kinematic observables, resulting in about 20% — 30% variation (as
seen in the panels of NLO/LO) and cannot be captured by a global NLO K-factor. It is
thus crucial to include the higher order predictions in the full differential analysis.

New physics contributions may sensitively depend on the kinematics as well, as demon-
strated in the panels of BSM/SM in Fig. 10. High transverse momenta of an on-shell top
quark or Higgs boson could probe the space-like regime for the top-Higgs interactions, while

the high invariant mass of the tH system could be sensitive to the time-like regime from
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heavy states in s-channels. First, we observe sizable energy enhancement arising from the
O, operator, in particular, for the transverse Higgs momentum distribution (as seen in the
panels of BSM/SM), starting with a 10% increase at the non-boosted regime pr, < 100 GeV,
adding up to 65% for pr, = 1 TeV. In contrast, due to the generic dipole suppression, the
form-factor scenario displays a depletion in cross-section at higher energies. The rate is
reduced by 5% at pr, = 200 GeV, reaching 55% suppression at pr, = 1 TeV. For the form-
factor scenario, we adopt a representative scale () = pr,. New physics effects associated
with the operator 0,4 do not result in a distinct energy profile with respect to the SM. In
the tth process, this operator only contributes with a shift to the top Yukawa, resulting in
a flat rescale with respect to the SM cross-section, independent of the process energy scale.
Despite the absence of a manifest energy enhancement, this new physics contribution can
also benefit from our high energy scale analysis due to more controlled backgrounds at the
boosted Higgs regime, as we will show in the following.

The boosted Higgs analysis, in combination with jet substructure techniques effectively
suppress the initially overwhelming backgrounds for the tth signal with the dileptonic top
decays and h — bb, as first shown in Ref. [110]. Here we follow a similar strategy. We
start our analysis requiring two isolated and opposite sign leptons with pyy, > 10 GeV
and |n,] < 3. For the hadronic component of the event, we first reconstruct jets with the
Cambridge-Aachen algorithm with R = 1.2 [111], requiring at least one boosted fat-jet with
pry > 200 GeV and |ny| < 3. We demand that one of the fat-jets be Higgs tagged with
the Butterworth-Davison-Rubin-Salam (BDRS) algorithm [112,113]. Higgs tagging of the
fat-jet via the BDRS algorithm involves identifying three subjets within the fat-jet. This is
done by shrinking the jet radius until the fat-jet splits into three filtered jets. The radius
of separation among the filtered jets is defined as Rg, = min(0.3, Ryp/2). Among the three
filtered jets, the two hardest are required to be b-tagged, while the third filtered jet tracks
the dominant O(ay) radiation from the Higgs decay.

As we only have one hadronic heavy particle decay, namely the Higgs boson, we proceed
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with the event reconstruction using a smaller jet size to further reduce the underlying event
contamination. Thus, we remove all the hadronic activity associated with the Higgs fat-jet
and re-cluster the remaining particles with the jet radius R = 0.4, using the anti-k; jet
algorithm. We demand two b-tagged jets with py > 30 GeV and |n,| < 3. As our final
state displays in total four b-tagged jets, we exploit the improvements in the central tracking
system, that will be in operation for the HL-LHC run, to enhance the event rate for our signal.
Based on the ATLAS report [114], we assume 85% b-tagging efficiency and 1% mistag rate
for light-jets. To further suppress the backgrounds, the filtered mass for the Higgs candidate
is imposed to be around the Higgs boson mass |mBPRS — 125 GeV| < 10 GeV. We show in

Table 2 more details on the cut-flow analysis.

cuts tth | tthb | ttZ

BDRS h-tag, pre > 10 GeV, |ni| < 3, ng=2 | 3.32 | 6.35 | 1.02
prj > 30 GeV, |n;| < 3, n; > 2, ny=2 0.72 | 1.97 | 0.22
mBPRS — 125] < 10 GeV 0.15 | 0.14 | 0.009

Table 2: Cut-flow for signal and backgrounds at LHC /s = 14 TeV. The selection follows
the BDRS analysis described in the text. Rates are in units of fb and account for 85% (1%)

b-tag (mistag) rate, hadronization, and underlying event effects.

2.3.1 Scale for the EFT operators

In Fig. 11, we go beyond the partonic level calculation and display the hadron level transverse
momentum distribution (pry,) for the Higgs boson candidate from the pp — tth channel in
the SM and the EFT contributions, in addition to the leading backgrounds ¢tbb and t{Z.
We observe that the boosted Higgs search dovetails nicely with our BSM physics study as
presented in Fig. 10. At the higher energy scales, both the backgrounds get further depleted
and the new physics effects become more prominent. In particular, we observe a large

enhancement from the Oyg contributions at the high energy scales.
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Figure 13: Transverse momentum distribution of the Higgs boson pry for the tth sample
in the SM (black) and new physics scenarios with n = 2 (red) and n = 3 (blue), assuming

A =2 TeV. We assume the LHC at 14 TeV.

To explore the sensitivity reach for these effects in the boosted regime, we perform a
binned log-likelihood analysis on the pr, distribution. In Fig. 12, we present the 68% and
95% CL limits on the Wilson coefficients (c¢;q/A?, ¢;s/A?). We assume the HL-LHC at 14 TeV
with 3 ab™! of data. To infer the uncertainty on the EFT expansion, we present the results
accounting for terms up to linear and quadratic order on the Wilson coefficient ¢;/A?. We
observe only small differences between these two scenarios, which is a good indication of the
robustness of our results.

CMS has recently reported an EFT interpretation using associated top quark production
data with an integrated luminosity of £ = 41.5 fb™' [115]. The signal samples include,
in particular, the tth and thq processes, being direct sensitive to the top-quark Yukawa
coupling. The resulting constraint at the 95% CL for the chromomagnetic operator leads
to two regions c;q/A? = [~1.26,—0.69] TeV~? and [0.08,0.79] TeV 2. The same holds for
the O, operator where ¢,5 = [—14.12, —1.46] TeV 2 and [32.30,44.48] TeV~2. While CMS
does not focus on the very high energy scales and uses the leptonic Higgs decays, we explore
the largest Higgs branching ratio, k — bb, in the boosted Higgs regime, and thus obtaining

significantly higher sensitivities at the HL-LHC.
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Figure 14: 95% CL sensitivity on the new physics scale A as a function of the LHC luminosity.

We consider two form-factor scenarios: n = 2 (solid line) and n = 3 (dashed line).
2.3.2 Probing the form-factor

In Fig. 13, we present the transverse momentum distribution (pry) for the Higgs boson
candidate from the pp — tth channel in the SM and the form-factor contribution. We
consider two hypotheses n = 2 and n = 3 with the new physics scale A = 2 TeV. While it
is challenging to probe the BSM effects at relatively small scales, these contributions can be
effectively enhanced at the boosted regime. For instance, starting at pr, ~ 200 GeV with
n =2 (n = 3), we observe a 5% (9%) effect. Moving to pr, ~ 400 GeV, the new physics
results in larger depletion of 18% (25%) with respect to the SM hypothesis.

Our relatively large event rate with the boosted h — bb analysis, grants probes at large
energy scales with relevant statistics. Hence, we explore the full profile of the pzy, distribution
through a binned log-likelihood analysis. The new physics sensitivity is presented in Fig. 14.
The HL-LHC, with 3 ab™! of data, will be able to probe these new physics effects up to a
scale of A = 2.1 TeV for n = 2 and A = 2.7 TeV for n = 3 at 95% CL. These results are
complementary to the off-shell Higgs analyses, gg — h* — ZZ. For the latter, assuming
n = 3, the limits on the new physics scale are A = 1.1 TeV for the 4/ final state and
A = 2.1 TeV for the ¢lvv final state [95,96].
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¢i/N? [TeV™? | A/\/¢ [TeV]
channel
95% CL bounds | BSM scale
tEh (this work) [—1.04, 1.00] 1.0
h* = 27 — Uiy [96] 2.8, 1.5] 0.6
e h* — Z7 — 40 [95] [-3.3, 3.3] 0.55
Higgs comb. ATLAS [98] [—2.3, 3.1] 0.57
tth (this work) [~0.11 , 0.12] 2.9
e tf CMS [99] [—0.24 , 0.07] 2.1
tth (this work) - 2.1
form-factor n =2 | h* - ZZ — llvv [96] - 1.5
h* — 27 — 40 [95] ; 0.8
tth (this work) - 2.7
form-factor n =3 | h* = ZZ — llvv [96] - 2.1
h* — Z7Z — 40 95| - 1.1

Table 3: Summary results from the ¢th studies for the Higgs-top coupling at high scales in
terms of the dimension-6 operators and general form-factor scenarios. The results are shown
at 95% CL, and we assume the HL-LHC at 14 TeV with 3 ab™! of data. For comparison, we
also show the results from off-shell 2* studies, the ATLAS Higgs combination with 139 fb™!,
and the CMS top pair bound with 35.9 fb™'.

2.4 Summary and discussions

We studied the prospects to directly probe the Higgs-top coupling for new physics at high
energy scales using the pp — tth process at the HL-LHC. We considered two beyond the SM
scenarios, namely the SMEFT framework and a general Higgs-top form-factor, as discussed
in Sec. 2.2. We presented in Sec. 2.3 the general phenomenological effects for these new
physics contributions, showing that they could produce augmented new physics effects at

high energy scales.
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Focusing on the boosted Higgs regime in association with jet substructure techniques,
we explored the largest Higgs branching fraction h — bb along with the clean leptonic
top-quark decays. The BSM effects were constrained through a shape analysis on the ppp,
spectrum. We observed the potential sensitivity at the TeV-scale for new physics both in
the EFT and form-factor scenarios. The chromomagnetic dipole operator was probed up to
A/ /e = 2.9 TeV and the Oy operator to A/, /¢ &~ 1.0 TeV, as shown in Sec. 2.3.1. The
limits presented sub-leading differences between the linear and quadratic ¢;/A? expansion,
indicating that our phenomenological study satisfies the EFT expansion. Finally, when
considering a more general Higgs-top quark form-factor in Sec. 2.3.2, we concluded that the
HL-LHC is sensitive to new physics up to the scale A = 2.1 TeV for n = 2 and 2.7 TeV
for n = 3 at 95% CL. Further details are summarized in Table 13. The ¢th studies at high
scales, which directly explore the Higgs-top Yukawa interaction, results in a competitive and
complementary pathway for BSM sensitivity in comparison to the off-shell Higgs channels
and the current ATLAS and CMS limits.

Some improvements in sensitivity can be anticipated by including other modes, such as
tt(h — ~7), which would yield a cleaner signal but a lower rate [116]. In addition, we can
increase our present tf(h — bb) statistical sample by about a factor of six, if we include
one leptonic decay plus one hadronic decay of the tt. The analysis, however, would be
more complex, with significantly larger QCD backgrounds [117]. Finally, while we adopt
MadGraph5_aMC@NLO as our general Monte Carlo generator (that accounts for the signal EFT
contributions at NLO QCD), we acknowledge some other recent important developments
associated with the t£bb background [118-120]. We leave those improvements to future work

with realistic simulations.
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CHAPTER III

BOOSTING NEW PHYSICS SEARCHES IN ¢tZ AND tZj; PRODUCTION
WITH ANGULAR MOMENTS

3.1 Introduction

Precision studies for top quark physics are a cornerstone for the LHC program. The large
top quark mass indicates that it may have a special role in electroweak symmetry breaking
(EWSB) [80-85,121-123]. Thus, top quark precision measurements can display the first
glimpse into new physics connected with EWSB. While the basic top quark properties (e.g.,
mass, pair production cross-section, and W-helicity fractions) are well known and consis-
tent with the Standard Model (SM) [124], its interaction with the Z boson is still weakly
constrained.

The most promising direct probes for the top quark-Z boson interaction are via pro-
duction at the LHC of a top pair and a Z boson pp — ttZ and single top production in
association with a Z boson and a jet pp — tZj [125]. The large production threshold of
2m; + my for ttZ and the small electroweak production rate for tZj require the sizable
collision energy and luminosity provided by the LHC, making these probes unattainable at
previous colliders. The most recent experimental measurements for the top quark-Z boson
interaction are reported by ATLAS with 139.1 fb™! [126] and CMS with 77.5 fb™" [127],
displaying good agreement with the theoretical calculations within the SM. Experimental
projections indicate that the top quark electroweak interaction will be probed to great pre-
cision when going from the Run 2 dataset of 139 fb~! to the projected high luminosity LHC

(HL-LHC) with 3 ab™! [128]. These analyses can ultimately shed light on well motivated
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connections of the top quark to new physics.

In the present study, we show the possibility to boost the new physics sensitivity in the
ttZ and tZj/tZ j processes at the LHC using the angular moments for the Z boson [129-135].
This proposal scrutinizes the hadronic structure of the processes under inspection through the
full Z boson polarization information, using the leptons as spin analyzers for the underlying
production dynamics. While this phenomenological probe is disregarded in the current
experimental analyses, we show that the proposed method can be a key ingredient to access
new physics contributions at higher precision.

We parametrize new physics effects in terms of the SM Effective Field theory (EFT)
framework [57,58,136]. The EFT provides a well-defined approach to explore indirect effects
from new theories as deformations from the SM structures. These new physics effects would
generally manifest as subtle deviations in the standard physics observables.

The chapter is organized as follows. In Section 3.2, we present the SM angular moments
for the ttZ and tZj /tZj processes and quantify the higher order QCD effects. In Section 3.3,
we present the relevant operators in the EFT framework up to dimension-six and calculate
their new physics contributions to the observables under scrutiny. In Section 3.4, we show
our detector level analysis and discuss the HL-LHC sensitivity to the corresponding Wilson

coefficients. We draw our conclusion in Section 3.5.

3.2 Theoretical Framework

In the present manuscript, we show that the angular distribution in the Z — ¢T/~ decay

opens a gateway for precision studies in the pp — ttZ and tZj/tZj processes. In general,
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Figure 15: Representative set of Feynman diagrams for the pp — ttZ (top) and pp — tZj

(bottom) processes.

the differential cross-section for these processes can be written as [129,130]

1_do _
odcosfdp

3 1
F[l + cos? 0 + A0§(1 — 3cos? ) + Aj sin 26 cos ¢
7T

1
+ A2§ sin? 0 cos 2¢ + Assin @ cos ¢ + Ay cos 6

+ Ajs sin? 0sin 2¢ + Ag sin 20 sin ¢ + A7 sin fsin ¢] (3.2.1)

where 6 and ¢ are the polar and azimuthal angles of the ¢~ lepton in the Z boson rest frame.
The eight coefficients A;, © = [0, 7], correspond to the number of degrees of freedom for
the polarization density matrix for a spin-1 particle. The angular coefficients A; are frame
dependent. We adopt the Collins-Soper frame in our study [137]. This is a typical frame
choice in angular coefficient analyzes [138-140].

Our studies will focus on the top quark and Z boson interaction via top quark pair
production in association with a Z boson pp — ttZ and single top quark production in

association with a Z boson and a jet pp — tZj/tZj. See Fig. 15 for a representative set
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Figure 16: Angular coefficients Ay (left panel) and Ay (right panel) for top quark pair plus
dilepton pp — tt¢*¢~ (black) and single top quark plus dilepton pp — t(£)(14~5 (red).
The results are presented at LO (dashed line) and NLO (solid line). The processes are
calculated at the parton level with |1, < 4, pr¢ > 5 GeV, and |my — myz| < 10 GeV. The

renormalization and factorization scales are set to ur = pp = 1/23 12, \/m7 + ph;.

of Feynman diagrams. We consider the semi-leptonic top pair decays and Z — ¢*¢~. The
Monte Carlo analysis sums over all possible combinations of charged leptons ¢* = e*, u*.
Before analyzing the angular coefficients in the quest for new physics, we study in this section
the stability of these terms to higher order effects.

Event generation for pp — tt¢*¢~ and pp — t(¢)¢*¢~j processes is performed at leading
order (LO) and next to leading order (NLO) QCD with MadGraph5_aMC@QNLO [103]. We
consider the LHC at /s = 14 TeV. Both the Z and 7* intermediate states, associated to the
dilepton final state, are accounted for. To isolate the higher order effects in our simulation,
we perform a parton level study in this section, requiring only basic selections to the two
charged leptons from the Z/v* decays, keeping the top quark pair stable. Leptons are defined
with |7, < 4 and pry > 5 GeV. We demand a charged lepton pair, with same flavor and
opposite sign, reconstructing the Z boson mass |mg — myz| < 10 GeV. The renormalization
and factorization scales are dynamically defined as pr = prp = 1/2) " /m? + p%l We

adopt the parton distribution function NNPDF23 at NLO with as(mz) = 0.119 [141].
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AO Al AQ Ag A4 A5 AG A7

ttZro  0.693 0.004 -0.412 0.000 -0.001 -0.002 0.002 0.001
ttZxLo  0.683 -0.003 -0.398 0.004 0.001 0.001 0.000 0.000
t(t)Zro 1.464 0.001 0.117 0.041 0.000 -0.003 0.001 -0.001
t(t)Zxro  1.416 -0.008 0.123 0.035 -0.005 -0.002 -0.006 -0.001

Table 4: Angular coefficients A; for top pair plus dilepton pp — tt¢* ¢~ and single top plus
dilepton pp — ¢(t)¢T¢~j processes at LO and NLO QCD. The processes are calculated at

the parton level with |n,| < 4, pre > 5 GeV, and |mgy — myz| < 10 GeV.

To extract the angular coefficients A; from our Monte Carlo simulation, we observe that
Eq. (3.2.1) is a spherical harmonic decomposition for the differential cross-section with real
spherical harmonics Y},,,(0, ¢) of order [ < 2. Hence, we can access the angular coefficients,
exploring the orthogonality relations for the spherical harmonics. The angular coefficients

are projected out with

Ag =4 — (10cos” ), Ay = (5sin 20 cos ¢) ,

Ay = <10 sin”  cos 2¢> , A3 = (4sinf cos ¢) ,

Ay = (4dcosb), As = (5sin®fsin2¢),

Ag = (5sin20sin ¢) , A; = (4sinfsin ¢) , (3.2.2)

where the weighted normalization is defined as

1 2m do

In this definition, o can represent any differential cross-section that is independent of the
lepton kinematics.

In Table 4, we present the angular coefficients A; at LO and NLO QCD. We observe that
the angular distributions for the leptons are controlled by two leading terms, namely A, and

As. The higher order corrections display relevant dependencies with the Z boson transverse
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momentum, see Fig. 16. The other angular coefficients result in sub-leading effects. In
particular, the coefficients A;_; are zero at leading order. They are associated with the

imaginary part of the amplitude, resulting in depleted contributions in the SM.

3.3 Effective Field Theory

The current LHC constraints point to a mass gap between the SM degrees of freedom and
the new physics states. In this context, the new physics modes can be integrated out and
be well parametrized by high dimension operators within the SM Effective Field Theory
framework [57,58,90,136]. In the present section, we study the effects of higher dimensional
operators that influence the interaction between the top quark and neutral gauge bosons
and are relatively unconstrained [61,126,127,142-154]. Following the Warsaw basis [58], we

focus on the operators

Oip = (@O-MVt) 5Buu )
Owy = (@a’“’TIt) NW,L,,

Ogt = <¢Tiﬁz¢) (ty"t)

(9(% = <¢Tiﬁ;7]¢> (@’Y”TIQ) , (3.3.1)

where @) denotes the left-handed top-bottom doublet and t the right-handed top singlet. 7/
are the Pauli matrices, and the Higgs doublet is represented by ¢ and ¢ = iT2¢.

The BSM contributions to the top quark and Z boson interaction can be parametrized
by the Wilson coefficients (¢4, ¢z, ¢ly, csq). The last three coefficients are defined from the

following linear combinations [127,155]

ciz = Re (—sinbOwc,;p + cosOweny) | (3.3.2)
cfZ = Im (—sin Oy + cos Oy ) (3.3.3)
Coq = Coo — Cog » (3.3.4)
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where 0y, is the Weinberg angle.
Although we follow the EFT framework, it is illuminating to observe how these operators
translate to the anomalous coupling approach [142]. In this context, the possible effects from

physics beyond the SM are modeled by the extended Lagrangian for the t¢Z interaction

Lizz =eu(pe) v, (Crv +75C1,4)

id"q, :
i (Coy + 15020 J(pe) 2, (3.3.5)
z
where e is the electromagnetic coupling constant, ¢, = (p, — pi)y, and o, = %[7H77V]'

In the Standard Model, the vector and axial couplings are respectively Clsl\é ~ 0.24 and
C’ls}\//‘[ ~ —0.60. In addition, the weak magnetic C5y and electric dipole C5 4 interactions are
zero at tree level. Higher order corrections in the SM generate subleading contributions to
these terms with Coy & 107* [156] and Cy 4 being further suppressed, appearing only at
three-loops [157,158].

The EFT contributions in Eq. (3.3.1), which respect the SM symmetries, can be trans-
lated in terms of the anomalous couplings as [159]

U2

Chy =CHY Re [~ b0 — Co

LV 1,v+2AQSin9WcOSQW e[ C¢t+(C¢Q C¢Q>]=
2
v

Cra =CP% + 2\ sin Oy cos Oy Re [—co — (g — )] -

v
"~ 2A2sin Oy cos Oy
V202

~2AZsin O cos Oy

Re [—sinO,¢ + cos Oy,ciw ],

Im [— sin 0,5 + cos O] - (3.3.6)

)

In this form, it can be seen that the Wilson coefficient c¢;; generates the weak magnetic
dipole moment and its imaginary counterpart ¢!, sources the electric dipole moment. At
the same time, the coefficients cy: and cyg induce anomalous neutral current interactions.
Remarkably, the Wilson coefficients CiQ and c})Q only appear with an opposite sign, hence
the associated production of top quark(s) and Z boson (ttZ and tZj/tZj) can only constrain

the coefficient ¢y defined in Eq. (3.3.4).
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Figure 17: NLO differential cross-section as a function of prz for the SM and illustrative
new physics scenarios. The Wilson coefficients are turned on one at a time to ¢;; = 1 TeV ™2
and cg = cgg = 5 TeV 2. The new physics terms scale up to O(1/A*) and the histograms
are stacked. We show the ratio between the stacked BSM histograms and the SM in the

bottom panel.
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Figure 18: Angular coefficients Ay (left panel) and A, (right panel) as a function of pyy for
the SM and new physics hypotheses for the combined samples ttZ, t(t)Z, and WZ. The

Wilson coefficients are turned on one at a time to ¢;z = 1 TeV~2 and Cot = CyQ = D TeV~2.
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Figure 19: Angular coefficients Ag as a function of the Z boson transverse momentum pry
for the SM (black) and BSM CP-violating hypothesis ¢!, (red). The results for the ttZ
(solid) and ¢(#)Z (dashed) processes are presented separately. The samples were generated
at LO QCD and the Wilson coefficient is set to ¢/, = 1 TeV 2.

3.4 Analysis

In our analysis, we focus on the associated production of top quark(s) and a Z boson (ttZ
and tZj/tZj), considering the final state with the Z boson decaying leptonically and one top
quark decaying semi-leptonically. To probe the HL-LHC sensitivity to new physics effects,
we use MadGraph5_.aMCQ@NLO with the UFO model SMEFTatNLO [160, 161]. This model
file grants EFT studies at NLO QCD for the CP-conserving operators (cet, ¢iz, cog). The
CP-violating contributions for ¢/, are generated with the UFO model file dim6top [155],
that provides EFT samples at LO. Spin correlation effects for the top quark pair decays are
obtained with MADSPIN package [162]. The leading background for this analysis arises from
W Z production, which is also simulated with MadGraph. Parton shower, hadronization,
and underlying event effects are accounted for with PYTHIA8 [163]. Detector effects are
simulated with DELPHES3 [164], using the default HL-LHC detector card [89]. We consider
the LHC at /s = 14 TeV.

We start our detector level analysis, requiring three charged leptons. Leptons are defined
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with |1, < 4 and pry > 5 GeV. We demand a charged lepton pair, with same flavor and
opposite sign, reconstructing the Z boson mass |mgy —myz| < 10 GeV. For the hadronic part
of the event, we require three or more jets where one is b-tagged. Jets are defined with the
anti-kr jet algorithm with radius R = 0.4, |n;| < 4, and pp; > 30 GeV.

In Fig. 17, we present the NLO differential cross-section as a function of the reconstructed
Z boson transverse momentum for the SM and CP-conserving EFT operators (cet, ¢tz, Coq)-
Remarkably, the ¢;7 contributions display augmented BSM effects at high energy scales. This
can be understood by the extra momentum dependence arising from new physics. This is
apparent, for instance, in the Cyy term of Eq. (3.3.5). In contrast, the other CP-conserving
operators (cgt, Csg) result in almost constant corrections to the SM rate across all energy
bins.

The angular coefficients provide an extra phenomenological probe to these new physics
effects. They work as spin analyzers for the hadronic structure. In Table 5, we display the
angular coefficients A; for the SM and new physics scenarios. To illustrate the distinctive
BSM effects to the angular coefficients, we turn one Wilson coefficient at a time with strengths
ciz = cl, =1 TeV™2 and ¢y = cyo = 5 TeV ™2 The two leading angular coefficients that
control the angular distributions in the SM, Ay and A,, present large BSM effects for the
considered deformations in the EFT parameter space. Furthermore, while the SM and CP-
conserving operators display depleted angular coefficient Ag, being zero at tree level, the
CP-violating operator ¢/, presents a sizable contribution. The angular coefficient Ag is
sensitive to the imaginary part of the amplitude, arising from the CP-violating operator. In
Figs. 18 and 19, we show that these angular coefficients result in relevant dependencies with
the energy scale prz. In particular, we observe augmented BSM contributions in the boosted
regime for the ¢!, operator in Fig. 19. The uplifted new physics effects at high scales appear
for both the ttZ and ¢tZj/tZj processes, being more pronounced for the latter.

To evaluate the sensitivity of these new BSM probes, we perform a bin-by-bin x? analysis,

exploring the differential cross-section and the angular coefficients A; as a function of the
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SMNLO Ciz — 1 Cot = 5 CopQ = 5 SMLO C{Z =

o [fb] 7.863 8.434 10.418  5.603 | 5.010  5.349
Ay 0.803 0.788  0.521 0.976 | 0.886  0.892
Ay -0.003  0.001  -0.002  0.001 | 0.001  0.000
A, -0.265 -0.198 -0.459  -0.160 | -0.226 -0.179
As 0.009 0.014  0.004 0.015 | 0.015 0.013
Ay 0.000 0.000  0.000 0.000 | 0.000  0.001
As -0.001  -0.001  0.002  -0.002 |-0.001 0.000
Ag 0.000  -0.003 -0.003  0.001 | 0.000 -0.013

Az -0.001  0.000  -0.002  -0.004 | 0.000  0.000

Table 5: Angular coefficient A; for the SM and new physics hypotheses. The results account
for the combination of all leading channel contributions: pp — tt0*¢~, pp — ¢(t)¢*¢~, and
W Z. The Monte Carlo events are generated at NLO QCD for the CP-conserving operators
(cots Ciz, coq) and LO for the CP-violating one (cf,). The event generation includes parton
shower, hadronization, and detector level effects. See the text for more details. The Wilson
coefficients are turned on one at a time with the following strengths: ¢;; = ¢f, = 1 TeV ™2

and cg; = cgg = 5 TeV 2. The new physics terms scale up to O(1/A%).

transverse momentum of the Z boson prz. The x? function is defined as follows

s = (OF5M(pry ) — OSM (pry )
X = Z (60;(prz,))? ) (3.4.1)

ij
where O;(prz;) are the observables considered in this analysis for distinct prz; bins. We

account for both the binned number of events N(pryz ;) and the angular moments A;(prz ;).

For the errors 60;(prz,;), we assume 6N = /N5M + (e NSM)2 with systematic uncertainty
ey = 10% [126,127]. For the angular coeflicients, we estimate the statistical uncertainty
associated with the measurement of each A;(prz;), performing 100 pseudo-experiments. We

consider a random set of N(prz;) Monte Carlo events to calculate A;(prz;). We use the
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ci/A* [TeV2]  A/\/c [TeV]
95% C.L. bounds  BSM scale
, linear in ¢;/A? [-2.23, 2.23] 0.67
Ciz
| quadratic in ¢;/A? | [1.10, 1.12] 0.95
linear in ¢;/A? [-4.63, 4.63] 0.47
Ctz
quadratic in ¢;/A? [-1.39, 1.26] 0.89
linear in ¢;/A? [-4.00, 4.00] 0.5
Cot
quadratic in ¢;/A? [-3.06, 2.94] 0.58
linear in ¢;/A? [-2.61, 2.61] 0.62
CoQ L.
quadratic in ¢;/A? [-2.43, 2.83] 0.64

Table 6: 95% C.L. intervals for the dimension-six operators. The results are presented at lin-
ear and quadratic levels in ¢;/A?. The bounds for the CP-conserving operators (c¢iz, ¢4q, Cot)
are obtained with the observables (N (p;z), Ao(prz), A2(prz)). For the operator c!,, we also
account for the CP-sensitive observable Ag(prz). We assume the HL-LHC at 14 TeV with

3 ab~! of data.

standard deviation from the pseudo-experiments to infer the statistical uncertainty on the

angular coefficients. The confidence level (C.L.) intervals are defined with

1-CL> / dxpy(z), (3.4.2)
X2

adopting the x%(c;/A?) distribution with & degrees of freedom pj(z). The CP-conserving
effects are evaluated with SM and BSM events samples at NLO QCD. Since the CP-violating
operator can only be generated at LO with the UFO model file dim6top, the analysis for
this hypothesis accounts for SM and BSM t¢Z and tZj/tZj samples at LO, for consistency.

In Table 6, we present the 95% C.L. constraints on the Wilson coefficients, considering the
effects of one BSM operator at a time. The results are presented up to linear and quadratic
level on the new physics parameters ¢;/A%. To shed light on the extra sensitivity arising

from the angular coefficients, we analyze the ¢,z and ¢!, results in Fig. 20 in three scenarios.
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Figure 20: 95% C.L. intervals for C{Z and c¢;z at linear level in ci/AQ. The results are
shown for three scenarios that differ by the used set of observables: i) N(p,,,) (blue); ii)
N(Pprz): Ao(prz), A2(prz) (red); and iié) N(pp,, ), Ao(prz), A2(prz), As(prz) (green). The
latter scenario is only shown for the c!,, where Ag displays appreciable sensitivity for the

CP-odd effects. See also text and Fig. 19.

The first only explores the binned distribution for the transverse momentum of the Z boson
N(prz;). The second also accounts for the angular coefficients as a function of the energy
scale Ag(prz;) and As(prz;). The third one further includes Ag(prz;) as an extra probe.
We observe that the extra information stored in the angular moments can strongly boost
the sensitivity to the Wilson coefficients. Remarkably, while the analysis of the differential
N (prz) distribution results in no significant sensitivity for ¢!, at the linear level in the c;/A?
expansion, the addition of the angular coefficients A; result in strong limits at the HL-LHC.
In particular, this is due to the new physics effects from the imaginary part of the amplitude

that can be probed by the angular coefficient Ag.

3.5 Conclusion

In this study, we present a method to augment the new physics sensitivity in searches with
the ttZ and tZj /tZj processes at the LHC. The proposal explores the accurate measurement

of the angular moments for the Z boson, which probes with greater precision the underlying
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production dynamics. We first access the next to leading order QCD effects for the angular
coefficients A;. We observe that the higher order effects can present relevant contributions.
Going forward, we parametrize new physics effects in terms of the SM Effective Field theory
framework. We observe that the SM and BSM samples display distinct angular coefficients
A;. Performing a realistic Monte Carlo study, we show that the angular moments can
significantly boost the sensitivity to the Wilson coefficients. In particular, this approach can
uncover blind directions to CP-odd operators, leading into sizable sensitivity at the HL-LHC.
Remarkably, this proposal only relies on the lepton pair reconstruction, displaying small

uncertainties. Hence, it can be promptly incorporated in the ATLAS and CMS analyses.
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CHAPTER IV

NEUTRAL CURRENT NEUTRINO INTERACTIONS AT FASERv

4.1 Introduction

As the only neutral and uncolored fermions in the Standard Model (SM), neutrinos are
perhaps some of the least well understood particles in nature. Precision measurements of
neutrino interactions across a variety of energy scales are important in order to understand
neutrino oscillations as well as to probe new physics in the neutrino sector. However, most
experiments studying neutrinos from artificial sources are limited to maximum energies of a
few hundred GeV. The exception is the Large Hadron Collider (LHC): As the highest energy
particle collider ever built, the LHC is the source of the most energetic neutrinos created
in a controlled laboratory environment. Proton-proton collisions typically lead to a large
number of hadrons produced in the far-forward direction, which can inherit a significant
fraction of the protons’ momenta. The decays of these hadrons then lead to an intense
and strongly collimated beam of high-energy neutrinos of all three flavors along the beam
collision axis. While the possibility of probing neutrinos at the LHC was discussed as early
as 1984 [41,165-169], no LHC neutrino has been detected yet. This situation will change
soon with the upcoming FASERv detector [9,170], which is expected to detect thousands of
neutrino interactions during Run 3 of the LHC.

One of the most basic measurements involving neutrinos is the scattering cross section of
neutrinos off matter. Both charged current (CC) and neutral current (NC) scattering offer
sensitive tests of the SM (for a review, see Ref. [171]). The majority of neutrino cross section

measurements are from experiments using terrestrial sources at low energies, extending up to
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neutrino energies of about 300 GeV [172,173]. Astrophysical neutrino cross sections have also
been measured at IceCube [174,175], probing very high neutrino energies between ~ 10 TeV
and ~ 1 PeV albeit with significant uncertainties. At the few 100 GeV to a few TeV scale,
there are no precise measurements of neutrino scattering. FASERv offers an opportunity to
study neutrinos at these energies. The ability of FASERv to measure CC neutrino scattering
has been studied, but it is not known yet how well NC scattering could be measured with
LHC neutrinos. In this work, we fill this gap by studying the capability of FASERv to
determine the neutrino NC cross section at the LHC.

NC scattering is significantly more difficult to identify than its CC counterpart. While
CC scattering produces an outgoing lepton that carries much of the original neutrino energy,
neutrino NC interactions result only in a neutrino and any products of the recoiling nu-
cleus. In FASERv, there are significant backgrounds to NC scattering from neutral hadron
interactions within the detector. We simulate neutrino scattering and neutral hadron events
at FASERv, and use a neural network to effectively separate signal from background using
kinematic information of the final state. By applying another neural network, we show that
the energy of the neutrino can be estimated with ~ 50% uncertainty. Taken together, we
find that FASERv will be able to measure the neutrino NC cross section as a function of
neutrino energy.

The rest of this chapter is organized as follows. In Section 4.2, we provide an overview
of FASERv and how it probes neutrino scattering. Section 4.3 describes our simulation of
signal, background and the detector. Then, we detail our analysis procedure in Section 4.4.
Section 4.5 contains the results of this analysis, including our estimate of the precision with
which FASERv could measure the NC scattering cross section and our interpretation in

terms of limits on neutrino non-standard interactions (NSI). We conclude in Section 4.6.
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Figure 21: Location of the FASERv detector and event topology. Top: The FASER exper-
iment is placed about 500 m downstream of the ATLAS interaction point in the previously
unused side tunnel TI12, which connects the SPS with the LHC tunnel. Center: The de-
tector is centered around the beam collision axis where the neutrino flux is maximal. It
consists of the FASERv emulsion neutrino detector, followed by a magnetized spectrometer
and a calorimeter. Bottom: The emulsion detector consists of tungsten plates interleaved
with nuclear emulsion films. Both interactions of neutrinos and neutral hadrons lead to the
appearance of a neutral vertexr at which several charged particles emerge. Different types of

events can be distinguished based on the event topology, as explained in the text.

4.2 Neutrino Interactions at FASERv

FASER [41,176,177] is a dedicated experiment at the LHC to both search for long-lived
particles predicted by models of new physics [178-186], and to study interactions of high-
energy neutrinos [9,170]. It is located in the far-forward direction, roughly 480 m downstream
from the ATLAS interaction point (IP). At this location, the highly collimated neutrino beam

produced at ATLAS, which is centered around the beam collision axis, intersects with the
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side tunnel TT12, as shown in the upper part of Fig. 21. TI12 has previously served as
an injector tunnel for LEP but remained unused during the LHC era. To maximize its
sensitivity, a trench has been dug into the floor of TI12 such that the FASER apparatus can
be aligned with the beam collision axis.

A schematic layout of the FASER detector is shown in the center part of Fig. 21. Located
on the front is the FASERv neutrino detector. It is followed by the FASER spectrometer,
consisting of magnets and three tracking stations. FASERv and the FASER spectrometer
are connected by an interface tracking station, which allows a combined analysis of the
emulsion and electronic detector components. In addition, the interface tracker can be used
to time-stamp the event, which allows for a front veto to reject muon-associated background.
At the end of FASER is an electromagnetic calorimeter.

The FASERv detector consists of emulsion plates that are interleaved with tungsten
plates as a target. This configuration permits the reconstruction of tracks of charged particles
passing through the detector with a sub-pm spatial resolution [187]. This allows observation
of the event topology as shown in the lower part of Fig. 21.

Both neutrino and neutral hadron interactions are expected to produce several hadronic
particles forming a collimated jet. This leads to a characteristic neutral verter signature, with
several outgoing tracks but no incoming track, that can be searched for. While most neutral
hadrons escape undetected, charged hadrons will leave tracks and interact on a length scale
of Ayt ~ 10 cm, initiating a hadronic shower. Neutral pions promptly decay into photons,
which can be identified by their displaced electromagnetic showers. These showers typically
occur within a radiation length Xy ~ 3.5 mm in tungsten and point back to the neutral
vertex.

It is further possible to distinguish different event types based on their topologies. CC
neutrino interaction events contain an energetic charged lepton. While muons can be iden-
tified from tracks that do not interact further downstream in the detector, electrons lead

to electromagnetic showers that emerge from a track connected to the neutral vertex. NC
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interactions contain a neutrino in the final state, which escapes undetected and is expected
to recoil against the hadronic activity, but no charged leptons. In contrast, neutral hadron
interactions lead to a more uniform distribution of hadrons.

The high spatial resolution of emulsion detectors allows for the use of multiple Coulomb
scatterings to estimate the momenta of charged tracks passing through the detector. Momen-
tum measurements of final state charged particles can be used alongside other topological
observables to estimate the energy of neutrinos. As shown in Ref. [9], an energy resolution
of about 30% can be achieved for CC neutrino interactions, while results for NC neutrino

interactions are presented in this study.

4.3 Simulation

The physics signal considered in this chapter is NC neutrino scattering. While all flavors of
neutrinos can contribute to the signal, the majority of neutrinos passing through FASERv
are muon neutrinos, supplemented by a sub-leading component of electron neutrinos. In this
study, we use the fluxes and energy spectra of neutrinos passing through FASERv obtained
in Ref. [9]. There it was found that muon neutrinos originate mainly from charged pion
and kaon decays, electron neutrinos are primarily produced in neutral kaon, hyperon and
D-meson decays, and tau neutrinos mainly come from Dy meson decay. All three neutrino
flavors have spectra extending over a broad energy range with average energies between
600 GeV and 1 TeV.

The main background to neutrino NC events comes from high-energy neutral hadrons
interacting with the detector. These neutral hadrons are produced by muons striking the
tungsten within FASERv or the rock in front of it. The flux and energy spectra of muons
have been estimated using Fluka, and are presented in the FASER technical proposal [177].
The expected muon rate is about 2 - 10* fb/cm?, which has been validated with in-situ
measurements. This corresponds to roughly 2 - 10° muons passing through FASERv during

Run 3 of the LHC with a nominal integrated luminosity of 150 fb™*. Positively charged
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Figure 22: Expected energy spectrum of neutral hadrons interacting within the FASERv

detector during LHC Run 3 with 150 fb~* of luminosity.

muons have a softer energy spectrum than negatively charged muons and produce much
fewer neutral hadrons, so in what follows we neglect them.

Using these results, we then estimate the rate and energy spectra of neutral hadrons.
Using Fluka [188,189], we simulate muons striking a 25 cm x 25 cm x 1 m block of tungsten,
preceded by a large volume of rock. The nuclear interaction length is approximately A\, =
10 cm, so nearly all the neutral hadrons produced within FASERv interact. We find that the
number of neutral hadrons at each energy is roughly independent of the longitudinal position
within the detector. We obtain the spectra of hadrons interacting with the FASERv detector,
which is shown in Fig. 22. We can see that the neutral hadron flux is dominated by neutral
kaons, followed by neutrons. Neutral hadrons are also produced by neutrino NC (and CC)
events themselves, but these are a subdominant contribution to the total flux.

With these fluxes, we simulate the interactions of both neutrinos and neutral hadrons
with Pythia 8 [106,190] using the Monash tune [107]. We use the nuclear parton distribution
function nCTEQ15 for tungsten [191,192]. Further nuclear effects in neutral hadron collisions
are included with Pythia’s heavy ion module. For simplicity, all neutral hadrons have been

simulated as neutrons. We have checked that different types of neutral hadrons forming our
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background produce similar signatures in the FASERv detector.

To obtain a first understanding of the uncertainty associated with the simulation, we also
simulate neutral hadron collisions with tungsten using EPOS-LHC [193] and QGSJET-II-04 [194]
as implemented in CRMC [195]. In addition, we generate neutrino interactions using GENIE [23,
24], following the settings presented in Ref. [9]. While GENIE’s simulation of deep inelastic
scattering (DIS) events is based on Pythia 6, it also takes into account final state interaction
effects. We find that the different simulations are in good agreement. However, we note that
dedicated future efforts are needed to further validate and improve the simulation such that
the associated uncertainties can be quantified and reduced.

In order to simulate the detector response, we perform a phenomenological detector
simulation as follows. First, we choose a location for the primary interaction vertex within
the detector from a random uniform distribution. In the next step, observable final states,
such as charged tracks, photons, and electrons, are identified. Unobservable final state
particles, such as neutrinos and neutral hadrons, are rejected. We also remove soft particles
with energies below 300 MeV. We then assign a momentum to each observed particle using
its energy and direction. While emulsion detectors can measure the directions of final state
particles very accurately, we smear the energies (obtained either via the electromagnetic
shower for electrons and photons or from multiple Coulomb scattering for tracks) according
to the results obtained in Ref. [9]: We use a Gaussian smearing with width og/E = 50%
for showers and op/E = 46% for charged particles. Finally, charged hadron tracks will
often undergo secondary interactions, which will later be used to distinguish them from
muons. The distance between primary and secondary interactions is sampled according to
its exponential probability distribution. Both muons and charged hadrons that are produced

without interacting again inside the detector are marked as muon candidates.
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4.4 Analysis

As described previously, emulsion detectors such as FASERv are able to identify neutral
vertices and also to record associated kinematic and topological features. In this section, we
will present a neural network-based analysis to separate the NC neutrino interaction signal
from the neutral hadron background and estimate the energy of the incoming neutrino. In
the following, we will define a set of observables characterizing the interactions in Sec. 4.4.1,
and then discuss their use in signal identification (Sec. 4.4.2) and neutrino energy estimation

(Sec. 4.4.3).

4.4.1 Event observables

Due to its high spatial resolution, FASERwv is able to precisely measure geometric variables,
such as the multiplicities of tracks and photons and the directions, as well as to estimate
kinematic quantities, such as charged particle momenta and energies of electromagnetic
showers. We will now use these features to define a set of observables, which will subsequently
be used as input for a multivariate analysis. Note that we will only consider tracks and
showers with energy £ > 1 GeV and an angle of 8 < 45° with respect to the incoming
particle direction for the construction of these observables. This is to reduce the dependence

of soft hadronic physics effects that might not be modeled accurately by MC simulators.

e The charged track multiplicity (nq,) is the number of charged tracks originating from the
neutral vertex. It is related to the hadronic energy in the event: ng, ~ log(Eyaq) [196].
Events considered in this study have ng, > 5 charged tracks as required by the neutral

vertex selection [9].

e Similarly, the photon multiplicity (n.,) measures the number of identified photon-
initiated electromagnetic showers that have been associated with the neutral vertex.
The observed photons mainly originate from the prompt decays of neutral pions,

making them a proxy for the pion multiplicity n, ~ 2n.0 and the hadronic energy
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Figure 23: Normalized kinematic distributions for the observables defined in Sec. 4.4.1. The
dashed lines show the distributions obtained with Pythia 8 for the NC neutrino interaction
signal at incoming neutrino energies of £, = 100 GeV (blue) and E,, = 1 TeV (red). The solid
green lines correspond to the distributions for the neutral hadron interactions simulated with
Pythia 8 for the expected energy spectrum presented in Fig. 22. The shaded region shows

the range of predictions for the background distributions obtained from different generators:

cone

Pythia 8, EPOS-LHC and QGSJET-II-04.

e The visible hadronic energy (Fhaday) can be measured as the sum of reconstructed

Nech lOg(Ehad> .

energies of visible particles, Fhaay = Y Fen+) E, which includes both charged tracks

26




and photons (mainly from neutral pion decay). It is proportional to the true hadronic

energy, Enadyv ~ Enaa, which also includes additional long-lived neutral hadrons.

Additionally, we consider the momentum of the hardest track (puara). It is closely

related to the hadronic energy of the event ppaq ~ Fhad-

Another observable is the inverse sum of track angles (> |1/0|), where tanfy, =
pr/p. is the slope of the individual tracks. More energetic events have hadron tracks

with smaller angles and hence a larger value for this observable, > [1/0c| ~ Epaq-

The scalar cone angle (tan 65 ) is defined as the scalar sum of the momentum-weighted

track angles, tan63 . = > pitan6;/> p; = > pri/>.pi. It is proportional to the

cone

hadronic transverse energy (Hz) of the event, tan 65~ Hry/Eyaq.

Additionally, the vector cone angle (tan @Y, ) is defined as the vector sum of the indi-
vidual track angles weighted by their momenta, with two components corresponding
to the x and y directions. Using the tracks’ transverse momenta, pr;, it can be written
as tanfY = = ZﬁT,i /> p;. It is proportional to the missing transverse momentum

cone

(fy) of the event, tan6), . ~ P/Eyaa. Larger values for the missing transverse energy

, |Pr|, are expected for NC neutrino events, in which the final state neutrino will carry

away a sizable fraction of the incoming neutrino energy.

The largest azimuthal gap (Apmax) is defined as the largest difference in azimuthal
angle between two neighboring visible particles (charged tracks and photons) whose
energy is > 0.1Ep,q. This angle will be large for events in which a neutrino recoils
against all of the hadronic activity (A¢max > 7), and small for background events

without a neutrino.

Similarly, the track MET angle (A¢mer) is the azimuthal angle between the recon-

structed missing transverse momentum, p;., and the nearest visible particle with en-
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ergy > 0.1Ey.qy. This angle should be large for NC neutrino interaction events

(Apmper > 7/2), and small for neutral hadron events.

In Fig. 23, we show the kinematic distributions for these observables. The dashed lines
correspond to NC neutrino interactions with a neutrino energy of E, = 100 GeV (blue) and
1 TeV (red). The solid green lines show the distributions for the neutral hadron background
with the energy spectrum shown in Fig. 22. The shaded band corresponds to the range of
predictions obtained from different generators, serving as a rough estimate of the background
simulation uncertainty. We can see that the generator predictions are generally consistent
and that the differences between different simulators are mild.

The most striking differences between the signal and background can be observed in
the azimuthal angle features A¢ygr and A¢n.c. Large values for these observables are
caused by the presence of a neutrino in the final state recoiling against hadrons. In contrast,
neutral hadron interactions are expected to produce a more uniform angular distribution of
charged tracks, leading to smaller values for these angles. Note that when calculating these
observables, we only consider visible particles whose energy is larger than 10% of the visible
hadronic energy. If only one track passes this energy threshold, A¢,.x = 360°. We also note
that most of the backgrounds at FASERv lie in the low energy range, F < few 100 GeV.
This explains why the background distributions are often similar to the F, = 100 GeV
curve but also implies that the energy content can be used to distinguish the neutral hadron
background from NC signal with typical energies E, ~ TeV.

Comparing the distributions for the two considered beam energies, F, = 100 GeV and
1 TeV, we can see that all observables are sensitive to the incoming neutrino energy. Not
surprisingly, the largest differences are observed for track momentum-based observables: the
visible hadronic energy, Fhaqy, and the momentum of the hardest track ppa.q. However,
complementary information is also provided by the other observables, motivating the multi-
variate analysis to obtain more robust results.

Note that here we assume that all incoming particles are moving parallel to the beam
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Figure 24: Left: Signal selection efficiencies as a function of beam energy. Each line in-
dicates the fraction of events passing the following criteria sequentially: i) neutral vertex
identification (blue) requiring > 5 charged tracks, ii) lepton veto (green) requiring no elec-
tron candidate and no non-interacting charged track, and iii) signal identification (red) as
performed by the NN classifier. The dashed black line shows the combined efficiency. Right:
The energy spectra of particles interacting within the FASERv detector. We show the ex-
pected numbers of neutral hadron interactions (green) and NC neutrino interactions (red)
with the FASERv detector during LHC Run 3 as dashed lines. The solid lines show the
spectra for events passing the signal selection (including neutral vertex identification, lepton
veto and signal identification). The uncertainty associated to the background generation is

shown as a shaded band.

collision axis. In reality, the incoming neutrinos have an angular spread of § ~ 0.5 mrad,
corresponding to the angular size of the detector. In addition, neutral hadrons, which are
the result of scattering events occurring close to FASERv, will also have a small angle with

respect to the beam axis of § < 10 mrad for energies E > 100 GeV, as shown in Ref. [9].

S,V

ne-  However, small

These incoming beam angles are smaller than typical values of tan6
transverse momenta of incoming neutral hadrons and neutrinos can potentially distort the

observable distributions, and should therefore be taken into account in a full experimental
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analysis.

4.4.2 Signal identification

Let us now turn to the selection of NC neutrino interaction events. We first require the
presence of a neutral vertex. Following Ref. [9], we demand the presence of > 5 charged
tracks with momentum p > 1 GeV and slope 8 < 45° emerging from the vertex. The
resulting neutral vertex identification efficiency for NC neutrino interactions is shown as
the blue line in the left panel of Fig. 24. It is strongly suppressed at lower energies due to
the typically lower charged particle multiplicity, but attains values of > 80% for neutrino
energies I, > 1 TeV.

In the second step, we veto all events containing a charged lepton candidate in the final
state. Here each charged track with more than 5% of the event’s visible hadronic energy
that leaves the detector before interacting is considered a muon candidate. While designed to
effectively eliminate the CC neutrino interaction background, it also reduces the acceptance
rate for the NC neutrino interaction signal, especially for interactions occurring toward the
end of the detector. The efficiency of NC events to pass the charged lepton veto is shown
as the green line in the left panel of Fig. 24. At TeV energies, the efficiency is about 80%.
The efficiency increases toward lower energies, mainly due to the typically lower multiplicity
of charged tracks that could be potentially misidentified as muons. We assume that the
fraction of CC events passing the lepton veto is negligible.

After removing CC neutrino interactions, we are left with the NC neutrino interaction
signal and neutral hadron interaction backgrounds. In this work, we will separate the two
samples using a neural network classifier, which uses the observables introduced in the pre-
vious section as input.

We simulate 100 times the expected Run 3 event rate for both the NC neutrino interaction
signal and the neutral hadron interaction background using Pythia 8. We then train a neural

network in Keras [197] to classify the event type as either signal or background. We use a
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Figure 25: Left: Correlation matrix showing the linear relationship between observables
presented in Sec. 4.4.1, the incoming particle energy (Epeam) and the event type (1 for NC
neutrino interactions, 0 for neutral hadrons). Right: Permutation feature importance (the
normalized mean score decrease for each of the observables) for the signal identification
classifier (blue) and neutrino energy estimator (red) network. We use accuracy as the score
metric for the classifier network and mean average percent error for the estimator. Scores

decreases are normalized so that they sum to 1.

fully connected neural network with three hidden layers of 64 units and a sigmoid activation
function, minimizing the binary cross-entropy loss by training with the Adam optimizer over
20 epochs. Our training employed a batch size of 256, a constant learning rate of 1072, and
early stopping to avoid overtraining. These hyperparameters are the result of a coarse manual
scan, and we did not perform an exhaustive optimization. It is likely that performance could
be further improved with additional tuning.

The resulting signal identification efficiency is shown as the red line in the left panel of
Fig. 24. The combined efficiency of vertex identification, lepton veto and signal identification
is shown as the dashed black line. It is approximately 50% at TeV energies, but significantly

reduced at lower energies, mainly due to the low neutral vertex detection efficiency.
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In the right panel of Fig. 24 we show the energy spectra of NC neutrino interactions (red)
and neutral hadron interactions (green). The dashed lines correspond to all interactions
occurring within the detector. After applying all signal selection criteria, the event rates
drop to the solid lines. We can see that the neural network classifier is able to identify the
signal and sufficiently reduce the background. While the classification network was trained
with Pythia 8, we have also tested it on data produced with EPOS-LHC and QGSJET-II-04,
assuming the same incoming spectrum of neutral hadrons. The result is shown as a shaded
band around the background line. We can see that uncertainties arising from the different
simulation of neutral hadron interactions are small, and do not change the background rates
significantly.

Before moving on, we further discuss the trained classifier network to understand which
observables are most relevant for the signal identification. In the left panel of Fig. 25, we
show the correlation matrix between different observables, the beam energy and the event
type. Dark shaded bins correspond to stronger linear correlations, either positive (red) or
negative (blue). We can see that the event type is most strongly correlated with the visible
hadronic energy and the momentum of the hardest track. This is expected as the incoming
neutrinos which interact with the detector tend to be harder than the neutral hadrons. We
also see that the more energy associated with an event (larger Fheam, Ehadvs Phard), the more
tightly collimated its reaction products are (smaller cone angles 6.y, larger azimuthal angles
A¢). The full network, of course, has the ability to learn non-linear relationships.

In the right panel of Fig. 25, we show another common tool to analyse the network’s
performance: the permutation feature importance. It is obtained by randomly shuffling the
values of one observable (say n.,) between different events and recording the degradation in
the final score obtained by the network. For the classifier network, the accuracy is taken as
the score. Large decreases in the accuracy when randomizing a given observable indicate that
the observable is important for network performance. The blue bars show the results for the

event classification network. We can see that the most important variables for classification
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are the hadronic energy and the cone angles, or, equivalently, p,. and Hr. By contrast, when
two observables provide the same information to the network, the permutation importance
of each is low. This happens with the angular variables A¢,.x and A¢ygr: while they are
clearly correlated with the event type, each variable gives the same information, so removing

one alone does not significantly harm the network performance.

Energy Estimation 100 Energy Resolution
—— Neural Network
S ——- Linear fit using Enaq,v
v 04 _ 801
S o 2
& 25
L1 34 [
8 0 0435 LE 60
w = 0
3 c 2
g 022 ¢ 401
= (S
% £ 5
C [N E
§102 0.1 o 20
o
10° 0 102 163
True Energy [GeV] Ey, true [GeV]

Figure 26: Left: Neutrino energy reconstruction for NC neutrino interaction events obtained
by a neural network-based multivariate analysis using the observables defined in Sec. 4.4.1.
Right: Relative RMS energy resolution using the neural network-based multivariate analysis

(solid) and only the hadronic energy of the events (dashed).

4.4.3 Neutrino energy estimation

Having discussed the selection of NC neutrino interaction events, let us now turn to the
estimation of the incoming neutrino’s energy. In DIS neutrino interactions at FASERwv,
roughly half of the incoming neutrino energy is transferred to the nucleus on average. Since
the final state neutrino escapes undetected, the observable hadronic final state is the only
handle for energy reconstruction. The absence of an observable lepton results in degraded
energy resolution compared to results obtained for CC neutrino interactions in Ref. [9].

As we have seen in Sec. 4.4.1, all observables considered are sensitive to the neutrino
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energy, motivating the use of multivariate energy estimation. We simulate 6-10% NC neutrino
interaction events that are uniformly distributed in log E,, using Pythia 8, and train a neural
network to minimize the mean average percent error between the true and estimated energy.
Here we use the same network architecture and hyperparameters as for the classification
network, except the final layer has an identity map as its activation function.

The result of the energy estimation is shown in Fig. 26. The left panel shows the corre-
lation between the reconstructed and true energy. With five bins per decade in energy, the
leakage of events between bins is mild, indicating that the neutrino energy estimation for

neutral current events is indeed possible. The right panel shows the RMS energy resolution

relative RMS error = \/ ((Byreco— Eutrue)’ ) B2 rue) (4.4.1)

as a function of energy. We obtain an energy resolution of about 50%.

As for the signal identification network, let us study which observables are most important
for the energy estimation. In the left panel of Fig. 25, we see that the incoming particle energy
FEheam is particularly well-correlated with the visible hadronic energy, though there is also a
clear relationship with py..q. In the permutation importance study for the energy estimation
network shown by the red bars in the right panel, we use the increase in mean average
percent error to quantify the impact of randomly permuting the values of one observable
among events. Fy,qy is by far the dominant observable, suggesting that our network has
learned the strong correlation between the visible hadronic energy and that of the incoming
neutrino, and is relying heavily on the former to estimate the latter. This dependence arises
regardless of the correlation between Ej,,q . and the momentum of the hardest track, which is
perhaps not surprising as pna.q is not as directly correlated with the neutrino energy. While
the fraction of the neutrino energy that is transferred to the nucleus has an almost uniform
distribution, we find that the visible hadronic energy still serves as an excellent proxy for
the energy of the incoming neutrino. Motivated by this, we also show in the right panel

of Fig. 26 the energy resolution that can be obtained by a linear fit to the visible hadronic
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energy. The almost similar performance demonstrates the clear importance of the visible

hadronic energy to neutrino energy estimation.

4.5 Results and Interpretation

4.5.1 NC cross section measurements
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Figure 27: Left: Stacked histogram of events passing the event signal selection described in
Sec. 4.4.2 as function of the reconstructed energy for LHC Run 3 with 150 fb~! integrated
luminosity. The red and green shaded regions show the NC neutrino interaction signal and
the neutral hadron interaction background, respectively. The hatched region indicates the
uncertainty arising from the simulation of neutral hadron interactions, corresponding to the
range of predictions obtained by three different generators. Right: FASERV’s estimated
neutrino-tungsten NC cross section sensitivity. Existing constraints are shown in gray. The
black dashed curve is the theoretical prediction for the DIS cross section, averaged over
neutrinos and anti-neutrinos, per tungsten nucleus. The inner red error bars correspond
to statistical uncertainties, the blue error bars additional take into account uncertainties
associated with the simulation of the background, and the outer green error bars show the
combined uncertainties with the neutrino production rate (which corresponds to the range

of predictions obtained from different MC generators as obtained in Ref. [9]).
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With the analysis described in the previous section, we proceed to discuss FASERv’s
expected physics sensitivity. In the left panel of Fig. 27, we show the expected number
of NC neutrino signal (red) and neutral hadron background (green) events simulated with
Pythia 8 passing the event selection as a function of the reconstructed energy. As noted
before, the signal dominates over the background for energies above about 100 GeV and
reaches a signal to background ratio = 100 for energies above 1 TeV. The hatched region
shows the background simulation uncertainty, corresponding to the range of predictions
obtained from three different event generators to simulate neutral hadron interactions using
the same neutral hadron flux and energy spectrum.

Assuming no new physics contribution to neutrino production and propagation, the ob-
served energy spectrum at FASERv can be used to measure the NC neutrino interaction
cross section. We show FASERV’s expected sensitivity to constraining the NC neutrino in-
teraction cross sections with a tungsten nucleus in the right panel of Fig. 27. The black
dashed line shows the SM prediction for the cross section, flux-weighted over neutrinos and
anti-neutrinos. We also show the NuTeV neutrino-quark neutral current strength measure-
ment [198] in gray, which had superior precision, O (1%) with error bars that are too small to
be visible, but used neutrinos that were less energetic than the bulk of the FASERv neutrino
spectrum.

Several sources of uncertainties contribute to the measurement. In the following, we

discuss these uncertainties and how they could be reduced in a full experimental analysis.

Statistical uncertainty During LHC Run 3 with a nominal integrated luminosity of 150 fb™*,
FASERv will collect roughly 7000 NC neutrino interactions. The corresponding sta-

tistical uncertainties in each energy bin are shown as thin red error bars.

Neutrino flux The neutrino flux uncertainty is associated with the modeling of forward
particle production, which is mostly governed by non-perturbative physics and typi-

cally described by hadronic interaction models. Here we use the neutrino flux obtained
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in Ref. [9], where the range of predictions obtained by different hadronic interactions
models was used to estimate the neutrino flux uncertainties. We note that more efforts
are needed, and indeed already ongoing, to both quantify and reduce these uncertain-
ties. We show the neutrino flux uncertainty as the green error bars in Fig.27, and note

that this is expected to be a dominating source of uncertainty.

In extracting limits on new physics, the flux uncertainty can be mitigated by taking
the ratio of neutral current to charged current events. This technique has been used

by previous experiments [10,199-201] to measure the weak mixing angle.

Signal simulation As outlined in Ref. [170], there are a variety of uncertainties effecting
the signal simulation, including (i) nuclear effects (such nuclear shadowing and anti-
shadowing and EMC effect), (ii) the hadronization of final state partons, and (iii) the
modeling of final state interactions in the tungsten target nuclei. Currently, there is
no neutrino interaction generator that targets this high-energy DIS regime. While
recent efforts on nuclear PDFs allow one to describe nuclear effects and their uncer-
tainties [191, 192, 202-204], more dedicated efforts are needed to tune and improve
the modeling of hadronization and final state interactions in existing generators and
to quantify the uncertainties. In principle, data from previous neutrino experiments,
such as DONuT or CHORUS, as well as FASER»’s CC measurements could be helpful

in this regard.

Uncertainties on the signal simulation will affect the distributions of observables and
hence induce uncertainties in all parts of the analysis, including the neutral vertex iden-
tification efficiency, the signal identification efficiency, and the energy reconstruction
performance. As no reliable estimates of these uncertainties are currently available, we

do not attempt to quantify the impact of generator uncertainties on our final results.

Neutral hadron flux Analogous to the aforementioned uncertainty on the size of the sig-

nal, there are also uncertainties in the numbers of neutral hadrons impinging on

67



FASERv. The calculation of the neutral hadron flux takes the muon flux in front
of FASERv as input and relies on the modeling of neutral hadron production from
muons interacting with the detector and rock in front of it. The muon flux used in
this study was obtained by the CERN STI group using a dedicated Fluka simulation,
and it would not be unreasonable to allow for an O(1) uncertainty on the number of
neutral hadrons [177]. Even such a large error, though, is expected to have a small
impact on the final cross section uncertainty due to the efficiency of the classification
network. The neutral hadron contamination of events that are classified as neutrino
interactions is below 10-20% for energies above 200 GeV. Furthermore, at Run 3,
FASER will directly measure the muon flux and energy spectrum, allowing for reduc-
tion of the uncertainty of the input for the neutral hadron calculation. In addition, the
number of neutral hadron interactions in FASERv can be constrained directly using
both measurements of a neutral hadron control sample, as well as charged hadrons

which leave clearly visible tracks.

Background simulation As shown in Fig. 23, different generators for neutral hadron in-
teractions produce variations in the distributions of the observables that are used for
our analysis. This leads to an uncertainty on the rate of background events passing
the event selection, as indicated by the hatched region in the left panel of Fig. 27.
We have included the resulting uncertainty as blue error bars in the right panel of
Fig. 27. While this uncertainty dominates the NC neutrino cross section sensitivity at
low energies below 100 GeV, it only mildly affects the measurement at higher energies.
These uncertainties can be further improved both using FASERr and measurements

from dedicated beam dump experiments, such as DsTau [205] and NA61 [206].

Experimental Uncertainties While we have incorporated detector effects in our simula-

tion, we do not include experimental uncertainties regarding the detector performance.

Energy estimation We have estimated the incoming neutrino energy with an error of
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approximately 50% for events classified as neutrino neutral current events, as shown
in Fig. 26. In an experimental analysis, a transfer matrix among the bins could be
derived from the network performance. Then, the obtained energy distribution could
be unfolded to obtain a better approximation of the incoming neutrino energies. At our
level of precision, it is reasonable to assume that this matrix is approximately diagonal

given the width of the energy bins, and we do not consider this uncertainty further.

Our results for the neutrino NC cross section are summarized in the right panel of Fig-
ure 27. The most significant source of uncertainty is the neutrino flux at higher energies and
the background simulation at energies below 100 GeV. We note that statistical uncertainties
could be reduced with a neutrino detector in the forward region of the HL-LHC, which has
a nominal integrated luminosity of 3000 fb™'. Such a detector could be placed in a future

Forward Physics Facility [207] at the High Luminosity LHC.

4.5.2 Non-standard interactions

The neutrino neutral current cross section can be used to probe new interactions between
neutrinos and quarks. Historically, the ratio of the neutral to charged current cross section
has been considered as a measurement of the weak mixing angle, as it depends on sin?#6,,,.
Since the weak mixing angle is measured very precisely by other facilities such as LEP [208],
however, we choose to assume no deviations from precision electroweak physics in the SM,
and instead place limits on BSM interactions. As fully SU(2) x U(1)-symmetric interactions
typically face strong constraints from processes involving charged leptons, we focus on the

usual NSI [11]

LD —V2Gry [0 Povsllely fruf + el Frun® /] (4.5.1)
f7a)/8
where f = wu,d and «a,8 = e, u, 7. These interactions would interfere with Z exchange,

affecting the neutrino neutral current cross section. Data on neutrino oscillations [209] and

coherent neutrino-nucleus scattering [210] probe the vector couplings eég/ efficiently but are
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Figure 28: Left: Limits on neutrino NSI involving the up quark. The red ellipse indicates
the expected 95% allowed region by FASERv , with limits from CHARM [10] (blue) shown
for comparison. The one-dimensional allowed region from oscillation and COHERENT [11]

is also shown (green). Right: Same as left plot but for NSI involving the down quark.

not sensitive to their axial counterparts that only couple to net spin. By contrast, high-
energy experiments can probe NSI regardless of the underlying spin structure [211-213].

In passing, we remark that while the validity of any effective operator treatment breaks
down at sufficiently high energies, the momentum transfers that we consider are of order
V2myE, < v, where v = 246 GeV is the electroweak vacuum expectation value. We will
obtain limits on the NSI parameters that are less than O(1), corresponding to operator
suppression scales above the electroweak scale. At even higher energies, of course, a full UV
completion of the NSI should be considered [212]. It would be interesting to examine the
sensitivity of FASERv neutrino NC scattering measurements to light mediators, where we
would expect different kinematics from NC scattering in the SM.

To limit NSI, we anticipate a FASER» measurement of the neutrino neutral current cross
section as in Fig. 28, in conjunction with a charged current cross section measurement [9].

We take the ratio of the neutral current to the charged current cross section assuming that
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the flux uncertainties will largely cancel, with the main remaining considered sources of error
being the statistics on the neutral current events and the uncertainty on the background.
Following the discussion above, other uncertainties such as the neutral hadron flux and
energy estimation are assumed to be subdominant in the cross section ratio. In particular,
FASER will directly measure the muon flux and energy spectrum once it turns on which
will reduce the neutral hadron flux uncertainties. By performing a y? fit using the cross
section ratio in each energy bin as input, we obtain the overall expected NSI sensitivity.
Throughout, we make the simplifying assumption that all of the incoming neutrinos are
muon (anti)neutrinos. Weaker bounds could, in principle, be obtained on NSIs involving
electron neutrinos using the subdominant v, flux.

Our projected sensitivity is shown in Fig. 28. We also show the limits obtained from
taking the ratio of the NC to CC cross-sections at CHARM [10], as well as the current
bound on the vector NSI couplings from oscillation and COHERENT data [11]. We note
that CHARM probes a different combination of the up and down quark NSIs because the
limits come from neutrino scattering, whereas at FASERv we have a combined constraint
from neutrinos and antineutrinos. In summary, we find that FASERy has the potential
to provide competitive NSI sensitivity, particularly in the axial case where bounds from

oscillation and coherent scattering experiments do not exist.

4.6 Outlook

While LHC neutrinos have never been directly detected, FASERvr will provide the ability
to probe their interactions for the first time. Measurements of neutrino cross sections at
TeV-scale neutrino energies will fill a gap between lower energy laboratory experiments
and astrophysical neutrino data. Neutral current scattering is significantly more difficult to
observe than charged current scattering, owing to the final state neutrino that carries away
much of the energy of the interaction. At FASERv, there is a significant background from

neutral hadrons induced by muons from the LHC.
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We have demonstrated that the neutral hadron background to neutrino neutral current
scattering in FASERv can be significantly reduced for neutrino energies 2 100 GeV. Fur-
thermore, we have shown that the energy of the incoming neutrino can be estimated from
the measured particles exiting the interaction vertex. The precision of our energy estimation
procedure for neutral current scattering is comparable to that which could be obtained for
charged current scattering. In both our handling of the background and our estimation of
the neutrino energies, we have used neural networks to make maximal use of the available
kinematic information in each event. We have identified areas where further work is war-
ranted to maximize the power of a full experimental analysis, in particular, the improvement
of simulation tools for neutrino DIS at TeV energies and the quantification of associated
uncertainties.

The NC cross section measurement here would serve as a test of whether neutrinos
interact as predicted by the SM, and can thus be used to test new couplings between neutrinos
and quarks. We have interpreted our projected cross section measurements in terms of
limits on neutrino NSIs, finding sensitivities that are competitive with other experiments.
In particular, we obtain limits on axial NSIs, which are not constrained in any significant
manner by oscillation or coherent scattering data.

As the most weakly interacting particles in the SM, there is still much to be learned
about neutrinos. We have extended the potential of the LHC to test neutrino couplings
by considering NC scattering at FASERr . Taken in the broader context of data from
dedicated laboratory and astrophysical neutrino facilities, we hope that collider studies of

neutral current scattering will lead to an increased understanding of the neutrino sector.
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CHAPTER V

NEUTRINO ELECTROMAGNETIC PROPERTIES AND THE WEAK
MIXING ANGLE AT THE LHC FORWARD PHYSICS FACILITY

5.1 Introduction

Neutrino properties are crucial to understanding our Universe and have been prime targets
of particle physics experiments. The electromagnetic (EM) properties of neutrinos, in par-
ticular, can be tested in existing and future experiments. These measurements include the
mass-dimension 4 neutrino millicharge, the mass-dimension 5 neutrino dipole moments, and
the mass-dimension 6 neutrino charge radius. These properties can, for example, be used to
determine whether neutrinos have a Dirac or Majorana nature [214,215] and to probe new
physics beyond the Standard Model (SM) [67]. These neutrino properties could be linked
to intriguing experimental anomalies, including the NuTeV anomaly [216] and the Xenon
IT excess [217] (although the latter was determined most likely to be from an SM back-
ground [218]). Large neutrino dipole moments, for example, can also affect the mass gap of
black holes [219,220]. Interesting models were proposed to generate neutrino EM couplings
much larger than the SM predictions [221-226] and to connect the anomalies to the neutrino
properties [227]. Currently, the SM predictions of these properties are several orders of mag-
nitude smaller than the present upper bounds, obtained from reactor neutrinos [228,229],
accelerator neutrinos [230-232], and solar neutrinos [218,233-237], to name a few. For a
connection between neutrino electromagnetic properties and CP phases, see Ref. [238].

The LHC provides one of the most exciting opportunities in studying high-energy neu-

trinos and tau neutrinos, given its high center-of-mass energy. The forward region at the
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LHC, in particular, provides a large flux of neutrinos coming from meson decays [44]. The
Forward Physics Facility (FPF) [39] at the LHC is ideally placed on studying these TeV en-
ergy neutrinos. Previously, interesting signatures from the neutrino dipole portal [239,240],
were studied at FPF [241] and FASER [186], but a proper analysis of the future capability
of FPF on neutrino EM properties are sorely lacking at this moment.

In this chapter, we utilize the FPF to study interesting properties of neutrinos: the
neutrino millicharge, magnetic moment, and charge radius. By looking at low recoil energy
electron scattering and neutral current deep inelastic scattering (DIS) events, we show that
we can reach competitive sensitivity for these properties. Most excitingly, we can set the
world’s leading limit on neutrino charge radius for the electron neutrino, while for the muon
neutrino, we come within a factor of a few from the SM prediction. For the tau neutrino,
FPF’s limits on the magnetic moment are an order of magnitude better than the DONUT
results [231] and bounds on millicharge and charge radius constitute some of the few existing
measurements for the tau neutrino.

The neutrino interaction with the target material, investigated in this study, also depend
sensitively on electroweak parameters. In this context, the precise measurement of the
neutral current neutrino DIS rate can also be translated to a precise measurement of the weak
mixing angle. This would allow one to test the anomalous result obtained by NuTeV [216].

The chapter is organized as follows. We briefly review neutrino EM properties in Sec. 5.2
and introduce the detectors under consideration at the FPF in Sec. 5.3. In Sec. 5.4, we
discuss our signal characteristics. We present our results on the neutrino EM properties in
Sec. 5.5 and discuss the measurement of the weak mixing angle in Sec. 5.6. We conclude in

Sec. 5.7.

5.2 Neutrino EM Properties

The electric charge of neutrinos is zero in the SM. However, electromagnetic properties can

arise at the quantum loop level (or via BSM physics) allowing electromagnetic interactions of

74



neutrinos with photons and charged particles. Considering neutrinos as massive fermions, the
electromagnetic properties of neutrinos in the one-photon approximation can be assembled

in the matrix element of the neutrino effective electromagnetic current [68,69] as

(v p)ldnenlvi(p)) = s (pr) Ny (@)us(pr), (5.2.1)

where ¢ is the four-momentum transferred to the photon. The vertex function A%;(q) is a 3x3
matrix in the neutrino mass eigenstates space that encodes the electromagnetic properties
of neutrinos. We are interested in the ultra-relativistic limit where, at low-¢?, it simplifies
to,
2

Ai(q) = +"(Qri — % () ) = i0" Qs (5.2.2)
with f = i for diagonal and f # ¢ for transition electromagnetic properties. Note that in
theories of massive neutrinos, the transition electromagnetic properties can be generated
through mixing, even if the matrices in Eq. (5.2.2) are diagonal in the mass basis [242].

In this chapter, we conduct a phenomenological study of effective neutrino electromag-
netic properties: the millicharge @, the magnetic moment u, and the charge radius (r?) at
the FPF. Effective here implies the possible inclusion of contributions coming from electric
and anapole moments to the magnetic moment and charge radius [243], respectively. Also,
the neutral current interaction we study here has no information on the outgoing neutrino
flavor. Therefore, we implicitly assume a sum over all final state neutrino flavors [244,245].
Note that when recasting the results obtained here for e.g. Majorana neutrinos have only

transition magnetic moment and millicharge.

The electric neutrality of neutrinos in the SM is guaranteed by charge quantization [246,
247]. But in some BSM theories, neutrinos can have a very small electric charge [248]
enabling it to couple to the photon. This BSM interaction can be described by an effective
term in the Lagrangian £ O Q,(v7y,v)A".

Neutrino magnetic moments, on the other hand, do arise in the SM at one loop level [249,

75



250]. The diagonal magnetic moment for a massive Dirac neutrino is given by

3eGr . m,
LN ———m, ~ 3-10 ( ) 5.2.3
H 8\/§7T2m Kb 1eV ( )

where m, is the neutrino mass, e is the electric charge, G is the Fermi constant and

up = e/(2m,) is the Bohr magneton. This very small value is beyond the scope of ter-
restrial and astrophysical probes currently. The values for transition magnetic moments
for Majorana neutrinos are even smaller [251]. However, an additional contribution to the
magnetic moment of neutrinos could arise from BSM physics [222,224,252]. In an effective
field theory approach, this can be parametrized in terms of a higher dimensional operator
L D p,(vo,sv)F? for Dirac neutrinos (for Majorana neutrinos one replaces 7 with ¢ for
only the left-handed neutrino fields (v7) above, and only transition moments are allowed).

Measuring the magnetic moment of neutrinos is important, as it can also in principle shed
light on the Dirac vs. Majorana nature of neutrinos. Dirac neutrinos can have diagonal and
transition magnetic moments, whereas Majorana neutrinos only have transition magnetic
moments. Large transition magnetic moments for Majorana neutrinos could be realized in
certain BSM models [253,254], which are not too far from the current experimental limits,
but the off-diagonal moments could be hard to measure, as we do not probe the outgoing
neutrino flavor.

Neutrinos also have non-zero charge radii in the SM from radiative corrections given

by [255,256]

G m?
2 f {
= 3—2log—|. 5.2.4
<7“W>SM 4\/§7T2 { ©8 m%l ( )

where my are the lepton masses (¢ = e, u, 7) and myy is the W boson mass. The SM values
are then found to be 4.1 x 10733 cm? for v,, 2.4 x 10733 cm? for v, and 1.5 X 10733 c¢m? for v, .
These values differ by at most one or two orders of magnitude from current terrestrial bounds,

and hence testing the SM prediction of neutrino charge radius is a compelling challenge.
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5.3 Detectors at the FPF

An unexpected but powerful source of light and weakly coupled particles can be found at the
LHC [41]. In the forward direction, the LHC produces an intense and strongly collimated
beam of neutrinos of all three flavors coming mainly from the decays of mesons produced
at the interaction point. Currently, there are two experiments taking advantage of this
opportunity: FASERwv [44,45] and SNDQLHC [257,258]. In particular, both experiments
are expected to obtain about 20 tau neutrino interactions, which exceeds the number of
events recorded by the DONuT [259] and OPERA [260] experiments.

Several improved neutrino detectors are planned for the HL-LHC era. They will be
housed in the FPF [39,40] along with an array of other detectors with a wide range of
physics potential, to be located in a cavern 620 m downstream from the ATLAS interaction
point. Our analysis focuses on two detector technologies at FPF which are sensitive to TeV
range neutrino interactions: FLArE, which is a liquid argon time projection chamber, and
FASERv2, which is an emulsion-based neutrino detector. In the following, we present the

detector details relevant to the phenomenological study at hand:

e FLArE, the Forward Liquid Argon Experiment, is composed of a 10 tonne liquid argon
time projection chamber with a fiducial volume of 1m x 1m x 7m [25]. Liquid argon
time projection chambers are a proven technology for neutrino physics, having been
used at Fermilab’s Short-Baseline Neutrino Program [261] and at the future DUNE
experiment [262]. They offer the dual advantage of very low energy thresholds of down
to 30 MeV and excellent timing resolution, achieved through a light collection system.
This will allow one to control possible muon induced backgrounds by vetoing events in
coincidence with a muon track, which is critical to the feasibility of our study. FLArE
is a 10 tonne detector. We also include in our study a larger 100 tonne detector, dubbed
FLArE-100, with a fiducial volume of 1.6m x 1.6m x 30m. This is meant to illustrate

how sensitivities would scale with target mass.
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e FASERU/2 is an emulsion detector designed as a much larger successor to the approved
FASERv detector [263]. In the HL-LHC era, FASER»2 is envisioned as a 10 tonne
neutrino detector composed of emulsion layers interleaved with tungsten sheets acting
as target material. Emulsion detectors are capable of detecting charged tracks with
high spatial resolution. The major drawback of emulsion detectors is a lack of timing
information associated with the recorded events. FASERv2 aims to mitigate this by
introducing tracking layers between and at the end of the emulsion layers. Timing
information can then be obtained by successfully matching the event in the emulsion
and the tracker. This is helpful in the search for a coincident muon track, which can
be used to reduce muon induced backgrounds. We assume that in FASER»2 all muon
induced backgrounds can be eliminated with the help of timing information. The
fiducial volume we consider is 0.5 m x 0.5 m x 2 m [264]. Since the charged particle has
to pass through a sufficient number of emulsion layers to leave a distinguishable track,
a minimum particle momentum of 300 MeV [264] is required. This sets the energy

threshold of the detector.

The two processes we study here are neutrino electron elastic scattering and neutral
current DIS. The main backgrounds for the former are similar to those studied in Refs. [25,
265] and the latter was studied in the context of FASERv in Ref. [266]. Here we briefly
summarize the relevant results.

A major source of similar backgrounds for both processes is muon-induced events. Muons
passing through the detector can, for example, emit photons through bremsstrahlung or
produce high energy neutral hadrons in inelastic scatterings. The photons could then pair
convert to ete™ and if one of them is missed, it can mimic our electron scattering signal.
Neutral hadron scattering, on the other hand, would look similar to the neutral current DIS
neutrino interactions. In both cases, the inclusion of timing capabilities in the detectors
allows vetoing such backgrounds by associating such events with the accompanying muon.

For example, the currently operating FASER detector employs several scintillating veto layers
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at its front, each of which has a muon detection efficiency of more than 99.99% [267]. In this
chapter, we assume such muon-induced backgrounds can be reduced to negligible levels.
An irreducible source of backgrounds to both processes is SM contribution to neutral
current neutrino scattering. For neutrino electron elastic scattering, we employ the use of
kinematic cuts to enhance the signal to background ratio, as described in the next section.

This is where a low energy threshold detector like FLATE is advantageous.

Throughout this work, we use the neutrino fluxes presented in Ref. [264] for the HL-LHC
era. They were obtained using the event generator SIBYLL 2.3d [268-271] implemented
via CRMC [195] which simulates the primary collision. Ref. [21] introduced a fast neutrino
flux simulator which models the propagation and decay of long-lived hadrons within the
SM in the forward direction at the LHC. Currently, there exist sizeable uncertainties on
the neutrino flux. However, this is expected to be brought under control using the charged

current scattering event rate once the detector starts to take data [44].

5.4 Neutrino EM Interaction Rate

The signature we investigate in our study is the excess (or deficit) of neutrino neutral current
scattering events in the detectors with respect to the expected rate predicted by the SM in

the absence of any neutrino EM properties.

We first consider the neutrino electron elastic scattering where the SM cross section, in

terms of the electron recoil energy E,, is given by [67,272]

doy,e GEm. VY E, ’
= — 1——="
(dET )SM o (9v —9a) B,

g (5.4.1)
Me Loy
+ (g +94)" + ((94)° = (90)°) }
with the standard vector and axial vector coupling constants ¢ and g% given by
i .2 1 ¢ 1
gy = 2sin Hw—§+5ge,gA=—§+5ge. (5.4.2)
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Here G is the Fermi constant, 6y is the weak mixing angle, and E,, is the neutrino energy.
For antineutrinos, one must replace g4 by —g¢4%. There is an extra term for the electron
neutrino coming from the exchange of the W boson, which is not present for muon and
tau neutrinos. In the presence of non-negligible values for the neutrino electromagnetic
properties, the event rate and distribution can be sufficiently distorted.

As detailed below, the most significant effect of including these BSM physics is in the
event rate, especially at low recoil energies for the magnetic moment and millicharge. This
motivates looking at FE,. as the main kinematic variable in our study. One could also look at
the recoil angle of the electron, as was studied in Ref. [25]. For neutrino electron scatterings
at the energies of interest, so F, and E, > m,, the recoil angle is correlated with the recoil
energy via cosf, ~ 1 —m,/E,. Although, this does not help to distinguish different neutrino
electron scattering events but provides another handle to remove backgrounds coming from
neutrino nuclear scattering events with a single particle recoiling in the final state. Since
we will be imposing a strong kinematic cut on the electron recoil energy that suppresses the
background sufficiently, we do not include the recoil angle of the electron as an additional
observable. We note, however, the strong correlation between the recoil energy and the recoil

angle of the electron can be used to improve energy resolution at small energies.

In some cases, it might be beneficial to also consider nuclear scattering, where one could
benefit from higher event rates. As can be seen in Eq. (5.4.1), the neutral current scattering
rate in the SM roughly scales proportionally to the target mass. If the new physics signal
count decreases or doesn’t increase commensurately, then moving to a heavier target will only
degrade the sensitivity. This is the case with neutrino magnetic moment and millicharge,
and hence we stick to electron scattering events for both of them. As we will see below, a
charge radius essentially induces a shift in the vector coupling constant, g, and hence we can
expect higher rates of signal if we use a heavier target. We therefore also consider neutral
current neutrino DIS in the charge radius case, which will result in significantly higher signal

event rates and hence improve the bounds on (17, ).
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At leading order, the double differential cross section for neutral current neutrino-nucleon
DIS is given by [273]

do(vN - vX) 2GEm,E,  my y
dx dy - T (Q% +m?%)?

Y lorilefule, @) + afyle, @)1 — )1+

q:u7d7s7c

92 plofy(2, QD (1 — y)* + 2 fy(z, Q)]
(5.4.3)

for neutrino scattering and

do(vN - vX) 2Gim,E,  my y
dx dy B T (@Q? + m%)?

D L9 clefole, Q)1 =) +afylz, Q%))+

q:u7d787c

g rlefo(z, Q%) + 2 f3(x, Q*)(1 - y)*]]
(5.4.4)

for anti-neutrino scattering, where X stands for the final states that are a byproduct of the
DIS other than the neutrino. Here m,, is the mass of the target proton, my is the Z boson
mass, and g%, g% = T% — Q, sin® Oy are the left and right-handed neutral current couplings of
the quarks with @), being the charge of the quarks in units of e. The differential cross section
is expressed in terms of the DIS variables =, y and Q?, where x is the partonic momentum
fraction, y = Fhaq/E, is the fraction of neutrino’s energy that is transferred to the hadronic
system, and Q? = 2m,E,zy is the squared 4-momentum transfer. Here FE, is the incident
neutrino energy, and FEjy.q is all the energy contained in the hadronic system. The functions
f4(z,Q?) are the nucleon parton distribution function. Here we use nCTEQ15 which includes

nuclear effects of the target nucleus [191].

5.4.1 Neutrino Magnetic Moment

The presence of a BSM contribution to the neutrino magnetic moment can lead to an excess
in the number of electron recoil events, especially at low recoil energies. The differential
cross section with respect to the electron recoil energy for the elastic scattering of a neutrino

(or antineutrino) with incoming flavor ¢ and energy E, off an electron in the presence of a
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Figure 29: Top and Middle Left: Differential cross-section of neutrino elastic scattering on
the electron as a function of electron recoil energy, corresponding to the incoming neutrino energy
of 1 TeV. Top and Middle Right: The expected number of events at FLArE, considering the
estimated neutrino flux at the FPF in the HL-LHC phase. The magnetic moment and millicharge
electromagnetic contributions (red) exceed the SM background (black) at lower recoil energies. The
FLArE and FASERV2 detector recoil energy thresholds of 30 and 300 MeV, as well as the 1 GeV
upper cutoff, are indicated by vertical dotted lines. Bottom Left: Cross section of neutrino-
nucleus deep-inelastic scattering in FASER»2 (solid) and FLArE (dashed) as a function of neutrino
energy, within the SM (black) and in the presence of the charge radius. Bottom Right: Expected

event rate at FLArE as a function of the energy of the hadronic system.
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magnetic moment is given by [226, 274]

2
dove\  _ (dove) 7 (L 1/ 7 (5.4.5)
dE; \am \AE: Jou m2\E, E,)\us

where 41, is the effective neutrino magnetic moment, and pp is the Bohr magneton. Note

that the two contributions in Eq. (5.4.5) add incoherently in the cross section due to the
following helicity argument [275]: in the ultra-relativistic limit, the SM weak interaction
conserves the neutrino helicity while the helicity flips in the neutrino magnetic moment
interaction. Hence, one is always guaranteed an excess of events in this case.

The two contributions in the cross section exhibit quite different dependencies in the
electron recoil energy E,., as illustrated in Fig. 29 top left panel for an incoming neutrino
beam with 1 TeV energy. The signal cross section associated with the neutrino magnetic

moment exceeds the SM background in the range,

2
L
E. <10 GeV —— . 5.4.6

This leads to an increase in the elastic neutrino-electron events above the SM predicted value
at low values of E,. This can be seen as arising from the 1/F, term in the BSM cross section
expression. The lines for v, and v, ; look different due to the additional diagram coming
from the W boson exchange that is only present for v,.

Given the neutrino flux at the FPF, the electron recoil energy spectrum at FLArE and
FASERv2 detectors can be calculated. Fig. 29 top right panel shows the total expected
event rate for a benchmark value of p,, = 107® up for all three flavors at FLArE, as well as
the SM event rate. The three flavors of neutrinos have different fluxes at FPF, resulting in
distinct predictions for the event spectrum. The excess events in the low recoil energy bins

serve as an experimental signature to look for neutrino magnetic moment.

5.4.2 Neutrino Millicharge

The FPF is an ideal environment to search for millicharged particles in the dark sector [276,

277] and can also be used to probe neutrino millicharge. The inclusion of a non-zero electric
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charge for the neutrino changes the neutrino-electron elastic scattering cross section as [67,

dawe) <dawe) <d<fyee> (dawe)
<) = + + . (5.4.7)
( dET NMC dET SM dET Int dE”’ Quad

The first term is the above SM expression as before. The interference term is,

<dowe> _ V8nGra (Q€> [gfx(QEf + B2 - E,(2E, + E,)) + ¢4 (E, (2B, — E,))

242,278

dE, ) . E2E,
(5.4.8)
with gt g% defined as before, and the quadratic term is given by
Ao, 2 (Qu\ [2E2+E?—2E,E,
=4 e v__T 5.4.9
(dET )Quad (e ( € meEZE} 7 (5.4.9)

where (),, is the electric charge of the neutrino. For anti-neutrino, we replace g4 with —ga
similar to the SM case. The presence of the interference term ~ (Q,,/e) means we are
now sensitive to the sign of the neutrino millicharge and depending on the value of @),, we
can expect an increase or decrease in the number of events. However, it turns out that,
for the values of the millicharge that can be probed at the FPF, the quadratic term always
dominates, therefore, an excess of events is expected. For a benchmark value of Q,, = 107 "¢
we see an even steeper increase in cross section at lower recoil energies than for the magnetic
moment, as the quadratic term grows proportionally to 1/E?.  This is shown in Fig. 29
middle left panel, while the middle right panel shows the event spectrum at FLArE.
Alternatively, neutrino millicharge can also be probed at FORMOSA [276], a proposed
experiment located within the FPF to search for millicharged particles. If neutrino possesses
a millicharge, then it will ionize the material and deposit energy as it passes through the
detector, resulting in a scintillation signature. FORMOSA is a dedicated detector to detect
low-charge scintillation signals consisting of an array of plastic scintillators with multiple
layers, sensitive to low-energy deposits down to one single photoelectron. The mean ioniza-
tion energy loss for a millicharged neutrino travelling through the plastic material can be

estimated by Bethe-Bloch formula [279] that goes as (dE/dx) ~ (Q,/e)* x 5MeV /cm, and
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is quite insensitive to the neutrino energy and mass. The average number of photoelectrons
produced within a scintillator bar Npg is proportional to the ionization energy deposition,
the bar length, and the scintillation light yield. To suppress the background noise in the pho-
tomultiplier tubes attached to the scintillation bars that collect the produced photoelectrons,
the low-energy scintillation signal candidates are required to have multiple coincidences of
hits. To detect a millicharged neutrino, at least one photoelectron in each layer of the scin-
tillator must be observed. The detection probability P = (1 — exp(—Npg))™ follows the

Poisson distribution, where n is the number of layers.

5.4.3 Neutrino Charge Radius

From Eq. (5.2.2), one sees that a non-zero value of charge radius amounts to a shift in the
vector term of the neutrino vertex function. Within the SM, only diagonal charge radii are
allowed, as generation lepton numbers are conserved. However, some BSM scenarios also
allow for off-diagonal charge radii [280-282]. If we only consider diagonal elements in the
flavor basis, it was shown in Ref. [250] that this amounts to a modification of the vector

coupling constant in Eq. (5.4.2) as,

2 .
gy = gy + iy (r},) sin® B, (5.4.10)

This introduces additional linear and quadratic terms in <7’§[> to the cross section in Eq. (5.4.1).
Therefore, similar to the neutrino millicharge case, we are sensitive to the sign of (r2,). Also,

note that the antineutrino charge radius contribution comes with a negative relative sign

to the above shift [67]. For quarks, this shift is modified by the quark-to-electron electric

charge ratio as,

2
9 = 9 = 3Qqmiy (ry,) sin* b, (5.4.11)

which modifies the left and right-handed neutral current couplings of the quarks g} /R =
(9 £4%)/2 in Egs. (5.4.3) and (5.4.4).

In the bottom left panel of Fig. 29, we show the DIS cross section rates for a neutrino
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scattering off the argon nucleus in the FLATE detector and tungsten nucleus in the FASER»2
detector as a function of the incoming neutrino energy, E,. FASERv2 with a target atom
with a higher atomic number has more nucleons for the neutrino to scatter off and hence has
a higher cross section value. In the presence of a non-zero charge radius, the cross section
enhancement is almost uniform across the incoming neutrino energy range. In the bottom
right panel, we show the event spectrum as a function of Fj,q at FLArE for a benchmark
value of (r} ) =5 x 107° cm?. At the neutrino energies available at FPF and the values of
(7“5) we are sensitive to, it is the quadratic term that is dominant, and we observe an excess

in events across the spectrum.

5.5 Sensitivity for Neutrino EM Properties

We are now ready to turn to our analysis. As described in the previous section, both the
neutrino magnetic moment and neutrino millicharge would manifest themselves through an
enhanced rate of neutrino-electron scattering events with low electron recoil energy. To
isolate this effect, we select events within the energy range Ey, < E,. < 1 GeV. Here we
assume a lower energy threshold of Eiy,, = 30 MeV for FLArE and 300 MeV for FASER»2.
According to Refs. [25,277], after applying these kinematic cuts, we expect less than O(1)
neutrino-electron scattering events in the SM. Considering statistical uncertainties only, we
then set limits on the neutrino magnetic moment and millicharge. Systematic uncertainties
are expected to be under control since the neutrino-electron cross section is well understood
and the neutrino fluxes can be constrained by the same experiment through a measurement
of the event rate of neutrino charged current scattering.

We present projected sensitivity on neutrino magnetic moment and millicharge in the
upper part of table 7. The upper bounds are given for different flavors at FASERr2, FLArE,
and FLArE-100, considering an integrated luminosity of 3 ab™! at HL-LHC. Note that the
bounds are slightly sensitive to the sign of the neutrino millicharge due to the presence of

the interference terms.
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Neutrino EM Property FASERv2 FLArE FLArE-100
Ve 1.78 1.35 0.73
Ly, 1078 3] Vy 0.67 0.48 0.25
v, 10.7 6.59 3.08
Ve [13.1,8.92] | [4.03,3.21] | [-2.21,1.52]
Q. [1073¢] " [3.92,4.12] | [0.96,1.27] | [-0.24 , 0.30]
v, [-64.9 , 65.1] [-17.9 , 17.9] [-8.33 , 8.36]
Ve [-3.57 , 4.46] [-3.47 , 4.29] [-1.43 , 1.55]
(r,%e) [107%2cm?]
Vy [-0.65 , 0.67] [-0.62 , 0.64] [-0.25 , 0.25]
Nuclear v, [-58.9 , 96.1] [-41.3 , 78.4] [-17.3 , 54.8]
Scattering
Ve [1.11,0.85] | [-1.62,1.10] | [-0.54 , 0.47]
(rﬁ) [10731em?]
Vy [-0.86 , 1.70] [-1.03 , 1.79] [-0.56 , 1.29]
Electron v, [16.4, 16.6] | [14.5,14.8] | [7.53, 8.04]
Scattering

Table 7: Projected 90% C.L. sensitivity on neutrino electromagnetic properties (u,,, Q.,,
(rz,)) from FASERv2, FLArE, FLArE-100 detectors for all three flavors, assuming 3 ab™" of
integrated luminosity at HL-LHC. For completeness, we also show the charge radius bounds
from electron scattering in the last row, which, as expected, are much weaker compared to

those from nuclear scattering.

Unlike the other two neutrino properties, the effect of a neutrino charge radius is not
confined to a specific energy region. Instead, we search for an increased neutrino neutral
current event rate across the whole energy spectrum. For this, we consider both the electron
scattering and nuclear scattering channel, where the latter will turn out to be more sensitive
due to the significantly larger overall event rate. As this is essentially a precision measure-

ment of the total neutral current scattering rate, it is subject to systematic uncertainties,
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which we discuss below.

One major source of systematic uncertainties is associated with the neutrino flux. While
the uncertainties on the LHC neutrino flux predictions are currently large [21,283-285], a
measurement, of the charged current event rate will constrain the fluxes once the experiment
starts taking data. In our analysis, we take this into account by considering the statisti-
cal uncertainty expected in the measurement of charged current events as a proxy for the
uncertainty on the flux estimates.

Another source of uncertainty is associated with the modelling of the neutrino-nucleus
interaction cross section. This includes for example parton distribution functions, quark mass
effects, higher order radiative corrections, nuclear shadowing and anti-shadowing effects, the
modelling of parton shower and hadronization inside the target nucleus, as well as final state
interactions. As for the neutrino fluxes, measurement of charged current neutrino-nucleus
interactions at the FPF will provide valuable input to constrain these uncertainties [39,40]
and we will neglect them for the purpose of this study.

Finally, there could be uncertainties arising from the experimental setup, for example,
related to energy reconstruction, detection efficiency, particle identification, and event clas-
sification. Since the detector designs are still under development, the details on the detector
performance are not yet available. However, this also leaves room to consider the signatures
under discussion in this study as a benchmark for detector design and optimize them ac-
cordingly. In the following, we assume that detector-related uncertainties can be sufficiently
reduced to be smaller than the statistical uncertainties of the measurement.

The projected sensitivity on neutrino charge radius, considering statistical uncertainties
along with systematic uncertainty coming from the neutrino flux, are presented in the lower
part of table 7. As expected, the bounds obtained from the electron scattering signature are

much weaker compared to those from nuclear scattering.

The obtained sensitives to the neutrino EM properties are also presented in Fig. 30,

alongside existing constraints and relevant benchmark scenarios. Here we show only the
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Figure 30: Comparison of experimental bounds on neutrino electromagnetic properties: effec-
tive magnetic moment (left), millicharge (middle), and charge radius (right). The projected
sensitivity of FASER»2 (orange), FLArE (magenta), and FLArE-100 (red) shown alongside
existing accelerator and reactor constraints (dark gray shaded), direct detection limits from
solar neutrino flux (light gray shaded) and projections from other proposed searches (gray
arrow). The blue-shaded regions correspond to the magnetic moment and charge radius
values that explain the XENONIT, NuTeV anomaly, and gravitational waves signal from
black hole mergers. The contribution of BSM benchmark models to large magnetic moments
is presented in green. FLATE can set the world’s leading laboratory-based limits on neutrino
magnetic moment and millicharge for tau neutrino, and set the world’s leading limit for
electron neutrino charge radius. The limits on muon neutrino charge radius for FLATE come

within a factor of a few from the SM prediction.

positive bounds, as the negative values are very similar in absolute value. A recent projection
on the sensitivity for electron and muon neutrinos at DUNE, as obtained in Ref. [278], is
also shown for comparison.

The left panel shows the results for the neutrino magnetic moment. Shown as dark
gray shaded regions are current constraints obtained by purely laboratory experiments us-
ing reactor and accelerator neutrinos from GEMMA [228], TEXONO [229], LAMPF [232],
LSND [230] and DONUT [231]. The light gray shaded region corresponds to measurements

using solar neutrinos at Borexino [234], XENONnT [218,236,286] and LZ [236,237]. We can
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see that FLArE will be able to provide the leading sensitivity to tau neutrino magnetic mo-
ment obtained using a pure laboratory measurement and constrain p,, <7 x 1078up. This
is due to the large flux of tau neutrino at the LHC location compared with other laboratory
neutrino sources.

Throughout the years, a variety of new physics models predicting large neutrino magnetic
moments have been proposed [222,223,252]. Such scenarios have been revisited recently in
Refs. [225,226]. The authors conclude that models of Dirac neutrinos with large diagonal
neutrino magnetic moments do not seem possible anymore unless one is willing to accept
it to be fine-tuned. An example of such a scenario was found in Ref. [224] in a scan over
the MSSM parameter space, where a muon magnetic neutrino magnetic moment as large
as 107 up was found. In contrast, for Majorana neutrinos, large transition moments can
be realized, for example using a SU(2)y horizontal symmetry [253] or a BFZ model [254].
We illustrate those scenarios as the green region in Fig. 30. In addition, large neutrino
magnetic moments have been considered as a solution to the XENON1T anomaly [217] and
to explain the existence of black holes in the mass-gap region that have been detected in the
gravitational wave event GW190521 [220]. The corresponding regions are marked in blue.

We present the results for neutrino millicharge in the middle panel of Fig. 30. As be-
fore, the dark-shaded regions show purely laboratory constraints from DONUT [231,248],
LSND [230,248], Dresden-II [287], CONUS [288], TEXONO [289,290], and GEMMA [290,
291]. Upper limits on neutrino millicharge have been also obtained using solar neutrinos
by XMASS [292], XENONnT [218, 236, 286] and LZ [236,237] as shown by the light gray
shaded regions. Not included in this figure are additional constraints from astrophysical con-
siderations, since they are subject to additional underlying assumptions and uncertainties
compared to pure laboratory constraints. In particular, the neutrino millicharge can have an
impact on astrophysical phenomena such as red giant or solar cooling [293], the rotation of
magnetized neutron stars [294], and the arrival time of SN 1987A supernova neutrinos [295],

resulting in approximate upper limits on the effective charge of electron neutrino in the range
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< 107 — 10712, Even stronger constraints than astrophysical arguments on the elec-

|Qu.

tron neutrino millicharge can be obtained from electric charge conservation in neutron beta

decay, along with the experimental bounds on the neutron charge and the non-neutrality of
matter giving |Q,,| < 1072!e [293]. We find that FLArE is potentially capable of providing
the most stringent laboratory-based limit on the effective electric charge of tau neutrino,
with an upper limit of |Q,.| < 10 7e.

Following the study of millicharged particles using the scintillator-based experiment [276,
296], we can expect to bound the neutrino millicharge at FORMOSA to |Q,.] < 2.8 x 107 %€,
1Qu.| $22x107%, and |Q,, | $ 4.1 x 10~°e with 90% C.L., corresponding to a scintillator
detector with quadruple coincidence. These upper bounds on neutrino millicharge, which are
weaker than FLATE results, are presented in the middle panel of Fig. 30. These projected
sensitivities are almost independent of the neutrino flux, as the sensitivity is limited by
the fact that below @, ~ 5 x 107%e, the probability of photoelectron production drops
significantly. The analysis of FORMOSA with 4 layers is considered almost background
free. To demonstrate the sensitivity reach, we also assume zero background for a detector

with triple coincidence and find the 90% C.L. upper bounds |Q,,

< 0.8 x107%, Q] <
0.5 x 107%¢, and |Q,.| < 1.3 x 107%e. This background-free assumption can in principle
be achieved, for example, by using better photomultiplier tubes (PMTs) that have less
background noise.

The right panel shows the results for the neutrino charge radius. The dark gray shaded re-
gions are current constraints obtained by purely laboratory experiments using reactor and ac-
celerator neutrinos from COHERENT [287,297], CHARM-II [298], LSND [230], CCFR [299,
300], LEP2 [300], TEXONO [301]. FLArE can set the world’s leading limit for electron neu-
trino and set highly competitive limits for muon neutrino where it comes within a factor of a
few from the SM prediction. The deviation of the weak mixing angle from the SM observed

by the NuTeV Collaboration [216] could also be interpreted as a measurement of the muon

neutrino charge radius (7"12,“> = 4.20 x 107 within 1o error [300]. The 1o preferred region
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Running of the Weak Mixing Angle
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Figure 31: Scale dependence of the weak mixing angle in the MS scheme, sin? (1), shown
with the existing measurements (black), the expected sensitivity of experiments at FPF
(red), and other future experiments (beige). The blue line corresponds to the SM prediction
for the running of sin? fy with scale p. For clarity, the Tevatron and LHC points are shifted

horizontally on either side.

to explain the NuTeV anomaly is shown by the blue target region. For comparison, DUNE
is expected to constrain [(r} )| < 2 x 107** cm® and [(r} )] < 1 x 107%! cm?, which is an
order of magnitude weaker than the FLArE bound for the electron neutrino. The DUNE
projection considered the electron scattering signature, which suffers from lower event rates.
A measurement using nuclear scattering at DUNE does not seem promising due to the large

nuclear uncertainties in the cross section for GeV energy neutrinos.

5.6 Measurement of the Weak Mixing Angle and the NuTeV Anomaly

The measurement of neutrino interactions at the energies accessible at the FPF provides
an opportunity to measure precisely the electroweak parameters. The weak mixing an-
gle, sin?fy, is one key parameter that parameterizes several measurable observables in
the electroweak sector of the SM. The value of sin?#y, gets radiative corrections and de-
pends on the renormalization prescription [302], where MS (modified minimal subtraction)

scheme is conventionally employed. One of the best measurements of the weak mixing
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angle comes from Z-pole observables [279,303] (Tevatron, LEP1, SLC, LHC) with an aver-
age value of sin? Oy (mz)zs = 0.23125(16), comparable to the SM value of sin® Oy (myz )5 =
0.23122(4) [279]. At relatively low energy scales, several experimental measurements of weak
mixing angle exist (for a review, see Ref. [304]) including the electron-deep inelastic scatter-
ing [305] (eDIS), neutrino-nucleus scattering [216] (NuTeV), atomic parity violation [306-309]
(APV on cesium), Moller scattering [310] (SLAC E158), elastic electron-proton scatter-
ing [311] (Qweax), and coherent elastic neutrino-nucleus scattering at COHERENT [312] and
Dresden-1II [313]. The precise measurement of the weak mixing angle at different energy
scales provides a direct probe of new physics beyond the SM [304,314,315]. In particular,
it will allow one to test the NuTeV anomaly [216]. Using neutrino scattering, the collab-
oration measured a value of sin?@y that was 30 above the SM prediction at a scale of
~ 4 GeV. A measurement at FPF will shed more light on the running of the weak mixing
angle at a similar energy scale. Any change in the weak mixing angle from the SM value,

sin? Oy, — sin? Oy + Asin? Oy, will result in a shift in the vector coupling constant,
g% — gt — 2Q,Asin® Oy (5.6.1)

The phenomenological consequences of this shift are therefore very similar to the study
of neutrino charge radius presented in the previous section. We perform a similar anal-
ysis to obtain the FLArE expected sensitivity to the weak mixing angle and constrain
Asin? §y < 0.0077 at 68% C.L. The estimate for sensitivity to sin® Ay in the MS scheme at
the scale p ~ @ ~ 10 GeV, which is the typical momentum transfer for a TeV scale energy
neutrino at FLATE, is shown in Fig. 31, along with the existing constraints and the running
of the coupling predicted by the SM [279,302,316]. For comparison, we also show the pro-
jected sensitivities to the weak mixing angle from future experiments including DUNE [317],
EIC [318], Moller at JLAB [310,319], MESA-P2 [320], SoLID at JLAB [321], IsoDAR at
Yemilab [322], and reactors [323-326] (TEXONO, CONUS).

A precise measurement of the weak mixing angle requires good control over various sys-
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tematic uncertainties. These are analogous to the measurement of the neutrino charge radius
through nuclear scattering, and we refer the reader to the previous section for a more detailed
discussion. As before, we have considered statistical uncertainties as well as uncertainties
associated with flux normalization as constrained by charged current measurements in our
sensitivity estimate. It is worth noting that the measurement of the weak mixing angle
provides a well-motivated benchmark for detector performance requirements that should be

considered during detector design.

5.7 Conclusion

The immense flux of neutrinos in the forward region of the LHC provides an excellent
opportunity for neutrino physics. This neutrino beam is a powerful source of the most
energetic human-made neutrinos for all three flavors. The proposed neutrino detectors at
the FPF, FASERr2 and FLArE, can use this neutrino beam to set stringent constraints
on neutrino electromagnetic properties and measure the weak mixing angle to percent level
precision.

In this chapter, we have presented a detailed phenomenological study on the potential of
the FPF experiments to probe the neutrino electromagnetic properties: magnetic moment,
millicharge and charge radius. All these scenarios result in an excess of neutral current events
that can be observed at these detectors. We first look at neutrino-electron elastic scattering,
where in the presence of neutrino magnetic moment and millicharge the excess events are
at low electron recoil energies. Focusing on this kinematic region and taking advantage of
the huge tau neutrino flux, FPF can set the strongest laboratory-based limits on neutrino
magnetic moment and millicharge for tau neutrinos. For neutrino charge radius, better
constraints are obtained by looking at the neutral current neutrino DIS process, where the
heavier target results in an increased event rate over neutrino-electron elastic scattering. By
looking for excess events across the entire spectrum, FPF can set the world’s leading limits

on the neutrino charge radius for electron neutrinos and, for muon neutrinos, FPF can come
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within a factor of a few from the SM prediction. We have summarized our results in table 7
and Fig. 30.

An important test of the SM is the measurement of electroweak parameters at different
energy scales. FPF has the potential to measure the weak mixing angle with a precision of
about 3% at an energy scale of y ~ 10 GeV. In Fig. 31, we show the scale dependence of
the weak mixing angle along with the FPF measurement, which considers both statistical
and flux uncertainties. This is an important test of the SM, especially in light of the NuTeV
anomaly. The ability to measure the weak mixing angle with high precision sets an important

benchmark for the design of the FPF neutrino detectors.
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CHAPTER VI

NEUTRINO UP-SCATTERING VIA THE DIPOLE PORTAL AT FORWARD
LHC DETECTORS

6.1 Introduction

The discovery of neutrino flavor oscillations [327] has firmly established the existence of non-
zero neutrino masses and mixing. While neutrino mixing parameters have been measured
with increasing precision in recent years, much remains unknown about the neutrino sector.
Notably, the generation of neutrino masses and mixing requires physics beyond the Stan-
dard Model (SM). In these extensions, the SM neutrino fields typically acquire additional
interactions. In particular, in most extensions of the SM that account for neutrino mass
generation, neutrinos acquire magnetic moments through loop effects [214,249]. The sizes of
these magnetic moments can be related to the neutrino masses themselves in specific models.
Searches for neutrino magnetic moments are thus of great importance as our understanding
of the neutrino sector continues to grow. In this work, we investigate the ability of LHC
neutrino detectors to observe signatures of neutrino magnetic dipole interactions.

From a theoretical perspective, in many neutrino mass models yielding the observed
neutrino masses and mixings, the predicted magnetic moments of neutrinos are imperceptibly
small; for a review, see Ref. [67]. However, it is possible to construct theories with relatively
large neutrino magnetic moments that are consistent with neutrino mass generation [226].

More troubling, perhaps, are strong experimental constraints on neutrino magnetic mo-
ments from terrestrial experiments [228,234] and stellar evolution [328,329]. These can be

evaded, nevertheless, in the case of a significant magnetic dipole interaction between the
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Figure 32: Neutrino up-scattering process arising from dipole portal to HNL.

SM neutrino and heavier additional neutrinos. Sterile neutrinos with dipole couplings to the
active neutrinos have in fact received renewed attention recently [14,15,240,330-334] in light
of the MiniBooNE [335] and XENONIT [217] anomalies, where they have been employed
as explanations for observed excesses. Sterile neutrinos can have dipole interactions with
strengths that are orders of magnitude above limits on active neutrino transition magnetic
moments. Because of kinematic considerations, most laboratory and astrophysical tests for
active-sterile neutrino magnetic moments do not apply for larger sterile neutrino masses. For
instance, searches involving solar neutrinos typically only probe sterile neutrino masses at
the MeV scale.

By contrast, the LHC produces a large flux of TeV-energy mesons at high rapidity, many
of which produce neutrinos in their decays. These neutrinos can be used to test for sterile
neutrinos up to the GeV scale due to their high energies [186]. Specifically, a sterile neutrino
Npg can be produced through the magnetic dipole operator via active neutrino up-scattering,
most commonly the electron scattering channel v+ e — Ni+e. Furthermore, the N with a
dipole interaction decays characteristically to photons, Ng — v+~. Both the production and
decay of sterile neutrinos interacting through the dipole coupling differ from those in theories
with other interactions between active and sterile states, e.g. the standard fermion portal

scenario with renormalizable v — Nk mixing through the Higgs. The distinct phenomenology
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of sterile neutrinos with magnetic dipole couplings to their active counterparts, together with
the higher mass reach that should be achievable in LHC collisions, motivates us to consider
search possibilities for such neutrinos at the LHC.

Specifically, the dedicated FASERv [44] and SND@QLHC [258] neutrino detectors have
recently been approved to collect data during Run 3 at the LHC, making use of the large
neutrino flux that emerges at high rapidity from TeV-scale pp collisions. The purpose of this
chapter is to evaluate the extent to which forward neutrino detectors at the HL-LHC can be
used to search for Nz with magnetic dipole couplings. We will show that new parameter space
will be tested for sterile neutrinos in the MeV-GeV mass range, for dipole couplings with
characteristic suppression scales in excess of 1000 TeV. While the potential of an upgraded
FASERv experiment at the HL-LHC in searching for sterile neutrinos has been considered in
Ref. [186], we consider liquid argon facilities with lower detection thresholds, in addition to
considering sterile neutrinos coupling to individual flavors and using updated neutrino flux
estimates. The sensitivities we will obtain are competitive with limits from other sources of
high energy neutrinos such as IceCube [16]. Thus, collider neutrino experiments offer probes
of new neutrino states with magnetic dipole couplings in regions that are unlikely to be
tested directly in the near future. Additionally, we will demonstrate that HL-LHC neutrino
detectors can approach probing active-sterile neutrino magnetic moments that could be
responsible for the MiniBooNE excess.

The rest of this chapter is organized as follows. In the next section, we introduce theories
of sterile neutrinos with magnetic dipole interactions, providing historical context and enu-
merating existing constraints. We then describe the HL-LHC neutrino detectors that can
be used to search for these sterile neutrinos. Subsequently, we discuss the neutrino-electron
up-scattering signal and relevant backgrounds. We use the kinematic properties of Ng pro-
duction and the SM neutrino scattering backgrounds to construct an analysis and evaluate

the LHC reach. Finally, we conclude.
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6.2 Motivation

Searches for neutrino magnetic moments were initiated seven decades ago [336], even before
the discovery of the neutrino. These searches began to receive more attention three decades
ago when an apparent time variation of the solar neutrino flux was detected by the chlorine
radio-chemical solar neutrino experiment [337,338]. Subsequently, several reactor based
experiments (such as KRASNOYARSK [339], ROVNO [340], MUNU [341], TEXONO [342],
and GEMMA [228]), accelerator based experiments (such as LAPMF [232] and LSND) and
solar neutrino experiments (such as Borexino [234]) have searched for neutrino magnetic
moments by studying v, — e scattering. Moreover, the investigation of neutrino magnetic
moments has become even more exciting and relevant today since it has the potential to
address multiple recently observed anomalies, notably the excess of electron recoil events at
XENONIT [217] (see Refs. [14,226,240] for explanations), the muon g — 2 anomaly [343]
(see Ref. [227] for explanation) and the MiniBooNE anomaly [335] (see Refs. [15,330-334] for
explanations). However, it is important to note that interpretations of the XENONI1T excess
and MiniBooNE anomaly via transition magnetic moments between the active neutrinos
become questionable due to stringent astrophysical limits, |u,| < 1.5 x 1072up (95% CL),
from red giants and horizontal branch stars [344-346]. These limits arise from plasmon
decays within stars into two neutrinos leading to additional energy loss which affects stellar
evolution [328,329]. While these limits can be evaded by adding further neutrino interactions
such that the neutrinos are trapped inside stars [226], here we restrict ourselves to the single
BSM interaction from the magnetic dipole operator, and take astrophysical limits seriously.
Nevertheless, these limits can be relaxed for sterile neutrinos with dipole interactions with
the active neutrinos, if the sterile neutrinos are sufficiently heavy that plasmons do not have
enough phase space to decay back to them. For this reason, we focus on relatively heavy
sterile neutrinos with transition magnetic moments involving their active counterparts.

At the effective field theory level, an active to sterile neutrino transition magnetic moment
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can be described by an operator of the form
1 o - 17
Edipole D) Q,MVI/L(T‘u NRF#V (621)

where & denotes the strength of the active to sterile transition neutrino magnetic moment,
Fr indicates the electromagnetic field strength tensor, v{ and Np represent left-handed
(active) and right-handed (sterile) neutrino fields respectively, and « is a flavor index.

The Lagrangian term (cf. Eq. 6.2.1) for the “neutrino dipole portal” is valid up to a cut-off
energy scale A, where the active to sterile transition magnetic moment p is anticipated to be
of order 1/A. It is worth noting that Eq. 6.2.1 is not SU(2), gauge invariant. Therefore, an
interpretation of u¢ above the electroweak scale requires a Higgs insertion so that the neutrino
dipole interaction described in Eq. 6.2.1 is really a dimension-6 operator, i.e, ug, ~ <&*. To
describe the new physics associated with the operator in Eq. 6.2.1 above the EW scale, one

can write the SU(2),, invariant possibilities

Cw

FQWSI/E%UQI{IUMVNR (6.2.2)
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where the gauge couplings associated with SU(2), and U(1)y are g and g’ respectively, Wy,
and B, denote the SU(2);, and U(1)y field strength tensors, A is the cutoff scale, and o*
are Pauli matrices. After EW symmetry breaking (with the Higgs vacuum expectation value

vgw ), these operators lead to flavor-specific neutrino magnetic moments of the form

\/EGUEW
2

o = ——¢ (cp + cw). (6.2.3)

Now, in general, in order to achieve large transition magnetic moments in various ultraviolet
extensions of the SM, one would expect large contributions to active neutrino masses since
both the magnetic moment and mass operators are chirality-flipping. The typical induced
Dirac mass term m,y goes as u,A?, or equivalently

MV 2meml/N
I~

" e (6.2.4)

In the absence of any additional symmetries, one would thus require substantial fine-tuning

to get large neutrino magnetic moments while being consistent with the measured active

100



neutrino masses. In order to generate neutrino magnetic moments, at least some of the
particles within the loop must be electrically charged. Typically, experimental searches
disfavor such new charged particles of mass below ~ 100 GeV. A naive estimate from Eq. 6.2.4
suggests that for a new physics scale A of 100 GeV, a neutrino magnetic moment pu, =
10~ i corresponds to a neutrino mass of 0.1 MeV, which is six orders of magnitude higher
than the observed active neutrino masses.

In order to avoid this conundrum, Voloshin suggested [221] a new SU(2), symmetry which
transforms v into v°. As a Lorentz scalar, the neutrino mass operator is symmetric and thus
forbidden under this new exchange symmetry, while the neutrino magnetic moment operator,
a Lorentz tensor, is anti-symmetric and thus allowed under the SU(2), symmetry. It is quite
important to mention that this new symmetry is hard to implement [222], since this new
SU(2), symmetry does not commute with the Standard Model. Several aspects of model-
building are summarized in Refs. [14,15,222,226,253]. A slightly different mechanism dubbed
“spin-symmetry” has also been used to enhance the dipole moment p, while suppressing new
physics contributions to the active neutrino mass contribution, as prescribed in Refs. [226,
254,347]. This is another unique way to achieve large transition magnetic moments between
active and sterile neutrinos. For the rest of our analysis, we shall be agnostic regarding the
potential link between the magnetic moment and neutrino masses.

Here, we investigate a promising method of detecting active to sterile transition neutrino
magnetic moments by looking at electron recoils from neutrino up-scattering at the forward
LHC detectors. Intriguingly, for large u,, the heavy neutral lepton (HNL) scattering rate
(x 1/Eyec) gets enhanced at low electron recoil. With recoil energy thresholds that can be
below 100 MeV for liquid argon, the forward LHC detectors are ideal places for searching
for neutrino magnetic moments. We now briefly describe these detectors before turning to

our analysis.
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6.3 Neutrino Detectors at the LHC

We consider a future FPF [39,207, 348, 349] located 620 m downstream from the ATLAS
interaction point (IP), and two possible neutrino detectors at the FPF site, following Ref. [25].
We assume that the FPF detectors would be centered around the collision axis in ATLAS.
We expect that including the beam crossing angle would lead to only a mild reduction in
the neutrino flux, as has been studied previously [21] for other forward detectors including
FASERv and SNDQ@QLHC. For all detectors, we assume an integrated luminosity of 3000 fb~!.

The first, FASERv2, would be an emulsion detector similar to but larger than the cur-
rently approved FASERv detector [44] in the TI12 tunnel 480 m from the IP. The main
strength of emulsion detectors is the spatial precision with which charged tracks can be
reconstructed. Photons also convert to eTe™ pairs leading to electromagnetic showers, but
neutral hadrons such as neutrons are not visible. While emulsion detectors do not have tim-
ing capabilities, we assume that timing layers could be placed between the emulsion plates to
gain temporal resolution. This is necessary in order to veto backgrounds induced by muons,
and such a design is being incorporated in SNDQLHC [258]. In order to pass through enough
plates to create a signature, we require electrons to have a minimum energy of 300 MeV. We
take a detector made of tungsten that has transverse dimensions 0.5 m x 0.5 m and is 2 m
in depth along the collision axis, i.e. a mass of approximately 10 tonnes.

Liquid argon detectors offer lower detection thresholds and better timing capabilities
than emulsion detectors and have been employed in current and future neutrino experiments,
e.g. in the case of the Short-Baseline Neutrino Program at Fermilab [261] and DUNE [262].
Thus, we also consider a liquid argon detector, FLArE. We consider 10 and 100 tonne
versions of this detector, with dimensions 1 m x 1 m x 7 m and 1.6 m x 1.6 m x 30 m
respectively. Consistent with previous studies in liquid argon detectors [25,264, 350, 351],
we take a threshold of 30 MeV for charged tracks. Because the neutrinos impinging on

the FPF are quite collimated around the beam axis, it should be noted that the number of
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interactions in FLArE-100 relative to that in FLArE-10 does not scale completely with the
detector mass. In particular, more energetic neutrinos tend to emerge at higher rapidity,
and so the neutrino flux increases up to an angle of approximately Aqcp/E, where E,, is the
proton energy, which corresponds to a rapidity of n &= 10. At larger angles from the beam
axis, the neutrino flux tends to be smaller and consists of less energetic neutrinos [21]. For
detectors centered on the beam axis, then, the largest number of interactions per unit mass
is expected for denser detectors, i.e. FASERv2.

We emphasize the importance of timing information to reduce muon-induced back-
grounds. In particular, muons can emit photons through bremsstrahlung which subsequently
undergo pair conversion. If one of the resulting e /e~ is missed, the event would mimic our
neutrino-electron scattering process. With timing, however, these events could be associated
with the accompanying muon and vetoed. MicroBooNE [352], which uses the same Liquid
Argon Time Projection Chamber as would be used in FLArE, can achieve a time resolu-
tion of O(ns). For further details see Ref. [25], which discusses the prospects for rejecting
backgrounds from muons for a single electron recoil signature in the context of dark matter

detection, as well as Ref. [39].

6.4 Signal

With the addition of the dipole portal (Eq. 6.2.1) to the SM Lagrangian, the Ng can be
produced in neutrino scattering via photon exchange, vfe™ — Nge™ as shown in Fig. 32.
The up-scattering results in a single EM shower from the recoiling electron with no other

visible tracks. The differential cross-section for this process is given by [14,240]

do(v§e” — Nge™)
dE;cc

1 1y Buwe—2B,— M, Eyee— M,
B 6.4.1
Erec El’ " N 4E3E1"€CM6 + N8E3E2 Me2:| ’ ( )
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=a(u)” |

where F, is the energy of the incoming neutrino, F,.. is the energy of the outgoing electron,

and M, and My are the electron and Ngi masses, respectively. The first term in Eq. 6.4.1
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results in an enhancement in signal cross-section at low recoil energies, a characteristic feature
of neutrino magnetic moment interactions that we utilize here to differentiate signal from
background.

In addition to the recoil energy, the angle of the outgoing electron could also be considered
as an observable. However, in the kinematic region of interest where the outgoing electron
is relativistic, its recoil energy and angle are strongly correlated. Ref. [25] found that this
angle could be used to discriminate against neutrino nuclear interaction backgrounds in dark
matter scattering, but we will find below that an energy cut is sufficient.

The relatively heavy mass of the sterile neutrino means that eventually it will decay into
an active neutrino and a photon, potentially leading to another signal. The decay length of

Ng in the lab frame is given by [15,186]

167
lgecay = ——11/ E% — M3, 6.4.2

where Fy is the energy of the outgoing Nr. Depending on the coupling and mass of the N, it
can decay promptly or at a displaced location within the detector. We define [,y to be the
minimum decay length for the decay vertex to appear displaced, and hence distinguishable
from the production vertex. Using the decay length lgecqy, detector length lgerector, and Lprompt

we define 3 regions of interest:

® lgccay > laetector: Ng decays outside the detector and the decay vertex is not observable.

The signature is the single electron recoil in the production process.

® Lyrompt < ligecay < ldgetector: The decay vertex is sufficiently displaced from the produc-
tion vertex and results in “double-bang” events [16, 19, 353] where both vertices in

coincidence provide the signal signature.

® liccay < lprompt: The decay occurs promptly, leading to an electron and photon produced
at the same point. Note that the photon travels a distance of the order of one mean

free path before pair-converting into a visible eTe™ pair.
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We take lpompt to be the mean free path A for pair production by the photon in the
detector material, which is closely related to the radiation length [327,354]. For FASERv2
(FLArE) which is made out of liquid argon (tungsten), this distance is 4.5 mm (18 cm). We
assume that the decay will appear displaced if the decay length of Ng is more than the mean
free path of photons in the detector material. Conversely, if the Ny lifetime is shorter than
A, the tracks produced when the photon undergoes pair conversion will not be sufficiently
distant from the production vertex to conclusively determine that the photon originated at
a different location than the electron recoil.

Of the possible signatures above, we choose to focus on those with a single electron track
emerging from the production vertex, with no other nearby activity in the detector. The SM
background for this signature at FPF detectors has been considered previously and found
to be small [25]. We allow for the double-bang possibility where in addition to the electron
emanating from the Ni production point, the Ny decays to a photon at a displaced location
within the detector. Such a requirement could be imposed on top of the single electron
recoil search and should have lower background than a search for Ny production alone. On
the other hand, we ignore events where the Nr decays promptly, which could have different
backgrounds than the ones we consider in the next section.

We also note that neutrino up-scattering off electrons is not the only possible production
mechanism at these detectors. The active neutrino can also undergo quasi-elastic scattering
off a proton in the nucleus, vfp — Ngp. The ejected proton from the nucleus will leave a
single charged track in the detector. Coherent scattering off the nucleus, v¢ X% — NXZ
via photon exchange, is also possible. The low momentum transfer favored by the massless
mediator in such reactions makes the nuclear recoil of these heavier targets more difficult
to detect. It may be possible, however, to search for Ng production in these channels if
the Ng decays inside the detector [186]. Because our focus is on signatures involving visible
up-scattering, we do not consider these alternate production mechanisms. Having described

the signal, we now turn to a description of the SM backgrounds to electron recoil events.
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6.5 SM Backgrounds

dO’(l/aei — VO(@i) G%me o a2 « a2 ET@C 2 a2 a2 ET@C
T8 = —— LV +92)" + (9 — 92)°(1 - B, )* 4+ ((93)% — (g9)°me i )]
(6.5.1)
1 1 1 1
with  gf = 2sin® 0, + 3 ¢4 = 5 g7 = 2sin?0,, — 5 g = —5 (6.5.2)

The couplings are different for v, to include charged current interactions. Unlike Eq. 6.4.1
for scattering through the dipole operator, which is enhanced at low recoil energy due to
the massless photon mediator, the SM background is approximately independent of the
recoil energy for FE,.. much smaller than E,. In the left panel of Fig. 33, we show the
differential cross-section do/dE,.. for the signal and background for three benchmark values
of p,,, taking a fixed incoming neutrino energy of 1 TeV and My = 107! GeV. The SM
background has a flat distribution, whereas the signal shows the characteristic enhancement
at low recoil energies. This also illustrates the advantage of having a detector with a lower
energy threshold like FLArE (30 MeV).

We take the forward neutrino flux expected at the LHC from Ref. [21]. We do not
consider systematic uncertainties in the flux, given that it can be measured independently
from CC interactions [44]. Despite a lower flux of v.s relative to v, expected in the forward
direction, the dominant contribution to the background comes from v, CC scattering due
to the larger rates for CC interactions. The signal rates, on the other hand, depend only
on the total incoming v flux as the cross-section is the same for all 3 flavors. The number
of background and signal events as a function of the electron recoil energy is obtained by
convoluting the incoming neutrino flux with the respective differential cross-sections and the
detector geometry. The minimum incoming neutrino energy, E™" required to produce an

electron with recoil energy E,.. is given by [14],

i 1 M2
Ey(Bree) = 5 [E +EL + 2meErec} x (1 + Qm—g) (6.5.3)
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SM backgrounds Hre = 10_7;”3 By, = 10_8,uB T 10_7,uB
Detector no cuts loose strong no cuts loose strong no cuts loose strong no cuts loose strong
FASERv2 86 2.5 0.1 480 134.1 39 30 8.6 2.5 12.7 3.6 1.0
FLArE-10 51 2 0.1 320.5 144 79.6 22.3 10.4 5.9 13.1 5.9 3.3
FLArE-100 332 15 1.0 2285 1037 575.7 165.1 78.2 44.6 126.1 57.2 31.8

Table 8: SM background and signal events with and without kinematic cuts at FPF detectors.
Here, the SM background includes only the neutrino induced backgrounds from scattering off
electrons (both NC interactions for all 3 flavors, and CC interactions for v, ), as described
in the text. Signal events are for y,, = 10~ ug, p,, = 10~%up and p,, = 10 "pup, and
My = 107! GeV. Loose (strong) cuts correspond to Eipresh < Eree < 10 (1) GeV. Only

signal events where the Ny does not decay promptly are considered.

where the SM background corresponds to My = 0. The right panel of Fig. 33 shows the
expected number of SM background and signal 4+ background events per bin for u,,6 =
107 8up and My = 107! GeV at FLArE-10. It is the excess events at lower recoil energies
that constitute the signature for our BSM scenario. We are prevented from going to very
low recoil energies, E,... < 30 (300) MeV, due to detector thresholds in FASERv2 (FLArE)
but, as shown below, are still able to probe a large portion of the parameter space that is
currently unconstrained.

Our background consists of SM interactions, with no incoming charged tracks and a
single outgoing electron. These can result from photons emitted through bremsstrahlung
off of muons produced either at the ATLAS interaction point or through collisions with
the LHC infrastructure [25], when one of the electron/positron tracks from the photon pair
conversion is missed. Similarly, muons can directly produce e*e™ pairs when scattering.
These background events can be effectively vetoed by the timing capabilities of the detectors
in the FPF [207]. In what follows we ignore such muon-induced backgrounds.

The other main source of background is neutrino interactions, which can give the same
single electron recoil as our signal. This includes neutral current (NC) neutrino interactions
via the Z for all flavors, and v, charged current (CC) interactions via the W. The SM neutrino

differential cross-section is given by [226]
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Figure 33: Left: do/dE,.. for the SM background components (black) and total (green),
and signal (red) for various benchmark values of the dipole magnetic moment u,,, with
E,=1TeV and My = 107! GeV. The differential cross-section is the same for all 3 flavors.
The solid (dotted) vertical blue lines show the anticipated detector thresholds at FASERv
(FLArE) of 300 (30) MeV. The signal cross-section is enhanced at low recoil energies, making
FLArE a more promising detector with its lower energy threshold. Right: Expected number
of events for SM background (black), and signal + background (red) at FLArE-10 for v,
(solid), v, (dashed), and v, (dotted). For all the signal lines, we use p,, = 107 %up and

MN = 1071 GeV.

Backgrounds can also arise from electron neutrino charged current interactions with nu-
clei. These interactions include quasi-elastic, resonant, and deep inelastic scattering. Quasi-
elastic scattering events can reproduce our signature of interest, but the outgoing electron
energy is quite large because it is comparable to the incoming neutrino energy. Since the
dipole portal interaction favors low momentum transfer in ve — Nge, the outgoing electron
for our signal tends to be much less energetic than in the v, quasielastic scattering back-
grounds. Furthermore, as our signal consists of a single EM shower with no additional visible
activity, significant portions of the resonant and deep inelastic scattering backgrounds are
removed by the requirement that there be only one outgoing track. Ref. [186] considered

single electron recoils from all types of v, nuclear charged current events, finding that with
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Figure 34: Projected sensitivity at 90% C.L. for u,, at FASERv2 (green solid), FLArE-10
(red solid), FLArE-100 (blue solid) for 3 ab™! luminosity after applying the strong cuts in
the text. The gray shaded region indicates current constraints coming from terrestrial ex-
periments such as Borexino [12-14], XENONIT [14], LSND [15], MiniBooNE [15], CHARM-
IT [16,17], NOMAD [15,18], and LEP [15] as implemented in [19]. Astrophysical constraints
from SN-1987 [15] and BBN [14] are also shown. The dotted lines are for constant decay
lengths of Ny in the lab frame, corresponding to various lengths of interest. The colored
dotted lines show lgecay = ldetector for various detectors assuming Fy = 100 GeV, and the
black dotted lines show l4ecqy; = A in various detector materials. For comparison, we also
show the 90% C.L. line coming from considering only double bang events at FLArE-10 (red
dashed line), assuming zero background. The brown shaded box is the Region Of Interest

(ROI) where N can explain the MiniBooNE anomaly [20].
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Figure 35: Same as Fig. 34 but for v, (top) and v, (bottom).
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cuts on the electron kinematics and a veto on additional activity, these backgrounds can
be brought down to O(10) events over the entire HL-LHC. Compared to Ref. [186], we will
employ tighter upper bounds on the electron energy, of order 1 GeV. With these cuts, we
expect that v, nuclear scattering backgrounds can be reduced to very small levels without an
angular requirement, and do not consider them further. Similarly, neutrino neutral current
interactions with nuclei that produce photons or pions have the potential to reproduce our
signal if a photon is misidentified as an electron; we expect these backgrounds to be smaller
than those from charged current interactions. A detailed experimental analysis would require

further study of these subdominant neutrino-nucleus backgrounds.

6.6 Results

Motivated by the right panel of Fig. 33 we employ a simple cut and count analysis. By
placing an upper cut on the recoil energy of the electron we focus on a range of E,.. where
the signal is most enhanced. We define loose (strong) cuts as Eipreshord < Eree < 10 (1) GeV
with the FASERr2 threshold at 300 MeV, and FLArE threshold at 30 MeV. In Table 8 we
present the effect of these cuts on the expected number of background and signal events
at FASERv2, FLArE-10, and FLArE-100 detectors for various benchmark values of p,,, at
My = 107! GeV. Here we only consider signal events where the Ny does not decay promptly
as mentioned above. We see a 2-3 order of magnitude suppression of the SM backgrounds
whereas the signal count is suppressed by at most an order of magnitude. This simple but
effective analysis strategy results in competitive bounds on the neutrino dipole transition
magnetic moment at FASER»2, and FLArE-10 (100) detectors.

We show our results for v,,v,, and v, in Figs. 34 and 35 in the My — p,, plane. The
sensitivity reach at 90% CL obtained using the strong cuts defined above are shown for
FASER»2 (solid green), FLArE-10 (solid red), and FLArE-100 (solid blue). This corresponds
to a background-free search for FASER»v2 and FLArE-10, and 1 background event for FLATE-

100. For all three neutrino flavors, FPF detectors can probe parameter space that is currently
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unconstrained. Below My ~ 107! GeV the sensitivities are approximately independent of
My because the only dependence of Eq. 6.4.1 on the Ni mass is in terms suppressed by
powers of M3 /s; with incoming TeV-scale neutrinos, the CM energy /s = \/m2 + 2E,m,
can typically reach around a GeV. We find that the FPF detectors can reach down to dipole
coupling strengths of a few 10~up for p,,, ~ 10~up for u,,, and a few 10~%up for p,, .
Starting at My ~ 107! GeV, the sensitivity weakens. This is because when My is larger
than /s it becomes kinematically impossible to produce the Ng [14]; the actual value of My
that can be produced for a given E, is slightly lower than /s after requiring the electron to
have a minimum energy to be detectable [240].

In principle, the electron recoil from Ny production can be searched for in isolation.
However, if the Ni decays inside the detector, the coincident photon could provide a striking
signature. To show the effects of Ng decay, we plot 90% exclusion contours assuming a
background-free search for double bang events in FLArE-10 (dashed red) in Figs. 34 and 35.
These lines overlap with the solid red contours from the single electron recoil search at Ng
masses near the kinematic threshold because the Np lifetime is typically smaller than the
detector size. In this case, all electrons produced through the up-scattering of neutrinos
to N are accompanied by a later photon from the Ng decay. To guide the eye, we show
where the N lab frame lifetime equals the detector depth, lgecay = ldetector, assuming that
it was produced with energy 100 GeV. This energy is typical of the incoming neutrinos; for
our signal of interest, the collision is elastic and the outgoing electron is much less energetic
than the neutrino, so the Ny energy is approximately equal to E,. We show these sample
Ng lab frame lifetime contours for FASER»2 (dotted green), FLArE-10 (dotted red), and
FLArE-100 (dotted blue).

We also plot lines corresponding to lgecqy = A (dashed black) for tungsten and liquid argon,
again taking a fixed Ng energy of 100 GeV. This allows us to see the three separate regions of
My — p,,, space where the Ny decay is prompt, displaced, or unobservable. For instance, in

the case of FLATE-10 (red lines), lgecay > ldetector 1S the region to the left of the dashed red line
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where Ng decays outside the detector and the decay vertex is not visible. Between the dashed
red line and the dashed black line corresponding to A = 18 cm, lpyrompt < ldecay < ldetector-
Here, the decay vertex is sufficiently displaced to be differentiated from the production
vertex. To the right of this dashed black line, the decay of Ny is prompt and the signal
would contain an electron and photon. Since we do not consider such events, we see a loss
in sensitivity at large dipole moments and masses where the typical Ny lifetime is smaller
than A in the detector material.

We proceed to compare our limits to existing bounds on the dipole portal !. The gray
shaded region in Figs. 34 and 35 shows current constraints from terrestrial experiments as
shown in Ref. [19]. Borexino [12-14] constrained modifications to the electron recoil spectrum
from solar neutrinos scattering through magnetic dipole interactions. XENONIT [14, 356]
placed constraints on the dipole portal from neutrino interactions with nuclei, and CHARM-
IT [16,17] studied elastic scattering of v,, 7, off electrons to place constraints on j,,. LSND
and MiniBooNE [15, 20, 230] placed bounds on i, , from Np decays producing photons
which could appear as single tracks for small opening angles; the curves shown are 95% CL
limits. Similarly, the NOMAD constraint [15,18,357] comes from a search for single photon
production. Unlike searches for Ny production through up-scattering including the FPF
limits that are the subject of this work, constraints from searches for Ny decay typically
get weaker at low My because the Ny lifetime in the detector frame must be comparable
to the detector size. Going beyond neutrino experiments, LEP [15,358-361] places a limit
on our scenario of interest from monophoton searches. Finally, there are astrophysical and
cosmological bounds, notably from Supernova 1987A [15] which excluded a portion of the
parameter space based on the rate of energy loss associated with Ni production. We note

the existence of recent work suggesting that this bound may be affected by modeling of

!During the preparation of this manuscript, Ref. [355] appeared which placed constraints on flavor-
universal neutrino magnetic moments, based on recently released CENNS 10 and COHERENT data. Limits

from coherent neutrino-nucleus scattering are complementary to our results at low N masses.
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supernovae [362]. Other astrophysical bounds come from BBN [14], as the N can affect the
expansion rate of the universe during nucleosynthesis and hence the different abundances for
heavier elements 2.

For the case of a dipole coupling between Ny and v,,, we also show the region of parameter
space which could explain the MiniBooNE anomaly [20] as the brown shaded box in the top
panel of Fig. 35. A 100 ton liquid argon detector at the FPF would nearly probe the relevant
region of interest. We also note that the FPF neutrino detectors will be able to narrow the
gap between neutrino-based searches and supernova constraints in the low mass region for
dipole couplings to electron and muon neutrinos.

To place our study of neutrino magnetic moments at the forward LHC detector in a
more global context, we mention below projected sensitivities at certain future proposed
experiments. Ref. [19] projected bounds at DUNE from searches for Ni decay to photons
within the near (far) detector for v., , (v,), with or without an accompanying signal from
proximate N production. Similarly, the expected bounds from Npi decay at the Fermilab
Short-Baseline Neutrino program (for magnetic moments with v, , only) and SHIP [364]
have been computed [15]. In addition, the double-bang signature from Ng production and
decay has been investigated in the context of IceCube [16]. All of these limits are complemen-
tary to ours. Unlike those based on pure up-scattering, they get somewhat less constraining
for light Nz due to the requirement that the Ny decay inside the detector. Additional
future constraints are possible at low Ni masses, below roughly 10 MeV. In particular, Su-
perCDMS [365] could limit the dipole portal by considering solar neutrinos up-scattering
off nuclei to sterile states [366]. Borexino and Super-Kamiokande also constrain the dipole
portal for light Nr due to the possibility of solar neutrinos up-scattering within the Earth

and then decaying within neutrino detectors [367-369]. Finally, Ref. [370] studies transi-

2During the preparation of this work, PandaX-4T released results [363] which provide the leading DM-
nucleon spin-independent cross-section limits. These could be recast to place further bounds on neutrino

magnetic moments.
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tion neutrino magnetic moments using future coherent elastic neutrino-nucleus scattering
(CEvNS) or elastic neutrino-electron scattering (EvES) experiments. A particular strength
of the present analysis is that competitive new limits can be achieved across a wide range of
Npg masses, both for light Nr due to the lack of a requirement for the Ny to decay near its

production point, and for heavy N because of the high energies of LHC neutrinos.

6.7 Conclusions

The existence of nonzero neutrino magnetic moments is implied by neutrino masses, and the
need for BSM physics in the neutrino sector suggests the importance of searches for magnetic
moments in the neutrino sector that could be larger than the typical expectation given the
neutrino mass scale. In particular, in the presence of heavy right-handed neutrinos, dipole
interactions between the active neutrinos and new states face relatively few constraints due to
kinematic limits on the production of the sterile states. In this work, we have demonstrated
the capability of neutrino detectors at the LHC to search for these couplings.

Magnetic dipole interactions between active and sterile neutrinos affect neutrino scatter-
ing at low momentum transfer. We have studied the ability of the proposed FPF neutrino
detectors FASERv2 and FLArE to constrain these interactions through neutrino-electron
scattering. We find that HL-LHC forward neutrino detectors can test significantly smaller
dipole interactions than current limits for all three flavors. Below 10 — 100 MeV, the searches
here will help to close the gap between oscillation searches and supernova bounds. In the case
of interactions with the muon neutrino, FLArE-100 could also approach sensitivity to new
states that could explain the MiniBooNE excess through the dipole portal. We emphasize
the importance of low detection thresholds; FLArE often performs better than FASERv2
with similar assumed detector masses, due to a much lower electron threshold which can
make up for a mildly smaller number of events.

Neutrino electromagnetic interactions are interesting from both a theoretical and experi-

mental standpoint, and we have demonstrated the utility of LHC neutrino detectors to search
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for them. The unique energy spectrum of neutrinos in the forward region of the LHC enables
stronger probes than from existing facilities. We expect that more opportunities remain in

testing new physics with SM neutrino processes at the LHC.
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CHAPTER VII

DISCOVERING DARK MATTER AT THE LHC THROUGH ITS NUCLEAR
SCATTERING IN FAR-FORWARD EMULSION AND LIQUID ARGON
DETECTORS

7.1 Introduction

A primary goal of high-energy colliders is to produce dark matter (DM) particles. If DM
is heavy with a mass near the weak scale, its signature is missing transverse energy, which
has been studied in detail for decades. If DM is light, however, such searches are typically
ineffective (as are conventional direct detection searches), and alternative search strategies,
experiments, and facilities are needed.

In this study, we consider extremely simple models of light DM in which the Standard
Model (SM) is supplemented by a dark photon [371] that decays to pairs of DM particles
through A’ — yx. For dark photons with typical loop-suppressed couplings € ~ 10~4 — 1073
and ma, m, ~ MeV — GeV, the DM annihilates through xyy — A'™) — ff in the early
universe, yielding the correct thermal relic density. This model is representative of a broad
class of hidden sector theories in which the correct amount of DM is produced through
thermal freeze-out within the standard cosmology [372-377], just as in the case of weak-
scale DM. In this scenario, however, the DM is light. As a result, at colliders, the dark
photons and DM are dominantly produced along the beampipe in the far-forward region,
escape through holes in collider detectors, and evade all conventional collider searches.

To remove such “blind spots” from the Large Hadron Collider (LHC) physics program, a

number of experiments are currently planned for the far-forward region. FASER [41,176,177,
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181] has been completely constructed, and FASERv [9,170,378] and SNDQLHC [257] are also
being prepared to take data when Run 3 of the LHC begins in 2022. For the High Luminosity-
LHC (HL-LHC) era, a Forward Physics Facility (FPF) is under study [207,348,349]. The
FPF would house a suite of far-forward experiments, including possibly FASER2 [379],
targeting new long-lived particles that decay visibly in the detector; FORMOSA [276], a
milli-charged particle detector; FASERv2 [263,380], a 10-tonne emulsion detector; SND2,
a successor to SNDQLHC; and FLArE [25], a proposed liquid argon time projection cham-
ber (LArTPC) with an active volume of 10 tonnes (FLArE-10) to 100 tonnes (FLArE-100).
FASERv2, SND2, and FLArE will detect millions of TeV-energy neutrinos, providing a
wealth of SM measurements, but they also have the potential to search for light DM and
other new particles.

Here we evaluate the prospects for discovering light DM at FASER»2 and FLArE through
DM-nuclear scattering in the HL-LHC era. This work complements Ref. [25], which focused
on the prospects for observing elastic DM-electron interactions in these detectors; Refs. [182,
184], which explored the potential of FASER to probe inelastic DM; Ref. [186], which studied
the scatterings of unstable, but very long-lived, heavy neutral leptons at FASERv2; and
Ref. [28], which investigated leptophobic DM scattering at SNDQLHC.! We assume these
experiments are located in a new cavern that is under study for the FPF, which would place
the fronts of these detectors approximately 620 m from the ATLAS interaction point (IP),
and we consider 14 TeV pp collisions and the expected HL-LHC integrated luminosity of
3 ab™!. Alternative locations for the FPF that are ~ 150 m closer or farther from the IP do
not change the prospects much, provided, of course, that they are large enough to house the
detectors we consider.

We begin by defining the light DM models in Sec. 7.2 and specifying the detectors in

Sec. 8.3. We then consider the dominant processes contributing to DM-nuclear scattering,

1See also Refs. [22,27,381-392] for studies employing a similar DM search technique at proton beam

fixed-target experiments.
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including elastic scattering (yp — xp), resonant pion production (yN — xNw), and deep
inelastic scattering (DIS) (yN — xX) in Secs. 8.4.2, 7.5, and 7.6, respectively. For each
of these signals, we devise simple kinematic cuts to differentiate the DM signal from the
neutrino-induced SM background.

In Sec. 7.7, we then combine all of these DM-nuclear probes with the DM-electron signals
investigated in Ref. [25]. We find that DM-nuclear scattering and DM-electron scattering
are quite complementary, with nuclear scattering more powerful for relatively high masses
m, 2 100 MeV and electron scattering more sensitive for low masses m, < 10 MeV. By
combining DM-nuclear and DM-electron scattering, FASERv2 and FLArE can cover the
cosmologically-favored parameter space, where the y thermal relic density is at or below Qpy,
for a wide range of DM masses between MeV < m, < GeV. In Sec. 7.7, we also compare the
sensitivity of FASER»2 and FLArE to non-LHC experiments that have discovery potential
for invisibly decaying dark photons and light DM [393,394]. Our conclusions are presented
in Sec. 8.6.

7.2 Invisibly-Decaying Dark Photon Models

In this section, we describe two popular benchmark models in which light DM interacts
with the SM through an invisibly decaying dark photon mediator. Given its coupling to
electrically charged particles and quarks, in particular, the dark photon efficiently mediates
scattering between DM and nuclei, making these models an interesting test case for our
study.

The dark photon, A’, is a massive gauge boson that arises when the SM is supplemented
with a new broken U(1)p symmetry. For light GeV-scale dark photons, the dark photon
Lagrangian is

LD —iF/’WF/‘“’ + %mi,ALA/“ + A (ee by +apJh), (7.2.1)
where [, is the dark photon’s field strength, mas is the dark photon mass, ¢ is the kinetic

mixing parameter, Ji.,, and Jp are the SM electromagnetic and U(1)p currents, respectively,
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and gp = Arap is the U(1)p gauge coupling.
For the DM candidates, y, we will examine two popular examples: Majorana fermion

DM and complex scalar DM. The corresponding Lagrangians are

4

1 1
5%2’7“8@( — meyx (Majorana fermion DM)

LD (7.2.2)

|auX|2 - mi|><|2 (complex scalar DM) ,

where m,, is the DM mass. The U(1)p currents associated with these models are

;

1
5%7“7%( (Majorana fermion DM)

Jh = (7.2.3)

=
ix*0"x (complex scalar DM) .

\

These two DM models have many similarities, but also some key differences. We discuss
them in turn, beginning with the Majorana fermion case. As noted in Sec. 8.1, an attractive
feature of these light DM models is the fact that the observed DM relic density can be easily
obtained through thermal freeze-out. For m4 > 2m,, Majorana fermion DM annihilates in

the early universe through yxy — A'® — ff with cross section

2 2
e2apm
avocavz# :&UQ% : (7.2.4)
TTLA/ mx
where we have assumed ma > m, and y = e*ap(m,/ma)* [375]. As evident from

Eq. (7.2.4), the annihilation is P-wave, and so bounds from cosmic microwave background
(CMB) temperature anisotropies on late-time DM annihilation are not very constraining
in these models [395,396]. In addition, the scattering of Majorana fermion DM in direct
detection experiments is also velocity-suppressed at the non-relativistic energies relevant for
these searches, and so direct detection null results also do not set strong limits.

For complex scalar DM, the annihilation cross section is, in fact, similar to that for
Majorana fermion DM. Equation (7.2.4) still applies, and so the complex scalar DM model
also evades CMB bounds. In contrast to the Majorana fermion case, however, the non-

relativistic scattering of complex scalar DM in matter is not velocity-suppressed. Direct
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detection null results are therefore a significant constraint on this model. These bounds
may be evaded, however, if a small mass splitting is introduced to make the DM scattering
transition inelastic [397].

In this work, we will present our results in the (m,,y) plane. As we will see, at the
relativistic energies relevant for the LHC, the DM-nuclear interactions for Majorana fermion
and complex scalar DM are very similar, and so the results we derive will be almost im-
perceptibly different in the (m,,y) plane. We will therefore simply present the Majorana
fermion DM results. At the same time, to understand the cosmological significance of these
results, we will also present “thermal targets,” the regions of parameter space where the
thermal relic density is identical to the observed DM abundance. These differ slightly for
the Majorana fermion and complex scalar DM models, and so we will present both, using
the relic density predictions of Ref. [398].

To reduce the parameter space to two dimensions, we will present results for ap = 0.5 and
myr = 3m,, throughout this work. These represent relatively conservative choices in terms
of characterizing the experimental prospects for testing the thermal freeze-out hypothesis,
at least in the regime ma > m,. Of course, if mua — 2m, < my/, the annihilation rate is
resonantly enhanced, and the corresponding thermal targets occur at smaller couplings and

can be much more challenging to probe at colliders [399-401].

7.3 Detectors and Simulation

7.3.1 Benchmark Detectors

The benchmark detectors we consider are identical to those studied in Ref. [25], except that
they are now assumed to be housed in the “new cavern” FPF, placing them 620 m from the
ATLAS IP. We review their most salient characteristics here; for more details, see Ref. [25].

FASERv2 [263] is envisioned to be a larger version of FASERv [170], currently being

built for LHC Run 3. The FASER»2 benchmark detector we consider here is a 10-tonne
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rectangular tungsten-emulsion detector with location and size given by
FASERv2: L=620m, A=2m, Sr=(0.5m x 0.5 m), (7.3.1)

where L is the distance from the IP to the front of the detector, and A and Sp are the
longitudinal and transverse dimensions of the tungsten target. At the ATLAS IP during
the HL-LHC, it is expected that the beam half-crossing angle will vary by as much as 250
prad, moving the beam collision axis horizontally by as much as 15 ¢cm at the detector
location. Given the detector’s transverse dimensions and the ~ 20 cm spread of the DM
signal and neutrino background [21], the crossing angle will have little effect on our results;
for simplicity, we assume that the detector is always centered on the beam collision axis.

We will assume that tracks down to momenta of 300 MeV can be detected and that
the emulsion is exchanged periodically so that the track density remains manageable. This
requires changing the detector every 30 fb™" or so, or less if a sweeper magnet is available
to bend away muons produced at the IP.

The main disadvantage of emulsion detectors for this DM search is the lack of tim-
ing, which makes it difficult to reject muon-induced backgrounds. To remedy this, it is
necessary to augment the tungsten-emulsion detector with interleaved electronic tracker lay-
ers, which would provide event time information. This design follows the successful ex-
ample of the OPERA experiment [402], and an analogous design is being implemented for
SNDQ@QLHC [403]. We will, therefore, assume that muon-induced backgrounds can be rejected
by vetoing events in coincidence with a high-energy muon track. It is important to note,
however, that all of our FASERv2 sensitivities depend on this assumption, and if muon-
induced backgrounds are difficult to reject in emulsion detectors, liquid argon technology
may be preferable for dark matter detection.

For FLArE, we consider two sizes with physical dimensions

FLArE-10 (10 tonnes) : L=620m, A=7m, Sr=(Ilmx1m), (7.3.2)

FLArE-100 (100 tonnes) : L =620 m, A =30m, Sy = (1.6 m x 1.6 m) (7.3.3)
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where, as above, L is the distance from the IP to the front of the detector, A and Sy are
the longitudinal and transverse dimensions of the active volume, and we assume that the
detector is centered on the beam collision axis.

Particle kinetic energy thresholds for LArTPC detectors typically lie in the 10-100 MeV
range. For protons, we will consider two kinetic energy thresholds: a conservative value
of 50 MeV, as is considered in the DUNE Conceptual Design Report [404], and a more
optimistic choice of 20 MeV. Concerning the latter, we note that the ArgoNeuT experiment
has already achieved thresholds for such short proton tracks down to 21 MeV [405,406]. For
other particles, including shower-like objects (electrons, photons, neutral pions) and charged
pions, we will assume a 30 MeV kinetic energy threshold, which is broadly consistent with
Refs. [404-406]. In contrast to emulsion detectors, LArTPCs have good active event timing
capabilities, particularly when equipped with a light collection system [407,408], and we will
assume that vetoing events with a coincident muon is sufficient to remove all muon-induced

backgrounds.

7.3.2 Expected Neutrino Fluxes

A crucial ingredient for the estimation of background rates is the flux of neutrinos pass-
ing through the different detectors. We use the dedicated forward physics event generator
Sibyll 2.3c [268-270], as implemented in the CRMC simulation package [195], to simulate
the primary collisions. We then use the fast neutrino flux simulation introduced in Ref. [21]
to simulate the propagation of SM hadrons through the LHC beam pipe and magnets and
their decays into neutrinos.

The results are presented in Fig. 36 for the HL-LHC with an integrated luminosity of
3 ab™!, assuming no beam crossing angle. The upper panels show the numbers of neutrinos
passing through the detectors. Unsurprisingly, detectors with a larger cross sectional area
will have more neutrinos passing through them. The lower panels show the numbers of

charged current (CC) and neutral current (NC) DIS neutrino interactions in the detectors,
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Figure 36: The number of neutrinos passing through the detector (top) and interacting in the
detector (bottom), for FASER»2 (left), FLArE-10 (center), and FLArE-100 (right) during
the HL-LHC era. The detector geometries and locations are described in the text. These

results assume 14 TeV pp collisions and an integrated luminosity of £ = 3 ab™' and are

Neutrino Energy [GeV]

Neutrino Energy [GeV]

Neutrino Energy [GeV]

estimated using Sibyll 2.3d and the fast neutrino flux simulation introduced in Ref. [21].

where we use the neutrino interaction cross sections from Ref. [9]. Note that the event rate
is larger for FASERv2 than FLArE-10, despite the two detectors having the same mass.
This is because the neutrino beam is strongly collimated around the beam collision axis,
and so a narrow detector with more mass close to the beam axis, such as FASERv2, will
observe a larger event rate. During the HL-LHC era, we expect about 3.9 x 10* electron
neutrino, 2.2 x 10° muon neutrino, and 1.5 x 103 tau neutrino CC interactions in the FLArE-

10 detector. In addition, we expect about 8.9 x 10* NC neutrino interactions. The average

energy of these interacting neutrinos is about 600 GeV.
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CCQE CCRES NCEL | NCRES

Detector Ve | Ue vy vy | vy | Ur Ve | De vy Uy | vr | Ur all all

FASERv2 57 | 50 | 570 {355 1.9 | 1.6 || 170 | 183 | 1.6k | 1.1k | 5.4 | 5.1 170 1.3k

FLArE-10 || 43 | 40 | 425 | 260 | 2.0 | 1.6 || 120 | 140 | 1.2k | 860 | 5.6 | 5.1 130 940

FLArE-100 || 325 [ 290 | 3.3k | 2k | 20 | 15 |/ 930 | 980 | 9.2k | 6.8k | 54 | 50 980 6.5k

Table 9: Expected event rates for charged current quasi-elastic (CCQE), charged current
resonant (CCRES), neutral current elastic (NCEL), and neutral current resonant (NCRES)
interactions of neutrinos in the FASER»2, FLArE-10, and FLArE-100 detectors. The results
for CC interactions are given for each neutrino flavor separately, while, for the NC events,

all the contributions are summed up.

In addition to the total neutrino interaction rates that, for each flavor, are dominated by
DIS, we also provide in table 9 the expected number of events for several exclusive scattering
channels. These include both CC quasi-elastic and NC elastic scatterings (denoted in the
table by CCQE and NCEL, respectively), as well as the relevant resonant pion production
channels (CCRES and NCRES). We estimate them by convoluting the above neutrino fluxes
with the cross sections simulated with GENIE [23,24]. As can be seen, in total approximately
3000 CCQE and CCRES and 1000 NCEL and NCRES events are expected in FLATE-10
during the entire HL-LHC era, and the scattering rate is about 30% larger for FASERv2,
and a factor of 7 — 8 larger for FLArE-100. These events are mainly due to interactions
of the muon neutrinos, while electron neutrinos are responsible for about 10% of the event
rates, and tau neutrinos give subdominant contributions.

As discussed in Ref. [21], the neutrino fluxes predicted by different commonly-used event
generators are somewhat different, indicating a flux uncertainty of about a factor of 2. This
situation will improve in the coming years, given dedicated theoretical efforts to reduce
these uncertainties; see, e.g., Ref. [283]. In addition, measurements of the energy spectra

of CC neutrino interactions at FASERy and SNDQLHC during LHC Run 3 and later in
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the FPF neutrino detectors will provide direct measurements of the neutrino fluxes. In
the following, we, therefore, assume that the neutrino flux uncertainties are dominated by

statistical uncertainties.

7.3.3 Signal Modeling

Given our chosen benchmark scenario with ma = 3m,, the DM particles originate from
the decays of on-shell dark photons produced at the ATLAS IP. We simulate the flux of
DM particles through the far-forward detectors with the geometries and locations given in
Egs. (7.3.1), (7.3.2), and (7.3.3), normalizing the number of events to the total integrated
luminosity of £ = 3 ab™! anticipated for the HL-LHC era. The dark photons produced in
rare 7° and 1 decays are obtained by employing the CRMC simulation package [195] and the
dedicated EPOS-LHC Monte Carlo tool [193]. In addition, we include dark photon production
by dark bremsstrahlung, using the Fermi-Weizsacker-Williams approximation, following the
discussion in Refs. [22,41,409].

A rich variety of DM-nuclei scattering processes can be studied with the far-forward
detectors. To organize the discussion, in the following, we will divide them into distinct
categories in a way similar to neutrino interactions; see Ref. [171] for a review. We first study
the case of elastic DM-nucleon scattering, which leads to events with single proton charged
tracks in the detector. Next, we consider the exclusive inelastic processes of resonant pion
production produced through DM-nucleon interactions. Finally, we consider DM-induced

DIS, which is most relevant at high-momentum transfer.

7.4 Elastic Scattering

7.4.1 Signal

Here we consider elastic DM-nucleon scattering and the associated signature of a single

proton track in the detector with no additional visible charged tracks emerging from the
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interaction vertex. As mentioned above, we will also assume that there is no through-going
muon in the detector that could be associated with the DM-induced event. When presenting
the results, we will further require that the proton momentum, p,, be above a minimum
value defined by the energy threshold of the detector (see Sec. 8.3) and below a maximum
value that we chose to maximize the signal to background ratio, S/ VB.

The single proton signature is most directly associated with elastic scatterings of DM off

protons, yp — xp. The relevant differential cross section is [384,410]

B QN -
aQ* T (B - md)(m + Q2 A+ (G- ) (B )

where E, is the incoming DM energy, Q* = 2m,,(E, — m,,) is the squared four-momentum

do(xp — xp) _ dre?aap@?

, (7.4.1)

transfer with F), the outgoing proton energy and m, the proton mass, and

1=, 1\ 1= R my . .
ZLFLP 1—; + ZFQJD(l_T) + By pFo,| |7+ — (Majorana fermion DM)
A(QQ) = 1 ) ) m2 p
—2 (Fip+ Fyp)? (T + H;() (complex scalar DM) ,
p
(7.4.2)
with 7 = Q*/(4m2). The proton form factors can be expressed as
~ 1+ ppt ~ pp — 1
F1,(Q%) = —2-Gp(Q” [5,(Q%) = 2—Gp(Q? 74.3
(@)= SGLQ) . B@) =@, (14

where u, = 2.793, and Gp(Q?*) = (1 4+ Q*/M?)~2, with M = 0.843 GeV.

As advertised in Sec. 7.2, the scattering cross sections for Majorana fermion and complex
scalar DM have the same high-energy limit. This is evident upon inspection of Eqs. (7.4.1)
and (7.4.2), which reveals that the first term proportional to A(Q?) in Eq. (7.4.1) is negligible
compared to the second term for large F,. The projected exclusion bounds presented below
are therefore valid for both the Majorana fermion and complex scalar DM scenarios. We

also note that the integrated cross section becomes independent of the DM energy at large

E,.
Additional signal events could arise from elastic DM scatterings off neutrons, yn — xn,

in which the outgoing neutron re-scatters before leaving the nucleus and produces a final-

state proton. The relevant cross section for this process can be obtained from Eqs. (7.4.1)
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and (7.4.2) by replacing the proton mass and form factors with the quantities appropriate
for neutrons [384]. However, because the dark photon mediator couples to electric charge,
its coupling to neutrons vanishes in the limit of zero momentum transfer. Therefore, for the
models considered here, elastic DM-neutron scattering is considerably suppressed relative to
elastic DM-proton scattering. Similarly, inelastic DM scattering followed by the absorption
of all charged tracks and neutral pions inside the nucleus, besides a single outgoing proton,
contributes subdominantly to the total DM signal event rate. We have verified this using
GENIE, under the assumption that the impact of nuclear final-state interactions (FSI) on
such particles in DM-induced events can be well approximated by their impact on neutrino
events with the same momentum transfer to the nucleus.

In addition to the outgoing proton’s energy, its direction can also be observed. Angular
cuts were found in Ref. [25] to be useful in separating DM-electron scattering from neutrino-
electron scattering, but they are less useful here. In DM-electron scattering, the additional
discriminating power was related to the mass hierarchy between the target electron and the
incoming DM particles, m, < m,. For the DM-nuclear scattering considered here, however,
m, S m, in the parameter space of interest, and so the DM particles behave similarly to
essentially massless neutrinos. In the following, we will therefore focus only on the energy
cut.

Elastic scatterings yp — xp generally lead to low visible energy depositions due to
the strong form factor suppression for large momentum transfers, Q% > 1 GeV% As a
result, we will typically set the maximum outgoing proton momentum, p'**, to values below
1 GeV. The DM detection prospects for this signature improve with softer lower limits on the
outgoing proton momentum. For this reason, FLATrE can be more sensitive than FASER»2
if the FLATE proton kinetic energy threshold, Ej ,, can be lowered to 20 MeV, as discussed
in Sec. 7.3.1. Below, we present in detail the estimated sensitivity reach and background

estimates for both types of detectors.
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7.4.2 Neutrino-Induced Backgrounds

The dominant neutrino-induced backgrounds to DM-nucleon elastic scattering come from
neutral current elastic scatterings (NCEL) of all three neutrino flavors that produce the
outgoing proton in the final state, vp — vp. Additional background events can be in-
duced by deep inelastic neutrino scatterings (NCDIS) and resonant pion production processes
(NCRES), in which, occasionally, most of the outgoing particles are absorbed in the nucleus
due to FSI. We assume below that outgoing electrons and muons can be sufficiently discrim-
inated from protons so that CC neutrino interactions can be neglected in the background
discussion.

In table 10, we present the total background event rates obtained with GENIE for FASER»2,
FLArE-10, and FLArE-100. In the case of liquid argon detectors, we impose a selection cut
on the minimum proton kinetic energy of either Ej, > 20 or 50 MeV, corresponding to
the assumed proton detection thresholds discussed in Sec. 7.3.1. The latter condition cor-

2 300 MeV, which we also require in

~Y

responds to a minimum proton momentum of p,
the analysis for the emulsion detector. We also cut on the maximum proton momentum,
pp < Pp** =1 GeV, and for the more optimistic proton threshold in FLATE, Ey;, > 20 MeV,
we additionally study a more aggressive upper momentum cut, pp;*** = 500 MeV. Finally,
in each case, we veto on events containing any additional charged tracks or neutral pions
emerging from the nucleus, besides the single proton, that have energies above their corre-
sponding detection thresholds; see Sec. 8.3. As can be seen, in the HL-LHC era, the expected
number of background events can be roughly 100 events for FLArE-10 and 1000 events for
FLArE-100.

The number of background events in FASER»2 is between those in the two liquid argon
detectors. The surprisingly large number of expected background events in FASER»2 when
compared with FLArE-10, which has a similar mass, is mainly driven by the additional

impact of neutrino-induced NCRES events that mimic the single proton signal. The outgoing

pions produced in these events often have energies corresponding to the mass difference
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Elastic xyp — xp v-induced backgrounds || DM: m, = 100 MeV, € = 6 x 1074
FASERwv2 pp > 300 MeV, p, < 1 GeV 310 34
Ey , > 20 MeV, p, < 500 MeV 100 37
FLArE-10 Eip > 20 MeV, p, <1 GeV 125 42
E, > 50 MeV, p, <1 GeV 120 23
Ey , > 20 MeV, p, < 500 MeV 810 260
FLArE-100 | Ej, > 20 MeV, p, <1 GeV 1050 310
Ei, > 50 MeV, p, <1 GeV 1010 165

Table 10: Neutrino-induced background and DM signal events for the single proton signature

for several choices of selection cuts on the outgoing proton momentum p,. We assume 14

TeV pp collisions with integrated luminosity 3 ab™'.

The cuts on the minimum proton

momentum are dictated by the assumed experimental thresholds, as discussed in Sec. 7.3.1.

The maximum proton momentum is set to 1 GeV for FASERv2. For FLArE-10 and FLArE-

100, we also consider an additional case with p, < 500 MeV. The DM signal corresponds to

the benchmark scenario with parameters (m,,e) = (100 MeV,6 x 107%), m, = my /3, and

ap = 0.5, and takes into account the efficiency factors (see text).
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between the dominant A resonance and the proton, E; ~ ma-m, ~ 300 MeV. As a result,
such events often lead to pions below the detectability threshold, while the outgoing proton
can remain visible. This effect is significantly more pronounced in FASER»2 than in FLArE.
A detailed treatment of this background will also depend on the position of the interaction in
the tungsten layer, which we leave for future studies with more detailed detector simulations.

For completeness, we also present in table 10 the number of DM signal events obtained
for a benchmark scenario with m, = mu /3 = 100 MeV, ¢ = 6 x 107 (y = 2.2 x 1077),
and ap = 0.5 for three sets of cuts and different detectors. Both in this table and in the
subsequent analysis, the number of DM signal events has been additionally rescaled by a
finite signal detection efficiency. This is due to the impact of FSI on the outgoing proton
that can affect the DM-induced event reconstruction in the detector. We have estimated this
efficiency as a function of the momentum of the final-state proton produced in the initial
interaction inside the nucleus by studying elastic scatterings of neutrinos with GENIE. The
value of the signal efficiency factor that we use in our analysis typically varies between 50%
and 70%, and it depends on the energy of the outgoing proton and the analysis type. As can
be seen, for FLATE-10 and FLArE-100 with the lower limit Ej , > 20 MeV, the DM signal
can yield a 30% to 40% excess over the neutrino background. In contrast, for FASERv2,
even though the DM scattering rate is somewhat larger than in FLArE-10, the prospects for
probing DM are limited by larger backgrounds.

In the left panel of Fig. 37, we show the signal-to-background ratio S/B as a function
of p® for the FLATE-10 detector. We present results for the above-mentioned benchmark
scenario and also for one with (m,,e) = (264 MeV,107%) (y = 6.2 x 107%). As evident from
Fig. 37, the DM search favors lower values of p;"**. This is expected for DM scatterings
mediated by the dark photon A’, which is much lighter than the Z boson mediating neutrino
NC scatterings. For a similar discussion for FLArE and DM-electron scattering, see Ref. [25].
As is apparent from Eq. (7.4.1), the lower the A’ mass, the lower the typical momentum

exchange in the xp — xp reaction, which also leads to a lower characteristic momentum
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of the outgoing proton. In particular, for m4 < 100 MeV, it would become necessary to
require p'** < 300 MeV or even lower to obtain S/B ~ 1. This, however, goes beyond the
FLArE and FASER»2 capabilities that we assume in our study. On the other hand, the DM
scattering rate can become much higher for increasing mediator mass, in which case a larger
momentum exchange is allowed. This can be seen for the case of my = 3m, = 792 MeV
also shown in the plot. The surprisingly large values of S/B obtained for this benchmark
scenario are related to the efficient A’ production in the proton bremsstrahlung process for
m s close to the p and w resonances.

Last but not least, we note that, if systematic uncertainties are negligible relative to
statistical uncertainties, the significance of the signal is more closely characterized by S/v/B
than S/B. As p,** increases, the background rate increases, but this increase is milder
for v/B than for B, and the dependence on the maximum momentum cut is milder for the

ratio S/v/B than for S/B. For this reason, the projected exclusion bounds shown below are

roughly independent of the precise value of pj'*

7.4.3 Sensitivity Reach

In the right panel of Fig. 37, we present the expected projected 90% CL exclusion bounds
for the three detectors under study. We see that, with just the elastic scattering signature,
FLArE-10 will probe most of the thermal relic target for the complex scalar DM model
with m, 2 100 MeV. For the Majorana fermion DM case, FLArE-10 will only probe
the small part of the thermal target region where DM production is enhanced by w and p
resonances in the dark photon bremsstrahlung process. The detection prospects could be
further improved in the larger FLArE-100 experiment. The expected exclusion bounds for
FASERv2 are similar to FLArE-10. We reiterate, however, that, as noted in Sec. 7.3.1, this
assumes that muon-induced backgrounds can be eliminated for FASERv2.

We also show the impact of different cuts on the proton kinetic energy, Fj, > 50 MeV,

and maximum outgoing proton momentum, p;*** < 1 GeV. We see that the reach is better
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Figure 37: Left: The signal-to-background ratio S/B for the elastic scattering signature
for FLArE-10 and the two DM benchmark scenarios indicated as a function of the maxi-

mum momentum of the outgoing proton p***. The expected number of neutrino-induced

p

background events for selected values of p** can be found in table 10, and we assume

p
the detectability threshold of Ej, > 20 MeV for the proton kinetic energy. Right: The
projected 90% CL exclusion bounds for the elastic scattering signature for FASER»2 with
300 MeV < p, S 1 GeV (green), FLArE-10 (red), and FLArE-100 (blue) with the proton
energy and momentum cuts indicated. Current bounds exclude the gray-shaded region; see

Sec. 7.7 for details. The thermal relic targets for the Majorana fermion DM and complex

scalar DM models are also shown.
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in the low-mass region for the lower proton kinetic energy threshold. However, the improved
reach mainly corresponds to a region in the parameter space that is already excluded by
existing bounds. On the other hand, the expected bound at higher masses is only slightly
sensitive to changes of our lower kinetic energy and upper momentum cuts. As a result,
the presented sensitivity reach for m, 2 100 MeV only mildly depends on the final FLATE
capabilities in the considered range of Ej, and p,. When we present combined results for
different types of searches in Sec. 7.7, we will therefore just present results for the cuts

By, > 20 MeV,p, < 0.5 GeV .

7.5 Resonant Pion Production

7.5.1 Signal

The next signal of interest is y17° events, in which a single neutral pion is produced through
DM-nucleus scattering with no other mesons or charged leptons emerging from the vertex.
Such events are produced by DM-induced resonant pion production, yN — yN#°, which
we model using the BANMC DM simulation tool [22]. BANMC accounts for incoherent pion
production via excitation of the A resonance, which is expected to be the leading contributor
to this process. In addition, y17% events can also result from DM elastic scatterings off
protons followed by FSI. We include this effect in our analysis, although it only mildly
affects our final results. When treating the elastic scattering contribution, we assume that
the impact of FSI can be modeled using neutrino interactions, as was discussed in Sec. 8.4.2.

In our analysis, we do not differentiate events based on the number of final-state nucleons,
including protons, that emerge from the nucleus. This is to mitigate the strong dependence
of the number of expected signal events on the assumed FSI model. This inclusive approach
is consistent with similar analyses performed by the K2K [411], MicroBooNE [412] and
MiniBooNE [413] Collaborations.

The neutral pion in the final state will immediately decay into two photons with momenta
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typically above the visibility threshold of 30 MeV characteristic for the liquid-argon detectors.
In contrast, for FASERv2, the reach will partially be limited by the requirement that photons
have an energy of at least 300 MeV to be visible. As discussed above, in the resonant pion
production events, we typically observe E, ~ 300 MeV from the A resonance, which would
only be moderately altered by the presence of heavier resonances and FSI. We illustrate
this in the left panel of Fig. 38, in which we show the resonant event distribution as a
function of the energy of the final-state neutral pion F,o for two benchmark DM models
with m, = my /3 = 10 and 100 MeV, and for neutrino-induced NCRES background events.
The plot has been obtained for the liquid argon detector. As can be seen, in the case of
neutrinos, in which the aforementioned effects going beyond the simple A resonance and
parton level interactions are taken into account, the resulting distribution is more smeared
than for DM. Notably, in both cases, the photons produced in 7% decays will typically be
above 30 MeV.

The characteristic energy of the pions produced through resonant scatterings translates
into a relatively weak dependence of the sensitivity reach on the upper energy threshold,
which is similar to the elastic DM-nucleon scattering search discussed in Sec. 8.4.2. As a
result, we will employ a single cut on the maximum pion energy given by F.o < 1 GeV.
Increasing this limit has a minimal impact on the number of DM-induced resonant pion
production events, while it could adversely affect the sensitivity by increasing the number of
neutrino-induced backgrounds from DIS events.

Similar to the discussion in Sec. 8.4.2, here we also do not discuss the possible impact of
the angular cuts on the derived exclusion bounds. We note, however, that the pion angular
distribution, as well as the invariant mass reconstruction of the photon pair, could play
an important role in further distinguishing such events from neutrino-induced backgrounds
producing single electrons in the final state due to the scatterings off electrons or nuclei; see
Ref. [27] for a similar discussion for MiniBooNE. Below, for simplicity, we assume that such

backgrounds can be rejected in the analysis.

135



0.16 —_— 108
DM (only A, no FSI) X1
0.14 1 w— 1y = 10MeV 1
0.12 - my = 100MeV | 10° f
c <
'% 01t = v-induced BG (full) §
2 s NCRES+NCEL =, 1070
20.08} 1 E
© [a)]
= S -1
0. ~, 10
> " —— FASERv2
1012 —— FLAE-10
—— FLArE-100
0% = — 10713 . .
0.150.20.250.30.350.4 0.450.50.55 0.6 1073 1072 107 1
Eno [GeV] m, (=mp/3) (GeV)

Figure 38: Left: The event distribution as a function of the pion energy for x17° signal
events and neutrino-induced backgrounds in the liquid argon detectors. The DM results are
shown for two benchmark masses m, = ma//3 = 10 MeV (blue) and 100 MeV (yellow) for
the complex scalar DM model. They have been obtained with the BANMC code [22] that takes
into account the dominant pion production via production of the A resonance. We also
show the relevant results for neutrino-induced backgrounds from NCRES and NCEL events
(brown histogram). This was obtained using the far-forward LHC neutrino energy spectrum
and full GENIE [23,24] simulations with further resonances and final-state interactions of
hadrons taken into account. Right: The colorful solid lines correspond to the projected
90% CL exclusion bounds in the DM-nuclei scattering y17° signature for FASERv2 (green),
FLArE-10 (red), and FLArE-100 (blue). Current bounds and thermal relic targets are as in
Fig. 37.
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0

x17 v-induced backgrounds

Detector E.o <170 MeV | 300 MeV | 1 GeV | 2 GeV

FASERv2 - - 150 170
FLArE-10 9 90 220 230
FLArE-100 70 740 1750 1850

Table 11: Neutrino-induced background events in the search for x1n%-type events (see the
text for details) as a function of the maximum threshold for the outgoing pion energy. The
minimum threshold energy for the outgoing photon is set to 300 MeV and 30 MeV for the

emulsion and liquid argon detectors, respectively.
7.5.2 Neutrino-Induced Backgrounds

The dominant neutrino-induced backgrounds for the y17° events are due to NCRES scatter-
ings. We also study subdominant contributions associated with the coherent pion production
processes (COHERENT), in which the neutrino scatters off the entire nucleus, and the elas-
tic scatterings NCEL followed by the FSI that generate the outgoing neutral pion. We model
all these backgrounds using GENIE. We provide the total expected number of background
events for the three detectors in Table 11 for four choices of the 7 upper energy threshold:
E.o < 170 MeV, 300 MeV, 1 GeV, and 2 GeV. As can be seen, increasing the energy
threshold above 1 GeV has a very mild impact on the number of background events. We
require that the events do not contain any charged pions or other mesons above the visibility
thresholds discussed in Sec. 8.3.

Focusing now on the pion energy cut of Fo < 1 GeV, we see that we expect roughly
200 background events in both FASER»2 and FLArE-10, and roughly 2000 such events in
FLArE-100. Interestingly, the number of background events is now smaller in FASERv2
than for FLArE-10. This is the opposite effect to the one discussed in Sec. 8.4.2, in which

increasing the lower energy threshold resulted in a larger number of NCRES events mimicking
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NCEL ones in the detector. For this reason, we now observe a relatively lower number of
NCRES events that will be reconstructed in the emulsion detector as y1m%-like events. As
far as liquid argon detectors are concerned, the number of background events in this search is
larger, although of a similar order, than for the previously discussed search based on elastic

scattering events.

7.5.3 Sensitivity Reach

In the right panel of Fig. 38, we present the expected projected 90% CL exclusion bounds
based on the y17® search. As can be seen, the expected bounds are weaker than the ones
based on DM elastic scattering shown in Fig. 37. This is primarily due to the smaller scat-
tering cross section. Once we limit the DM signal rate to only NC (A’ exchange) scatterings
off protons with single 7 production and no charged pions in the final state, the relevant
cross section is suppressed relative to elastic scattering by more than an order of magnitude
for small mediator masses, ma < 100 MeV [22]. The suppression factor becomes smaller,
of order a factor of a few, for heavier dark photons. The signal rate is further suppressed by
signal efficiencies resulting from FSI and event reconstruction. We estimate them to be of
the order of 25% for FLArE and between 10% and 15% for FASERv2. In the latter case, this
efficiency also takes into account the aforementioned energy cut of £, 2 300 MeV, which is
larger than in LArTPC detectors. In the end, we find that the resonant pion signature is

less promising than both the electron and single proton signatures.

7.6 Deep Inelastic Scattering

7.6.1 Signal

The last signature that we consider is DM-nuclear scattering at high momentum transfer.
Because light DM will be produced with TeV-scale energies in the direction of the FPF,

the maximum accessible momentum transfer in nuclear scattering is tens of GeV. Above the
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QCD scale, deep inelastic scattering leads to a relatively high-energy nuclear recoil, which
can subsequently produce multiple charged tracks. In this regime, a partonic treatment is
appropriate, and the outgoing hadrons are easily above detector thresholds.

We consider the DIS process YN — x X in the models of Sec. 7.2. The double differential

cross section is given by

do dy QWEQO‘O‘D% > QB [afylx, Q)+ afe(x,@%)], (7.6.1)

!
q:u7d’svc

where Q% = 2m,,F, xy,  is the parton momentum fraction, y = 1 — E;( /E is the fraction of
the incoming DM energy transferred to the nucleon in the lab frame, f, is the quark parton
distribution function, @), is the quark electric charge, and

1+ (1—-%)?* (Majorana fermion DM)
B(y) = (7.6.2)

2(1 —y) (complex scalar DM) .
As the scattering takes place through a light mediator, it is not surprising that low mo-
mentum transfer is favored regardless of the x spin. Furthermore, the functions B(y) for
Majorana fermion and complex scalar DM in Eq. (7.6.2) are identical up to O(y?). Because
the cross section is dominated by the small y region, then, the DIS signal strength is ap-
proximately the same for these two models. This motivates the choice previously mentioned
in Sec. 7.2 to only show results for the Majorana fermion DM scenario.

To estimate the scattering signal, we convolute these cross sections with the nCTEQ15
parton distribution functions [191] for tungsten and argon nuclei, imposing a minimum
cut of Q> > 1 GeV? When the parton hadronizes, of course, multiple charged tracks
and photons, which yield electromagnetic showers, are produced. We do not simulate this
hadronization nor the reconstruction of the hadronic energy and transverse momentum from
these objects, though other works have demonstrated the use of track-level information to
search for similar signals [266,414]. Instead, we simply take the outgoing parton energy and

transverse momentum as proxies for the energy and transverse momentum of the recoiling
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hadronic system,

Bna = yE, and  pry.q = Q*(1—y) =2m,Bay(l—y) . (7.6.3)
We expect both Ep.q and prha.q to grow with increasing Q?. In principle, there are more
detailed kinematic variables involving the visible tracks from the scattered nucleon that
could be accessed by doing a full simulation. However, since the hadronic part of each
event depends only on the outgoing parton momentum and hadron interaction modeling, we
do not anticipate that further kinematic considerations would provide significant additional
discriminating power between the signal and neutrino background.

The left panel of Fig. 39 shows the two-dimensional distribution of the quantities in
Eq. (7.6.3) for DIS in one of our benchmark DM scenarios at FLArE-10. The distribution
is qualitatively similar at FASER»2. The signal events are clustered at lower energies and
transverse momenta than the background, consistent with the preference for low momentum
transfer in light DM scattering. Despite the preference for low momentum transfer, there is
still a significant number of events with energetic nuclear recoils. We see the most events at
Ehyaa of several GeV and low pryaq, and expect that such events would have multiple tracks
emerging from a vertex with no incoming track. A more detailed study of the detection
efficiency, including the effects of hadronization and FSI, would be interesting. For instance,
the efficiency would depend on the number of tracks and hence the hadron multiplicity,
which tends to grow with the center-of-mass energy W of the recoiling hadronic system.
W is related to the momentum transfer and partonic momentum fraction through W? =
mg + @Q*(1 — x)/x. The EMC experiment measured the charged hadron multiplicity in
muon DIS, finding that several charged tracks were typical for W > 4 GeV [415]. We have
checked that a cut of W > 2 GeV, which would avoid the resonant scattering region with
fewer tracks, does not change our results significantly. In addition, as our signal is clustered
at values of prpnaa/FEhada corresponding to angles of several degrees, it would be useful to
examine technologies for measuring multiple hadronic tracks in the forward direction in liquid

argon for FLArE. While there can be difficulties measuring such tracks using wire planes
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Figure 39: Expected number of DIS events in the (Ehad, Prhada) plane for one benchmark
Majorana DM scenario (left) and SM NC neutrino background (right) at FLArE-10. Most
of the signal events are at low Ep,q and low prpaq, motivating our choice of cuts. The
dashed (solid) box shows the strong (loose) cuts of 1 GeV < Epaq < 15 (30) GeV and 1 GeV

< Prhaa < 1.5 (2.0) GeV used in our analysis.

if the planes are oriented parallel to the track direction, the patterns of charge deposition
can be used to obtain three-dimensional information [416], as has been demonstrated by

MicroBooNE for neutrino event identification [417] and cosmic ray rejection [418].

7.6.2 Neutrino-Induced Backgrounds

The main background to DM DIS is neutrino scattering. NC neutrino scattering would
produce a nuclear recoil with significant energy carried away by the outgoing neutrino, just
as in our signal. CC neutrino scattering, by contrast, would result in a high-energy outgoing
lepton. We assume that the detector would have sufficient efficiency that the neutrino CC
backgrounds could be rendered very small.

There are also backgrounds from muon interactions, which can be eliminated by requiring
that there is no charged track leading into the vertex [9]. Muon interactions can also produce
neutral hadrons, which travel for distances on the order of 10 ¢cm before scattering. These

neutral hadron events can mimic the signal. Although neutral hadron backgrounds are
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problematic in a pure emulsion detector [9,266], as mentioned in Sec. 7.3.1, we assume that
an active muon veto will remove these events at FASER»2 or FLATE [25]. By using timing to
remove a small area around each muon interaction, we expect that neutral hadron scattering
could be reduced to negligible levels without significant impact on the signal.

The differential NC neutrino scattering cross section at high energy is [273]

do(vN - vX) 2Gim,E,  my
dz dy N T (Q%+ m?,

7% D [Sarlefalw, Q) +afilw, @)1 - )’

q:u7d7s7c

+ gy plofo(z, Q1) (1 — y)* + 2 fo(, Q*)]]
(7.6.4)

in terms of the partonic momentum fraction x and the fractional neutrino energy loss y =
1 — E//E, = Ena/E,. The momentum transfer is Q* = 2m,E,xy. Here, g,1,9,r =
T3 — Qsin’ Oy, are the NC couplings of the quarks. For anti-neutrinos, the cross section is

do(vN — vX)  2Gym,E, my
dx dy B 7T (Q* +m%)?

x> (g2 Ll fy(z, Q) (1 — y)? + 2 fy(x, Q)]

q:u7d7s7c

+ g lefolr, Q%) + 2 fo(z, Q*)(1 — y)?]].
(7.6.5)

As the momentum transfer Q? is generally small compared to m?%, the neutrino scattering
cross sections are proportional to the CM energy or, equivalently, the energy of the incoming
neutrino.

The typical Q? is perhaps the most striking difference between light DM DIS and neutrino
NC scattering. In principle, the momentum transfer 2, my in DM scattering can be as
high as tens of GeV. However, for scattering through a light mediator, smaller momentum
transfers are typically preferred, as the scattering cross section goes as 1/Q* in the limit of
vanishing mediator mass. On the other hand, neutrino scattering proceeds through the 7,
which is heavy compared to the typical momentum transfer. Consequently, the neutrino NC
scattering cross section grows linearly with the partonic CM energy v/.

We proceed to investigate the kinematics further to discriminate between signal and back-

ground, showing the hadronic energy and transverse momentum for the neutrino background
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DIS v-induced backgrounds DM: my = 60 MeV,e = 1073 DM: m, = 188 MeV,e = 1073
Detector no cuts loose cuts strong cuts no cuts loose cuts strong cuts no cuts loose cuts strong cuts
FASERv2 154k 7.4k 2.9k 700 335 210 440 170 100
FLArE-10 82k 5k 2k 380 185 116 250 95 55

FLArE-100 528k 38k 15k 2.3k 1.1k 748 1.5k 615 361

Table 12: The effects of the energy and momentum cuts in Eq. (7.6.6) on the numbers of
SM neutrino NC background and DM DIS signal events. Two different benchmark DM
scenarios are shown. The “no cuts” columns include only a ? requirement and no cuts on

the hadronic transverse momentum or energy.

in the right panel of Fig. 39. Motivated by these kinematic distributions, we consider two

sets of cuts on Ey,q and prpaa:

Strong cuts: 1 GeV < Ehpg <15 GeV, 1 GeV < prpaq < 1.5 GeV (
7.6.6)

Loose cuts: 1 GeV < Epag < 30 GeV, 1 GeV < prpaq < 2.0 GeV

The effects of these cuts on the background and signal are shown in table 12. We see that
the background can be reduced by over an order of magnitude while keeping 1/4 to 1/2 of
the DM DIS signal.

7.6.3 Sensitivity Reach

Having examined the kinematics of the signal and background events, we present the ex-
pected projected 90% CL exclusion bounds for DM DIS searches at FASERv2 and FLATE in
Fig. 40. Considering statistical uncertainties only, the former set of cuts in Eq. (7.6.6) yields
the strongest projected exclusions. The figure shows the reach of the different detectors,
as well as the effects of the hadronic energy and transverse momentum cuts in the case of
FLArE-10. In contrast to the lower energy signatures in Secs. 8.4.2 and 7.5, the typical
deposited energy is well above the thresholds for both emulsion and liquid argon detectors.
The relative performances of FASER»v2 and FLArE thus depend mostly on the detector mass
and geometry, as well as on their background rejection and event identification capabilities.

Here, we focus on the former, while assuming 100% signal detection efficiency for both types

143



of experiments. Of the two 10-tonne detectors, the more compact FASER»2 provides better
sensitivity to light DM scattering because it has more mass at large rapidity where the DM
flux is higher. In addition, the numbers of events for FLArE-100 in Table 12 do not scale
fully with the detector mass, when compared to its 10-tonne analog. Similar effects were
observed for DM-electron scattering [25].

As discussed above, the DIS limits are very similar for the Majorana fermion and complex
scalar DM models, and we have used the former to draw the projected exclusion lines.
To guide the interpretation of the limits, we also show the thermal relic targets in each
of these scenarios, assuming standard thermal cosmology. We see that DIS searches can
probe dark photon scenarios yielding the correct thermal relic density for DM masses above
approximately 200 MeV. The expected sensitivity reach can then also partially cover the
resonance region, in which the intermediate dark gauge boson in DM annihilations mixes
with the SM vector mesons p and w, i.e., 2m, =~ m,,,, especially for complex scalar DM. By
contrast, the reach of DM DIS is relatively limited at low masses. This is because the growth
of the DIS cross section at small mediator masses is limited by our minimum momentum
transfer cut of 1 GeV. Nevertheless, DM DIS searches at FPF detectors offer the potential
to probe dark photon scenarios that are viable from the standpoint of thermal cosmology
and that are otherwise unconstrained.

Finally, we note from Table 12 that with the full HL-LHC dataset, there will be thou-
sands of background events even with kinematic cuts. It will thus be important to reduce
uncertainties from systematics such as the neutrino flux and signal/background modeling,
which we have not considered here, in a full experimental analysis. We assume that they
can be suppressed so that the analysis will be dominated by statistical uncertainties. For
instance, as has been suggested previously [25], measuring the neutrino flux at other detec-
tors or in other kinematic regions could help constrain the background normalization. If
statistical uncertainties dominate, then since the number of signal events scales with 32, the

1/4

limit on y associated with a fixed significance S/ VB improves as £7Y*. The impact of this
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Figure 40: The projected 90% CL exclusion bounds for the DIS signature in the Majorana

fermion DM model at various detectors. For FLATE-10 we show the limits with and without
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also shown.
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mild dependence is that new parameter space can be probed with a relatively small amount
of data. We will consider the effect of luminosity on the reach more completely in the next
section, where we combine the results of this section and the previous two to obtain the

overall FPF reach in searches for light DM-nuclear scattering.

7.7 Combined Sensitivity Reach

In this section, we combine all of our previous results on DM-nucleus scattering processes, in-
cluding elastic scattering (Sec. 8.4.2), resonant pion production (Sec. 7.5), and DIS (Sec. 7.6),
as well as the results previously obtained [25] for the DM search based on scatterings off the
electrons.

These are shown for FLATE-10 in Fig. 41. In general, since the scattering cross sections
grow for small mediator mass and we have taken a fixed mass ratio ma//m,, the limits
are strongest at low m,. The flattened sensitivity at the left of the plot arises from the
minimum momentum transfer for each process considered. For elastic scattering and resonant
production, these come from experimental considerations on the visibility of the outgoing
proton or pion. We see that the low thresholds of liquid argon detectors allow for the ability
to probe new parameter space at m, < 200 MeV. For DIS, the Q* cutoff to ensure the
validity of our partonic treatment limits the sensitivity at small masses, but the inherently
harder nature of DIS can lead to stronger bounds at higher DM mass.

Figure 41 also shows that elastic scattering and DIS are the most sensitive nuclear scat-
tering probes at low and high masses, respectively. Resonant pion production is never the
strongest signature in this model. The sensitivity reach from DM-electron scattering, de-
rived previously in Ref. [25], is also shown, and can be seen to be competitive with the best
nuclear signatures at moderate and high masses, and even stronger at low masses.

In Fig. 41, we also show the thermal relic targets for Majorana fermion and complex scalar
DM, as well as current and projected results from other experiments. Existing bounds from

null results are shown as the gray shaded region. These include results from BaBar [419],
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Figure 41: The projected 90% CL exclusion bounds for Majorana fermion DM from DM-
nucleus elastic scattering, resonant pion production, and DIS (this work), along with DM-
electron scattering from Ref. [25] at FLArE-10. In the gray shaded region, we also show the
strongest existing constraints from BaBar, NA64, NOvA, E137, and BEBC, as implemented
in Refs. [26,27]. Projected reaches from other experiments are shown in brown for beam
dump/collider experiments and in red for missing momentum-type searches. The green

contour shows the projected bound on Majorana fermion DM from SuperCDMS; see text

for more details.
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experiments are as in Fig. 41.

148



MiniBooNE [27], and NA64 [420], as well as recasts of searches at BEBC [421], CHARM-
IT [422], E137 [423,424], LSND [382], and NOvA [425], as derived by the authors of Refs. [26,
426]. Projected sensitivities of future experiments are shown in the dashed and dotted colored
contours. We also note that future short baseline neutrino experiments such as ICARUS
could also be sensitive to DM scattering [26]. The brown contours are projected sensitivities
from searches for DM that is produced at a collider or beam dump and then subsequently
scatters in a downstream detector, a signature similar to what we have considered in this
work. These include BDX [427], SND@QLHC [403], and SND@SHiP [428]. The red contours
are projected sensitivities of future missing momentum-type searches, including NA64 [429],
LDMX [398,430], and Belle-II [431]. Last, the green contour shows the projected sensitivity
of SuperCDMS to the Majorana fermion DM model [393,398,430]. The region probed by
SuperCDMS is at higher masses than are probed by FLArE-10. For the complex scalar DM
model, direct detection limits can be more constraining, but they can also be evaded by
the introduction of a small mass splitting between the DM states so that the scattering is
inelastic.

Figure 42 then shows the best limits from each of the detectors in Sec. 8.3. As for FLArE-
10 in Fig. 41, the best limits arise from electron scattering and nuclear DIS in the low and
high mass ranges, respectively. Both FASER»2 and FLArE-10 will probe the relic target for
the complex scalar DM model for DM masses between several MeV and a few hundred MeV.
FLArE-100 could provide a similar reach for the Majorana fermion DM model. Altogether,
the detectors we have studied are able to probe a wide swath of the cosmologically-favored
parameter space for both the Majorana fermion and complex scalar DM models.

Finally, to estimate the time scales on which forward LHC searches could start to achieve
new sensitivity to light DM, we show the 90% projected exclusion bounds at FLArE-10 for
a selection of integrated luminosities in Fig. 43. Again, the best limits from all processes
(elastic proton scattering, resonant pion production, DIS, and electron scattering) have been

used. With around 30 fb~! of data, these searches can begin to test thermal DM scenarios
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Figure 43: The projected 90% CL exclusion bounds for the FLArE-10 detector combining
all channels for the three integrated luminosities indicated. New parameter space will start
to be probed even for an integrated luminosity of order 30 fb™'. Existing constraints and

projected reaches from other experiments are as in Fig. 41.

that are thus far unconstrained. In addition, the 50 discovery reach as a function of m, is
a factor of approximately 1.6 in y above the projected exclusion bounds. As a result, DM
can be discovered at the 50 level with 3000 fb~* for DM masses of 3 — 10 MeV and 50 — 300
MeV.

7.8 Conclusions

The search for terrestrial DM production is a major component of the physics programs
of particle accelerator and collider facilities. This avenue is especially useful in the case
of sub-GeV DM, where traditional direct detection experiments lose sensitivity. Such light

DM at the LHC would be dominantly produced at high rapidities beyond the reach of the
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general-purpose detectors, motivating dedicated experiments in the far-forward direction.
In this work, we have studied potential DM scattering signals in forward detectors at the
HL-LHC, as would be possible at the FPF. Our focus has been on interactions between DM
and nuclei, complementing previous work on DM-electron scattering.

We have considered detectors based on both emulsion and liquid argon technology. With
the use of timing information, it would be possible to reject muon-induced backgrounds,
including those from neutral hadron interactions. We thus expect that the dominant back-
grounds will be from neutrino scattering. Indeed, the scattering processes that we have
considered are analogous to SM processes with neutrinos: elastic scattering, resonant pion
production, and DIS. For each of these processes, we have estimated the DM signal and
neutrino background, investigating the differences due to kinematics and incorporating the
effects of nuclear FSI as appropriate. We find that for DM scattering through a light me-
diator, it is possible to mitigate neutrino backgrounds with kinematic cuts favoring events
with low momentum transfer. This strategy is effective because the heavier weak gauge
bosons cause neutrino backgrounds to prefer high Q? scattering. Similar considerations ap-
ply to other signatures, and it would be interesting to study whether additional sensitivity
could be obtained with other processes. These include coherent scattering, coherent pion
production, and multiple meson production.

Looking at benchmark models with light DM interacting through the minimal dark pho-
ton portal, we find new sensitivity in the MeV to GeV mass range. With either complex
scalar or Majorana fermion DM, the searches here would test regions of parameter space in
which the observed relic density is obtained through thermal freeze-out. As the characteristic
energies of the processes that we have studied are different, they have complementary sensi-
tivities. When these searches are combined with those for DM-electron scattering, FASER»2
and FLArE-10 could cover the relic target for complex scalar DM for DM masses between
several MeV and several hundred MeV. FLArE-100 would provide sensitivity to the relic tar-

get in a similar mass range for Majorana DM, which is not probed by current experiments.

151



All of these experiments cover much of the parameter space in which the thermal relic density
does not overclose the Universe, and they have the potential to provide direct evidence for
DM interactions, in contrast to missing momentum-based searches at accelerator and beam
dump facilities. Notably, currently unconstrained regions of parameter space can start to be
probed with even the first O(30) fb~! of integrated luminosity at the HL-LHC.

The forward region of the LHC offers exciting possibilities to study physics within and
beyond the Standard Model. The FPF would extend the reach of the LHC, providing
qualitatively new discovery potential in well-motivated theories of light dark sectors. In
addition to electron scattering, a suite of nuclear scattering searches at the FPF detectors
can be performed to improve our understanding of the nature of DM. In searching for DM and
beyond, further exploration of the unique environment provided by the far-forward region

at the LHC is warranted to fully leverage collider probes of new physics.
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CHAPTER VIII

HADROPHILIC DARK SECTORS AT THE FORWARD PHYSICS
FACILITY

8.1 Introduction

Searches for new particles and dark matter (DM) are primary physics drivers at the Large
Hadron Collider (LHC). Traditional searches for the classic missing pr signature at the
LHC main detectors have sensitively searched for particles with weak-scale masses and O(1)
couplings to Standard Model (SM) particles, but are less effective for light and weakly coupled
new particles, including long-lived particles (LLPs) and DM. Recently it has been appreciated
that new experiments in the far-forward region at the LHC can provide a powerful probe of
new light particles. These experiments exploit the large forward flux of pions and other SM
particles, which, if they decay to new light particles, can create a large forward flux of LLPs
and DM. Light new physics species can also be produced in the far-forward region of the
LHC in other types of interactions, including proton-proton bremsstrahlung and the Drell-
Yan process. The recent detection of TeV neutrino candidates in the forward region [432]
also opens a new window on neutrinos at colliders, which may be used to probe both SM
and beyond the SM (BSM) phenomena [9,39,403].

In evaluating any proposal for new physics at the MeV to GeV mass scale, one must care-
fully consider all of the existing constraints from particle and nuclear experiments carried out
over the last 60 years. To do this requires a model framework. The dark photon model has
been discussed at length in the literature. It is theoretically attractive and contains within it

phenomenologically-viable benchmark scenarios of light thermal DM. Of particular relevance
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for this study, previous studies in the dark photon framework have established the potential
for forward experiments to detect both LLPs [41,181] and light thermal DM [25,264]. At the
same time, the experimental signatures of a given dark sector model are, to a large extent,
determined by the interactions of the mediator with the SM. To more fully evaluate the
physics potential of proposed experiments, then, a variety of phenomenologically distinct
mediators must be examined. Since the LHC is a pp collider, it is natural to consider medi-
ators with hadrophilic couplings, i.e., sizable couplings to quarks, but suppressed couplings
to leptons. Although such models are challenging to test at electron facilities (e.g., Belle-
IT [433], NA64 [434], LDMX [430], and SENSEI [435]), one might suspect that they can be
sensitively probed at proton facilities, such as the LHC.

In this work we study the prospects for probing two dark sector models with hadrophilic
vector boson mediators. The first model is based on a gauged U(1)p baryon number sym-
metry (see, e.g., Refs. [384,385,436-438]). This model is perhaps the first example of a
hadrophilic model one might consider, since it has sizable couplings to quarks and (loop-
)suppressed couplings to all leptons. The model suffers from gauge anomalies, however, which
potentially lead to stringent constraints from rare FCNC and Z boson decays [439,440]. We
will evaluate the prospects for discovering new physics in this model, carefully respecting
all anomaly constraints, as well as those from other experimental searches. We note that
anomaly-free extensions of the SM with a local U(1)p symmetry and DM have been con-
structed in Refs. [441-444], which focus on the case of new particle masses above the weak
scale.

As a second example we consider a model with a U(1)p_3z, vector boson mediator. (In
the rest of this chapter, we will use the modest abbreviation of U(1)g_3, for this symmetry.)
With the addition of a right-handed neutrino, this symmetry is anomaly free and therefore
evades the most stringent rare decay constraints present in the U(1)p model. This model
is also hadrophilic, in the sense that couplings to electrons, muons, and their accompanying

neutrinos are suppressed. However, the presence of 7 and v, couplings brings with it both

154



additional constraints from neutrino nonstandard interactions (NSI), and also new opportu-
nities for signals involving the 3rd generation leptons. A goal of this study is to incorporate
all these new constraints and see what discovery prospects remain.

We will consider both current and proposed far-forward experiments. In the last two
years, the magnetic spectrometer and tracking detector FASER [177], and the two emulsion
detectors FASERv [170] and SNDQLHC [257] have been approved. FASER has been fully
constructed, and all three are expected to begin taking data when Run 3 starts in 2022. For
the High Luminosity LHC (HL-LHC) era, detectors under consideration include upgrades
of these detectors (FASER2, FASER»2, and Advanced SND), as well as the Forward Liquid
Argon Experiment (FLATE) [25].! A new facility, the Forward Physics Facility (FPF) [39,
446], has been proposed to accommodate these experiments.

Remarkably, we will find that all of these detectors have discovery prospects for the
hadrophilic models we consider. The possible signals include DM deep inelastic scattering
(DIS) and elastic scattering, enhanced predictions for neutrino neutral current (NC) scat-
tering, an excess of tau neutrinos in the forward region, and the visible decay of the dark
mediators into SM final states. Notably, the visible decays include final states, such as
ata 7% 7%, K*K~, and KgK}, that could conceivably appear in FASER at LHC Run
3; such states are inaccessible at FASER in dark photon models. The signals are diverse
and require a similarly diverse set of experiments to find them, and when combined, the
experiments probe parameter space even beyond the DM thermal targets. These models
therefore add to the broad physics portfolio of the FPF, complementing other studies of
long-lived particle searches, collider-produced TeV-energy neutrinos, new probes of QCD,
and high-energy astroparticle physics [39].

The chapter is organized as follows. In Sec. 8.2 we introduce the two hadrophilic dark

sector models based on the U(1)z and U(1) 5_3, gauge symmetries and discuss the production

L As a potential upgrade of milliQan [445], a fifth experiment, FORMOSA [276], has also been proposed

to carry out dedicated searches for milli-charged particles and similar signatures.
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and decays of the vector boson mediator, the DM thermal relic abundance, and the existing
constraints for each model. Next, we present our assumptions regarding the performance of
FASER, FASER2, SNDQLHC, FASER»2, and FLATE in Sec. 8.3. In Sec. 8.4 we outline our
methodology for estimating the sensitivity of these far-forward detectors to the new physics
signatures predicted in these hadrophilic models. Our main results are contained in Sec. 8.5,

and our conclusions and outlook are presented in Sec. 8.6.

8.2 Models of Hadrophilic Physics

8.2.1 Models

With the motivation outlined in Sec. 8.1, we begin in this section by describing the two
representative hadrophilic dark sector models based on the anomalous U(1)p and anomaly-
free U(1)p_3, gauge symmetries.? Since the new gauge group is Abelian, the new vector
gauge boson generically mixes with the SM photon through a kinetic mixing term F),, V",
where F),, and V), are the field strengths of the SM photon and new gauge boson, respectively.
In the physical mass basis, the Lagrangian of the vector boson mediator V,, is

1

ED—4

1
Vi, VH + ém%/VHV“ + Vu(Jo + J2) (8.2.1)

where my is the vector boson mass, J; is a current composed of SM fields, and J¥ is the
current for the dark matter particle .

The SM current is

Jo = gv[Jh — 3x(TA'T + A" Prvs)] +ee Jhy (8.2.2)

2The cancellation of gauge anomalies in the U(1)z_3, model requires the introduction of a right-handed
neutrino with B — 37 charge of —3. In this study we assume that the right handed neutrino is somewhat
heavier than the vector boson mediator, which can be achieved by coupling it to the dark Higgs field that
spontaneously breaks U(1)p_s,. In principle the heavy neutrino mass could reside anywhere in the range
below my /gy. Depending on its mass and mixing with SM neutrinos there could be additional signatures
beyond the core phenomenology outlined below. These are beyond the scope of our study, but see Ref. [186]

for the sub-GeV case and far-forward searches.
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where gy = /4may is the new U(1) gauge coupling, J& and Jk,; are the baryon number and
electromagnetic currents, respectively, ¢ is the kinetic mixing parameter, and x = 0 (1) for
the U(1)p (U(1)p_3,) model.

To specify J¥, we must choose the DM candidate x. We will study both complex scalar

DM and Majorana fermion DM in this work, with Lagrangians

)
|8ux|2—mi\xl2 , complex scalar
LD (8.2.3)
1_. 1 _ . .
5X@’y“8ux—§mxxx, Majorana fermion ,
\

where m, is the DM mass. The associated currents, J¥ in Eq. (8.2.1), are

(

&
ix* 0"y, complex scalar

J)}(L = gvQy (8.2.4)

1
5%7“75)(, Majorana fermion ,
\

where (), is the charge of the DM under the new gauge symmetry. As we will discuss
below, both complex scalar and Majorana fermion DM exhibit velocity-suppressed P-wave
annihilation to SM final states, implying that bounds from precision measurements of the
cosmic microwave background anisotropies [395,396] are easily satisfied in these models.
Furthermore, Majorana DM features momentum-dependent scattering in the non-relativistic
regime, making it challenging to probe with DM direct detection experiments. This is not
the case for complex scalar DM, and, as we will see, direct detection experiments place strong
constraints on such DM for masses above the GeV scale. However, it is important to note
that these constraints can also be evaded in a straightforward way by introducing a small
mass splitting, which renders the scattering transition inelastic [397,447,448|.

The full parameter space of these models is, then, specified by 5 parameters:
my, gv, €, My, and Q) . (8.2.5)
To reduce the parameter space, as is commonly done in the literature, we will assume a
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kinetic mixing parameter of typical one-loop size,

egv
= . 8.2.6
c 1672 ( )

This is the parametric size of the kinetic mixing generated by loops of SM particles charged
under both electromagnetism and the new gauge symmetry. The kinetic mixing depends, in
general, on the details of the UV physics and therefore cannot be determined unambiguously,
but we neglect such effects here; see also Ref. [449] for further discussion of this issue.

Throughout our study we will also adopt another common convention,
my = 3m, , (8.2.7)

so that DM annihilation proceeds to SM particles through a virtual s-channel vector boson
mediator.
Given the assumptions of Egs. (8.2.6) and (8.2.7), the resulting parameter space may be

specified by the three parameters

my, gy, and Q) . (8.2.8)

We will present our results in the (my,gy) plane with various choices for @,. Since the
new symmetries are Abelian, the charge (), may be any real number. When presenting our
results below, we will consider two choices for coupling hierarchies. As a first scenario, we
will consider DM and SM particles to have comparable interaction strengths with the vector

boson mediator, fixing

1, U(1)p models
Q, = (8.2.9)
3, U(1)p_3, models .

In the B — 37 model, we have fixed the DM charge to be opposite that of the v, @, = —Q;.
As a second, qualitatively distinct, scenario, we consider the case in which the DM coupling

to the vector boson mediator has a fixed value,

2 2
o, = ngX —0.01 or 0.5 . (8.2.10)
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Given that we will be considering vector boson mediators with weak couplings to the SM,
that is, values of gy ~ 1078 —1072, Eq. (8.2.10) implies very large DM charges @,. This may
appear unnatural, but there is nothing wrong in principle, since the expansion parameter a,,
remains perturbative. Ideas for achieving such large coupling hierarchies for two U(1) gauge
symmetries have been presented in Ref. [398].

Finally, although we do not consider them in this work, viable models of hadrophilic
scalar mediators can also be constructed; see, e.g., Refs. [450-452]. However, for the incident
DM energies in the TeV range relevant for FPF experiments, scalar-mediated DM-nuclear
scattering rates are typically suppressed by several orders of magnitude in comparison to
vector boson-mediated scattering rates; see also Ref. [398] for a comparison of vector boson-
and scalar-mediated DM scattering in the ultra-relativistic regime. For this reason, scalar-
mediated DM scattering can be better probed by low- and medium-energy experiments [451].
On the other hand, experiments such as FASER and FASER2 can have powerful sensitivity
to visible decays of the long-lived scalar mediator in these models, as has been demonstrated

in Ref. [453].

8.2.2 Production and Decay of the Vector Boson Mediator

In our simulations, we model the production of light dark vector bosons in the far-forward
region of the LHC by employing the FORESEE package [453]. We thereby include dark vector
boson production by light meson decays, proton bremsstrahlung,® and the Drell-Yan pro-
cess. We observe that typically the production of dark vector bosons in light meson decays
dominates if kinematically allowed. For the dark vector bosons heavier than the n meson,

the most important production mode is due to bremsstrahlung, while the Drell-Yan process

3The modeling of dark vector boson production via proton bremsstrahlung in FORESEE is based on the
Fermi-Weizsacker-Williams approximation presented in Refs. [22,409]. Recently, Ref. [454] studied this
process using an alternative model of nucleon interactions based on Pomeron exchange, finding production
rates that are smaller by a factor of a few. These estimates provide a sense of the theoretical uncertainty

inherent in this process.
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starts to dominate for my > 1.5 GeV.
We then consider various decay final states of the dark vector bosons. In particular, the

partial decay width for V- — yx* is

2\ 3/2

My 4m

[y =k —2— (1 — X) , (8.2.11)
xx 12 m%,

where £k = 1 and 2 for complex scalar and Majorana DM, respectively. The partial decay
width into hadrons and other SM particles is taken from the DarkCast package [455], which
used data-driven methods to estimate the hadronic width. An alternative description has
also recently been implemented in Herwig 7; see Ref. [456].

In Fig. 44, we present the corresponding decay branching fractions for both of the models
assuming the @, charge as in Eq. (8.2.9). In the case of the U(1)s model, LLP decays
into lepton pairs are always subdominant, since they appear only at the loop level through
the vector boson mixing with the photon. In contrast, the invisible branching fraction of
V. — xx* is close to unity for light vector boson masses up to the w-resonance region,
my ~ m,, =~ 782 MeV. This leads to an intense flux of DM particles, which can be detected
via DM scatterings, as we will discuss in Secs. 8.4.1 and 8.4.2. For heavier dark vector
bosons, decays into light hadrons start to play an important role and can lead to additional
signatures in the detectors, as we will see in Sec. 8.4.5.

For the B — 37 model with the dark charge set to ), = 3, we obtain BR(V — xx*) ~
(10 — 20)% up to the tau threshold, above which V' — 777~ decays become kinematically
allowed. The remaining decay rate for lighter dark vector bosons is dominantly into tau
neutrinos, V' — v,7,. As will be discussed in Sec. 8.4.4, this can contribute to the total
v, flux measured at the FPF. The decays into hadrons also become important for certain

values of my , especially around the w- and ¢-resonance regions.

8.2.3 Thermal Relic Abundance

Thermal targets, that is, the regions of parameter space where DM annihilates in the early

Universe through thermal freezeout to the correct relic density, provide an important stan-
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Figure 44: Decay branching fractions of the B (left) and B — 37 (right) gauge bosons
for fixed @), = 1 and 3, respectively. The “heavy hadrons” contour includes charm and
bottom hadrons, and the red contours correspond to all other hadrons. Among them, we
explicitly show the dominant branching fractions into 777~ 7%, and kaon pairs KK =
KT*K~+ KsK;. Here we assume loop-induced couplings of the bosons to charged leptons of
the first two generations of size g, = gy (e/4m)%. The relevant contour for boson decays into
ete” or utu~, shown in the left panel, has been multiplied by a factor of 1000 for visibility.

The DM is taken to be a scalar, with the decay width given in Eq. (8.2.11).

dard by which to judge the sensitivity of collider searches. These have been determined in
the U(1) 5 model with fixed o, = 0.5 in Ref. [398]. Here we determine, for the first time, the
thermal targets for the U(1)p model with fixed @), and for the U(1)p_3, model described
above.
The dark matter annihilation cross section can be written in the standard resonance
form,
16m (2sy +1) s 'y (s) Tsm(s)

ann = , 8.2.12
Tan(s) = £ 532 (25 +1)? (s — mi )%+ mi T ( )

where 3, (s) = (1 —4m?2/s)"/% sy =1, s, = 0, and Ty, (s) and T'syi(s) are the partial decay

widths for V' decaying into dark matter and SM particles, respectively, with the replacement

mv—>\/§.
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The thermally-averaged cross section is, then, [457]

e Sz V/5(5—4m3) T (8) K1 (v/5/T) ds
2 8mATKZ(my/T) ’

(Cann¥) = (8.2.13)

where v is the relative velocity of the annihilating dark matter particles, and K; is the
modified Bessel function of order 7. To determine the thermal target regions of parameter
space, we require

(Camnt) =4 x 1072 cm® 571 | (8.2.14)

which reproduces the observed DM relic abundance for the masses we consider [458].

The thermal targets are presented below in Figs. 45 and 46. Their shapes can be under-
stood as follows. In the U(1)p_3, models, annihilation to tau neutrinos is allowed throughout
the my range. The thermally-averaged cross section has the parametric dependence

4 M2 2
s @ Koo,
2 2
my, my,

(Gann¥) ~ : (8.2.15)

and so in the (logmy,loggy) plane, the thermal targets have slope 1 for the models with
fixed a, shown in Fig. 45, and slope 1/2 for the models with fixed @), shown in Fig. 46. The
discrepancy between the complex scalar and Majorana fermion cases results from the fact
that in the complex scalar case, there are both DM and anti-DM particles, whereas in the
Majorana case, DM is its own anti-particle, which impacts the annihilation rate through the
parameter x’s appearance in Egs. (8.2.12) and (8.2.13).

For the U(1)p models, the thermal target slopes are similar to those for the U(1)p_3,
models for my 2 1 GeV. The required couplings gy are greater because the annihilation to
tau neutrinos is absent. As my drops below 1 GeV, the cross section to hadrons decreases
rapidly, and without a large leptonic annihilation channel, the required gy increases rapidly
to maintain a fixed (o.u,v). This continues until my drops below m,, at which point all
hadronic channels shut off, and only the loop-suppressed annihilation to light leptons is
allowed. The curve moves further up for masses my /3 = m, < m, where only the high

velocity tail of the thermal DM population can annihilate into electrons, which needs to be
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compensated by a larger coupling. However, even though only a small fraction of DM can
annihilate into electrons, this is still more efficient than the annihilation into 3 photons. The
latter process, xx — 37 [459,460], was found to be negligible for our study.

The resonance structure seen in all cases arises from resonant mixing of the dark gauge
boson V' with the SM vector mesons p, w, and ¢. In the case of DM annihilation, these reso-
nances occur at masses 2my /3 = 2m,, = m,, 4., whereas for V' production, these resonances

occur at my = my .-

8.2.4 Existing Constraints

Light hadrophilic mediators have a rich phenomenology, giving rise to constraints from pre-
vious searches, as well as search opportunities at FPF experiments. Below, we summarize
the various laboratory experimental constraints on light hadrophilic gauge bosons following
the discussion of Ref. [461]. The resulting limits are shown in Figs. 45 and 46 as dark gray

shaded regions.

Invisible Mediator Decays The focus of this study are hadrophilic mediators with a siz-
able branching fraction into dark matter. This decay leads to missing energy signatures
which have been searched for by various experiments. The most sensitive constraints
have been obtained by the search for the decay 7° — vV at NA62 [462] and LESB [463];
the search for the decay 7°, 7,7 — vV at Crystal Barrel [464]; the search for the decay
Kt — 7tV at E949 [465] as discussed in Ref. [384,466]; the search for the mixing
induced invisible decays of the J/W¥ by BES [467] and the T by BaBar [468] as dis-
cussed in Ref. [384]; and the monojet search pp — V + jet at CDF [469] as discussed
in Ref. [470].

Visible Mediator Decays If the couplings of the hadrophilic mediator to the SM and dark
sector have similar size, decays into visible final states are possible. If the coupling

is sufficiently large, the decays of the mediator occur promptly in the detector and
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can be searched for via a bump hunt. Bounds have been obtained by the search
for the decay 7 — Vv — 7%y at GAMS-2000 [471] and the search for the non-
electromagnetic contribution to the decay Y(15) — jj by ARGUS [472], as discussed
in Ref. [473]. In addition, there are bounds from searches for displaced decays of LLPs
from NuCAL [474].

DM and Neutrino Scattering The hadrophilic mediator is copiously produced in beam
dump experiments. The decay V — xx* then leads to a dark matter beam. The
MiniBooNE collaboration has searched for the scattering of x in their downstream
neutrino detector [475,476]. Recently, even stronger bounds on coherent scatterings of
leptophobic DM have been obtained with the Coherent CAPTAIN-Mills (CCM) liquid
argon (LAr) detector [477]. Similarly, the decay V — 1,7, leads to an increased tau
neutrino flux, which can be constrained using measurements from DONuT [172], as

discussed in Ref. [461].

Indirect Probes A hadrophilic mediator can also be constrained indirectly through its
contribution to the low-energy neutron-lead scattering cross section [478], as discussed
in Ref. [479]. Additionally, a new gauge boson with couplings to tau leptons can be
constrained by the measurement of the Z — 77 decay width at LEP [173], as discussed

in Ref. [480].

In addition, there are other constraints that are somewhat more model dependent. These
are the anomaly constraints and the constraints from neutrino NSIs, which are shown as light

gray shaded regions in Figs. 45 and 46, and which we now describe:

Anomaly Constraints As mentioned above, the dark vector boson in the U(1)g model
couples to a non-conserved SM current. Invisible decays of such a vector boson are then
constrained by enhanced bounds from missing energy searches in rare Z decays and
flavor-changing meson decays K — 7V and B — KV. We implement them following

Refs. [439,440], assuming that anomalies associated with the new gauge group are
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canceled by heavy fermions that do not receive masses from electroweak symmetry
breaking. If these anomalies were canceled by fermions with Yukawa couplings to the
Higgs, the invisible decay constraints would not apply, but there would be severe LHC

constraints on the additional fermions.

Neutrino NSI For the U(1)p_3, model, additional constraints arise from studying neutrino
oscillations, both in vacuum and in the matter background of the Sun and Earth.
These have been precisely measured by a variety of neutrino experiments. A global fit
to these neutrino oscillations measurements simultaneously constrains the oscillation
parameters and NSI between neutrinos and matter. We present these bounds following
Ref. [481]. We note, however, that these constraints are model dependent and could

be weakened in the presence of additional new physics.

Direct Detection Further bounds on hadrophilic DM can arise from direct detection (DD)
searches [384]. These, however, depend sensitively on the detailed structure of the DM
interaction and do not apply to Majorana DM and to inelastic scalar DM if the mass gap
between the dark species is large enough to suppress upscatterings of non-relativistic
DM particles. We stress this in the following when presenting the current DD bounds on
spin-independent DM-nuclei scattering from the CRESST-III [484], DarkSide-50 [485],
and Xenon 1T [356,486] experiments. We show these bounds assuming that 2, h? ~
0.12 [487] in the entire reach plot and that a non-standard cosmological scenario affects
the DM relic density for points in the parameter space away from the thermal target

lines.

Cosmology & Astrophysics Further indirect probes arise from possible contributions of
light dark vector bosons to the number of relativistic degrees of freedom in the early

Universe, ANqg. We present them below following Refs. [488,489]. Additional bounds

4An alternative study, which obtained slightly stronger constraints, was performed in Ref. [482] using the

global fit results obtained in Ref. [483].
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could arise from an enhanced supernova cooling rate of SN1987A, as discussed, for
example, in Refs. [490-496]. Such constraints typically probe very small couplings
outside the regions of interest for this study. In addition, they are also dependent on
a number of astrophysical assumptions, which may weaken the constraints or possibly
even remove them altogether; see, e.g., Ref. [497]. In the following, we do not show
these bounds explicitly in our sensitivity reach plots, as a detailed study for the models

considered here is beyond the scope of our analysis.

8.3 Detectors

We perform our analysis for the on-axis far-forward detectors that will operate either during
LHC Run 3 or the HL-LHC era. In the latter case, we focus on the proposed FPF, which
begins at a distance L = 620 m away from the ATLAS Interaction Point [39]. In particular,
we study the expected future sensitivity of the 10-tonne emulsion detector FASERv2, a
proposed successor to the FASERy experiment that will take data during LHC Run 3 [9,
170], as well as the 10- and 100-tonne fiducial mass liquid-argon time projection chamber

(LArTPC) detectors FLArE-10 and FLArE-100 [25]. The relevant detector geometries are

FASERv2: A=2m, Sr=(0.5mx0.5m),
FLArE-10: A=7m, Sr=(1mx1m),
FLArE-100: A=30m, Sr = (1.6 m x 1.6 m),

where A is the length of the detector, and S7 denotes its transverse size.

Both types of detectors have excellent capabilities to reconstruct the low-energy nuclear
scattering signals created by both neutrinos and hadrophilic DM, and also to disentangle DM-
induced events from the more energetic neutrino scatterings. For these searches, however,
it is also important that they be able to reject backgrounds induced by high-energy muons
that pass through the facility and interact with the surrounding rock and infrastructure. To

veto these muons, it is highly beneficial to collect time information about the events. In the
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case of FASER»2, this would likely require interleaving the emulsion layers with additional
electronic detectors. For FLArE, on the other hand, the required time resolution can be
more easily obtained by employing an additional light collection system; see Ref. [25] for
further discussion.

Throughout this chapter, we use the neutrino fluxes for the FPF as presented in Ref. [264].
These fluxes were obtained using the event generator SIBYLL 2.3d [268-271] as implemented
in CRMC [195] to simulate the primary collision, and the fast neutrino flux simulation presented
in Ref. [21] to model the propagation and decay of long-lived SM hadrons in the forward
LHC infrastructure.

In addition to the aforementioned scattering detectors, we will also present sensitivities
for the LLP signature of the vector boson mediator decaying to visible SM final states. To
this end, we will focus on FASER [176,177] and FASER2, cylindrical detectors with length
A and radius R, where [181]

FASER: A=15m, R=10cm, £=150fb"",
FASER2: A=5m, R=1m, L=3ab'.
FASER will take data during LHC Run 3 and will be positioned in the far-forward region
at a distance L = 480 m away from the ATLAS IP. For FASER2 we assume the relevant
parameters for the HL-LHC era and the FPF location. Above, we have also provided the
relevant integrated luminosities. The multiple collisions that occur in each bunch crossing
(pile-up) are accounted for in determining the flux of V.

Throughout the study, we assume perfect detection efficiency for all the events that pass
the selection criteria. The probability of passing such criteria depends on the geometrical
acceptance of the detectors, energy and other kinematic cuts, as well as on the final state
interactions inside the nucleus that we take into account in the case of the elastic scattering.
We discuss the relevant cuts for different signatures below.

We will also include in our plots the expected sensitivities of the SNDQLHC detector [258]

to DM scattering in the U(1)p model, as determined in Ref. [28]. For the elastic DM
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Signature DM DIS DM Elastic v NC DIS v+ CC DIS LLP decays

Section Sec. 8.4.1 Sec. 8.4.2 Sec. 8.4.3 Sec. 8.4.4 Sec. 8.4.5
Models U, U)B—37 U()p, U)B—3+ U(l)p—3r U(l)p—3r U)p, U()p—3~
Production pp — V — xx pp — V — xx pp — Dg — vr pp =V = vr0r pp =V

q v q v, p

q 7

Detection

X X v T
| w
P P N X
2 2
6 2 4 6 2 4 4 2 2 4
Rate scales as QVQX ~ gy oy gVQX ~ gy oy 9v 9y gye IV™V or 9v
Background v N—o>v X vp—>UvDp v N—ov X Ds = vrT None

Table 13: The signatures studied. In the first three rows, the name of the signature, the
subsection in which it is discussed, and the relevant new physics models are given. In the 4th
and 5th rows, we show the Feynman diagrams for some example production and detection
processes, respectively. The production processes shown are not necessarily the dominant
ones. The 6th row shows the dependence of the signal rate on the model parameters, and

the 7th row lists the dominant SM backgrounds.

scattering signature, this analysis assumed that backgrounds from muon-induced hadrons
and photons can be rejected and that the number of neutrino-induced events can also be
suppressed to a negligible level. In the DIS regime, the analysis estimated that pure neutrino-
induced backgrounds could be reduced to O(1000) events, and the sensitivity curves were

taken to be N = 100 DM signal event contours.

8.4 Signatures

The hadrophilic models we are considering produce a diverse array of new physics signatures.
These are shown in table 13, where we list which models are relevant for each signature, the
dominant production and detection processes that determine the signal rates, the dependence

of these rates on the model parameters, and the dominant SM backgrounds. As can be seen,
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the FPF experiments will be sensitive to direct signals generated by both the dark vector

boson and DM, as well as to neutrino-induced signals. We now discuss them all in detail.

8.4.1 DM Deep Inelastic Scattering

We first consider DM DIS off nuclei, YN — xX. At large momentum transfer, DM DIS
produces a significant hadronic recoil with multiple charged tracks. The main background
is SM neutrino NC interactions. Due to the light mediator, DM scattering prefers lower mo-
mentum transfer than the neutrino background, which proceeds through Z-boson exchange.
Our discussion of this signature closely follows that in Ref. [264].

The differential cross section for complex scalar DM DIS in the models of Sec. 8.2 is given
by

do(xN — xX)
dx dy

2mpEX "
(Q% 4+ m?,)?

= 4o, oy

D (L —y)[efy(z, Q) + 2 fs(z, Q)] , (8.4.1)

q=u,d,s,c

where z is the parton momentum fraction, y = 1 — E}, /E, is the fraction of the incoming
DM energy transferred to the nucleon in the lab frame, Q* = 2m,FE,xy is the squared
momentum transfer, and f, is the quark parton distribution function. We use the nCTEQ15
parton distribution functions [191] for tungsten and argon and integrate Eq. (8.4.1) requiring
Q? > 1 GeV? to obtain the expected numbers of DM DIS events in the FPF detectors. We
also require the energy transferred to the hadronic system to be 1 GeV < Fj.q < 15 GeV,
where Fhn,g = yF,, and the total transverse momentum of the recoiling hadrons to be
1 GeV < prhaa < 1.5 GeV, where p%had = Q*(1—y). For the background, we calculate the
expected numbers of neutrino NC scattering events satisfying the same cuts on Q?, Faq,
and pf.4. Our cuts favor softer hadronic recoils, eliminating much of the neutrino NC
background. Our projected sensitivities assume perfect detector efficiency and consider only
statistical uncertainties. A previous study [264] of DM DIS at FLArE found that some
experimentally motivated cuts did not have a large effect on the signal, but a full study

remains to be performed.
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8.4.2 DM-Nucleon Elastic Scattering

The light DM particles produced in the far-forward region at the LHC can also be discovered
via their elastic scatterings with nucleons, which lead to single proton tracks visible in the de-
tector. We treat this signature following Ref. [264], in which we have also studied the relevant
neutrino-induced backgrounds. In particular, when presenting the sensitivity contours, we
require the momentum of the outgoing proton to be within the range 300 MeV < p, <1 GeV
in FASERv2, and for FLATE we require p, < 1 GeV and the proton’s kinetic energy to sat-
isfy Ey, > 20 MeV. We also reject events in which other visible tracks emerge from the
vertex. After these cuts, we expect ~ 100, 1000, and 300 background events during the
entire HL-LHC run for FLArE-10, FLArE-100, and FASER»2, respectively.

The elastic scattering cross section for the complex scalar DM interacting with the neu-

tron or proton via the hadrophilic gauge boson is

do(xp = xp) _ dmayayQ® E X {A(Qz) + <ﬂ—i) 2[(FEN)2+T<F2€N>2] }7

dQ? (B2 —m2)(m3, + Q2 Q 4dmy

(8.4.2)
where Q% = 2my (Ex—my) is the squared four-momentum transfer in terms of the nucleon
mass my (N = n,p) and the outgoing nucleon energy Ey, and E, corresponds to the
incident DM energy. The term proportional to A(Q?), which contributes negligibly to the

cross section at high energies, is given by

1, - - m;
AQ*) = 1 (FPy + Foy)? (7' + #) : (8:4.3)
p

with 7 = Q?/(4m). In contrast to the case of a vanilla dark photon mediator, the neutron

and proton form factors are identical in this case and given by

_ 1+(Up+#n)7_

FPy(@?) T Gn(@) (8.4.4)
. L —1
Fn(Q%) = % Gp(Q?), (8.4.5)

where 1, = 2.793, p, = —1.913, and Gp(Q?) = (1 + Q*/M?)™% with M = 0.843 GeV.

The differential elastic scattering cross section becomes form-factor suppressed at large mo-
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mentum transfers, and the total elastic cross section is dominated by the contribution from
Q> <.

In the following, we include scatterings off both protons and neutrons. For protons, we
include the efficiency factors ~ (50 — 70)% related to the final-state interactions (FSI) of
protons, as in Ref. [264]. For neutrons, we include similar efficiency factors in the range
(15 — 30)%, which have been obtained as a function of the outgoing neutron momentum
by studying neutrino interactions in GENIE [23,24]. In this case, the neutron re-scatterings
inside the nucleus can lead to an outgoing proton with momentum within the aforementioned
cuts and with no other detectable tracks. We find that scatterings of DM off neutrons can

contribute up to 25% to the total elastic event rate.

8.4.3 Enhanced Neutrino Neutral Current Scattering

When a new mediator couples to neutrinos, NC scattering vN — v X receives an additional
contribution from the mediator. The signature is identical to that for DM DIS. However,
as NC scattering depends only on the couplings of the mediator to quarks and neutrinos,
there is no dependence on m,, or (), unlike the case of DM scattering. In particular, for the
B — 37 mediator, the total v, NC cross section becomes

do(vN—vX) myk, "
dz dy  Arw

S A [afy(2, Q) + (1 — y)* folz, Q)]
q=u.d,s,c (8.4.6)

+e [2(1 =) fol2, Q%) + afolz, Q)] },

where

1 (Q.Q)
Qb

Here gy is the SM weak coupling, g, = %, and g, 1 =

B (QW gu,L) (QW gq,L/R)
CL/R = 2 2 oy T
cos?Ow (Q? +m7)

(8.4.7)

% — %sin29w for up-type quarks and

—% + %sinzﬁw for down-type quarks. The second term in ¢y, g is the contribution from the
new B — 37 mediator with charges Q, = —3 (3) for v; (7;), and Q, = 5 for all quarks. The
interference term is proportional to @),(,, and so carries opposite signs for v, and v, NC

scattering [498]. At the FPF where we expect almost equal fluxes of v, and r,, this implies
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a small contribution from the interference term after cancellations. Nevertheless we use the
complete expression above in our analysis.

For small my, the BSM contribution to NC scattering prefers low recoil energy, similar
to DM DIS and unlike the weak boson-mediated SM process, whose cross section grows with
momentum transfer. We calculate the number of additional NC events expected at the FPF
with Eq. (8.4.6), using the same parton distribution functions and minimum Q? cut as in
Sec. 8.4.1. Because of the small relative flux of tau neutrinos compared to muon and electron
neutrinos, the impact of the light mediator on the total NC cross section must be significant
to provide a sizable effect relative to the SM NC background.

In testing whether an excess of NC events is observable, we consider only statistical
uncertainties and neglect systematic uncertainties. For simplicity, we also assume perfect
detection efficiency for NC interactions; the inclusion of realistic detection efficiencies [266]
would not substantially change the positions of the limits from excess NC events in Figs. 45
and 46, relative to the other signatures that we consider. We note that the main systematic
uncertainty in the NC cross section measurement, the neutrino flux, can be constrained by
measurements of charged current (CC) interactions. We find a statistically significant effect
from the BSM contribution to NC scattering when the coupling to mass ratio of the new

interaction is comparable to that of the weak interaction, gy /my = gw /mw ~ 1072 GeV L.

8.4.4 Excess of Tau Neutrino Flux

In the case of the gauged B — 37 scenario, the hadrophilic mediator decays into tau neutrinos
with a sizable branching fraction.” As discussed in Ref. [461], this opens another opportunity
to probe this model via their contribution to the LHC tau neutrino flux. In the SM, tau

neutrinos are mainly produced via D, — v7 and subsequent 7 decays, which occurs in

®Additional v, flux can be produced via V decays into tau leptons for my > 2m,. However, the

corresponding expected sensitivity lies in a region of parameter space that is already excluded, as shown in

Sec. 8.5.

172



roughly one in 10° collisions at the LHC. This means that even rare BSM processes could
lead to sizable contributions to the tau neutrino flux. The relevant detection channel in this
case is via v, CC scatterings off nuclei. The displaced decays of the outgoing boosted tau
lepton must then be identified in the detector, requiring excellent spatial resolution.

An important issue that arises when searching for signs of new physics is the large un-
certainty on the normalization of the SM tau neutrino flux [21,283]. Although future efforts
are expected to reduce these uncertainties, we will follow a different approach. In contrast
to tau neutrinos from charm and tau decays, which have a broader angular spread, tau neu-
trinos from light mediator decays are more centered around the beam collision axis. In this
study, we use this feature and perform a shape analysis of the v, angular distribution, which
does not rely on knowledge of the neutrino flux normalization. We focus on the FLArE-
10 design, whose 1 m x 1 m cross sectional area is sufficiently large to capture this effect.
More precisely, we define five concentric rectangular bins centered around the beam colli-
sion axis and corresponding to the distance between d and d + 10 cm away from it, where
d = 0,10,20,30,40 cm. In practice, the most important contribution to the BSM-induced
excess of ;s is from the two most central bins, i.e., at distances up to d < 20 cm away from

the beam collision axis.

8.4.5 Visible Decays of the Dark Vector Boson

In the following, we study the decay signature using the FORESEE package [453] with the
lifetimes modeled with DarkCast [455] and the spectrum of light hadrons obtained from
EPOS-LHC [193]. We assume 100% detection efficiency for all visible final states. We
present the results for both FASER and FASER2. In the analysis, we require the total
energy of the visible products of the vector boson decays to be at least 100 GeV. This cut
has a minor impact on the BSM signal events, but suppresses possible SM backgrounds to a
negligible level [176,177]. Visibly decaying dark vector bosons could also appear in secondary

production processes due to DM scatterings occurring right in front of or even inside the
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detector [184]. We neglect the impact of such processes below, as we do not expect them to

improve the sensitivity reach of the FPF detectors in the models under study.

8.5 Results

In Fig. 45, we present the results of our analysis for both the U(1)p and U(1)p_3, models
in the (my,gy) plane. In the plots, we fix the DM coupling to a,, = 0.01 and 0.5 in the
upper and lower panels, respectively, and we keep a constant mass ratio between the dark
sector particles, my = 3m,. In dark gray, we show the existing constraints, as discussed
in Sec. 8.2.4, while the black solid (dashed) lines correspond to the relic density targets for
the complex scalar (Majorana) DM. We stress that, although the anomaly bounds, shown
in light gray in the left panels for the U(1)p case, can be avoided in modified versions of this
simplified scenario, this often leads to further constraints due to additional couplings of the
dark vector bosons that are introduced in the model to make it anomaly-free. An example
is shown in the right panels for the anomaly-free U(1)g_3, model, where the NSI constraints
cover a good portion of the parameter space shown in the plot.

In Fig. 45, we also present the expected 90% CL exclusion bounds in searches for DM
scatterings off nuclei in the elastic (dark red) and DIS (light red) channels for FLArE-10
(solid), FLArE-100 (dash-dotted), and FASERv2 (dotted). As is clear from the plot, the
elastic scattering probe is stronger for light DM and mediator masses below 1 GeV, which
favor interactions with low momentum exchange. For my 2 1 GeV, the elastic scattering
rate is suppressed by the form factor and the cut on the outgoing proton momentum p, <
1 GeV. In this higher mass range, the search based on DIS processes provides the best reach.
For comparison, we also show the expected reach of the SNDQLHC detector [28] with the
assumptions noted in Sec. 8.3.

For the U(1) 5 model with fixed o, = 0.01 shown in the upper left panel of Fig. 45, we
expect that future searches at the FPF will cover almost the entire remaining allowed region

in the parameter space above the Majorana and complex scalar relic target lines, in which
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DM is not thermally overproduced in the early Universe. This corresponds to vector boson
masses between 1 and 3 GeV. For the simple complex scalar DM model, additional stringent
bounds for m, 2 200 MeV can arise from past DM DD searches, which are indicated in the
plots by the very light gray shaded regions and cover the region within the sensitivity of
FLArE and FASER»2. However, these limits can be evaded in the inelastic scalar DM case
and are not relevant for Majorana DM. For lower masses, (a few) MeV < my <1 GeV, the
expected FLATE and FASERv2 bounds extend beyond current constraints from the CCM,
MiniBooNE, and NA62 experiments. Here, the searches at the FPF would probe regions in
the parameter space that are otherwise partially excluded only by anomaly-induced rare K
and Z decays.

Next, we consider the U(1)p_3, model with fixed a,, = 0.01 shown in the upper right
panel of Fig. 45. Since the model is free of gauge anomalies, the stringent constraints from
rare Z and meson decays present in the U(1)g model are absent in this case. On the other
hand, the additional bounds from neutrino NSI cover much of the model parameter space.
Nevertheless, we observe that the FPF detectors can still explore a portion of the currently
allowed parameter space, especially in the w and ¢ resonance regions, my ~ m,,, my, and the
corresponding part of the relic target line for complex scalar DM. In this model, additional
sensitivity arises from dark vector boson-mediated scattering of tau neutrinos in the DIS
regime; see Sec. 8.4.3. The relevant expected bounds, which are indicated by the light purple
lines in the plots, impact parameter regions that are already excluded by past searches.
We note that the actual exclusion bound in the DIS channel should be derived using the
combined excess signal rates for both DM and BSM neutrino scatterings over the expected
SM backgrounds. Instead, in the plot, we have presented the expected bounds for each
separately to allow for independent discussion of the impact of different new physics effects.

For larger values of o, the relic target lines shift downwards relative to the FPF sensi-
tivity contours from DM scattering. This is dictated by the different parametric dependence

of the annihilation cross section and the number of DM scattering events in the FPF ex-
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periments on the coupling constants, (ov) ~ g&a, and Ne ~ gpay, respectively. As a
result, in the lower panel of Fig. 45 obtained for o, = 0.5, we observe that both FLArE and
FASER»2 will only partially cover the thermal target lines for the U(1)p model. Instead,
in the U(1)p_3, case, they will typically probe regions in the parameter space predicting
subdominant fractions of thermally-produced y DM.

Thus far we have considered scenarios in which the vector boson mediator couples much
more strongly to DM than to SM particles, @), > 1. In Fig. 46 we consider the different
scenario in which the vector boson mediator couples with comparable strength to complex
scalar DM and SM particles, with @, fixed according to Eq. (8.2.9). As can be seen, for
both the U(1)p and U(1)p_3, models, FLArE-10 can cover the entire relic target line in a
wide vector boson mass range between 1 MeV and 10 GeV. As in the previous scenarios
depicted in Fig. 45, significant portions of these regions are already constrained by either
anomaly-induced or NSI bounds, as well as by the other past searches indicated in the plots.
However, we emphasize that for the case of inelastic scalar DM in the U(1)p model, to
which DD constraints do not apply, FLArE-10 will be able to test an interesting open region
of parameter space for vector boson mass of order several GeV that is consistent with the
observed DM abundance.

Fig. 46 also highlights the rich phenomenology present in scenarios with comparable
DM and SM couplings to the vector boson mediator. Along with the scattering searches
relevant for DM and BSM neutrino interactions, additional prospects arise at very small
couplings from FPF searches for visible decays of the long-lived vector boson mediator; see
Sec. 8.2.2. In particular, for my between several hundred MeV and a GeV and coupling
1078 < gy < 1075, such displaced decays into visible final states, primarily light hadrons,
can be detected at both FASER and FASER2. The dominant branching fraction in this case

U7t 7=, which leads to a striking signature consisting of a photon pair

is into three pions, 7
accompanied by two oppositely charged tracks.

We present the relevant expected 90% CL exclusion bounds on LLP decays for FASER
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(dark blue) and FASER2 (light blue) in the plots. These correspond to the region of param-
eter space with my ~ m,, or my. Here, both the dark vector boson production via proton
bremsstrahlung and its decay branching fractions into light hadrons are enhanced. The ex-
pected exclusions shown in the plot are bounded from below by the production rate of the
dark vector bosons being too low, and from above by the V' lifetime being too small for the
boson to decay in the detectors. In the U(1)p model, further sensitivity at FPF experiments
can be obtained for my < 10 MeV due to loop-induced dark vector boson decay into an
ete™ pair. This scenario is, however, already constrained by the past beam-dump search in
NuCal and by the anomaly-induced bounds.

Last but not least, in the U(1)p_3, model, further constraints arise due to the dominant
dark vector boson decays into tau neutrinos. These can generate an excess flux of v,s over
the expected SM production rates, which can be detected via their CC scatterings in the
detector, as described in Sec. 8.4.4. The corresponding expected sensitivity is indicated by
the green contour in the right panel of Fig. 46. For my < 2 GeV, this sensitivity is greater
than from the DM and BSM neutrino searches. In particular, it allows one to constrain
the currently allowed region of the parameter space of the model close to the w- and ¢-
resonance regions. In this case, the increased flux of v,.s could also further contribute to
the aforementioned NC DIS signal rate due to BSM tau neutrino interactions. To isolate
the impact of various new physics effects, we do not take this into account when presenting
relevant expected bounds, which should thus be considered conservative. We stress that the
dominant expected bound in the corresponding region of the parameter space is, in any case,

due to excess CC v, scatterings.

8.6 Conclusions

While the ability of the LHC to search for TeV-scale DM is well known, recently proposed
dedicated experiments at high rapidity can significantly enhance the potential of the LHC

to probe light DM. Beyond the minimal portal extensions of the SM that allow for light DM
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and an associated mediator, new gauge groups represent a well-motivated class of possible
dark sector models. In this chapter, we have explored the use of the FPF to study such U(1)
theories leading to hadrophilic dark sectors. In particular, these remain beyond the reach of
experiments focusing on BSM electron couplings, while they can more straightforwardly be
studied at the LHC.

The suite of FPF experiments provides a comprehensive set of tests of these theories
in different regions of parameter space. DM produced in pp collisions can scatter in the
FASER»2 and FLArE detectors through the new light vector boson; we have considered both
elastic and deep inelastic scattering. Furthermore, if the mediator has a significant decay
branching ratio to SM states, the FASER2 LLP detector can search for the visible decay
products. In fact, already at Run 3, the FASER detector will begin to test hadrophilic U(1)
theories at couplings substantially lower than existing bounds. These hadrophilic models

therefore motivate near-term searches at FASER for new LLP signatures
V =1y, a7, K"K, KgKy, | (8.6.1)

which are not motivated by dark photon models for FASER in Run 3. Finally, if neutrinos
are also charged under the new gauge symmetry, additional signatures are possible in the
scattering detectors. We have demonstrated that with a symmetry under which tau neutri-
nos are charged, the v, flux and NC cross section are both enhanced, leading to potential
deviations in v, CC and NC scattering rates.

These results for U(1)z and U(1)p_3, models should be considered as illustrative of the
complementarity of forward LHC experiments in searching for light dark sectors, particularly
between LLP and scattering detectors. In both of these theories, the FPF can test broad
regions in the coupling-gauge boson mass plane, including significant expanses over which
the observed DM relic density could be obtained through standard thermal freezeout. For
our benchmark scenario with scalar DM, my = 3m, and low values of the dark charge @),
given by Eq. (8.2.9), FPF searches can probe well below the thermal relic target lines in

each model for nearly all gauge boson masses between 1 MeV and 10 GeV. Throughout our
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results, the strongest searches tend to be those based on DM elastic scattering and DIS,
with distinct additional reach possible from LLP searches when the mediator can decay to
SM final states. For the B — 37 model, searches for an increased v, flux would also test new
space.

The models that we have studied face strong indirect constraints, notably from rare
invisible decays and neutrino oscillations, but we emphasize that FPF searches can test
couplings that are smaller than these formidable existing bounds. In addition, in the GeV
mass range, these searches provide constraints that are complementary to those from spin-
independent DD, the latter only being applicable in the case of elastic scalar DM.

Though we have chosen to focus on two possible gauge groups with a handful of coupling
and mass assumptions, the general interplay between the DM scattering, LLP and neutrino
searches is likely to persist for other theories and parameter choices. To determine the gain
provided by the FPF in a particular theory, the reach of these searches must be compared
against those from other bounds. As we have seen, U(1) theories that are not anomaly-free
typically face rare meson decay constraints, while those with nonzero lepton charges can
encounter NSI bounds. For models with couplings to 1st and 2nd generation leptons, addi-
tional limits from beam dump and neutrino experiments would likely need to be considered
as well.

Forward LHC detectors offer a distinct perspective on light hidden sectors, allowing for
searches for light DM and its associated mediators in an otherwise inaccessible kinematic
regime. The results here underscore the utility of different types of forward detectors, as
could be provided at the FPF. The multi-pronged approach to uncovering physics beyond
the SM that is enabled by such a facility, along with other uses such as measurements of SM

neutrino interactions and tests of QCD, bolsters the physics case for the FPF.
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Figure 45: The (my, gy) parameter space of hadrophilic DM models with U(1)p (left) and
U(1)p_3, (right) gauge boson mediators coupling to complex scalar DM, for dark matter
coupling a,, = 0.01 (top) and 0.5 (bottom), and my = 3m,. The black contours are the
thermal relic targets for complex scalar and Majorana DM; DM is thermally overproduced
below these contours. The light (dark) red lines correspond to 90% CL exclusion bounds
from DM DIS (elastic) scatterings off nuclei for FLArE-10, FLArE-100, and FASER»2, as
indicated. The dotted brown contours are the sensitivity contours for SNDQLHC [28]. In
the right panels, the light purple contours are the projected sensitivity contours from probing
the V-induced BSM NC interactions of tau neutrinos. In both panels, the dark gray shaded
regions are excluded by current bounds. The light gray shaded regions in the left (right)
panels correspond to the anomaly-induced K and Z decays (NSI bounds). The very light
gray shaded regions are constraints from DM DD; these do not apply to Majorana and

inelastic scalar DM (see Sec. 8.2.4).
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CHAPTER IX
Conclusion

There is a growing body of evidence to go beyond the SM to explain nature. This
comes in the form of many experimental observations, anomalies, and also from theoretical
considerations. The search for BSM physics is the focus of this dissertation. Here we have
adopted a phenomenological approach where we test well motivated BSM theories in new
settings; this can be in newly proposed experiments, Chapters IV to VIII, or new ways to
study the results coming from existing experiments, Chapters II and III. In each chapter we
had presented the new model we wanted to explore, the experimental requirements, expected
signature in the detectors, as well as the analysis and results. We now briefly summarize
these conclusions.

In Chapter II, we look at the Yukawa coupling between the Higgs boson and the top
quark, work done in Ref. [499]. The unprecedented precision that the HL-LHC era offers
makes this study promising. Working within the SMEFT framework we focus on Oy, and
O,a, two dimension 6 operators that contribute to the tth process. We also consider a general
expression for the Higgs-top form factor. The new physics effects can be enhanced in the
boosted Higgs regime and combining this with jet substructure techniques allow us to place
tight constraints on the Wilson coefficients, and hence the scale of the new physics. We
show that we can probe the Oy operator up to A/, /¢y ~ 1.0 TeV, and Oy operator up to
A/y/aa = 2.9 TeV. Depending on the exact form of Higgs-top form factor, the HL-LHC is
sensitive to new physics up to A = 2.1 TeV (n=2), and A = 2.7 TeV (n=3).

In Chapter III, we continue our exploration of collider physics by focussing on top quark

and Z boson interactions [500]. The channels considered were ttZ and tZj/tZj processes
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where the angular moments (A;) of the Z boson decay products (I717) can be used to probe
the dynamics of this process. We first present the A; values for these processes at NLO in
QCD. Then within the SMEFT framework, we focus on operators that contribute to these
processes: Oz, Oy, Ogo which are CP conserving, and O/, which is CP violating. By
making use of the new A; observables, we were able to enhance new physics searches in
these channels. We demonstrated how the new physics scale could be probed up to ~ 0.5
TeV in each of the case. We also observed that certain A; coefficients are very sensitive to
CP violating operators like O, enabling one to open up otherwise blind directions in this
analysis.

In the remaining chapters, we look at the physics potential in the forward direction at the
LHC. Chapter IV focuses on the challenges facing neutral current neutrino interaction studies
at the FASERv detector [266]. Collider neutrinos are the most energetic neutrinos made by
humans and fall in the energy range between low energy lab experiments and astrophysical
sources. We use machine learning techniques to identify neutral current neutrino interactions
from their very similar looking neutral hadron backgrounds. By training neural networks on
kinematic information from each event, we were able to distinguish signal from background,
and also estimate the energy of the incoming neutrino. This is especially challenging as
there is missing energy in the final state, carried away by the neutrino. By identifying and
reconstructing these interactions, we can make a measurement of neutral current neutrino
cross section which can then be compared with the SM prediction. One can also recast this
cross section measurement to constrain neutrino non-standard interaction (NSI) which are
comparable with existing bounds from other experiments.

We continue exploring neutrinos at the LHC in the forward direction in the next two
chapters. SM neutrinos do not interact with photon at the tree level as it is electrically
neutral. But one can imagine BSM scenarios that may give the neutrino a non-zero magnetic
moment, millicharge, or charge radius. In Chapter V, we explore this possibility at FLArE

and FASERv2 detectors [501]. Introducing these electromagnetic properties for neutrinos
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induces couplings with photon. This modifies the neutrino interaction rates in the detector,
and with proper kinematic cuts we are able to constrain the electromagnetic properties of
neutrinos. The significant flux of tau neutrinos allow us to place the strongest lab based
bounds on tau neutrino magnetic moment and millicharge. For the muon neutrino charge
radius, we can probe values very close to the SM value. We also show that the weak mixing
angle can be measured to a 3% precision at an energy scale of 10 GeV. One can also introduce
a heavy neutral lepton that couples to the SM neutrino via a dipole portal, as presented in
Chapter VI [241]. Neutrinos can interact within the detector and up-scatter to these heavier
states. Due to the high energy of the incoming neutrinos, we can produce heavy states to
up to a GeV. This again modifies the interaction rates and can be used to place constraints
on the mass and coupling strength of heavy neutral leptons in the forward detectors.

The forward detectors at LHC can also serve as DM detectors. We first take up the dark
photon DM model in Chapter VIIT [264]. For DM with mass in the MeV - GeV range, it
is possible to dominantly produce dark matter in the forward direction for suitable values
of €, kinetic mixing. In such a scenario, the dark matter can leave scattering signatures in
the forward detectors. By looking at various scattering signatures; DM-e scattering, deep
inelastic scattering (DIS) etc., we place constraints in the M, vs. € plane and find that new
parameter space for these models can be probed by the forward detectors. Since the LHC
is a hadron collider, we also looked at hadrophilic models of DM, where the vector mediator
can have enhanced couplings to quarks but suppressed couplings to leptons. We consider
two such models with a U(1) g, and U(1)p_31, vector mediator in Chapter VIII [265]. Apart
from DM-e scattering and DIS signatures, the latter model can also result in other signatures
coming from an enhanced v, flux that can be used to probe new parameter space in these
hadrophilic models. Taken together, these neutrino and DM studies advertising the great

versatility and potential of the forward detectors at LHC.
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