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Abstract of the Dissertation

Searching for Dark Sectors

by

Yi-Ming Zhong

Doctor of Philosophy

n

Physics

Stony Brook University

2016

The existence of Dark Matter suggests the presence of a dark sector, consisting of particles
neutral under all Standard Model forces. Various “portals” can connect the dark sector to
the Standard Model sector. Two popular examples are the vector portal, which gives rise
to a “dark photon” (A’), and the Higgs portal, which gives rise to a “dark Higgs”. Such
dark forces appear in many well-motivated extensions of the Standard Model. In some cases,
they may resolve discrepancies between experimental data and theoretical predictions, such
as the muon anomalous magnetic moment. We show that dark sectors and forces can be
constrained from several novel probes in current and future experiments, including mono-
photon searches in low-energy positron-electron colliders, rare muon decays in the Mu3e,
and exotic Higgs decays at the Large Hadron Collider (LHC).

We first investigate the power of low-energy, high-luminosity electron—positron colliders to
probe dark sectors with a mass below ~ 10 GeV, which couple to Standard Model particles
through a low-mass dark mediator. Dark matter candidates in this mass range are well-
motivated and can give rise to distinctive mono-photon signals at B-factories and similar
experiments. We use data from an existing mono-photon search by BABAR to place new
constraints on this class of models, and give projections for the sensitivity of a similar search

at a future B-factory such as Belle II. We find that the sensitivity of such searches are more
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powerful than searches at other collider or fixed-target facilities for dark-sector mediators and
particles with masses between a few hundred MeV and 10 GeV. We compare our results to
existing and future direct detection experiments and show that low-energy colliders provide
an indispensable and complementary avenue to search for light dark matter.

We also find that dark photons with masses ~ 10 MeV-80 MeV can probed in the rare
muon decay process ut — etv.v,A’, A’ — eTe”, in the upcoming Mu3e experiment at the
Paul Scherrer Institute without modifying the experimental set-up. We show that the Mu3e
has an exciting opportunity to probe a large fraction of unexplored dark photon parameter
space, probing kinetic-mixing parameter, ¢, as low as 10~* by the end of the experiment.

The newly discovered 125 GeV Higgs boson is a scalar and has a small Standard Model
decay width. Hence it can easily decay to light dark-sector particles with sizable branching
ratios. We investigate several possible dark-sector searches at the LHC based on the exotic
decays of the Higgs. We also analyze in detail a possible decay to bbu*p~ via intermediate
scalar states. We find the branching ratio of the exotic Higgs decay can be constrained at
the few %1075 level across a wide range of mass for the intermediate scalars at the high
luminosity LHC.

Finally, we show a possible dark-sector interpretation of the recently reported 750 GeV
diphoton excess from the LHC 13 TeV Run, as the 750 GeV heavy resonance decaying to
light dark photons or dark Higgs bosons. Such decays may pass the photon selection criteria
and fake diphoton events. We investigate two scenarios where the 750 GeV heavy resonance
is a spin-0 or spin-1 particle and estimate the parameters of the models to explain the existing

€XCess.
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Chapter 1

Introduction

1.1 The Standard Model of Particle Physics and Its
Challenges

The Standard Model (SM) of particle physics is one of the greatest triumphs of 20th century
physics. One central idea underlying the development of the Standard Model of particle

physics is the principle of local symmetry.

1.1.1 Local Symmetry and the Standard Model

The marriage between particle physics and the powerful tool of local symmetry starts in
the early 20th century. Hermann Weyl, motivated by unifying general relativity and elec-
tromagnetism, first introduced the notion of a U(1) gauge field, A4,, in 1918 [1]. Since
then, particle physicists gradually embedded local symmetries into our understandings of the
strong, weak, and electromagnetic forces.! Important steps along the way includes Yang-
Mills theory of SU(2) interactions, Glashow-Weinberg-Salam SU(2) x U(1) theory of weak
interactions, Nambu-Goldstone spontaneous symmetry breaking mechanism, Brout-Englert-
Higgs mechanism, 't Hooft-Veltman’s proof of the renormalizability of SU(2) x U(1) theory,
Gell-Mann-Zweig SU(3) theory of quarks, and Gross-Wilczek-Politzer SU(3) theory of the
strong interactions. Based on the above theoretical breakthroughs as well as experimental
discoveries, by 1975 we realized the SM is essentially defined by the gauge symmetry group
SU(3). x SU(2), x U(1)y, where SU(2);, x U(1)y breaks into U(1)gym below the electro-

!However, as another prespect about the gauge theory, many theoretical physicists have been unsatisfied
with the redundancy in the gauge field and developed new formalism for quantum field theory. See e.g. [2]
and [3].



weak scale. The theory predicts the existence of the W, Z, and Higgs bosons, which are
later confirmed by CERN in 1981 and 2012.

1.1.2 Challenges to the Standard Model

By the mid of 1970s, the Standard Model of particle physics was mature and experimental
supporting evidence kept accumulating. However, we are sure that the Standard Model of
particle physics is not the end of the story. One clear piece of evidence is the discovery of
neutrino oscillations. It indicates that at least two out of three SM neutrinos are massive,
which contradicts the SM assumptions. Another piece of evidence is from the discovery
of the dark matter from rotation curve measurements in 1970s. It suggests that a large
portion of the matter in the universe is not explained the SM. Besides above problems,
the SM also fails the expectations from many theorists. The model has not yet achieved
the unification of the gauge symmetries, it does not explain why particles are ordered by
SU(3). x SU(2), x U(1)y structure. The description of its matter sector is disjointed from
the one of its gauge sector. The model fails to answer the Higgs hierarchy problem as well as
the origin of baryon asymmetry in the universe. Nowadays, we view the Standard Model as
an effective theory, rather than a fundamental description of nature up to the Planck scale.

In this section, we will briefly discuss challenges to the SM mentioned above, but leave

particle dark matter to a more detailed discussion to the next section.

1. Grand Unification: The SM unifies the electromagnetic force and weak force into
a single electro-weak force. But it leaves the strong force untouched. Therefore, it is
natural to ask if there is a single group structure that unifies the strong and electro-
weak forces at a high energy scale, and if there is a single group structure that unifies
the matter and force content of the SM.

2. The Higgs Mass Hierarchy: Quantum gravity suggests that the new physics exists
at the Planck scale, M, ~ 10" GeV, which is about ~ 10'° times greater than the
electro-weak scale. The Planck scale appears in the loop corrections of the Higgs mass
and makes its measured value, 125 GeV, extremely fine tuned. The unreasonable UV
sensitivity of the Higgs mass is denoted as the “Higgs hierarchy problem” or the “gauge

hierarchy problem”.

3. The Strong CP Problem: Quantum Chromodynamics (QCD) allows the CP-
violating terms G, G*", where G, is the SU(3) field strength, and the coefficient is

the so-called #-angle. In principle, the #-angle can be any value ranging from —7 to



+7. However, neutron electric dipole measurements indicate that |§] < 10710 — 107,

Why |0] is so small is called the “strong CP problem”.

4. Baryogenesis: The Universe today exhibits a large imbalance between matter and
anti-matter, which is not guaranteed from the underlying quantum field theory, unless
a baryogenesis process satisfies the Sakharov conditions: baryon number violation, C
and CP violation, and interactions out of thermal equilibrium. The SM is equipped
with CP violation in its weak interactions. However, it may be not large enough to

account for the large asymmetry.

5. Neutrino Mass: The SM assumes the neutrinos are left-handed particles with no
mass. However, the experimental evidence of neutrino oscillation (see review e.g. [4])
suggests at least two out of three neutrinos are massive. Questions about the neutrino
masses requires new physics beyond the SM, include whether the mass is Dirac or

Majorana and the origin of their tiny values compared to other SM fermions.

6. The Cosmological Constant Hierarchy: Observations of supernovae in late 1990s
firstly indicate our universe is expanding at an accelerating rate. Through the later
years, observations from cosmic microwave background (CMB), galaxy surveies, baryon
acoustic oscillations (BAO) confirms this fact. The source of the accelerated expansion
is unclear, and is denoted as “dark energy” (DE). Two proposed mechanism for DE
are 1) a cosmological constant and 2) a quintessence field, which can be partially
distinguished in future high-precision cosmological measurements. In the cosmological
constant scenario, the resulting cosmological constant from observation is ~ 10*2° times
smaller than the QFT estimation (~ M}). This extreme fine tuning is denoted as the
Cosmological Constant hierarchy problem. Note that the quintessence scenario does

not fully address this hierarchy problem.

7. The Cosmological Coincidence: From cosmological measurement, we learn 68% of
the mass-energy content of universe are described by dark energy, 27% are dark matter
and 5% are ordinary matter. Although people used to emphasise the small percentage
of ordinary matter, it is also remarkable to note that 1) the densities of matter and dark
energy today are at the same order-of-magnitude 2) the densities of dark matter and
baryonic matter today are at the same order-of-magnitude. In principle, the difference
in the three components can be much larger. Hence their rough equality raises the

cosmological coincidence problem.

Besides, SM has other problems such as SM flavor problem, which may also lead to new

insights of physics beyond the SM.



1.2 Particle Dark Matter

The concept of dark matter was proposed by astronomers in the early 1930s [5, 6] but ignored
for the next 40 years. The idea was resurrected in 1970s as an explanation for the anomaly
observed in the rotation curve measurements of galaxies, namely the rotational speeds of
stars does not decline as its distance to the center of the galaxy increases [7]. Since then,
evidence for dark matter, such as the bullet cluster and cosmic microwave background (CMB)
measurement, has accumulated. Today measurements by Planck and WMAP show that 85%
of the matter in our universe is dark. The search for the identity of DM remains is one of
the most important experimental endeavors of particle physics. All evidence for DM comes
from its gravitational interactions with ordinary matter. While we have assumed important
clues from those observations, many questions about the nature of DM remains open, such
as its mass and its interaction strength with ordinary matter. The success of laboratory
and space-based experiments searching for DM is predicated on DM having additional non-
gravitational interactions with ordinary matter. A range of DM candidates at various mass
scales has been proposed. We will review three examples and explore their experimental

consequences.

1.2.1 Weakly Interacting Massive Particle

A Weakly Interacting Massive Particle (WIMP) is a theoretically well-motivated DM candi-
date with mass in the 10 GeV to 10 TeV range, typically interacting with Standard Model
(SM) particles through the Electroweak sector. For the DM mass range and interaction
strength, WIMP particles give the DM abundance that maches closely the amount of DM
experimentally observed today [8]. This unexpected coincidence is known as the “WIMP
miracle” and has become the dominant paradigm of dark matter models. More importantly,
WIMP hypothesis can be tested in many ongoing and upcoming colliders and direct and
indirect detection experiments.

Current collider experiments, based on “mono-X” searches?, have delivered null results
on WIMP searches. On the other hand, direct detection experiments with nobel gas and
semiconductor targets exclude large portions of favored WIMP parameter space. The current
strongest bound, from the LUX experiment (with an exposure of 118 x 85 kg-day) exclude
WIMP-nucleon (spin-independent) cross sections down to 107** ecm? across the mass range

from 10 GeV to 10 TeV [9]. However, it is also worthy to note that several possible ex-

2Those searches aim at the missing energy signature due to the production of DM. Examples include

mono-photon, mono-Z, mono-jet searches.



perimental and observational anomalies are reported in direct and indirect detection. Their

consistency with other DM probes requires further investigation.

1.2.2 Axions

Although the WIMP is the dominant paradigm of DM theories for the past decades, there
are also many well-motivated non-WIMP DM candidates. The axion is another popular
alternative. It first emerged from the Peccei-Quinn symmetry solution to the strong CP
problem of QCD. Later it was generalized to a class of light spin-0 fields, which originate from
the breaking of a shift symmetry due to instanton effects. Through collective motion, axions
act like cold dark matter. And via the “misalignment mechanism”? [10], a sub-eV axion
can provide the correct dark matter density today. Constraints on axions have been placed
through astrophysical processes, such as the cooling of white dwarfs. Ground-based axion
dark matter experiments, such as ADMX [11], ABRACADABRA [12], and CASPEr [13],
can probe QCD axion dark matter with a mass of 107* — 107¢ eV, 1076 — 107 eV, and
< 1079 eV, respectively.

1.2.3 Sterile Neutrinos

From neutrino oscillation experiments, we learn neutrinos have non-zero but tiny masses.
The smallness of the neutrino mass can be explained through the see-saw mechanism, which
predicts the existence of sterile neutrinos. Sterile neutrinos are singlets under the SM gauge
group and can mix with active (ordinary) neutrinos. For the so-called “vMSM” models (see
review e.g. [14]), the see-saw scale is set to be the electroweak scale and the mass of sterile
neutrino is around ~ 10 keV. This class of sterile neutrinos can serve as either cold dark
matter or warm dark matter due to different production mechanism in the early universe.
Their parameter space is restricted by astrophysical observations, such as X-ray surveys, and

ground-based experiments, such as missing energy searches in low energy ete™ colliders.

1.2.4 Asymmetric Dark Matter

Another popular alternative to WIMP is asymmetric DM (ADM, see review e.g. [15, 16]).
ADM addresses the coincidence between the amount of dark matter (85% of matter) and

the ordinary matter (15% of matter), which are at the same order-of-magnitude. This class

3Misalignment mechanism works for PQ phase transition occurs before inflation. In the case PQ phase
transition takes place after inflation, the production of DM can be due to the decay of axionic strings or

domain walls.



of models assumes an asymmetry between DM and anti-DM, which is similar to the baryon-
anti-baryon asymmetry and may have a similar origin. The absence of annihilation today
indicates ADM may alter the stellar evolution into black holes [17]. The dark photon is a
possible candidiate for complete annihilation of the symmetric part of ADM at early universe,
which in turn will leave imprints in CMB and galaxy evolution. In later chapters, we will

discuss dark photons in detail.

1.3 The Dark Sector

1.3.1 Extra Local Symmetry and the Dark Sector

As we learned, the SM is essentially characterized by the underlying gauge group SU(3). X
SU(2), x U(1)y. This gauge group structure can be easily extended to include a new gauge
group. Particles only charged under this new gauge group and neutral under the SM gauge
group form a “dark” sector. This procedure can be further continued to include more “dark”
gauge groups, and the resulting local group structure of the dark sector can be as rich as the
SM sector.

A dark sector can be connected to the SM sector through “portals”, which can be classi-
fied by the type of mediator or by the dimension of the interaction operator. Following the
first classification, the so-called “vector portal” gives rise to a vector-like mediator, which
denoted as a “dark photon” (A’). The so-called “scalar” portal gives rise to a Higgs-like
mediator, which is denoted as a “dark Higgs” (s for CP-even Higgs, a for CP-odd Higgs).
The interaction term of the vector portal and Higgs portal are both dimension-4 and renor-
malizable. However, it is possible to construct interaction terms with higher dimensional
operators like the axion portal [18].

In this picture, particle DM can be identified as being a part of the dark sector, or with
the dark force mediator itself [19, 20], or form its own sector. Moreover, different species
of DM can appear in the dark sector picture, which further riches the dark sector. Some
of DM exhibit significant interaction with ordinary matter or with themselves. Others may
behavior as cold collisionless DM. Fig. 1.1 illustrates the above general set-up.*

Models of dark sectors are commonly presented as simplified models. On the one hand,
they summarize various specific models. On the other hand, they link to various search

channels. But fields in those simplified model Lagrangian can be often promoted to SUSY

4An analogy to this picture appears in the SUSY breaking, where the supersymmetric SM (SSM) sector
connects to the hidden SUSY breaking sector via various “messengers”. DM can reside either in the SSM

sector, the SUSY breaking sector, or in its own sector.
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Figure 1.1: Illustration for the relation between dark sectors, portals to the SM sector and
particle DM.

fields and result in a complete UV model (for example, MSSM x U(1)p model [21, 22]).

1.3.2 Motivations for the Dark Sector

Solving the Muon g — 2 Discrepancy

The experimental measured anomalous magnetic moment of the muon, a, = (g —2), [23], is

different from its theoretical calculation based on the SM (see e.g. [24]). The two values are

a™ = (11659180.2 4.2 £ 2.6 £0.2) x 107, (1.1)
as® = (11659208.9 + 5.4 £ 3.3) x 10717, (1.2)

and hence the difference

Aa, = a®P — M = (28.7+£8.0) x 107° (1.3)

Iz fz I

is about 3.60.

A dark photon [25] (or dark Higgs [26]) yield a positive contribute to the anomalous
magnetic moment of the muon, and hence offer a possible beyond SM (BSM) explanation.
The favored coupling between the dark photon (dark Higgs) is at the order of O(107),
which is excluded by current experimental constraints of dark sector searches assuming dark

photons decays 100% to the SM particles.

Beyond the WIMP paradigm

The dominant paradigm for particle dark matter today is WIMP and most experimental

searches are focusing on detecting its non-gravitational interaction with ordinary matter. As
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we mentioned in the last section, the WIMP has a typical mass between 10 GeV to 1 TeV.
However, alternative DM candidates such as ADM have a mass around O(1) GeV, sterile
neutrino DM has a mass around O(10) keV, and axion has a sub-meV mass. Clearly, the
possible dark matter mass range can be much wider than WIMP paradigm predicts, and in
particular, the range can be extended to lower masses. We denote this set of DM candidates
as “Light Dark Matter” (LDM).

The parameter space of LDM is less explored in comparison to WIMPs. Part of the
reason is due to the lower recoil energy and higher sensitivity requirement of the direct
detection experiment. But another reason is due to theoretical prejudice. The lower mass
limit of WIMPs (as well as the upper limit), ~ 10 GeV, is set by Lee-Weinberg limit [27].
A crucial assumption in the derivation is that the mediator between the dark matter and
ordinary matter are weak-scale mediators, such as W/Z bosons and Higgs, with weak scale
coupling (~ Gr). It is possible to break this lower limit by introducing a light mediator with
an interaction strength larger than that of a weak-scale mediator. This opens a new mass
window for LDM.

Equally crucially, the existence of light mediator can provide new production channels for

LDM, which can be accessed in the territorial experiments, as we will see in later chapters.

Hints from Astrophysical Anomalies

Several anomalies from astrophysical observations can be solved by introducing a new light
dark force mediator in addition to DM. A detailed discussion of each anomaly is beyond the
scope of this thesis. Here we list those anomalies and their sources or origins, and refer to

the literature for their possible dark sector explanations.

Solving Other Challenges

Although dark sectors are not directly motivated to answer other SM challenges listed in
Sec. 1.1.2, there are concrete model building examples of dark sectors that address them as
well. For example, the Higgs portal can be naturally mapped onto the twin Higgs model [60]
that addresses the Higgs hierarchy problem. The dark sector opens dark baryogenesis [61]
that may address the cosmological coincidence between DM and ordinary matter. Needless
to say, axions in the axion portal, sterile neutrinos in the neutrino portal, and light Higgs
bosons in the Higgs portal are themselves well-motivated BSM particles aiming to solve SM

challenges such as strong CP problem and baryogenesis.



Anomaly

Source/Origin

Possible DS Explanation

511 keV ~-ray line

INTEGRAL [28]

kinetic mixing [29], eXcit-
ing DM [30]

Positron excess

PAMELA [31], Fermi-
LAT [32], AMS-02 [33]

e.g.Sommerfeld enhance-
ment [34], resonance en-
hancement [35, 36]

Galactic Center y-ray ex-

cess

Fermi-LAT [37, 3]

e.g.kinetic mixing [39], coy
DM [40]

3.5 keV ~-ray line

XMM [41, 42]

eXciting DM [43]

Small-scale crisis of Cold
Collisionless DM

Too-big-to-fail [44, 45, 46],
Cusp-core [47, 48, 49, 50]

e.g.Yukawa type DM self-
interaction, [51, 52, 53]

Missing satellite [54]

late kinetic decoupling [55,
56, 57]

Comet strike periodicity

Earth crater record [58]

double-disk DM [58, 59]

Table 1.1: Anomalies from Astronomy observations that can be possibly explained by Dark
Sector Models.

1.4 Structure of the Thesis

The thesis is organized as following. In Chapter 2 we will discuss simplified models for
dark force mediators. Our focus will be on two types of portals: vector portal and Higgs
portal. We will present the vanilla models as well as their more specific variations. We
will also scratch the phenomenology implications, which will be used in the searches in later
chapters. In Chapter 3, we will present our searches for the dark photon with visible and
invisible decays at the Mu3e and low-energy e*e™ experiments, respectively. We will compare
their sensitivities to existing dark photon searches from existing ground-based experiments
and astronomical observations. Those results have been published in [62, 63]. In Chapter 4,
we will present searches for the dark Higgs through exotic Higgs decays, in particular from
the bbutp~ channel. We find that exotic Higgs decays provide an unique opportunity to
explore the dark sector with a Higgs portal, especially in a future high luminosity LHC run.
These results have been published in [64, 65]. In Chapter 5, we will shift our attention to
a possible dark sector explanation of the 750 GeV diphoton excess recently reported from
LHC 13 TeV run. We will present the allowed dark mediator parameter space for both
spin-0 excess and spin-2 excess scenarios. The corresponding analysis appears in [66] that
submitted to JHEP. A summary of dark sector searches and possible further developments

are finally discussed in Chapter 6.



Chapter 2

Models for Dark Sectors

2.1 Simplified Models for Dark Sectors

Dark Sector models are typically classified as different portals according to the different
types of mediator connecting the SM sector and dark sector. Common portals include
vector portal, Higgs portal, neutrino portal, axion portal. In this section, we focus on main

features of the vector portal and Higgs portal models and their variations.

2.2 Vector Portal

2.2.1 Kinetic Mixing for U(1)p Model

A simple extension of the Standard Model gauge group is by introducing extra U(1) gauge

group. The new set of gauge group is

The gauge boson charged under the new “dark” U(1) gauge group are denoted as dark photon
A’.Y This model has been studied extensively in the literature since the 1980’s [67, 68, 69].
The relevant gauge sector of a minimal dark photon model consists of a new massive vector
field that couples to the SM U(1)y via the so-called kinetic mixing. The relevant gauge

sector Lagrangian is given by

1 , 1 , siney L, 1
‘Cgauge = - ZBMVB# _ZF;/LI/FIM +TFIZVBM —|—§m124/ALAW (22)

'In various literature, the dark photon A’ is also been called as “hidden photon”, “U-boson”, “heavy

7 “

photon”, “secluded photon”.
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where F),, = 9, A}, and By, = 0;,B,) are field strengths of the U(1)p, U(1)y gauge group re-
spectively. The mass term breaks the U(1)p explicitly but does not ruin the renormalizability
(the mechanism for generating this mass can be a “dark” Higgs mechanism or Stuckelberg
mechanism).

sin ey is the kinetic mixing parameter. In the limit of ¢y < 1, we can use the approxima-
tion sin ey ~ €y. As we mentioned later, the dimensionless parameter dictates the magnitude
of the coupling of A’ to the SM sector. Even if the boundary conditions in the deep UV are
such that ey (Ayy) = 0, the non-zero mixing can be mediated by a one-(two-)loop interaction
and naturally give ey ~ 1073 — 107! (~ 107° — 107?) [70, 67, 71, 21], where the small value
is justified due to the expected loop suppression.

The mixing term F, B"” is removed by field redefinition

Bu (1 —siney B, (2.3)
AL ~\o COS €y A;L ’ '

where the fields with tilde are the redefined fields. We follow the standard symmetry breaking
conventions for the field B. The SM SU(2) x U(1) covariant derivative can be written as

D, = 0, —igW*T* — igY B,, (2.4)
and rotated into
D, =0, — i (WITT + WiT™) —i—)— 7,(T — sin 0y Q) — ieA,Q (2.5)
TRV # cos Oy e

where Oy is the weak mixing angle, g and ¢’ are SM SU(2);, and U(1)y gauge couplings.
SU(2)p charge T3, U(1)y charge Y, and U(1)gas charge @Q are related by Q = T° + Y.
Rotating the redefined neutral vector boson fields yields fl#, Zu and Z iy

flp cw  Sw O Bn cw  Sw  —CwSe B,
Zy | =1|-sw ew 0 W2l =1-sw cw swse w3 (2.6)
) 0 0 1) \4, 0 0 A,

Above we begin to use a short-handed notation, i.e., ¢, s, t stands for sin, cos, tan respectively.

The subscript stands for the function variables and W stands for Oy .
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We collect m 4 mass term in Lgyage and other SM gauge boson mass terms into

1 1 s3 —cws B
Emass = _mi/Ali + _mQZO <BM Wj) w V;/ W 3 (27)
2 2 —Cw SwW Cww W
. . 0 0 0 An
= SmA 20 gmb (A Zu ZL) |0 1 —swt| | 22 (2.8)
0 —swt. s%,vtf 7"
. 0 0 0 Ar
=3 (flu Z, ZL) 0 me —mZeSwite Zn (2.9)
0 —mZeswt. miosiyt: +m% /) \Z"

In the last step of the above equation, the Lagrangian is expressed in the redefined fields.

However, the mass matrix is still non-diagonal. We introduce one more rotation to eliminate

the mixing,
' 1 0 0 0 0 0 1 0 0\ [Ar
Emasszé(!lu Z, Z,Q) 0 ¢ —s¢| |0 m% 0 0 ¢ s |27 (2.10)
0 s¢ ¢ 0 0 m%) \0 —s¢ ¢/ \2"
' 0 0 0 Ar
55(;1“ Zo Z,) o my o || 2 (2.11)
0 0 m? "

VA
We use the bar to represent fields in their physical (mass) basis. The eigenstates of the mass

matrix in (2.9) yield m% and m?%, as

m2
m%’z, = TZO [Cos2 Ow + sec? ey sin? Oy + 6% £ sign (1 — §) sec? ey\/E] , (2.12)
where
== —46%cost ey + [(1 + 52) cos? ey + sin? ey sin? QW] 2 (2.13)
and )
7= (2.14)

myo is the SM Z-boson mass before kinetic mixing. The appearance of the sign function is
because we intend to assign my = mzo when the mixing coefficient vanishes.
Comparing the mass matrix before and after the diagonalization, we found

m%, sin Oy tan ey

e — 2.15
é mQZ/ - mQZO ( )
_ 1% —sin® Oy tan® ey — sign(1 — J) sec? GY\/E_ (2.16)

2 tan ey sin Oy
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We have adopted multiple matrix transformations so far. The transfer matrix from the

original gauge basis to the final physical basis is

Au cw Sw —Cw Se B,
Z, | = | —cesw  ceew  cese + ceSesw wal. (2.17)
Z, SeSW  —SgCw  CeCe — SeSeSw A,

The interaction part between the gauge bosons and the SM fermions can be written as
Eint = GA#JEM,/J + gZO’#‘]ZO,,LL (218)

where e is the SM U(1)gy gauge coupling, and Jgy and Jzo are the SM EM and neutral

current, respectively. A and Z° can be expressed in the physical basis as

A o\ (7 1 t t A
C S CwileS CwieC _
e Wi = e e Z,|. (219
ZM —Sw Cw 0 0 —Swt685 + Ce¢ —Swt€C§ — S¢ _

A,

=

Therefore the interaction in the physical basis is

1 0
o Ty
Ling = (AM Z, ZL) cwiteSe —Switese + ce . (2.20)
CwieCe —SwiteCe — S¢ g

From the above expression, we read off the relevant part for the Z’f f interaction as

Ly = g@ [— sin & (T3 cos® Oy — Y sin? GW) + tan €y cos € sin HWY} Z;ffy“f. (2.21)
cos Oy,

Similarly, the Z f f interaction is modified to

Lrrr= g@ [cosf’ (T3 cos® By — Y sin? HW) + tan €y sin & sin QWY} Z (2.22)
cos Oy

Finally, to avoid the proliferation of notations, we will call the physical Z particle as A, and

refer to it as the dark photon. Here we discuss two limits in more details.

1. In the limit ms < myo and ey < 1, we have

Ligs = ey cosOweQA,fr'f = ecQZ, f* f. (2.23)

with
m% ~m% (1 — € sin® ) . (2.24)
Above we introduce the “usual” kinetic mixing parameter € = ey cos fy,. This will be
the main scenario through our later discussions. As we seen in Eq. (2.23), the mixing

between the dark photon and the SM photon leads to an e-suppressed coupling of the
dark photon to SM quarks and charged leptons.
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2. In the other limit my > myzo and €y < 1, we obtain

_ _ Y _ _
Lasreyg VA fyrf= Y oy A fyrf= L4 oy 2.25
apr = eyg YA fAf p—— W o520 W (2.25)
with
m%, ~m%. (2.26)

We will visit this scenario in Chapter 5. Note that, like the previous limit, the couplings

between Z’' and fermions are independent of the Z’ mass.

Theoretically, the values of the kinetic mixing and the dark photon mass can take on
a wide range of values. However, as we seen in Sec. 1.3.2, much attention has recently
been focused on the MeV-GeV mass range where the dark photon could explain the ~
3.60 discrepancy between the observed and SM value of (g — 2),, and offer an explanation
for various dark matter related anomalies through dark matter-dark photon interactions.
Moreover, a dark photon mass in this range can be generated naturally in several new
physics scenarios [70, 72, 21, 22, 73].

There are many experimental probes of MeV-GeV mass dark photons that decay directly
to SM particles. These include collider experiments, beam dumps, rare meson decays, su-
pernova cooling, and precision measurements [74, 75, 76, 77, 78, 79, 80, 73, 81, 82, 83, 84,
25, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106].
Existing constraints have almost disfavored the entire mass and coupling range in which
dark photons could explain the (g — 2), anomaly, assuming the dark photon decays directly
to SM particles with a branching ratio close to 100%. A reduced branching ratio is possible
if there exist other light particles that couple to the dark photon and open up additional

decay modes.

2.2.2 Other Variations

The kinetic mixing with U(1)p represents one of the simplest scenario of the vector portal
models. Other well-motivated, anomaly-free gauge group can be easily mapped on to U(1)p
scenario. Examples include U(1)p_r, U(1)r.-1,, U(1)r.-r,, and U(1)z,—z, models.

The kinetic mixing term F| l’wB‘“’ in the Lgauge is a dim-4 renormalizable operator. How-
ever, it is also possible to construct higher dimensional operators with respect to the vector
mediator. Electric dipole moment interaction (EDM) and magnetic dipole moment (MDM)

interaction are two well-motivated examples:

1D - iM
Lepm D _7]‘?0—;11/75]0FWV7 Lypm D _Tfo—;u/fFle? (2.27)

where f is the SM fermion and D and M are couplings with dimension [E]~.
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2.3 Higgs Portal

The discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) [107, 108]
provides strong evidence for the existence of fundamental scalars in the universe. It also
encourage searches for Higgs “siblings” and other searches for exotic production and decay
modes of the Higgs. Among the most exciting possibilities is that the Higgs boson can
provide a unique window onto light dark sectors, consisting of particles neutral under the
SM gauge groups.

The Higgs boson is one of only a few SM particles that can couple to new states with
an interaction that is (super-)renormalizable. In addition, the small decay width of the SM
Higgs, dominated by the bottom Yukawa coupling, means that a small, @(0.01), renormaliz-
able coupling of the Higgs to a new, light state can lead to an exotic Higgs decay branching
ratio of O(1). This makes exotic Higgs decays a prime experimental target. In many cases,
these exotic decays need to be searched for explicitly as they may otherwise escape detec-
tion. In particular, measurements of the Higgs couplings to SM states only constrains the
Higgs branching ratio to non-SM states to < 60% [109, 110]. Thus a large branching ratio
to beyond SM particles is still viable. For a detailed survey of promising exotic decay modes
and their theoretical motivations we refer the reader to [64].

In this section, we will focus on two classes of Higgs portal model 1) SM with an extra
singlet and 2) Two-Higgs-doublet model (2HDM) with an extra singlet and work out their
phenomenology that relevant to the exotic Higgs decays. This part of introduction is based
on [64]. We will describe in a particular example of the exotic Higgs decay searches in
Chapter 4.1.

2.3.1 SM+Scalar Model and Exotic Higgs Decays

A particularly simple extension of the SM is to add to it one real scalar singlet S. This
model can easily produce non-trivial exotic Higgs decays, since 1) the Higgs can decay to
pair of singlets; and 2) the singlet decays to SM particles (by virtue of mixing with the
Higgs). Singlet scalars coupled to the Higgs also provide a well-known avenue for enhancing
the electroweak phase transition in the early universe, which is a necessary ingredient for
electroweak baryogenesis (see e.g.[111]). We describe this simple model below, as well as two
small variations (one with more symmetry, one with a complex scalar), but all three models,
as well as other variations, can yield essentially identical phenomenology. In 4.1.1, this will

be generalized to two-Higgs-doublet models with a singlet.
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Higgs potentials in SM+S

At the renormalizable level, gauge invariance allows the singlet S to couple only to itself and

to H'H = |H|?>. The resulting potential is given by
~ 1
V(H,S) =V(H)+V(S)+kS[H]" + 5 (S [HF, (2.28)

where V(S ) is a general quartic polynomial that may give S a vacuum expectation value.
The couplings k& and ( generate mixings between H and S. Assuming those mixings are
small, we identify the uneaten doublet degree of freedom to be the SM-like Higgs with
my, = 125 GeV and take the singlet field to have a mass below m; /2. The small mixings
give mass eigenstates h and s, which are mostly doublet- and singlet-like, respectively. The
decays h — ss are generated by an effective cubic term, and s decays to SM particles via its
doublet admixture.

Imposing a Z, symmetry S — —S, we can obtain a simpler version of this model with
similar phenomenology. In this case, V(S ) contains only quadratic and quartic terms and
k=0, e.g.

1

V(H,S) = 4 |HP -

1 1
e Sz+A]H]4+Z/@S4+§(SQ|H|2. (2.29)

Depending on the choice of couplings, the potential may have a minimum at S = 0, in which
case the Z5 is unbroken, there is no mixing between H and S, and the S does not decay; the
coupling ¢ induces the invisible decay h — ss. If the minimum instead has S # 0, then the
Zy is broken, and the coupling ( now not only produces a cubic term but also a quadratic
term that allows H and S to mix. In this case, the phenomenology is just as described in
the previous paragraph, i.e. h — ss for my, < my, /2, with s decaying to SM particles.

A third model, with essentially identical phenomenology, involves a theory with a complex
scalar and an approzimate U(1) global symmetry.? Here the scalar potential is as above,

with S now complex, and with a small U(1) breaking part:

V(H,S) = Vo(|HP,|S]*) + Vi([HP, S, S") (2.30)
Vo= —p? [HP? — 12 S + AH| + 1 |S* + C|SP H? (231)
Vi=(p+&s|SP+ & |HI?)S +hc. + other terms (2.32)

where we have chosen not to consider the most general V; for illustration purposes. If

the potential is such that S develops a non-zero vacuum expectation value, the spectrum

2An exact U(1) symmetry leads to invisible decays, while a spontaneously broken U(1) gives rise to an

unacceptable massless Nambu-Goldstone boson; a gauged U(1) will be discussed in Sec. 2.3.2.
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consists of a massive scalar S and a light pseudo-Nambu-Goldstone boson a with mass m,.
If mg > %mh > mg, then h — aa is possible, which is an invisible decay unless the U(1)-
violating terms also violate charge conjugation. In that case, a can mix with the massive
state s, which in turn mixes with H as in previous examples, allowing the a to decay to SM

particles, with couplings inherited from H.

Phenomenology in SM+S

After electroweak symmetry breaking there are two relevant mass-eigenstates: the SM-like
scalar h at 125 GeV containing a small admixture of S, and the mostly-singlet scalar s
containing a small admixture of H. The phenomenology of all three variants above is the
same, as far as decays of the form h — ss — SM are concerned. It can be captured in terms

of three parameters:

1. The effective Lagrangian contains a term of the form pu, h s s, which gives h — ss with

Br(h — exotic) determined by fi,.

2. The singlet’s mass m; affects Br(h — exotic) and the type of SM final states available
for s — SM.

3. The mixing angle between S and H, denoted here by g, determines the overall width
of s — SM. If s cannot decay to other non-SM fields, s controls its lifetime.

Apart from these continuous parameters, the parity of s also affects the partial widths to
different final states, mostly near thresholds. Note that the total width of s is usually not
important for phenomenology if it decays promptly. However, the lifetime of s is macroscopic
(et ~ meters) if # < 1076, This possibility is technically natural and thus the experimental
search for displaced vertices deserves serious consideration [112]; however, we do not discuss
this further here. Therefore, for a large part of parameter space, only w, and my is relevant
for collider phenomenology as this fixes Br(h — ss) and Br(s — SM).
The partial width for exotic Higgs decays is given by

2 0.015

1 2 4m? O
T'(h— ss) = 8_% 1- nT ~ (’””) I'(h — SM), (2.33)

where the last step assumes my; < my /2. Therefore, the new branching ratio is O(1) even
for small values of p,/v. This is not surprising, if we recall that in the SM the bottom
quark takes up almost 60% of the total width although its Yukawa coupling is only ~ 0.017.

In Fig. 2.1, we show contours of j,/v in the Br(h — ss) versus mg plane.
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Figure 2.1: Size of the cubic coupling p,, in units of Higgs expectation value v to yield the indicated

h — ss branching ratio as a function of singlet mass, as given by Eq. (2.33).

The individual partial widths of the singlet s to SM particles are readily computed using
existing calculations for Higgs decays, e.g. [113, 114]. Decays into W*W* and Z*Z* are
negligible for my < my /2. At lowest order, the partial decay width to fermions is given by

N, mgm3

['(s — ff) = sin? 958—;7652, (2.34)
where 8 = | /1 — 4m7/m2 and N, is the number of colors, equaling 3 (1) for quarks (leptons).
For the pseudoscalar singlet state a, 5]3: is replaced by ;. The mixing suppression sin? fg
is common to all partial widths, including those to gluons and photons, and thus does not
affect branching ratios if s only decays to SM particles. Br(s — SM) and Br(h — ss — SM)
are shown for m; > 1 GeV in Fig. 2.2 on the left and right, respectively. It is clear that a
simple singlet extension of the SM generically implies significant branching ratios of exotic
Higgs decays to 4 SM objects. The indicated branching ratios include O(a?, a?) radiative
corrections for decays to quarks, as well as NLO corrections to the loop-induced decays to
photons and gluons [113].

The theoretical calculations become increasingly inaccurate as my is lowered to ~ 1 GeV,
where perturbative QCD breaks down, or when my is close to a hadronic resonance, which
can enhance the decay rates [115]. Decays to quarkonium states are suppressed for s but
may be important for a. For my; < 1 GeV and above the pion threshold, partial widths have
to be computed within a low energy effective theory of QCD, such as soft-pion theory or the
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Figure 2.2: Left: Branching ratios of a CP-even scalar singlet to SM particles, as function of mg.
Right: Branching ratios of exotic decays of the 125 GeV Higgs boson as function of mg, in the
SM + Scalar model described in the text, scaled to Br(h — ss) = 1. Hadronization effects likely

invalidate our simple calculation in the shaded regions.

chiral Lagrangian method. Nevertheless, it is clear that the dominant decay of the singlet is
to some combination of hadrons, which are boosted due to the large mass difference between
the singlet and h. The resulting two-track jet may look like a low-quality hadronic 7-decay.
Between the muon and pion thresholds (210 MeV < m, < 270 MeV), the dominant decay

Y

< 210 MeV, the dominant decay is to eTe~. Photons are the only

~

possible final state for my < 2m,, in which case the scalar is detector-stable.

is to up~, while for my

Further details of the branching ratio calculation can be found in Sec. 2.3.2 and Ap-
pendix A.1, which also includes a more detailed discussion of pseudoscalar decays.

For m, < 2my, the sbb coupling can in principle be probed by bottomonium decay [116,
117]. The strongest limits are Br(Y(1S) — y7777) < 107 by BABAR [118], which con-
straints the Yukawa coupling to satisfy ygs < 0.4 for Br(s — 7777) = 1 [119, 120]. In
the SM+S scenario, ysp = sinfg ypp With Y ~ 0.02 in the SM. Clearly the Upsilon decay
measurement provides no meaningful bounds on singlet extensions. Similar arguments apply
to pseudoscalars, and hence the 2HDM+S and NMSSM in the next sections.
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2.3.2 2HDM (+ Scalar) Model and Exotic Higgs Decays

The SM Higgs sector is made up of a single SU(2); doublet H with hypercharge Y = —i—%,
denoted by H ~ 2.,/. Adding a doublet to this minimal picture is one of the simplest
extensions of the Higgs sector compatible with a p-parameter close to 1. Such extensions
are found in several well-motivated theories, such as supersymmetry [121] and axion mod-
els [122, 123], where holomorphy and the Peccei-Quinn symmetry, respectively, necessitate
an additional doublet; theories of electroweak baryogenesis, which might be made viable
with additional doublets [124]; and grand unified models [115]. For this reason, it makes
sense to define the most general Two-Higgs Doublet Model (2HDM) and study it in detail
(for a comprehensive review, see e.g. [125]; for a discussion on the impact of recent SM-like
Higgs boson discovery, see e.g. [126]). Below we will then add a light scalar to the 2HDM to
obtain a rich set of exotic Higgs decays.

The most general 2HDM Higgs potential is given by [115]

A A
Vo= mi L md|Haf* + TP+ T Haf* 4 Nl HL P Haf® + X HUHo* + (2:35)
As

5 ((H1H»)* + h.c.) + miy (HiHy 4+ hc.) +

(/\6|H1|2(H1H2) + hC) + ()\7|H2|2(H1H2) + hC) .

We choose the charges of the Higgs fields such that Hy ~ 2_;/, and Hy ~ 2,/5. Note that we
choose conventions that differ slightly from the “standard” conventions of [115, 125]; this will
simplify the transition to supersymmetry models below.? The scalar doublets H; 5 acquire
vacuum expectation values v; 2, which we assume here are real and aligned. Expanding

around the minima yields two complex and four real degrees of freedom

" 1 vy + H{{R + iH?J " 1 H;R + z‘H;J (2.36)
1 = o ) 2 = . . .
Hip+iH, V2 \ vy + HY g+ iHY,

The charged scalar and pseudoscalar mass matrices are diagonalized by a rotation angle
B, defined as tan 3 = wvy/v;. One charged (complex) field and one neutral pseudoscalar
combination of H ?727 ; are eaten by the SM gauge bosons after electroweak symmetry breaking.
The other complex field yields two charged mass eigenstates, H*, which we assume are heavy
and will thus play no further role in our discussions. The surviving three real degrees of

freedom yield one neutral pseudoscalar mass eigenstate,

A= H},sinf — Hj cosf3, (2.37)

3To recover the conventions of [115] set ®3 = Hy, ®1 = ioc?H.
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and two neutral scalar mass eigenstates,

h \ [ —sina cosa HY » (2.38)
H° cosa  sina Hy ) '

where? —7/2 < a < /2. Our notation anticipates the assumption below that the model is
in a decoupling limit, so that A is the SM-like Higgs and H° is the other, heavier, scalar.

Allowing the most general Yukawa couplings to fermions would result in large Flavor-
Changing Neutral Currents (FCNCs). This can be avoided by imposing Zs symmetries to
ensure that fermions with the same quantum numbers all couple to only one Higgs field. This
results in four “standard” types of fermion couplings commonly discussed in the literature:
type-I (all fermions couple to Hs), type-Il (MSSM-like, dr and egr couple to Hij, ugr to
H,), type-1II (lepton-specific, leptons/quarks couple to H;/Hj, respectively) and type-IV
(flipped, with ug, eg coupling to Hy and dg to Hy). The couplings of the h, H°, and A mass
eigenstates to fermions and gauge fields relative to the SM Higgs couplings are summarized
in Tab. 2.1.%

In general, 2HDMSs could allow for exotic decays of the 125 GeV state of the form h — AA,
H° — hh, AA or h — ZA (where we temporarily identified the 125 GeV state with either h
or H?), where the daughter (pseudo)scalars decay to SM fermions or gauge bosons. However,
while this possibility can be realized in certain corners of parameter space, 2HDMs are by
now too constrained from existing data [130, 131] to allow for a wide variety of exotic Higgs
decay phenomenology.

These restrictions are easily avoided as follows. First, we assume the 2HDM is near or
in the decoupling limit,

a—f—7/2, (2.39)

where the lightest state in the 2HDM is h, which we identify with the observed 125 GeV
state. In this limit, the fermion couplings of & also become identical to the SM Higgs, while
the gauge boson couplings are very close to SM-like for tan 8 2 5. All of the properties of h
are determined by just two parameters, tan 5 and «, and the type of fermion couplings. The
remaining parameters, which control the rest of the Higgs spectrum and its phenomenology,
are in general constrained by the measured production and decays of h [132, 133, 134, 135,
129, 136, 137, 138, 139, 140], but plenty of viable parameter space exists in the decoupling

limit.

4Contrast this to the MSSM Higgs potential, where —7/2 < o < 0.
®More general fermion couplings are possible within the framework of Minimal Flavor Violation [127, 128].

We do not discuss this case here since we use the 2HDM to illustrate a range of possible exotic Higgs decay

signatures, which would not be qualitatively different in the MFV scenarios.
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Couplings I IT (NMSSM-like) III (Lepton specific) IV (Flipped)
ghvv sin(f — «) sin(f — «) sin(f — «) sin(f — «)
Ohit cos v/ sin 3 cos v/ sin 3 cos av/ sin 3 cos o/ sin 3
h hbi cosa/sinf  —sina/ cos 3 cos v/ sin 3 —sina/ cos 8
Ghrr cosa/sinfi  —sina/cosf —sina/ cos 8 cos o/ sin (8
govy  cos(f—a)  cos(B—a) cos( — a) cos(B — )
JHOtE sin a/ sin 3 sin ot/ sin 3 sin o/ sin sin o/ sin 3
H° 1o sin o/ sin 3 cos a/ cos 3 sin o/ sin cos v/ cos 8
JHO7 sin a/ sin 3 cos a/ cos 3 cos o/ cos 8 sin v/ sin 3
gavv 0 0 0 0
A gate cot 3 cot 3 cot 8 cot 3
9 avh —cot 8 tan 8 —cot 8 tan 8
JArz —cot 8 tan 3 tan /3 —cot 8

Table 2.1: Couplings of the mass eigenstates of the neutral CP-even scalars h and H°, and
CP-odd scalar A in the four types of 2HDM with a Z, symmetry. The table follows the
convention of [129]. All couplings are normalized to those of the SM Higgs, and only the
coupling to the heaviest SM fermion with a particular set of quantum numbers is shown.
Here tan f = (H,) / (H,) and the mixing angle o € (—n/2,7/2) defines the admixture of
H; 5 that make up the mass eigenstates h, H°. In the 2HDM+S setup, the couplings of the
singlet-like pseudoscalar a are identical to the couplings of A, up to an overall mixing angle.
The couplings of the singlet-like scalar s can be obtained (again up to an overall mixing
angle) from the h-couplings by replacing a — «/, where the free parameter o’ defines the
mixture of H;o that mixes with s (see [64] for details). The couplings listed here can be
used for the calculation of the singlet branching ratios in the 2HDM+-S, as additional mixing

angles drop out.

Second, we add to the 2HDM one complex scalar singlet,

1
S =—(Sgr+157),
\/E(R iSt)

which may attain a vacuum expectation value that we implicitly expand around. This singlet
only couples to H; 2 in the potential and has no direct Yukawa couplings, acquiring all of its
couplings to SM fermions through its mixing with H;,. This mixing needs to be small to
avoid spoiling the SM-like nature of A.

Under these two simple assumptions, exotic Higgs decays of the form

h—ss— XXYY or h—aa— XXYY (2.40)
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Figure 2.3: Required mixing angle between the doublet and singlet-sector pseudoscalar for
Br(h — aZ) = 10%, assuming no other exotic Higgs decays and o« = 7/2 — 3 (decoupling
limit).

as well as
h—aZ = XXYY (2.41)

are possible, where s(a) is a (pseudo)scalar mass eigenstates mostly composed of Sg(Sr) and
X,Y are SM fermions or gauge bosons. We refer to this setup as the 2HDM+S. For type-II
2HDM+S, a light a corresponds roughly to the R-symmetry limit of the NMSSM. However,
the more general 2HDM framework allows for exotic Higgs decay phenomenologies that are
much more diverse than those usually considered in an NMSSM-type setup.

To incorporate the already analyzed constraints on 2HDMs into the 2HDM+S (e.g. [140]),
one can imagine adding a decoupled singlet sector to a 2HDM with «, 8 chosen so as to not
yet be excluded.® The real and imaginary components of S can be given separate masses, and
small mixings to the 2HDM sector can then be introduced as a perturbation. Approximately
the same constraints on «, 8 apply to this 2HDM+S, as long as Br(h — ss/aa/Za) < 10%.
This allows for a wide range of possible exotic Higgs decays. There are some important
differences depending on whether the lightest singlet state with a mass below my,/2 is scalar

or pseudoscalar. We will discuss them in turn.

Light Pseudoscalar (a) There are two pseudoscalar states in the 2HDM+-S, one that is

mostly A and one that is mostly S;. One can choose the mostly-singlet-like pseudoscalar

a=cosf,S;+sinf, A , 0,<1, (2.42)

6As we have pointed out in Sec. 2.3.1, bottomonium decays provide no meaningful constraint on the
2HDM+S scenario.
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to be lighter than the SM-like Higgs. There are two possible exotic Higgs decays: h — Za
for m, < my, —mz =~ 35 GeV and h — aa for m, < m;/2 ~ 63 GeV.
The partial width I'(h — Za) is entirely fixed by the 2HDM parameters «, 5 and the

mixing angle #,. The relevant interaction term in the effective Lagrangian is

2 L 2
Leit D ger(a0"h — hota)Z,, where  geg = g9

sin(a — () sinf,, (2.43)

which gives

F(h = Za) = 9% [(mp +mz +mg)(my, —myg + ma)gmh +my —mg)(my, — myg —mg)]*/?

2
16 myms,

(2.44)
Fig. 2.3 shows that 0, ~ 0.1 gives Br(h — Za) ~ 10% in the absence of other exotic decays.

Two terms in the effective Lagrangian give rise to h — aa decays:
Lot D gnaa hAA + Xg|S?* . (2.45)
In terms of mass eigenstates, this contains
Lot O Graa sin’6, haa + 4Agv, sin(; cos? b, haa , (2.46)

where (S) = vy is the singlet vacuum expectation value, and the (presumably small) mixing
angle (; determines the singlet scalar content of the SM-like Higgs, see Eq. (2.47). The
first term by itself can easily give rise to Br(h — aa) ~ 10% if graa ~ v and 65 ~ 0.1,
see Fig. 2.1. (Fig. 2.1 shows the results for Higgs partial widths to scalars, but these are
almost identical to pseudoscalars, except near threshold.) The additional contribution from
the second term (even without a singlet scalar below the Higgs mass) means that Br(h — aa)
and Br(h — Za) can be independently adjusted.

The decay of a to SM fermions proceeds via the A couplings in Tab. 2.1, multiplied
by sinf,. Therefore, once the type of 2HDM model has been specified, the exotic Higgs
decay phenomenology is entirely dictated by the two exotic branching ratios Br(h — aa)
and Br(h — Za), as well as tan 3, which determines a’s fermion couplings. Perturbative
unitarity of the Yukawa couplings sets a lower bound of tan 5 > 0.28 [140]; we will show
results for tan 8 as low as ~ 0.5.

In Figs. 2.5-2.7, we show Br(a — XX), where X is a SM particle. These include
O(a?, a?) radiative corrections for decays to quarks, which can be readily computed [114, 113]
(for details see Appendix A.1). As mentioned in Section 2.3.1, perturbative QCD can be
used for pseudoscalar masses above ~ 1 GeV, though the calculation breaks down near
quarkonium states [141]. A detailed investigation of this is beyond the scope of this thesis.

The results can be summarized as follows:
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e type-I (Fig. 2.4): Since all fermions couple only to Hs, the branching ratios are in-
dependent of tan 8. The pseudoscalar couplings to all fermions are proportional to
those of the SM Higgs, all with the same proportionality constant, and the branching
ratios are thus very similar to those of the SM+S model with a complex S and a light

pseudo-scalar a (i.e., for example, proportional to the mass of the final state fermions).

e type-II (Fig. 2.5): The exotic decay branching ratios are those of NMSSM models.
Unlike type-I models, they now depend on tan 3, with decays to down-type fermions
suppressed (enhanced) for down-type fermions for tan 8 < 1 (tan 5 > 1).

e type-III (Fig. 2.6): The branching ratios are tan  dependent. For tan 5 > 1, pseudoscalar-
decays to leptons are enhanced over decays to quarks. For example, unlike the NMSSM
above the bb-threshold, decays to 7t7~ can dominate over decays to bb; similarly, above
the p*p~ threshold, decays to utu~ can dominate over decays to heavier, kinemati-
cally accessible quark-pairs. This justifies extending, for example, NMSSM-driven 47
searches over the entire mass range above the bb-threshold. For tan 3 < 1, decays to

quarks are enhanced over decays to leptons.

e type-IV (Fig. 2.7): The branching ratios are tan S dependent. For tan3 < 1 and
compared to the NMSSM, the pseudoscalar-decays to up-type quarks and leptons can
be enhanced with respect to down-type quarks, so that branching ratios to bb, cé and
777 can be similar. This opens up the possibility of detecting this model in the 2027

or 2¢27 final state.

Note that the branching ratios are only independent of tan £ for type-I, and all types reduce
to type-I for tan g = 1.

A sizable Br(h — Za) would open up additional exciting search channels with leptons
that reconstruct the Z-boson. A detailed discussion for the sencario can be found in [142].

For 3m, < m, < 1 GeV the decay rate calculations suffer large theoretical uncertain-
ties but the dominant decay channels will likely be muons and hadrons. Below the pion,
muon, and electron thresholds, the pseudoscalar decays dominantly to muons, electrons, and
photons, respectively, except for tan 5 < 1 in type-II, III and tan 8 > 1 in type-IV, where
the suppressed lepton couplings can also cause decays to photons to dominate below the
pion threshold. If the pseudoscalar couples to both quarks and leptons, then requiring its
mixing angle to be small enough to not conflict with constraints from e.g. meson decays and
the muon anomalous magnetic moment implies that any allowed decay to two muons (for
2m,, < m, < 3m,) is likely to have at least a displaced vertex (or be detector-stable), while

any allowed decay to two electrons (for 2m,. < m, < 2m,,) will be detector stable [143]. For
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Figure 2.4: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for type-I Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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Figure 2.5: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for type-II

Yukawa couplings. Decays to quarkonia likely invalidate our simple calculations in the
shaded regions.
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Figure 2.6: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for type-III
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shaded regions.
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pseudoscalars that couple preferentially to leptons, the meson-decay constraints are absent
and prompt decays to muons are allowed; however, allowed decays to electrons will likely
have at least a displaced vertex, and need to be detector-stable as m, is decreased well below
the muon threshold [143].

Light Scalar (s) We now assume that the mass of the real singlet Sg is below my, /2. The
scalar Higgs spectrum, Eq. (2.38), gets extended by the additional real singlet, which mixes
with the doublet sector

h 1 0 0 cos(; 0 sin¢ —sina cosa 0 HY p
H° = 0 cosy sinéy 0 1 0 cosa  sina 0 H S, R
S 0 —sins cos(s —sin¢; 0 cos(y 0 0 1 Sk

If we assume that the mixing angles (; » are small, this simplifies to

h —sina cos a C1 HY p
H° = cos o sin o G HY | -(247)
s (—Crcosa+ (isina) (—¢cosa— Gsina) 1 Sk

In this approximation, h and H have the same Yukawa couplings as in the regular 2HDM but
now contain a small Sy component that allows the decay h — ss. The mostly-singlet state
s on the other hand mixes with some admixture of HY , and Hj 5. This can be expressed
in more familiar notation by adopting the following parameterization for the small singlet-

doublet mixing angles

¢ =—Ccos(a—a') (o = —(sin(a — ) , (2.48)
h —sina  cosa —(cos(a — ) HY »
— HO° = oS v sina —(sin(a — ) Hp |- (2.49)
s —(sina’ (cosd/ 1 Sk

The arbitrary angle o’ determines the H ?R,2 r admixture contained within s, while the small
mixing parameter ¢ gives its overall normalization. The couplings of s to SM fields are
now identical to those of the SM-like Higgs h in Tab. 2.1, scaled down by ( and with the
replacement o« — «o’. Since o and o' can be independently chosen, s can have an even
broader range of branching ratios than a and mirrors the range of possible h-decays in the
regular 2HDM, but without a mass restriction beyond my < m;/2. Just as for h, choosing
o/ — § — 3 amounts to giving s fermion couplings that are SM-Higgs-like (up to the overall

mixing factor ¢). In this limit, the 2HDM+S theory reduces to the SM+S case discussed in
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Figure 2.8: Singlet-like scalar branching ratios in the 2HDM+S for different tan 3, o’ and
Yukawa coupling type. These examples illustrate the possible qualitative differences to the
pseudoscalar case, such as dominance of s — ¢¢ decay above bb-threshold; democratic decay
to bb and 7177 ; and democratic decay to ¢ and 7+ 7. Hadronization effects likely invalidate

our simple calculations in the shaded regions.
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Sec. 2.3.1. On the other hand, choosing o/ = 3 gives the same couplings as the pseudoscalar
case.

The s — XX branching ratios are computed analogously to the pseudoscalar case,
with further details again given in Appendix A.1. There is a large range of possible decay
phenomenologies. Fig. 2.8 illustrates some examples that have qualitatively new features
compared to the pseudoscalar case, namely the possible dominance of s — c¢ decays above
the bb-threshold; similar decay rates to bb and 77~ ; and similar decay rates to c¢¢ and 777

To sum up, 2HDM+S model allows for a large variety of Higgs decay phenomenologies
h—aa — XXYY, h—ss— XXYY,and h = aZ — XXYY by coupling the SM-like
Higgs h to a singlet-like scalar s or pseudoscalar a. While the singlet’s couplings within each
fermion “family” (down-type quarks, up-type quarks, or leptons) are ranked by their Yukawa
couplings, the relative coupling strength to each family can be adjusted, and arbitrarily so
in the scalar case. In Chapter 4.1, we will illustrate the rich decay phenomenology of exotic

Higgs decays through a detailed analysis for h — aa(ss) — bbutp~.
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Chapter 3
Searching for Dark Photons

For light dark photon with a mass far smaller than that of Z-boson mass, the mixing between
dark photon and the SM photon leads to an e-suppressed coupling of the dark photon and SM
charge current, where € stands for the kinetic mixing parameter. Consequently a substantial
effort is underway to search for a dark photon in a variety of high-intensity experiments.
In this chapter, we will show two examples for dark photon searches. The first is based on
the upcoming Mu3e experiment at the Paul Scherrer Institute (PSI) in Switzerland. Novel
probes aiming dark photons with visible decays are proposed. The second is based on low
energy ete™ colliders, such as BABAR and upcoming Bell-II experiment in Japan. There are

we focus on searching for dark photons with invisible decays.

3.1 Searching for Dark Photon with Rare Muon De-
cays at the Mu3e

The Mu3e experiment use an unprecedented number of muon decays® in their search for
the lepton flavor violating decay pu™ — ete~et, the Mu3e can also search for the decay
pt—etvp, A, A'—ete” shownin Fig. 3.1. This allows them to probe currently unexplored
regions of the dark photon parameter space. We note that while our focus will be on vector
bosons (the dark photon), other particles that couple to electrons and/or muons and decay
to an eTe” pair could also be probed with the Mu3e.

Here we will show that the Mu3e can probe dark photons in the mass range 2m. < ma <
my, where m, (m,,) is the electron (muon) mass, and improve upon current constraints on
¢ in the range 10 MeV < ma < 80 MeV, down to €2 ~ 1078, This probes well into the

mentioned above parameter region motivated from embedding the U(1)y in a GUT, as well

L“Muon” refers to u* in this section.
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Figure 3.1: Feynman diagrams for (on-shell) dark photon production in muon decays, u* —

e, A, A — e et

as probing a, favored dark photon to SM branching ratios significantly less than 100%.
Depending on the performance of the detector, Mu3e may also be sensitive to long-lived

dark photons, which produce displaced vertices.

3.1.1 The Search Set-up with the Mu3e

The Mu3e experiment at PSI [144] has been proposed to search for the charged lepton flavor
violating decay ut — eTe~e™ with an ultimate sensitivity of 10716, four orders below the
current limits. It will take advantage of one of the most intense sources of muons in the
world. During its first phase (2015 — 2016), Mu3e will probe 10 muon decays, and more
than 5.5 x 10'® muon decays by the end of phase IT (2018 and beyond). To achieve the
required sensitivity, a novel design based on high-granularity thin silicon pixel detectors,
supplemented by a fast timing system, has been proposed.

The large statistics and excellent detector resolution offer an ideal setup to search for
dark photon production in muon decays as well. The production mechanism is illustrated in
Fig. 3.1: the dark photon can be either emitted from the initial state radiation off the u*,
or final state radiation off the e™, or radiate off the internal W-boson. The latter process is
suppressed by ~ m? /mi;, ~ 107% at the amplitude level compared to the other processes due
to the different propagators appearing in the diagrams (this is similar for the corresponding
SM process where the dark photon is replaced by the SM photon, see also [145]). The
corresponding decay width of ™ — e*v,,A’, is evaluated using MadGraph5_aMCONLO [146]
for m 4 ranging from 1.1 MeV to 100 MeV. Approximating the total decay width, [y, as the
SM muon decay width, the resulting branching ratio By, is presented in Fig. 3.2 for e = 0.1.

We also include a parametrized curve (red, labeled “fit”) of the form By, = Bgg(€, mas) with

5 i
= i (1) o0 (o () ) &l

1=

where ay = —50.866, a; = —360.93, ay = 13998.59, a3 = —3.731 x 10°, ay = 4.442 x 105,
as = —2.015 x 107, and we take the fine structure constant a = 1/137.036 and D'y, ~
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Figure 3.2: The branching ratio of the muon decay channel p* — etv., A" with € = 0.1.
Shown are the numerical values computed with MadGraph5_aMC@NLO (red points) and a

parametrized fit to these numerical values (red solid line), which is given by Eq. (3.1).
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Figure 3.3: Left: Side view of the experimental setup (adapted from [144]). A muon
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beam impinges on a target consisting of two hollow aluminum cones connected at their
base. A silicon tracker composed of two inner and two outer double layers of cylindrical
pixel silicon surrounds the target. Although not included in the simulation, a time-of-flight
device provides a timing measurement with a resolution of 250 ps. A simulated pu™ —
etv.r,A', A" — ete” event is shown. Right: Transverse view of the experimental setup.
The stopping target is shown at the center, surrounded by two inner and two outer cylindrical

layers of silicon detectors.

3 x 1071 GeV [147].

For 2m, < ma < 2m,, the dominant decay is A’ — ete™ (the loop-induced decay
A" — 37 is highly suppressed and only important for ma < 2m.). The main signature of
such a dark photon is that the invariant mass of the e*e™-pair from the dark photon decay
must equal m 4. The invariant mass spectrum is dominated by SM background events (see

Sec. 3.1.2), but a resonance search or “bump-hunt” can be used to search for a dark photon.
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In addition to a resonance search, displaced e*e™ vertices can also be used to probe
long-lived dark photons. The dark photon width and the proper decay length are given by,

respectively,

ae? 4m? 2m?
FA/—>€+6_:TmA/ 1—m124/ <1+ B} >, (32)

1074\ * 10 MeV
) °r. (3.3)

CTA yete— =~ 0.8 mm (
€

m s

For small-enough values of €, the dark photon will travel a finite distance and the ete™-pair
will be reconstructed as a displaced vertex (for even smaller values, the decay length will
be large enough to allow for the shielding of almost any backgrounds, as in beam-dump
experiments). Since the backgrounds are expected to be greatly reduced with respect to
prompt decays, displaced vertices could provide sensitivity to low values of the kinematic

mixing.

3.1.2 Projections for Dark Photon Searches with the Mu3e

The sensitivity to dark photons with an experimental setup similar to that of Mu3e is stud-
ied using a simulation program, FastSim, that was originally developed for the SuperB
experiment [148], based on the software framework and analysis tools used by the BABAR
collaboration [149, 150]. Detector components are described in FastSim as two-dimensional
shells of geometric objects, such as cylinders, disks, or planes, and the effect of the physi-
cal thickness is modeled parametrically. Coulomb scattering and energy loss by ionization
are described with the standard parametrization in terms of radiation length and particle
momentum. Simplified cross sections are used to describe Bremsstrahlung and pair produc-
tion. Tracking measurements are simulated in terms of single-hit and two-hit resolutions,
while silicon strip detectors are modeled as two independent orthogonal projections. Tracks
are reconstructed from the simulated hits passed to the BABAR Kalman filter track fitting
algorithm. Uncertainties associated with pattern recognition algorithms traditionally used
to form track hits are introduced using models based on the BABAR pattern recognition
algorithm performance.

The FastSim model is a simplified version of the proposed Mu3e detector [144], which
consists of a silicon tracker composed of two inner and two outer double layers of cylindrical
pixel silicon detectors surrounding the target. The inner layers have a length of 12 cm,
while the outer silicon layers are extended to a length of 180 cm to improve the momentum
resolution of recurling tracks. The innermost (outermost) silicon detectors are placed at

a radius of 1.9 cm (8.9 cm). Silicon sensors are simulated as 50 pm thick double-sided
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striplet sensors mounted on 50 pum of kapton in FastSim. The spatial resolution of the hits
is modeled as a sum of two components with resolutions of 8 ym and 20 pym. Although
Mu3e uses pixel silicon sensors, we expect the performances of both tracking system to be
comparable. The target is composed of two hollow aluminum cones connected at their base.
Each cone is 5 cm long, 50 pum thick with a base radius of 1 ecm. The entire detector is
placed in a 1 T solenoidal magnetic field. Although not included in FastSim, a time-of-flight
device provides a timing measurement. We assume a time resolution of 250 ps, averaging the
values of the corresponding Mu3e detector systems. We define a coordinate system having
the z-axis aligned along the axis of the cylindrical silicon detectors, with the transverse plane
oriented perpendicular to the z-axis. The apparatus layout is displayed in Fig. 3.3, together

with a simulated p* — etv.p,A’, A" — eTe™ event.

Promptly Decaying Dark Photons

We begin by studying the sensitivity of prompt dark photon decays in p* — et v, A", A" —
ete” events. Large samples of signal and background events are generated to study the signal
efficiency and background levels. We assume that muons decay uniformly at rest in the
target. Signal events are generated with MadGraph5_aMC@NLO for 5 MeV < m 4 < 100 MeV.

The background processes can be classified as either irreducible or accidental:

o [rreducible backgrounds arise from events with internal conversions of the photon in
pt — ety (— ete™) decays, or from radiative muon decays where the radiated
photon converts into an electron-positron pair inside the target material. Conversion
outside the target material, i.e. in the detector material, can be efficiently tagged and
are not considered. These background processes are simulated using the matrix element
and differential decay width given in [151, 145], and the events are normalized using
the following branching ratios: B+ ety p,ete- = (3.430.4) X 107° and Byt ety =
(1.4 £ 0.4)% [147]. As the probability of photon conversion inside the target is of
O(1073), both channels contribute roughly equally to the irreducible background.

e Accidental backgrounds arise mainly from the combination of several muon decays
where, e.g., one of the positrons is misreconstructed as an electron. We consider back-
ground sources from the following accidental combinations: (1) three Michel decays
(ut — etrv.v,) where one positron is misreconstructed as an electron (“3M decays”),
(2) a Michel decay and a radiative Michel decay (u* — e*r.p,y) where the photon
converts to a ete” pair in the target material and one positron remains undetected
(“2M,, decays”), and (3) a Michel decay and a radiative Michel decay with internal

conversion where one positron again remains undetected (“2Ms, decays”). Another
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Figure 3.4: The expected e™e™ invariant mass distribution from the various sources of back-
ground displayed assuming a total number of 10 (top) or 5.5 x 10'® (bottom) muon decays
for the phase I and II of Mu3e, respectively. The accidental backgrounds include the 3M,
2M,,, and 2Mj, backgrounds but not the 2Mppanna background (see text for details).

source of accidental background, which we will not include, arises from two Michel de-
cays where the outgoing positron from one of the Michel decays produces an electron
by interacting with the detector material via Bhabha scattering (“2Mppapna decays”).

Other sources of accidental backgrounds are expected to be smaller.

We generate signal and background events and process them with FastSim to deter-
mine the detection efficiency and the invariant mass distribution, m.+.-. We require all
electrons and positrons to have a minimum transverse momentum of 10 MeV to match the
Mu3e tracker acceptance. The u* — efv.p,ete” candidates are formed by combining two
positrons and an electron, and fit with the constraint that the tracks originate from the
same position at the surface of the target. We select only well reconstructed candidates
by requiring the probability of the x? of the constrained fit to be greater than 1%. Addi-
tional kinematic constraints can further distinguish p* — e*v.v,e*e™ decays from accidental
backgrounds. The magnitude of the sum of the momenta of the electron and two positrons
(|D3e] = |Pe- + Det+ 1 + Pet 2|) must be compatible with the muon decay hypothesis, requiring

2 2

mu — M3

M)
2my,

|ﬁ3e| S (34)

where ms, is the invariant mass of the three tracks.

While we can reliably determine the efficiency of the signal and irreducible backgrounds, it
is more challenging to estimate the accidental backgrounds with very high accuracy. However,
the following approach, which is similar to that described by Mu3e [144], is sufficient for our

purposes.
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Figure 3.5: The signal efficiency as a function of the dark photon mass (mas) for prompt

pt —etrp,A', A — ete” decays.

We first estimate the accidental background arising from three Michel decays, where one
positron is misreconstructed as an electron (Nsy). We assume a measurement takes place
in a time interval T' > §t, where 6t is the time resolution. The probability for three decays
to occur in the same time window is (6t/7)* and at the same position is P2, where P, is
the position suppression factor. Multiplying these probabilities with the branching ratio for
three Michel decays, Bz+ et and the probability for one out of three positrons to be
misreconstructed as an electron, P,+_,.-, the total probability for the 3M pile-up is given by

St\? ., o 3
PSM = T Pp B/LJF—}eJrl/el_/u 1 Pe+_>e—. (35)

During the time 7', the total number of stopped muons, N, = R, T, where R, is the instan-

taneous stopped muon rate for Mu3e phase I (II). The number of 3M pile-up event, Ngyp,

N;U'
N3y = ( 5 ) Py (3.6)

Substituting Eq. (3.5) into Eq. (3.6) yields the number of 3M event,

are related by

1 1 2
Novi = TRy (R” - T) <Ru - T) SEPEBY i,
1

2 pt—etveny,

which is Eq. (3.14). The approximation is valid in the limit R, 7" > 1.
Similarly, the total probabilities for the 2M, and 2M3, accidental backgrounds are given

37



2
P?M.Y = <1> B}L+—>€+VEI7;L Bu+—>e+uel7u’y P,y, (38)
2
P2M36 = 1 Bu*—)e*ueﬁu B;ﬁ—nz*ueﬁueﬂa*, (39)
respectively. Given the number of 2M,, and 2M3, as
N
Noyt, = ( 2“) Pom, (3.10)
N
Non,, = ( 2“) Powi, (3.11)

one finds
Now, =TR, (Ru - %) 5t Py Byt Sset o5, Byt setveiy Py
~TRAGEP, Bt et v, Bt —etvemy Py s (3.12)
Noyi,, =TR, (Ru - %) 5t Py Byt et o5, Byt et voiete-
~TRAGEP, Byt yetvom, Butetvempete-- (3.13)

The approximations in the above equations are again valid for R,7" > 1. Substituting
N, = R,T back to Eq. (3.7) , Eq. (3.12), and Eq. (3.13), we obtain

1
N3M ~ §N,u RZ 5.[;2 Pf? Bz+*>€+1/el7u PeJr_}ef y <314)
Nort, =Ny, Ry 6t Py Byt e, Butosetwoy Py (3.15)
Nonty, N, R, 0t P, BM+_>5+V69H B’u‘f’_)e“’yepue‘l’e* ) (3.16)

where N, = 10" (2x10'®) and R, = 10%/s (2x10%/s) for Mu3e phase I (II), §t = 2.5x107 s,
P, =107% P+ .- = 0.5%, and P, = 8 x 107%. Inserting the numbers, we find that the
expected number of accidental background events over the lifetime of the experiment (before
correcting for the efficiency) are given by, roughly, Nsy ~ 15,000 (60,000), Non, ~ 30,000
(6 x 10%), and Nopy, ~ 75,000 (2 x 107) for phase I (IT). We use these numbers to normalize
each accidental background component. We note that we will not consider the 2Mpgpapha
background, as it is challenging to simulate reliably. More study is needed by the Mu3e
Collaboration to determine its size, but preliminary estimates suggest that in the 10 MeV
to 80 MeV mass range, this background should be at most comparable, but more likely

subdominant, to the irreducible backgrounds.
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Figure 3.6: Fit to the eTe™ invariant mass distribution for a dark photon mass hypothesis
of 40 MeV. The blue line shows the expected background. The signal probability density
function, as obtained from a fit to the signal Monte Carlo sample, is shown as the red line

in the insert.

The ete™ invariant mass distribution of the most important irreducible and accidental
backgrounds, after applying all selection criteria, is shown in Fig. 3.4, assuming a total
number of 10 (top plot) and 5.5 x 10 (bottom plot) muon decays for the two phases of
Mu3e, respectively. Both combinations per muon candidate are considered and included in
the corresponding histograms. The signal reconstruction efficiency is shown in Fig. 3.5 and
varies between 7% and 41%, depending on the dark photon mass.

As expected, the distribution peaks towards low values of m.+.-. The spectrum is dom-
inated by ut — etv.r,ete” events (red line in Fig. 3.4) with an additional contribution
from pt — e*v.v,y with the conversion 7 — e*e™ in the target material (black line). The
accidental backgrounds (green line) are subdominant, except for me+.- 2 80 MeV, where
they become comparable to the irreducible contribution. However, as we will discuss below,
this region is already well explored by existing experiments. Therefore, even if our accidental
background estimate is off by a factor of a few, it will have little impact on the the dark-
photon parameter region probed by Mu3e that is currently unexplored (ma < 70 MeV).

A dark photon signal would appear as a narrow peak over the smooth background distri-
bution. The signal resolution is determined by fitting the corresponding mass spectrum with
a sum of three Gaussians. The central mass resolution is at the level of 0.2—0.3 MeV, almost
independent of m 4. We checked that these results are similar to the expected performance
of the Mu3e detector [144].

We estimate the signal sensitivity by fitting a signal component on top of the expected
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Figure 3.7: Prospects and constraints in the €2 versus m 4 plane for dark photons that decay
directly to SM particles (see e.g. [152]). The projected sensitivity of a resonance search for
promptly decaying dark photons with the Mu3e experiment is shown in blue (red) assuming
10% (5.5 x 10'%) muon decays for Mue3 phase I (IT).

background in the range 10 MeV < my < 80 MeV. Each fit is performed over an interval
of £ 5 MeV around the nominal dark photon mass.. An example of a fit is displayed in
Fig. 3.6. We extract a 95% confidence level (CL) limit on the number of signal events, and
derive a bound on the p* — e*r., A", A" — ete” branching ratio by dividing by the signal
efficiency and the number of muon decays. These results are translated into limits on the
kinetic mixing parameter, ¢, and shown as a blue (red) solid line for Mu3e’s phase I (II) in
Fig. 3.7, together with existing constraints and prospects for upcoming experiments.

A substantial fraction of open parameter space in the low m s region can be explored,
complementing or overlapping the reach of currently planned experiments, including APEX [82,
90], HPS [101], DarkLight [81, 97], and an experiment at the SPS [100] (the latter is not
shown). As mentioned in the introduction, if U(1)y is embedded in a GUT, the mixing that
is generated by a one-(two-)loop interaction naturally gives €2 ~ 107—1072 (~ 1071°—107°).

Mu3e has the opportunity to explore part of this theoretically interesting parameter space.

Displaced Vertices From Dark Photons

For sufficiently small values of €, the dark photon lifetime can be sizable (see Eq. (3.3)),

leading to displaced decay vertices observable in the laboratory frame. While smaller values
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of € lead to smaller muon branching ratios to dark photons, the backgrounds associated with
displaced vertices are substantially reduced, providing an opportunity to observe a signal.
The discovery potential depends on the geometrical acceptance of the detector, the vertex
resolution, and the backgrounds. The assumptions introduced in the prompt decay scenario
to treat the accidental backgrounds, i.e. pile-up events arising from muons decaying within
the same time window and at the same position in the target, might not be valid anymore
for displaced vertices. A full analysis should include contributions from pile-up of several
(radiative) muon decays generated everywhere in the target, which is beyond the scope of
this thesis, given the large number of muon decays involved. Furthermore, a small residual
background from misreconstructed p* — etv.v,ete” events is expected to remain, and
the accuracy of FastSim might be too limited to reliably predict its level. We encourage
the Mu3e Collaboration to perform a detailed reach estimate, both because the tools at
our disposal are not sufficient for a reliable estimate and because the sensitivity that could

potentially be achieved is well worth the effort.

3.1.3 Summary

In this section, we have studied the possibility to search for dark photon in u* — e*v,.p,A’, A’
ete™ decays with an apparatus similar to the Mu3e experiment. We derive sensitivity esti-
mates for both prompt and displaced dark photon decays. Mu3e has the exciting opportunity
to probe a substantial fraction of currently unexplored parameter space in the mass range
10 MeV < my < 80 MeV for €2 > 1078, using a resonance search, overlapping or comple-
menting the reach of currently planned experiments. This opportunity does not require any
modifications of their existing setup. A search for displaced vertices may have sensitivity to
lower values of €, but the precise reach estimate depends on the backgrounds, which require

a careful modeling by the Mu3e Collaboration.

3.2 Searching for Dark Photons with Low Energy ¢ e”
Colliders

As we mentioned in Sec. 1.3.2, Light Dark Matter (LDM), within a mass smaller than 10
GeV, are important alternative to WIMP paradigm and a nature composite of the dark
sector picture. LDM can be tested in various collider searches, as well as direct and indirect
detection experiments. As we will show later in this section, among collider experiments,
low-energy eTe™ colliders such as B-factories and ®-factories are particularly well suited to

exploring this mass range.
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DM searches at colliders have received much attention in the past. However, most of the
focus has been on searches with high-energy colliders such as LEP, the Tevatron, the LHC,
and an ILC, see e.g. [153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 167,
168, 169]. These colliders are ideally suited for probing Weak-scale DM, and for DM whose
interactions with ordinary matter are mediated by heavy particles. In contrast, B-factories
(®-factories) operate at much lower center-of-mass energies of \/s ~ 10 GeV (1 GeV). Their
sensitivity is therefore highest to LDM with low-mass mediators.

DM particles produced in colliders do not scatter in the detector, and appear as missing
energy, J/. A particularly clean channel to study is LDM produced in association with a
single photon, resulting in a mono-photon signature (v + £). Here we study the sensitivity
of mono-photon searches at low-energy ete™ colliders to LDM. While LDM production has
been studied before in the context of rare meson decays, e.g. [170, 171, 172, 173, 174, 175, 176,
177, 178, 179, 180, 181, 182, 183, 184, 185], here we consider a complementary possibility:
non-resonant production of mono-photon events directly in the eTe™ collisions, see Fig. 3.8
(this possibility has previously been considered in less detail in e.g. [186, 178, 73, 85, 169]).
We first reanalyse the results of an existing search by the BABAR collaboration for mono-
photon events in decays of the Y(3S5) [187]. While BABAR had an active mono-photon
trigger for only ~ 55/fb (including ~ 30/fb on the Y(35)) out of a total of ~ 500/fb of data
collected over its lifetime, and performed only a very limited background estimate on these
events, the resulting bounds on LDM improve significantly upon existing bounds in parts of
the LDM parameter space. A similar analysis with Belle or KLOE data is not possible, due
to the lack of a single-photon trigger.

We also estimate the possible sensitivity of Belle IT to LDM. This will depend strongly on
the ability to implement a mono-photon trigger, and to reduce or subtract backgrounds, but
should reach substantially beyond the constraints from BABAR in parts of parameter space.
Our results stress the importance for Belle Il to include a mono-photon trigger during the
entire course of data taking.

The rest of the section is organized as follows. In Sec. 3.2.1 we give a brief theoretical
overview of LDM coupled through a light mediator. Sec. 3.2.2 contains a more detailed
discussion of the production of such LDM at low-energy ete™ colliders. In Sec. 3.2.3 we
describe the BABAR search [187], and extend the results to place constraints on LDM. In
Sec. 3.2.4 we compare our results to existing constraints such as LEP, rare decays, beam-
dump experiments, and direct detection experiments. In Sec. 3.2.5 we estimate the reach of
a similar search in a future eTe™ collider such as Belle II. We conclude in Sec. 4.1.4. A short
appendix discusses the constraints on invisibly decaying dark photons for some additional

scenarios.
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Figure 3.8: ~ + F production channels for LDM coupled through a light mediator. Left:
Resonant Y (35) production, followed by decay to v+ x X through an on- or off-shell mediator.
Right: The focus of this section — non-resonant v+ Y production in eTe™ collisions, through
an on- or off-shell light mediator A’™). (Note that in this section, the symbol A’ is used for

vector, pseudo-vector, scalar, and pseudo-scalar mediators.)

3.2.1 Light Dark Matter with a Light Mediator

A LDM particle is a natural member of a dark sector. Generally speaking, the dark sector
may generally contain a multitude of states with complicated interactions among themselves.
However, for the context of this section, it is sufficient to characterize it by a simple model
with just two particles, the DM particle x and the mediator A’ (which, with abuse of notation,
may refer to a generic (pseudo-)vector, or (pseudo-)scalar, and does not necessarily indicate

a dark photon), and four parameters:
(i) m, (the DM mass)
(ii) ma (the mediator mass)
(iii) g (the coupling of the mediator to electrons)
(iv) g, (the coupling of the mediator to DM).

In most of the parameter space only restricted combinations of these four parameters are
relevant for Y production in ete™ collisions; we describe this in more detail in Sec. 3.2.2.
The spin and C'P properties of the mediator and DM particles also have a (very) limited
effect on their production rates, but will have a more significant effect on comparisons to
other experimental constraints, as will the couplings of the mediator to other SM particles.
For the rest of the section, the “dark matter” particle, y, can be taken to represent any
dark-sector state that couples to the mediator and is invisible in detectors; in particular, it

does not have to be a (dominant) component of the DM.
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The simplest example of such a setup is DM that does not interact with the SM forces,
but that nevertheless has interactions with ordinary matter through a dark photon. The

variables €, gy, m,, and mys are the free parameters of the model. We restrict
gy < VA, (perturbativity) (3.17)

in order to guarantee calculability of the model. Such a constraint is also equivalent to
imposing I's//ma < 1 which is necessary for the A’ to have a particle description. We will
refer in the following to this restriction as the “perturbativity” constraint.

In this section, we discuss this prototype model as well as more general LDM models with
vector, pseudo-vector, scalar, and pseudo-scalar mediators. We stress that in UV complete
models, scalar and pseudo-scalar mediators generically couple to SM fermions through mixing
with a Higgs boson, and consequently their coupling to electrons is proportional to the
electron Yukawa, g, o< ¥, ~ 3 x 107%. As a result, low-energy eTe™ colliders are realistically
unlikely to be sensitive to them. Nonetheless, since more intricate scalar sectors may allow
for significantly larger couplings, we include them for completeness.

For simplicity we consider only fermionic LDM, as the differences between fermion and
scalar production are very minor. We do not consider models with a t-channel mediator
(such as light neutralino production through selectron exchange). In these, the mediator

would be electrically charged and so could not be light.

3.2.2 Production of Light Dark Matter at ete~ Colliders

Fig. 3.8 illustrates the production of v + [ events at low-energy ete~ colliders in LDM
scenarios. The channel shown on the left of Fig. 3.8 is the resonant production of a heavy
meson such as T(35), followed by its decay to v + xX through an on- or off-shell mediator.
This channel probes the couplings of the mediator to the b-quark (specifically its pseudo-
vector or pseudo-scalar couplings if the mediator is on shell). The focus of this section,
however, is a complementary channel, shown on the right of Fig. 3.8, where LDM is produced
through an on- or off-shell mediator, which couples directly to electrons.

The collider signal consists of mono-photon events, v+ /. The photon energy spectrum
can vary quite significantly depending on the masses of the DM and mediator, and we divide
the m,—my plane into three regions with distinct kinematics, as illustrated in Fig. 3.9.
Typical spectra for each region are shown in Fig. 3.10 as a function of the xx invariant mass,

which is related to the photon energy by

mi.=s—2/sE. (3.18)

=

The regions are as follows:
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Figure 3.9: Left: Regions in the m,—m 4 plane with different characteristic v+ signals (A’

is any type of mediator). Region (a) corresponds to an off-shell heavy mediator, for which

an effective operator analysis holds if m4 > /s. In Region (b) the mediator is invisible

and is produced on-shell. In Region (c), while the mediator is light enough to be produced

on shell, xx production occurs through an off-shell mediator. Right: Decision tree that

summarize the search plan.

(a):

(c):

my: > +/s. Here the mediator is too heavy to be produced on shell, and xY production
proceeds through an off-shell mediator. In this case, the photon is dominantly produced
in the form of initial state radiation, and so has a spectrum rising towards low energies
(high m,5), illustrated by the red histogram in Fig. 3.10.

D /s >ma > 2m, or mar < 2me. In region (by), the mediator decays to xx (the

branching ratio to SM particles is assumed to be negligible). In region (by), it is too
light to decay to either xx or ete™; if e.g. A" is a dark photon, it eventually decays to
(three) photons far outside the detector. Both cases result in a mono-energetic v + F
signature. The spectrum is peaked at mfoz = m?,, but the finite detector resolution

gives a width of
Oz = 2V/sop, = (s —miy) x (0g,/E,), (3.19)
where og, is the experimental photon energy resolution. This is illustrated by the two

orange histograms in Fig. 3.10.

2m, > mps > 2m,. In this region, the mediator can be produced on shell, but is
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too light to decay to xx. It could either decay to another light dark-sector state (if
available) or it will instead decay to SM fermions, an interesting signature, which is
not the topic of this section (see e.g. [186, 178, 73, 85]). In the latter case, while direct
searches for the wisible decay are likely to be more sensitive (see e.g. [74, 188] and
references therein), v+ F events can occur in the production of yy through an off-shell
mediator. Probing these decays is necessary to assess whether such light mediator
couples to invisible particles such as LDM and therefore is complementary to visible
searches. The mediator propagator contributes a factor 1 /m;‘(Y to the cross-section,

resulting in the broad, flat photon spectrum illustrated by the green histogram in

Fig. 3.10.
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Figure 3.10: Typical simulations of v+ signals compared to data that was scanned from the
BABAR Collaboration (unpublished) [187], in both the “High-E” (left) and “Low-E” (right)
search regions (where 3.2 GeV < E7 < 5.5 GeV and 2.2 GeV < EJ < 3.7 GeV, respectively;
see Sec. 3.2.3 for more details). The red histogram illustrates yx production through an off-
shell heavy mediator (region (a)), resulting in a rising spectrum. The histogram corresponds
tom, =1 GeV and mu = 12 GeV. The orange histograms show the peaked spectra arising
from on-shell production of an invisible mediator (region (b)), with m4 = 0.5 MeV (left) or
4 GeV (right). The green histogram shows the typical broad spectrum resulting from xY
production through an off-shell light mediator (region (c¢)) (we show m, = ma =1 GeV).

In each case the cross-section is scaled to lie at the 95% CL limits presented in Sec. 3.2.3.

Relevant Parameters

In each of the three regions, only limited combinations of the four model parameters presented

in Sec. 3.2.1 determine the v + £ signal, with the remaining combinations being redundant
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(or giving small corrections), as follows:

(a):

When ma > +/s, the mediator can be integrated out of the theory and the inter-
action described by a 4-point vertex. For fermionic LDM coupling through a vector,
pseudo-vector, scalar or pseudo-scalar mediator, the effective operator describing the

interaction is given by (respectively)

Oy = 13 (nx) (er'e) (3.20)
Oy = % (x7.7°x) (ev"7%¢) , (3.21)
05 = 15 (¥ (ee) (3.22)
Ops = % (X7°x) (e7%€) . (3.23)
where A is given by
A= (3.24)

VIeIx
The signal spectrum depends on m,, and the rate is proportional to A™*, with cor-
rections of order mZ2y/m?,, relevant only for A’ masses close to the center-of-mass

energy.

: For mediators produced on shell, m, and g, are irrelevant as long as the mediator

does not have a significant branching ratio to SM fermions. The signal spectrum is

controlled by m 4, and the rate is proportional to g2, with corrections of order g2/ gi.

: For my < m,, the signal spectrum depends on m, but not on m,/, and the rate is

proportional to (g.gy)?, with corrections of order m?%,/ mf&.

3.2.3 Constraints from BABAR Data

The BABAR Collaboration performed an unpublished analysis of mono-photon events in a

search for decays of the T(35) to v A%, where A is an invisible pseudoscalar particle [187].

We reproduce their preliminary data in Fig. 3.10. The search was performed on a sam-
ple of 122 x 10° Y(3S) decays, corresponding to about 28/fb of data at /s ~ my3s) =~
10.355 GeV [189]. The data was analyzed in two overlapping photon CM energy regimes with
distinct trigger requirements: 3.2 GeV < EJ < 5.5 GeV and 2.2 GeV < EZ < 3.7 GeV, re-
ferred to respectively as the High-E and Low-E regions. The former used the full dataset, and

the latter a subset corresponding to 19/fb. The main SM backgrounds are a peak at mf& =0
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Figure 3.11:  Lower bounds on mar/,/g.gy, in region (a) of Fig. 3.9 (production of xx
through a heavy off-shell mediator), for (left) a fixed DM mass of 10 MeV, and (right) a
fixed mediator mass of 12 GeV. The solid black line / blue shaded region show the bounds
from BABAR data (this work) with a vector mediator. On the right, the bounds with other
mediators are shown with different line styles, while on the left they are almost identical to
the vector case and thus not shown separately. The solid and dotted blue line both show the
projected reach of Belle II in the vector-mediated case assuming that the various background
components are known at the 5 —20% level (“systematics” limited) or, more idealistically, is
known perfectly up to statistical fluctuations (“statistics” limited) (see Sec. 3.2.5 for details).
The gray shaded region is excluded by combining LEP bounds [157] with g,-perturbativity.
For the dark photon case, this limit is strengthened by including Z-pole constraints [87] on

e, as shown by the green line. See text for more details.

from eTe™ — v7, a continuum background from eTe™ — ¢ ¢, eTe™ — y77, where ¢* and
7 represent particles that escape undetected (down the beam pipe or in a detector crack)
and, to a lesser extent, two-photon production of hadronic states decaying to photons where
only one is detected. The results of a bump hunt in the photon spectrum were presented as
preliminary upper limits on the branching ratio (BR) B(T(35) — vA%) x B(A — inv.).
We use this data below to constrain the non-resonant production of LDM in ete™ colli-
sions as shown in Fig. 3.8-right, for the three regions shown in Fig. 3.9. (A similar analysis
is performed in Ref. [180] to constrain LDM couplings to b-quarks through an effective
dimension-6 operator.) The BABAR analysis applies both geometric and non-geometric cuts
to the mono-photon data, with total efficiency for signal events given as 10-11% (20%) in the
High-E (Low-E) region. By simulating ete™ — Y(35) — vA° events, we find that geometric
acceptance accounts for 34% and 37% of this efficiency in the two respective regions, with

non-geometric cuts therefore having about 30% and 55% efficiencies. In our analysis, we
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determine the geometric cut acceptances for each search region from simulation, and apply
a further cut of 30% (55%) in the High-E (Low-E) region to account for the efficiencies of
other cuts. Photon energies are smeared using a crystal-ball function, with tail parameters
a = 0.811 and n = 1.79, obtained from fitting the £7 distribution of ete” — 7 to the data
in [187]. We take the width, og /E,, to be 1.5%/(E,/ GeV)"* & 1% to match the values of
given in [187]. The signal was simulated with Madgraph 5 [190].

g,,2
Mx

Constraints for Off-shell Heavy Mediators

When 7+ x\ events are produced through a heavy off-shell mediator (region (a) of Fig. 3.9),
the mono-photon spectrum has a shape very similar to that of the background, as can be
seen in Fig. 3.10. Because of this, and since no background estimate was performed in [187],
we place constraints by requiring that the expected signal does not exceed the observed
number of events by more than 2¢ in any bin.

Fig. 3.11 (left) shows lower limits on m .4/, /gegy as a function of m for a fixed DM mass
of 10 MeV, while Fig. 3.11 (right) shows limits as a function of m,, for a fixed mediator mass
of 12 GeV, and various mediators. The dependence on the type of mediator is negligible for
m, < 1 GeV. The solid blue curves show projections for a similar search at Belle II (see
Sec. 3.2.5). These rely on the possibility of performing an estimate of the background and
hence could also apply to a reanalysis of the data by the BABAR collaboration if they are
able to calculate the backgrounds and/or determine them from data.

These models are also constrained by mono-photon searches at LEP, which in this regime
place an upper bound on g, (see Sec. 3.2.4). Combining this with the requirement g, < V4w
(for perturbativity) gives the gray shaded region shown in Fig. 3.11. LEP’s high CM energy
makes it more effective at constraining heavier mediators, and the LEP bounds are stronger
than those from BABAR for my < 15 GeV. In the case of a dark photon mediator, there
is an even stronger constraint of g. < 0.026e from Z-pole measurements [87], shown by the

green lines.

Constraints for On-Shell Light Mediators

Production of on-shell invisible mediators in ete™ — A’ events (region (b;2) of Fig. 3.9)
gives a mono-photon signal with a distinct bump at mf& = m?,, as illustrated in Fig. 3.10.
The backgrounds are smooth functions, except for a bump at mf& = 0 from 7 events. We
set limits on g. by performing our own bump hunt on the BABAR data, as described below.

Following [187], we model the background in the High-E region by combining a crystal

ball peaked at mf& = 0 with an exponential exp(c mf&). In the Low-E region we combine an
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Figure 3.12: Upper bounds on the coupling of electrons to a mediator decaying invisibly
to dark-sector states (region (b) of Fig. 3.9). The solid black line / blue shaded region
shows the bound from BABAR data (this work), for a vector or pseudo-vector mediator.
The dotted line shows the bound for a scalar or pseudo-scalar mediator. The black dashed
line shows the projected upper limit from an “improved BABAR” analysis for a vector or
pseudo-vector mediator, where the 7 background has been reduced by a factor of 10. The
projected reaches of four possible searches for a vector mediator at Belle II are shown by
the solid blue lines: a converted mono-photon search (dashed, labelled (a) and (b), which
respectively assume no (a factor of 10) improvement in the y7 background rejection over the
“iImproved BABAR” projection), a standard mono-photon search (solid), and a low-energy
mono-photon search (dot-dashed) (see Sec. 3.2.5). The gray shaded region is excluded by
LEP [157]. Additional limits relevant for sub-GeV mediators are shown in Fig. 3.15. See

text for more details.

exponential exp(c; mf& + co mf&) with a constant. The normalizations of each component,

and the exponents ¢, ¢1, ca, are treated as free nuisance parameters, with the normalizations

2 2
X? - mA/,

and integrated area Nggna. The width of the crystal ball functions is as described above.

constrained to be positive. We model the signal with a crystal ball peaked at m

For any given value of my/, we bin the expected rates using the same binning as the
BABARdata, construct a likelihood function based on the signal and various background
components, with the various nuisance parameters kept unconstrained except for the nor-
malizations, which are kept positive. We then set 95% C.L. limits on Nggna using the profile
likelihood method.

The absence of features in the non-yy backgrounds makes the bump-hunt an effective

procedure to discriminate a signal from background for heavier A’. In the analysis of [187],
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only a limited background estimate was done on the 77 peak, using off-resonance data to
estimate the background rate. We cannot use this approach in our analysis, since our signal
would also appear in the off-resonance sample. The search becomes therefore background-
limited for my < 1 GeV in the current BABAR data. However, an improved background
estimate may be possible. We therefore show a projection for an “improved BABAR” limit,
assuming that the 77 background can be reduced by a factor of 10. For this case, we fit
smooth curves to the current BABAR data to show the expected limit. At Belle II, additional
improvements in both background rejection and resolution may decrease the value of m 4 at
which the search becomes background-limited to a few hundred MeV, see Sec. 3.2.5.

We convert the limits on Ngignar into limits on g. using simulation, accounting for the cut
efficiency as described above. The limits are shown in Fig. 3.12, along with projections for
Belle IT and limits from LEP (see Secs. 3.2.5 and 3.2.4). In Figs. 3.15 and 3.14 we show our
limits in the € versus m 4 plane for the special case of an invisibly decaying dark photon. The
bounds and projected reach of various other experiments are also shown, and are discussed
further in Sec. 3.3.

Constraints for Off-Shell Light Mediators

When 2m, < my < 2m, (region (c) of Fig. 3.9), v + xx production proceeds through
a light off-shell mediator, giving a broad mono-photon spectrum as seen in Fig. 3.10. This
spectrum has a kinematic edge at mf& = 4mi. Without good control over backgrounds, this
spectrum is difficult to distinguish from backgrounds, and we conservatively place constraints
by requiring that the expected signal does not exceed the observed number of events by more
than 20 in any bin.

Fig. 3.13 shows the upper limit on g.g, as a function of m, for a fixed mediator mass
of 100 MeV, for various mediator types. The constraint on g.g, from LEP (see Sec. 3.2.4)
is shown by the gray shaded region. In the case of a dark photon mediator there is a
stronger constraint, shown by the green line. This combines the requirement g, < v/4w (for
perturbativity) with bound on a visibly-decaying dark photon by the KLOE experiment,
which constrains g. < 0.002 for ma = 100 MeV [89]. We note that if the mediator can
decay to a second light state in the dark sector then the visible constraints do not apply.
However, this second light state is then constrained by the on-shell constraints in Sec. 3.2.3,
which are of comparable strength.

Also shown is the projected reach of Belle II for the vector-mediated case (see Sec. 3.2.5).
As for the heavy off-shell region, these rely on the possibility of performing a background
estimate and hence could also apply to a reanalysis of the data by the BABAR collaboration
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Figure 3.13:  Upper limits on g.g, for the off-shell light mediator region (region (c) of
Fig. 3.9), for a fixed mediator mass of 100 MeV. The coloring and assumptions of the BABAR
and Belle IT curves are as in Fig. 3.11. The gray shaded region is excluded by LEP [157]. With
a hidden-photon mediator, there is a stronger constraint from combining g,-perturbativity
with a search for visibly-decaying hidden-photons at KLOE (green line). The possible reach
of an edge search is not shown, but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-mediated case assuming that the
various background components are known at the 5 — 20% level (“systematics” limited) or,
more idealistically, are known perfectly up to statistical fluctuations (“statistics” limited)

(see Sec. 3.2.5 for details). See text for more details.

if control over the various background components can be obtained. In addition, a search
for a kinematic edge may allow for an improvement of the bounds, but is not shown here.
As can be seen from the figure, for the case of a dark photon mediator, stronger constraints

can be obtained from the direct production and (visible) decay of the A’.

3.2.4 Comparison with LEP

The search for mono-photon events in ete™ collisions is also possible with the O(1)/fb of
data collected with a mono-photon trigger at LEP, and in [157] this was used to place
constraints on DM coupled to electrons through a mediator or a higher-dimension four-point
interaction. Because LEP operated at /s ~ 200 GeV, the DM and mediators of interest in
this section are light by LEP standards. There are therefore two regimes of interest to us:
2m, < mu < 200 GeV, for which the mono-photon signal rate is controlled by the single
parameter g., and ma < 2m, < 200 GeV, for which it is controlled by the combination

GeGx-
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In Ref. [157] (Fig. 7) bounds are presented in terms of the parameters m,, my/, the
effective cutoff scale A = mu//,/G.gy, and the A’ decay width I'y;. However, in the two

respective mass regimes of interest these are consistent with a single bound on either g. or

Gegy, of

ge < 0.023 (2my, < mur), (3.25)
GeGy < 0.13 (mA/ < me) . (326)

The former is extracted from the “minimum width” curves of Ref. [157], which correspond
approximately to the assumption g, = ge.

In Figs. 3.12 and 3.13 we show these two bounds directly with gray shaded regions.
In Fig. 3.11 we show a combination of the bound on g. with the requirement g, < V4w
(for perturbativity). LEP is more suited to probing higher mass scales, and becomes more
sensitive than BABAR for mediator masses above about 15 GeV assuming g, = V4r. For the
on- and off-shell light mediator regimes, the bounds from BABAR are significantly stronger
than those from LEP, due largely to BABAR’s higher luminosity and larger production cross-

section.

3.2.5 Projections for Belle II

The bounds placed on LDM by the BABAR data are competitive with existing constraints,
and in many cases stronger. In particular, for on-shell invisible mediators the bounds exclude
a large region of previously-allowed parameter space. In this section, we make projections for
the sensitivity to LDM of future high-luminosity e*e™ colliders, notably the next-generation
B-factory Belle II, which could significantly improve on these results.

Belle IT is an upgrade of the Belle experiment, using the SuperKEKB asymmetric ete™
collider currently under construction [191]. It is expected to start taking data in 2016
and obtain 50/ab of integrated luminosity at /s ~ 10.5 GeV by 2022 [192]. The average
energy resolution is slightly improved over BABAR op /E, = 1.7%. The implementation
of a mono-photon trigger will require a dedicated study by the Belle II collaboration to
ensure that the high luminosity and pile-up do not lead to an unacceptably high trigger
rate. It will hopefully be possible to implement such a trigger for the full Belle IT run for
energetic mono-photons without prescaling, and possibly with a prescaled version also at
lower photon energies (E, < 2 GeV). An interesting possibility is the study of a dedicated
trigger for mono-photons that convert in the tracker. While paying a high price in signal
rate, this may overcome significant issues (discussed below) with the standard mono-photon

search.
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A precise estimate of the reach of Belle II depends on various unknowns, such as the
amount of data taken with the mono-photon trigger, the trigger and cut efficiencies, and most
crucially the background rate and the ability to perform a careful background estimate. In
order to make illustrative projections, we make plausible assumptions about these factors.
We emphasize that the actual reach of Belle II may prove somewhat different than our

projections.

Standard Mono-Photon Search

We assume that Belle II can implement a mono-photon trigger on the full 50/ab of data,

but restricted to the energy range 2.2 GeV < E7 & 5.5 GeV, corresponding to —5 GeV? <
2

XX
butions and other soft photon and instrumental backgrounds at lower energies. In analogy

m?. < 62 GeV2 This avoids the excessive rates coming from the radiative Bhabha contri-
with the current BABAR search [187], we divide the energy range again into High-E and
Low-E regions. This allows us to scale up the current BABAR background estimates. We
determine these by fitting the BABAR data with the smooth functions described in 3.2.3. We
then assume the same geometric acceptance in each region as BABAR, neglecting O(1) dif-
ferences between the geometric acceptances of the two experiments due to differences in the
beam energies and calorimeter rapidity coverage. We further assume a constant efficiency for
non-geometric cuts of 50% and finally scale up all the smoothed BABAR backgrounds by the
ratio of the luminosities, except for the 77 background. For the latter, we assume a baseline
improvement in the background rejection by a factor of 10 over the current BABAR anal-
ysis [187] (so that it corresponds to the “improved BABAR” version discussed in Sec. 3.2.3
and shown in Figs. 3.12 and 3.15) before scaling by the ratio of luminosities. We note that
the real backgrounds may of course differ significantly from these simple scalings using the
BABAR data.

For on-shell mediators, we set limits following the same procedure described in Sect. 3.2.3.
For off-shell mediators, we assume the expected continuum background rate can be deter-
mined using some combination of Monte Carlo and data-driven techniques, allowing one to
estimate and effectively “subtract” part of the background (there would be no improvement
in the Belle II sensitivity over the current BABAR limits without an improved understanding
of the backgrounds, since we showed “signal-only” limits for BABAR). Without a realis-
tic estimate of the range of shape variations for the various background components, it is
hard to estimate the power of the limits that can be obtained by such subtraction proce-
dure. Instead, we provide a conservative and an aggressive estimate of the limits, labeled

“systematics-limited” and “statistics-limited”, respectively. In both cases, we present single-
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bin limits, where the signal is constrained not to exceed the 95% C.L. in any single bin. In
the “systematics-limited” case, we assume that the bin uncertainties are dominated by sys-
tematic uncertainties due to the subtraction procedure: we set them at 5% for the radiative
Bhabha, 10% for the 77 peak (whose size assumes that Belle II can reach the same level
of rejection as the BABAR analysis) and at 20% for the other continuum components. In
the “statistics-limited” case, we consider only statistical uncertainties. While it is almost
impossible to achieve this limit, good control of the background shapes and the simultaneous
fit of many bins could yield a significant improvement over our “systematics-limited” reach,
so that it is instructive to show both.

The sensitivity reach from both these estimates are shown by the solid and dashed blue
curves in Figs. 3.11 and 3.13, while only the “systematics-limited” reach is shown with the
solid blue curves in Figs. 3.12, 3.15, and 3.14. In Figs. 3.16 and 3.17, the “systematics-

limited” curve is shown under two assumptions for the value of g,.

Low-Energy Mono-Photon Search

We also consider the possibility that Belle I can implement a prescaled trigger for low-energy
mono-photons, 0.5 GeV < E¥ < 2.2 GeV. We will assume a prescale factor of 10 (corre-
sponding to 5/ab of collected data), although a dedicated study by the Belle 1T collaboration
is necessary to see whether this is sufficient to avoid background events overwhelming the
data acquisition. We estimate the background by extrapolating the fit in the Low-E region
described in the previous section, Sec. 3.2.5, and otherwise follow the same assumptions and

procedures. The result is shown by the blue dot-dashed lines in Figs. 3.12 and 3.15.

Converted Mono-Photon Search

A small fraction of photons convert to e™e™ pairs in the inner detector (see e.g. [193]).
While the rate of these events is significantly lower than for non-converted photons, they
do allow for significantly better pointing and energy resolution. The combination of the
lower rate and the distinctive nature of the events should make it possible to implement a
dedicated trigger for converted mono-photons. The improved pointing resolution may make
it significantly easier to veto mono-photons that are back-to-back with detector regions
responsible for photon losses, such as azimuthal gaps in calorimeter coverage. This would
reduce the background from ~y7 events, and improve the reach around the peak at mf& =0
compared to what BABAR achieved in the current analysis [187], or even compared to our
“improved BABAR” projection, which already assumed a factor of 10 reduction in the v

background over [187]. Moreover, away from the v9 peak, the improved energy resolution
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may increase the power of a bump hunt (although this may not compensate for the reduced
amount of data). Thus these factors can potentially strengthen the search for LDM and are
worth a dedicated study by the Belle II collaboration.

We make projections for such a search assuming that 50/ab of data is collected with a
converted-mono-photon trigger, over the energy range 3.2 GeV < E7 < 5.5 GeV (BABAR’s
High-E region). We take the fraction of photons that convert in the tracker to be 5%, and
assume the same cut efficiency as for the standard mono-photon search, giving a combined
trigger efficiency of 0.85%. We present two scenarios, one assuming a 77 background re-
duction factor comparable with our baseline assumption of the “improved BABAR” version,
the other assuming a further factor of 10 improvement relative to the “improved BABAR”
version, i.e. a factor of 100 improvement over the BABAR analysis in [187]. In both cases, we
assume that the continuum background rate is unchanged. These two scenarios are labeled
as “(a)” and “(b)” in Fig. 3.12 and 3.15. We take the energy resolution to be a factor of
2 better than for non-converted photons. Extension to lower E, should also be possible
without prescaling given the low conversion fraction (but we do not consider this further).
An additional improvement of the photon energy resolution by up to a factor of ~ 2 may be
possible [193] due to the improved momentum resolution of low pr tracks.

We show the results with the blue dashed curves in Figs. 3.12 and 3.15. The improvement
over current bounds is potentially very substantial, but clearly a dedicated analysis by the

Belle II collaboration is required.

B-factory Prospects on Additional Dark Photon Scenarios

We also show the constraints on invisibly decaying dark photons, assuming they can decay
either invisibly to a dark-sector state x or visibly to SM matter for my < 2m,. While
Fig. 3.15 showed the constraints assuming m4 < 2m,, Fig. 3.14 shows the constraints for a
fixed LDM mass, m, = 10 MeV (left) or 100 MeV (right). Note that the LSND limit, taken
from [194], weakens significantly for larger m, and disappear completely for m, > mgo/2.
The limit from rare Kaon decays K* — 7% A’ disappears when ma > 2m,. The other
constraints are as discussed in Sec. 3.3. We do not show the prospects of the experiments

that have been proposed to search for visible A" decays, but see e.g. [188].

3.2.6 Summary

Light Dark Matter, coupled to the Standard Model through a light mediator, offers an at-
tractive alternative to the WIMP paradigm. However, the parameter space of LDM remains

largely unexplored. With their large integrated luminosities, current and future low-energy
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ete™ colliders offer a uniquely powerful window into LDM parameter space.

We constrained LDM parameter space using an existing BABAR search [187]. We com-
pared this to constraints from direct detection experiments and LEP, and in the case of
a hidden-photon mediator, also from rare Kaon decays, proton beam dumps, supernova
cooling, and QED precision measurements.

Mono-photon searches at future high-luminosity ete™ colliders, such as Belle II, can
potentially provide an even more powerful probe of LDM and light mediators. The most
crucial requirement is the implementation of a mono-photon trigger. In searching for invisible
on-shell mediators, it is important that this be applied for as much run-time as possible
(preferably for the entire experiment). For searches that are currently background-limited,
the identification of suitable control regions is necessary to estimate the various backgrounds
that cannot be computed theoretically in a reliable way, together with the collection of
sufficient statistics in such control regions. In fact, if background estimates can be performed
with small uncertainties, significant improvements over existing bounds are also possible
in the off-shell mediator regions, even with a fraction of the total Belle II mono-photon
data. Additionally, a study of converted mono-photons, using a dedicated trigger, could be
extremely powerful.

Low-energy ete™ colliders are one of the most effective probes for light dark matter and

light mediators.

3.3 Other Searches

In this section, we discuss various other probes related to the specific case of dark photons
that couple to light dark-sector states, possibly DM. Projections and/or constraints from
these other probes are shown in Figs. 3.15 and 3.14, together with the B-factory constraints
and projections shown already in Fig. 3.12. We focus on rare kaon decays, precision mea-
surements of the anomalous magnetic moment of the electron and muon, and fixed-target

experiments.?

3.3.1 Rare Kaon Decay Limits

Meson decays involving dark photons can constrain parts of the parameter space. A partic-
ularly important rare decay mode is K — 7™ A’, with A’ — invisible. A search for the SM
process K™ — wtvw by the BNL experiments E787 [197] and E949 [198] found a total of

2We do not discuss or show a constraint from invisible .J/t-decays [195], since it is much weaker than

other constraints, except in a very narrow mass range near the J/¢¥-mass — see e.g. [196].
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Figure 3.14: Constraints in the ¢ versus m plane for invisibly-decaying dark photons
assuming they can decay either invisibly to a dark-sector state y or visibly to SM matter
for my < 2m,. We show the constraints for fixed mass m, = 10 MeV (left) or 100 MeV
(right). The bounds from the BABAR mono-photon data are shown by the blue shaded
region. Projections for a possible Belle 11 search is shown with a solid blue line, corresponding
to the “standard” mono-photon search discussed in Sec. 3.2.5. Various other constraints
(shaded regions) and projected sensitivities (dashed lines) are also shown: the anomalous
magnetic moment of the electron (., red) and muon (a,, blue), rare kaon decays (brown), the
upcoming electron fixed-target experiment DarkLight (light blue; shown when kinematically
relevant), and LSND (light gray; assuming ap = 0.1 and that there are no other light dark-
sector states that y decays to, which do not interact with the dark photon). In the green
shaded region an A’ could explain the discrepancy between the measured and predicted
SM value of a,. For ma < 2m,, we show with gray shaded regions the constraints from
visible searches (E141, E774, Orsay, U70 etc.) that apply unless there are other decay modes
(besides A" — Yx) available for the A’. We do not show the experimental prospects in this

case of visible decays. More details and references are given in Sec. 3.3.

seven events. The SM predicted value [199],

Bsm(K' — 7nfvw) = (7.81 £0.80) x 1071, (3.27)
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Figure 3.15: Constraints in the € versus m 4 plane for invisibly-decaying dark photons.
The bounds from the BABAR mono-photon data are shown by the blue shaded region. The
blue dashed line shows a “BABAR improved” projection that assumes a factor of 10 reduc-
tion in the 9 background. Projections for four possible Belle II searches are shown by
the four blue lines, with line styles matching Fig. 3.12 (see Sec. 3.2.5): a converted mono-
photon search (dashed, labelled (a) and (b), which respectively assume no (a factor of 10)
improvement in the 7 background rejection over the “BABAR improved” pro jection), a stan-
dard mono-photon search (solid), and a low-energy mono-photon search (dot-dashed) (see
Sec. 3.2.5). Various other constraints (shaded regions) and projected sensitivities (dashed
lines) are also shown: the anomalous magnetic moment of the electron (a., red) and muon
(a,, green), rare kaon decays (brown), and the upcoming electron/positron fixed-target ex-
periments DarkLight and VEPP-3. In the green shaded band an A’ could explain the dis-
crepancy between the measured and predicted SM value of a,. The gray shaded region is a
constraint from LSND [194], assuming ap = 0.1 and that x has no decay modes available
to other light dark-sector states that do not couple to the A’. More details are given in

Sec. 3.3, and we show the corresponding plot for m, = 10 MeV and 100 MeV in Fig. 3.14 in
Appendix 3.2.5.

is consistent with a combined result of E787 and E949 of the branching ratio measure-
ment [198]

11.5

Bueasured (KT — mtow) = (17.3752) x 1071 (3.28)
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For the two-body decay K+ — wTA’ (where the A’ is on-shell), the 7T-momentum

spectrum is peaked at

2m

— 2 (mymZ + mim%, +mimy,))?, (3.29)

1
7| = P (my +m; +m,+

NI

while for three-body decay K™ — 7™ A™ — 7+ through an off-shell A’, the 7*-momentum
has a continuous distribution, making it more difficult to distinguish from the SM decay
K+ — ntvp. The constraints are thus much stronger for the on-shell decay compared to
the off-shell decay, and we only consider the former.

Both E787 and E949 published results on the branching ratio limit for on-shell de-
cays [197, 200], which we can use to constrain . Following [25], and using results from [201],

the two-body decay width is given by

2am?, 2
F(K+ — 7T+A/) = m ‘W(mi,/m%)‘
2 232 2(m2 2 3
x (1 g ) 2 m"‘)) , (3.30)
K K
where
W (2)|* ~ 1072 (3 + 6z) . (3.31)

Using now the measured total width of the K+ of T'yypa (K T) 2~ 5.3 x 1074 MeV, and taking
the E949 limit on the branching ratio K™ — 7t A’ from Fig. 18 in [200] (scaled to 95% C.L.),
we derive the limit on € versus m 4 shown in the shaded brown region in Figs. 3.15 and 3.14.
There are two separated excluded regions (as opposed to a single continuous region), since
the search K™ — 7 Dv was restricted to certain values of |p,| to avoid backgrounds.
Several experiments have been proposed with an improved sensitivity to K+ — 7w
decays. ORKA [202] is a proposed experiment to measure this branching ratio to much higher
precision using stopped kaons from the Fermilab Main Injector high-intensity proton source.
Its detector design is based on the E787 and E949 experiments, and it is expected to detect
~ 1000 decays over five years of data taking, improving the branching ratio measurement to
5%. ORKA is expected to be able to take data five years after funding becomes available. A
rough sensitivity estimate of ORKA to K+ — 7t A’ decays can be obtained by scaling the
E949 limit in [200] used above. First, we assume a factor of 100 increase in the luminosity.
In addition, we assume that the background rate of K+ — 7" decays agrees with the SM
prediction (in E787 and E949 the observed background rate was found to be twice as large
as the SM prediction, but still consistent with it, thereby weakening the limits slightly).
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ORKA can thus be expected to improve the branching ratio limit by at least ~ /200 ~ 14,
and improve the sensitivity to £ by v/200 ~ 3.8, which is shown in Figs. 3.15 and 3.14 with
dashed brown lines. Note that this ignores expected improvements in the 7F-momentum
resolution. This projected improvement in sensitivity to the branching ratio is also weaker
than what is projected by the ORKA collaboration for m 4 = 0, namely from 0.73 x 10~
(at 90% C.L.) to 2 x 10712 a factor of 36.5 as opposed to 14 (see e.g. [203]). The ORKA
sensitivity shown in Figs. 3.15 and 3.14 should thus be viewed as conservative.

Another experiment with excellent sensitivity to K+ — 77 or decays is NA62 at CERN
(with ~ 50 events/year) [204]. NA62 may begin data taking within a year. It uses decay-
in-flight kaons and may be sensitive to lower 7"-momenta and thus slightly higher m 4. We
do not show a sensitivity estimate for NA62, although it would be interesting for the NA62
collaboration to look at this decay mode in detail. Finally, we note that a future Project X
facility could reach even higher sensitivity than ORKA or NA62 [188].

3.3.2 QED Precision Measurements

As we discussed in Sec. 1.3.2, the 3.60 discrepancy in a, can be solved by introducing a dark
photon. In Figs. 3.15 and 3.14, we show the “20” region in which an A’ helps solve this
disagreement by contributing a;" = (28.7 £ 16.0) x 1071 We also show a “50” line, where
the A’ contributes “too much”, af' = 68.7 x 10710,

The appearance of A’ also effect electron anomalous magnetic moment measurement
a. = (9 —2).. Cuwrrent measurements of a, agree well with SM theory [205, 206] and
experiment [207]. One finds (see also [93, 96]),

Aa, = a® — ™ = (~1.06 £ 0.82) x 1072, (3.32)

The contribution from an A’ would introduce a disagreement between the theory and ex-
perimental value. In Figs. 3.15 and 3.14, we show the shaded region labelled a. in which
a’ > (=1.06+3 x 0.82) x 10712 = 1.4 x 10712,

e

3.3.3 Fixed-target and Beam-dump Experiments

Several existing and proposed experiments are sensitive to visible A’ decays, usually to eTe™
(see e.g., [74, 85, 78, 73, 81, 208, 209, 210, 82, 143, 211, 89, 90, 212, 213]). These searches
were motivated in part by astrophysical anomalies connected to Weak-scale DM [34, 35].
However, if the A" can decay to light dark-sector states, then many of these experiments lose
all their sensitivity. There are some exceptions, including the electron/positron fixed-target
experiments DarkLight [81, 214] and VEPP-3 [215], which have sensitivity also to invisible
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A’ decays by performing a missing mass measurement. In Fig. 3.15, for DarkLight, we show
the reach as shown in Fig. 18 of [216] (for 95% photon efficiency); for VEPP-3, we show the
reach given in [215].

Other experiments sensitive to invisible A’ decays include proton fixed-target experi-
ments, in which a proton beam incident on a target produces a large number of mesons
that decay to an A’ (e.g. 7° — vA’), which in turn decays to LDM [208]. LSND in par-
ticular provides strong, but model-dependent, constraints [194], which we show with gray
shaded regions on Figs. 3.15 and 3.14. Further searches are possible at several neutrino
facilities [208, 194, 217], and a proposal has been submitted to the MiniBooNE Collabora-
tion [196]. We do not show the reach for these experiments on our plots. Note that the
constraints on e are proportional to {/ap, and thus disappear for small ap = gi /4m. The
constraints from these experiments also disappear if x can decay into lighter dark-sector
particles that do not interact with the A’.

3.3.4 Supernova

An A’ can increase the cooling rate of supernovae. Visible decays, with e.q. A’ — ete™,
e ~ 1071 —1077, are constrained for m < 100 —200 MeV due to the cooling constraints on
SN1987A [74, 92] (see also [218]). There is no bound for very small ¢, since not enough A’
are produced to contribute significantly to the cooling. For larger ¢, the A’ lifetime becomes
short enough for it to decay inside the supernova, and so does not contribute to any cooling.

For the case where A’ predominantly decays to LDM or other dark-sector states, the
situation is more complicated. As in the previous case, there is no constraint if € is small
enough, since not enough A’s are produced. For larger e, A’ decay to LDM inside the
supernova, and there is potentially a bound if the LDM can escape the supernova. While
a careful calculation of the supernova bound is beyond the scope of this thesis, we make
a few remarks below to evaluate their relevance to the region probed by BABAR and Belle
II. A dedicated discussion of the bound will appear in [219]. (We note that there are also
constraints from white-dwarf cooling, but only if the A’ decays to LDM states with a mass
< 1 keV [220].)

The mean free path of the LDM is given by ¢ ~ 1/no, where n ~ 2 x 103 /cm? is the
number density of nucleons or electrons in a supernova. The cross section for LDM to scatter

off an electron is

252 2/ ) & T
Oex—ex = { iy /mA o (3'33)

agre’T?/mYy, ma > T

For a typical supernova temperature of T' ~ 30 MeV, g,&¢ = 107* and m4 = 10 MeV, the
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free-streaming length is Rps ~ 107! km, while for significantly larger masses, m4 > 10
GeV, one finds Rps ~ 10 km. For most of the parameter space that can be probed by
BABAR and Belle II, the free-streaming length is thus smaller than the supernova radius.

The production rate of LDM through an A’ is proportional to 2. In addition, for a large
parameter region of relevance to BABAR and Belle II, m4 > T, so that the production
is through an off-shell A’ and thus also proportional to 1/m%,. Ignoring the diffusion of
LDM through the supernova, the cooling occurs via the escaping LDM produced close to
the free-streaming surface. For small free-streaming lengths, the overall energy that escapes
(proportional to the production rate times the free-streaming length) is therefore independent
of ¢ and m 4. However, both the production rate and free-streaming length depend strongly
on the density and temperature profiles, which are highly uncertain very close to the edge of
the supernova. Thus the computation of the cooling rate suffers from very large uncertainties
and for small free-streaming lengths cannot be used to place a robust limit.

When the free streaming length becomes of order the size of the supernova, i.e. for
ma 2 10 GeV and sufficiently small €, any DM particles that are produced in the supernova
will escape. However, the temperature profile and size of a supernova, and of SN1987A in
particular (which is the only available data), is not known precisely, so that the precise value
of m s at which the free-streaming length equals the supernova radius is not known. For
instance, for the same g,e = 107* as above and under the assumption of a homogeneous
temperature, Tsny = 25 MeV, throughout the supernova, one finds Rps = Rsy = 10 km for
ma = 8.5 GeV. For g,e = 5 x 107%, Texy = 40 MeV and Rps = Rsy = 20 km, the required
A’ mass is my = 35 GeV. Thus it is not clear if the supernova bounds apply at all to the
A’ masses and couplings that can be probed by BABAR or Belle II.

3.3.5 LDM Direct Detection

Elastic nuclear recoils from DM scattering in current direct detection experiments are not
able to probe DM with masses below a few GeV. However, it has recently been demonstrated
that direct detection experiments can probe LDM below the GeV scale if the DM scatters in-
stead off electrons [221, 222]. While the limits in [222] were derived from only a small amount
of data taken with an experiment focused on probing heavier DM, near-future experiments
such as CDMS, LUX, DAMIC and XENON100 are expected to significantly improve their
sensitivity in upcoming years. Such constraints are somewhat complementary to the ones
derived here, due to their sensitivity to distinct kinematical regimes. Nonetheless, under
certain assumptions, the constraints can be directly compared.

In order to make such a comparison, we assume below that the mediator mass is larger
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than the typical momentum transfer, ¢ ~ keV, relevant for electron scattering in direct
detection experiments. Consequently, effective operators of the form of Eq. (3.20)-Eq. (3.23)
can be used to describe the relevant interactions at direct detection experiments, where the
cut-off scale, A, is once again taken to be A = ma/,/gegy. For a sufficiently heavy mediator,
corresponding to region (a) of Fig. 3.9, the limit on A is directly obtained from Fig. 3.11.
For lighter mediators, the mass m must also be specified. For a mediator in region (c),
this is combined with the BABAR limit on g.g, from Fig. 3.13 to set a bound on A. For a
light invisible mediator, in region (b; ), the bound on g. from Fig. 3.12 applies for any value
of g, in the range g. < g, S V4r. To set a bound on A, we conservatively fix Oy = VAr, at
the limit of perturbativity.

Under the above assumptions, the DM-electron cross-section is simply given by
e

Ue:QWA‘“

(3.34)

Here ) = 1 for the vector and scalar mediator while () = 3 for the pseudo-vector mediator.
Hye stands for the DM-electron reduced mass. In the case of a pseudo-scalar mediator, direct
detection rates are velocity suppressed and hence are not shown. We also do not show the
results for a pseudo-vector and scalar; for a scalar, there is no generic expectation for the
mediator couplings when they are not proportional to the fermion yukawa couplings.

The BABAR results may also be translated to DM-proton scattering rates, under as-
sumptions about how the mediator couples to quarks. For a vector mediator, motivated
by kinetic mixing with the photon, we assume that the couplings are proportional to the
electric charge of the SM particles. One then finds the cross-section for a vector mediated

DM-proton interaction to be,
2
_ P
P A

where p,,, stands for the reduced DM-proton mass.

(3.35)

The resulting direct detection limits on the non-relativistic scattering cross-section of DM
with electrons and with protons from the BABAR search are shown in Figs. 3.16 and 3.17
for the case of a vector mediator. Results are shown as a function of m,, for fixed mediator
masses of 3 GeV and 300 MeV. The plots are discontinuous for m, = ma/2, due to the
transition between an on-shell and off-shell mediator. In addition, constraints from existing
experiments are presented. The LEP mono-photon searches [157] are shown for comparison
as a gray shaded region. The green line shows other bounds on a dark photon mediator:
e < 0.026 for ma = 3 GeV from precision Z-pole measurements [87]; ¢ < 0.01 for my =
300 MeV from muon (g — 2) constraints (see Sec. 3.3); and for m, > ma//2, e < 1.5 x 1073
from a search for T — yutu~ by BABAR [74]. Finally, limits from DM direct detections
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Figure 3.16: A comparison of the sensitivities of mono-photon searches and direct detection
experiments to LDM, taking a 3 GeV vector mediator for illustration. Constraints and
projections are shown on the non-relativistic scattering cross-section of DM with electrons
(left), and with protons (right), assuming for the latter that the coupling of the mediator
to SM particles is proportional to their charge (as with a dark photon). Existing direct
detection bounds on proton scattering: CRESST [223] (solid turquoise) and DAMIC [224]
(solid purple), are shown. For electron scattering we show the XENON10 limit [222] (solid
dark red). In addition, the dotted dark red line shows a projection for a germanium-based
electron recoil experiment [221]. The constraint from BABAR (this work) is shown as solid
black line / blue shaded region. The discontinuity at m, = 1.5 GeV corresponds to the
transition between on-shell to off-shell light mediator regimes. In the latter regime we fix g, =
V4 (smaller g, would correspond to stronger bounds). LEP mono-photon searches [157]
are shaded in gray and limits from precision dark photon searches are shown by the thin
green line labeled “€” (see text). For the projected reach of Belle II mono-photon searches
(blue lines) we use the “systematics limited” bound for m, > 1.5 GeV, and otherwise the
stronger of the “converted” and “standard” mono-photon searches shown in Fig. 3.15 (see
Sec. 3.2.5). For m, < 1.5 GeV we also show the projected reach of Belle IT assuming ¢, = g.

(the boundary between visibly- and invisibly-decaying mediators).

experiments are also shown: the XENONI10 limits [222] (solid dark red) are presented for
DM-electron scattering, while limits from CRESST [223] (solid turquoise) and DAMIC [224]
(solid purple) are shown in the DM-proton case. The dotted dark red line shows a possible
projection for a germanium-based electron recoil experiment [221], assuming a 1 kg-year
exposure and no backgrounds.

In each of the plots we demonstrate the projected Belle II sensitivity as discussed in
Sec 3.2.5. For m, > ma//2 we show the “systematics limited” bound for a light off-shell

mediator, while for m, < ma//2 we show the stronger of the projections for a converted
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Figure 3.17: A comparison of mono-photon searches and direct detection experiments, as in
Fig. 3.16, but for a mediator mass of 300 MeV.

mono-photon search and a standard mono-photon search shown in Figs. 3.12 and 3.15. In
the latter case, the solid blue line shows the conservative assumption g, = V/4r. The dashed
blue line assumes g, = g. (the boundary between visibly- and invisibly-decaying media-
tors), illustrating how much more powerful mono-photon searches are than direct detection
experiments at constraining the dark photon with a small g, scenario.

The results above demonstrate the strength of low-energy collider experiments in search-
ing for DM in regimes where direct detection experiments are still lacking. Results from
the future Belle 1T experiment and from future direct detection searches (along the lines
suggested in [221, 222]) are competitive (although complimentary) for the case of a heavy
mediator. For a light mediator, direct detection experiments are expected to be crucial as

their sensitivity is significantly better due to the distinct kinematics.
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Chapter 4

Searching for Dark Scalars

4.1 Searching for Dark Scalars through Exotic Higgs
Decays to bbut i~

Exotic Higgs decays are effective ways to probe the Higgs portal. One interesting category
of exotic Higgs decays contains final states with four SM fermions and no missing energy:
h— XX"— 2f2f" where X and X' are on-shell, and we here assume that they are the same
particle, X = X’.! Generically, the couplings of X determine the optimal search strategy. If
X is a dark photon, i.e. the mediator of a new, broken U(1) gauge theory which kinetically
mixes with the SM hypercharge gauge boson [67, 68, 69], then the couplings of X to SM
particles are gauge-ordered, i.e. the X couplings are related to the SM Z-boson and photon
couplings to SM fermions. In this case, the X has an O(1) branching ratio to light leptons,
making h — 44 the best discovery channel [225, 226, 94, 95, 227, 64, 228, 229, 230, 142].
On the other hand, if X is a CP-odd? scalar (a) or a CP-even scalar (s), it generically
inherits its couplings from the SM Higgs sector. This means that the couplings of X to
the SM fermions are typically Yukawa-ordered, so that its largest branching ratio is to the
heaviest fermion that is kinematically accessible. For this reason, previous LHC studies
have extensively focused on the decay channels h — 4b [231, 232, 233, 234, 235, 236] and
h — 2b27 [237, 235] for mx > 2my, h — 47 [238, 239] and h — 272 [120, 240] for
2m, < mx < 2my, and h — 4p [240, 241, 242, 243] for 2m, < mx < 2m,. These searches
are motivated in the context of, for example, the SM with a singlet (see e.g. [64]); the
two-Higgs-doublet model with an additional singlet (2HDM+S, see e.g. [244, 64]), including
the next-to-minimal supersymmetric standard model (NMSSM) [245, 246, 247]; the minimal

'We use the shorthand, for example, ‘2f’ or ‘4f’ to denote ff of ffff, respectively.
?In this study, we will only consider CP-conserving Higgs sectors.
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supersymmetric standard model (MSSM) with a singlet [244]; as well as many hidden valley
models [80, 79, 112, 248].

In this section we propose a new search channel, h — 202u, as a promising discovery
avenue for Higgs decays to light scalars with a mass above 2m,;. As we will see below, this
channel represents a compromise between the dominant but difficult 4b and 2b27 channels,
and the spectacular but very rare 44 channel. In [64], two scenarios for realizing this decay
via intermediate on-shell states were considered: h — Za (see also [249]) and h — X X with
X = s or X = a. Sensitivity to the latter scenario was only estimated at parton-level. Here
we expand on this estimate and provide a more detailed and comprehensive collider study
for h — 2X — 2b2u at the LHC. We also discuss how the projected sensitivity compares to
the results of previous collider studies in the 4b, 47, 272u, and 2b27 channels.

The section is organized as follows. We first review the theoretical motivation for a search
of h = 2X — 2b2p in Sec. 4.1.1. We then discuss the sensitivity projections of this channel
at the LHC 8 and LHC 14 in Sec. 4.1.2, discuss and compare these with existing sensitivity
projections for other decay modes in Sec. 4.1.3, and finally conclude in Sec. 4.1.4. Some

details about fake-lepton background estimates are included in Appendix A.2.

4.1.1 Predicted Branching Ratios of h — 202u

Here we discuss a non-exhaustive set of models that contain the h — 2b2p decay and what
theoretical predictions on branching ratio is. We only consider the SM with a singlet and
the 2HDM+S models, as well as the NMSSM in particular. In these models, the h decays to
an intermediate on-shell scalar, which is either CP-even (and denoted by s) or CP-odd (and
denoted by a), i.e. we consider h — ss, or h — aa. We will not consider other models that
can lead to this decay. It is also possible that the Higgs decays to two scalars with different
masses and/or couplings, e.g. h — ss’ or h — ad’, where s and a (s and d’) have large
branching ratios to bb (). We do not consider this possibility in detail here. However,
if it was realized, the 2021 channel would obviously offer the best sensitivity to the total

exotic Higgs decay branching ratio.

SM+-Salar scenario

As we mentioned in Sec. 2.3.1, the dominate decay channel for intermediate scalar s in SM+S

s — bb if my > 2my. We quantify other decay branching ratio with respect to H — bb by

B Ty om?
s = ptu) Mg qps (4.1)

Br(s — bb)  3m}

E,u,b =
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Final State Br(h — 2s — 2f2f")/Br(h — 2s)

bbbb 0.77
bbr T 0.10
Tt 3.5 x 1073
bbut 3.7x107%
(AL TaN T 2.5 x 107
Tt 4.5 %1078

Table 4.1:  Br(h — 2s — 2f2f")/Br(h — 2s) in the SM+S model, with m, = 40 GeV.

These numbers are relatively constant across the mass range 15 GeV < m, < 60 GeV.

The small value of €,, explains the hierarchical structure of the s branching ratios to 4y,
20241, and 4b. At leading order, and ignoring phase space corrections, the Higgs branching

ratios satisfy

Br(h — 2s — 4p) = %Br(h — 25 — 2b2p)

= e, Br(h — 25 — 4b). (4.2)

Precise values, including QCD corrections that are calculated following [250, 251], are shown
in Tab. 4.1.

Assuming that the Higgs is produced with SM rates, and that Br(h — 2s) = 10%,
one can estimate that O(20) h — 2s — 2b2u events could be observed from gluon-gluon
fusion (ggF) Higgs production at the LHC Run I (compared to zero h — 2s — 4y events).
While this is much less than the few hundred h — 2s — 4b events expected from associated
production, the backgrounds for a W (h — 4b) search are very challenging. As we discuss
in Sec. 4.1.3, 2b2u provides complementary information to the the usual 4b channel for an
SM+-S-like scenario, and may be superior, depending on how well relatively soft b-jets can

be reconstructed.

2HDM+Scalar

The simple SM~+S set-up can be generalized to 2HDM+S as shown in Sec. 2.3.2. Much of
the parameter space of 2HDM+S models remains unexplored by existing experimental data.
(Note that the unaugmented 2HDM can also generate exotic higgs decays of the h — aa
type, see e.g.[252].)

The general 2HDM+-S setup generates a rich phenomenology. In particular, the simple
scaling of the branching ratios given in Egs. (4.1) and (4.2) does not hold in all regions of
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Figure 4.1: Br(h — 2a — 2b2u)/Br(h — 2a) of a CP-odd scalar, a, (left) and CP-even
scalar, s, (right) in 2HDM+S with a fixed mass mq) = 40 GeV.

parameter space. Of interest to us here are scenarios for which the Higgs decay branching
ratio to 202u is enhanced compared to its value in the SM+S model. Fig. 2.5 and Fig. 2.6
shows the branching ratios of the CP-odd scalar a as a function of m, for a particular
choice of tan f in the type-II and type-111 2HDM, respectively. While the type-II case shown
provides an example with a very similar phenomenology to the SM+S model in Sec. 4.1.1,
the type-III case shown features significantly larger Br(h — aa — 2b2pu).

Above the bb threshold, the relevant branching ratios depend only weakly on mass. It is
therefore instructive to look at Br(h — 2a(s) — 2b2u) as a function of tan § (and ') for the
four 2HDM model types. The left plot in Fig. 4.1 shows Br(h — 2a — 2b2u)/Br(h — 2a)
as a function of tan 8 for a CP-odd scalar a, while in the right plot we consider a CP-even
scalar s for two choices of o/ (the scalar mass is set to 40 GeV). In both cases, the maximum
value of Br(h — 2a(s) — 202u)/Br(h — 2a(s)) of the type-I1II 2HDM+S (=~ 0.0016) is about
four times greater than that for type-I or II (~ 0.0004).

The maximum value of Br(h — 2a — 2b2u)/Br(h — 2a) in the type-1II 2HDM+S model
can be understood simply as follows. From Tab. 2.1, the coupling of abb (a7+7~ and au™ ™)
scales as 1/tan 8 (tan ). Thus, keeping only the most important terms and ignoring phase

space and QCD corrections,

Br(h — 2a — 2b2p) 6mym.,

~ ) 4.3
Br(h — 2a) mé tan?3 4+ 9mj cot* 5 + 6mIm2 (4:3)

This is maximized for tan 3 ~ (v/3my/m,)'/? ~ 2, with the maximum value given by
Br(h — 2a — 2b2p)  €ur (4.4)

Br(h — 2a) 27
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where )
Br(a —2p)  my
= ——— =~ — ~0.0035. 4.5
“u Br(a — 27) m2 (4:5)
(The derivation for the CP-even scalar is identical, up to the replacement tan 5 — — sin «/ cos 3.)
Interestingly, as we discuss in Sec. 4.1.3, the sensitivity of a 2b2u search to Br(h — 2a)
in these somewhat leptophilic scenarios is competitive with purely leptonic searches like

h — 272, while providing a potentially cleaner final state for experimental reconstruction.

NMSSM

An important example of a model with a non-minimal scalar sector is the NMSSM (see, e.g.,
247] for review). An additional Higgs singlet superfield S is introduced to address the g
problem of the MSSM. The Higgs superpotential is given by

~ A ~ K A
which together with the soft supersymmetry breaking terms results in the Higgs potential

1
Viott O miy |Hal* + mi; | Hy|* + mg|S|” + ()\AAHU CH,S + gAms?’ + h.c.) : (4.7)

where H, and H, are MSSM Higgs doublet superfields (unhatted fields indicate complex
scalar components of the hatted superfields). The parameters A and x are Yukawa couplings,
while Ay and A, are soft-breaking A-parameters. The resulting neutral Higgs sector contains
three CP-even scalars (hy, ha, hg) and two CP-odd ones (a4, as), labelled in order of increasing
mass. Its phenomenology, in the context of exotic Higgs decays, can be seen as a type-II
2HDM+S model with restricted parameter choices.

A light CP-odd scalar can be realized in the NMSSM by taking the R-symmetry limit
(Ax, A — 0) [253, 254, 255] or the Peccei-Quinn-symmetry limit (k, A, — 0) [123, 256, 257,
258]. A light CP-even or odd scalar can also occur via an accidental cancellation among
parameters that control their mass. Parameter scans have been conducted to search for
NMSSM scenarios with a SM-like ~ 125 GeV Higgs as well as light scalars with m, <
mp/2 [259, 260, 233, 261, 262, 263]. If the a is light, current LHC Higgs data favors it to be
singlet-dominated, but Br(h — 2a) ~ O(10%) is possible in the surviving parameter space.

It is interesting to consider the possible connection between h — 2a decays and natu-
ralness in NMSSM models. An NMSSM scenario can be considered potentially natural if
radiative Higgs mass corrections are small compared to tree-level contributions.

If h = h; and a = ay, the tree-level SM Higgs mass is given by

)\2’112 A)\ 2
M} oo =~ My cos? 23 + N0? sin? 28 — 5 {)\ —sin 2f3 (Ii + 2—)} , (4.8)
b K s

71



where s = (S) and tan 8 = (H,)/ (Hg). As argued in [247, 264], the naturalness limit
of the NMSSM is reached for low tan 8 and A as large as possible (perturbativity at the
GUT scale bounds A < 0.7). Since the triple Higgs coupling hjaja; is proportional to A
at tree-level in the NMSSM, A ~ 0.7 would imply Br(h; — 2a;) ~ 100% if the channel is
kinematically accessible, which is strongly disfavored by current LHC data. Therefore, the
surviving parameter space with a sufficiently small Br(h; — 2a;) < 0.1 requires a somewhat
unnatural realization of the NMSSM in this scenario.

For h = hy and a = a1, mixing in the CP-even scalar sector can help to increase my,, [265].
The naturalness limit with m,, < mp,/2 is accommodated with tan/ ~ 4 — 6 and the
comparatively smaller A < 0.4 — 0.5 [263]. This allows for Br(he — 2a;) < 0.1, consistent
with current LHC data. This conclusion is supported by [233].

4.1.2 Reach Estimate

In this section, we estimate the reach of the search for h — 2a — 2b2u with 20fb™" at the
8 TeV LHC, and with 30fb™", 300 fb™!, and 3000 fb~" at the 14 TeV LHC. For simplicity, we
only consider a to be a CP-odd scalar and the two intermediate a’s to be identical and on-
shell. These results should apply, with little modification, to the case where the intermediate
state is CP-even, as we do not make explicit use of any angular information of the decay.

We assume that the 125 GeV Higgs boson, h, is SM-like except for a non-zero branching
ratio for the exotic decay h — 2a. In particular, we assume that h is mainly produced through
ggF and has a non-zero branching ratio for the decay h — 2a — 2b2u. Higgs production via
vector boson fusion is not included in our analysis, making our projected sensitivities slightly
pessimistic. The signal is simulated for the mass of a ranging from 15 GeV to 60 GeV. Lower
masses of a (but still above the 2b threshold) may involve complicated decays to bottomonium
and are beyond the scope of this study [141].

We will consider three types of analyses below. A “conventional analysis” (Sec. 4.1.2)
will make use of standard anti-k; jets (from a — 2b) with a radius of R = 0.4 or R = 0.5. For
low m,, these jets are boosted and merge, so that an analysis with R = 0.2 is more sensitive
(Sec. 4.1.2). Finally, we use jet-substructure techniques to improve the low-m, reach further
(Sec. 4.1.2).

The dominant backgrounds are Drell-Yan (DY) production with associated jets, i.e.,
ZU) [y* 4 2b/2¢/2j, where Z®) /4* produces a muon pair.?> A secondary background arises
from t¢ production. Backgrounds from diboson production (ZZ, WW, WZ) have small

3We have checked that the corresponding background where Z*) /7 produces two leptonic 7’s is negligible

in our analysis, due to the larger amount of missing energy and our strict mj reconstruction requirement.
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8 TeV cross section (pb) 14 TeV cross section (pb)

bbut 6.11 12.16
cept T 60.44 109.50
Jiptu 151.65 275.17
tt 0.68 2.49
Gipt 152.24 279.17

Table 4.2: Cross sections for various backgrounds after applying generator level cuts as
described in Sec. 4.1.2, given by Sherpa 2.1.1. The last row refers to DY Z®) /y* + 2j
background with different generator level cuts, as required for the small-radius jets and jet
substructure analyses in Sec. 4.1.2 and Sec. 4.1.2. These cross sections are scaled in our

reach estimates by a pessimistic K-factor of 2 to account for higher-order effects.

enough cross sections so that we can neglect them. Finally, it is possible for QCD multi-jet
events, with two jets being mis-identified as muons, to contribute to the background. These
‘lepton fakes’ are notoriously difficult to simulate. In Appendix A.2, we use the methods
of [266] to estimate their importance compared to the irreducible DY backgrounds. We find
that it is reasonable to neglect muon fakes for an analysis with 0 or 2 b-tags, but they may
be competitive if we require only a single b-tag. We therefore limit ourselves to using either
0 or 2 b-tags in Sec. 4.1.2 and Sec. 4.1.2; in these analyses, we find in any case that the
sensitivity is not noticeably improved by including a single b-tag. However, in Sec. 4.1.2, we
consider the possibility of requiring a single fat jet with a single b-tag. For this, a data-driven
estimate of lepton-fakes to determine their importance will be needed by the experimental

collaborations.

Conventional analysis

Signal, as well as DY Z™) /4* 4 2b/2¢/2j and tt backgrounds, are simulated at leading-order
(LO) by Sherpa 2.1.1 [267] for the 8 and 14 TeV LHC with the CT10 [268] parton distri-
bution function (PDF), and matched up to three jets (i.e., for example, we include one extra
jet for the signal). We ignore lepton fakes from pure QCD, as justified in Appendix A.2. At
generator level, no cut is imposed on the signal. The generator-level cuts for the backgrounds
are: pr, > 5 GeV, |n,| <5 and 10 GeV < m,, < 70 GeV. Additionally, for Z®) /v* 4 2j
we require at least two partons with pr; > 10 GeV and |n;| < 5. Here, j refers to partons
clustered into jets with the anti-k; algorithm with radius R = 0.2.

The signal cross sections are normalized to ogyr X Br(h — 2b24), where og,p >~ 19.3pb ™"

and 49.47pb~! are the next-to-leading-order (NLO) ggF Higgs production cross section for
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ATLAS CMS
{ 0.98 pr>6 CeV { 0.96 pr > 6 CeV

€
g 0 otherwise 0 otherwise
ARLSO 0.3 0.4
max (p5"®/ply.) 1.13 1.10
Riet 0.4 0.5
Rmicrojet 0 2 0 2

Table 4.3: Relevant object reconstruction parameters assumed for the ATLAS and CMS
detectors. ¢, is the muon tagging efficiency for || < 2.4 (Note that our analysis relies on
a dimuon trigger, which has a higher threshold than 6 GeV.) For a muon with p/. to pass
the isolation criteria, the py of all the objects in a cone of radius ARLSO around the muon
must be less than the shown max (p§™/pf). Jets are anti-kr clustered [270] with a radius
given by Rj. For the analysis in Sec. 4.1.2, this is reduced to 0.2. See text for details on
b-tagging.

10°

107F ATLAS 8 Tev - svig"{ali b ATLAS§ Tev = s‘ig;fli bt 200 ATLASSTey ® signal e
> 10 L=20m" ccp'p Y/ > 10%F L =20 fb-! ceptp VT L =20 - oty i
> 5 1 > i > 1
C 0 1 O 10° 1 3 15F
= e = =SS
= }8; S 1 = 10
W) E j2} |2
= e—/—_,_‘—___t - =
m 101: 1 M 1k l o5

107! 1071 b— : ‘ . . :
20 30 40 50 60 20 30 40 50 60 0 20 30 40 50 60
mye - [GeV] mys - [GeV] mye - [GeV]

Figure 4.2: Stacked m,,+,- distributions for signal (m, = 40 GeV) and backgrounds with 2 b-
tags at ATLAS 8 TeV for 20 fb™". The left, center, and right plots represent the distributions
after passing the generator level cuts, preselection cuts, and higher level cuts respectively. In
the right plot, all cuts have been included except for the cut on my, ,,. We choose the signal
size to correspond to ~ 20 sensitivity of our analysis. The assumptions for cross sections

and branching ratios are the same as in Tab. 4.4.

8 TeV and 14 TeV, respectively [269]. Given the generator level cuts as described above, the
cross sections for the backgrounds given by Sherpa 2.1.1 are shown in Tab. 4.2. We then
scale all backgrounds by a pessimistic K-factor of 2, to account for higher-order effects in
our sensitivity estimates.

Detector simulation and data analysis are performed by an in-house software framework
also used e.g. in [271, 266, 272]. This includes jet clustering with FastJet 3.0.6 [273],

application of realistic efficiency curves and isolation requirements for b-jet and lepton re-
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Selection Criteria S bbutp  ceptps giptps tt
pru > 5 GeV, |n,] <5 and 10 GeV < m,,, <70 GeV

Generator level cuts no cuts for jjutu~, we require in addition two partons
with pr; > 10 GeV and |n;| <5

Ney, gen. (20b71) 6.3 x 10> 2.4 x10° 2.4 x 105 6.1 x 10° 2.7 x 10*

pass OS dimuon trigger

PT e > (13,13) GeV or (18,8) GeV 50% 27% 19% 29% 60%

at least two b-jets with

pry > 25 GeV and |np| < 2.5 3.8% 17% 1.3% 0.45% 37%

ARy, by b > 0.4,0.4,0.3 99% 99% 99% 99% 99%

Ney presel. (20fb71) 12 1.1 x10* 5.7x10% 7.9x 103 5.9 x 10?

Fr <30 GeV 98% 90% 95% 92% 12%

| My bopin s — M| < 15 GeV 54% 4.7% 3.3% 3.3% 0.6%

[, — M| < 15 GeV 97% 25% 31% 61% 24%

My — Ma| <1 GeV 100% 3.4% 2.9% 3.7% 7.6%

Ney, final (20fb71) 6.2 4.0 1.6 5.3 0.1

S - 62, Btot == ].]., S/Btot - 06, S/\/ Btot = 19

Table 4.4: Relative efficiencies for the signal (S) h — aa — bbutp~ (m, = 40 GeV)
and indicated backgrounds, with 2 b-tags at ATLAS 8 TeV. All signals and backgrounds
listed are simulated with Sherpa 2.1.1. The number of signal and background events af-
ter passing the generator level cuts, preselection cuts, and higher level cuts are also listed
as Ney, gen., Nev,presel., ad Ney final, respectively. (Meaningful comparisons are only possible
between the latter two as Ney gen. is biased by different generator-level cuts on signal and
background.) For the signal normalization, we take the NLO ggF production cross section
Oggr = 19.3pb " [269], and assume Br(h — aa) = 100%, 2 x Br(a — bb)Br(a — p*u~) =
1.6 x 1073. The latter branching ratio factor corresponds to a 2HDM model of type-III plus
a singlet with tan 5 = 2 (see Sec. 4.1.1 and Fig. 4.1 ). For the background normalization,
we adopted cross sections at generator level from Sherpa (see Tab. 4.2) and scaled them by

a pessimistic K-factor of 2.
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Figure 4.3: Expected 95% CL sensitivity to Br(h — aa — bbutp~) for 20 fb™' data at 8
TeV ATLAS (left) and CMS (right). The solid line is the sensitivity of the “conventional”
analysis (Sec. 4.1.2) with a jet-clustering radius of either R = 0.4 (ATLAS) or 0.5 (CMS).
The sensitivities when using a smaller jet radius of R = 0.2 (Sec. 4.1.2) is shown with
dashed lines. The purple dot-dashed line is the sensitivity from a jet substructure analysis

that makes use of the mass drop tagger (MDT) (Sec. 4.1.2).

construction, and geometric detector acceptances. The relevant detector parameters for our
analysis are given in Tab. 4.3. The differences between the two detectors’ capabilities are
relatively minor and the projected limits for both will be similar. However, the larger jet
clustering radius in the CMS conventional analysis will affect the low-mass limit. We adopt
the b-tagging efficiency curve for the “MV1” algorithm at the 70% b-jet efficiency work-
ing point in [274, 275] and the c/light-jet rejection curves with respect to b-jet efficiency
(also for the MV1 algorithm) in [276]. For jet pr of around 200 GeV, the b-tagging effi-
ciencies for (b, ¢, light) jets are (0.78,0.3,0.03). These efficiencies drop to (0.54,0.1,0.001)
25 GeV. We use the same b-tagging efficiencies for both the ATLAS and CMS

at pr =
analyses.

The events will be recorded using a di-muon trigger. For the LHC 8 TeV search, we impose
the dimuon trigger used in [277], requiring |1, ,,| < 2.4 and pr,, u, > 13 GeV,13 GeV or
PT e > 18 GeV, 8 GeV (objects are labelled in order of decreasing pr). We then impose
several “preselection cuts”. The leading jets are required to satisfy pr > 25 GeV, |n| < 2.5,
and ARy, j, > 0.4. On the two (leading) muons we impose AR, ,, > 0.3. The distances
between the two leading jets and the two leading muons must satisfy AR, > 0.4 (J stands
for the two leading jets (b-jets) for the analysis with 0 (2) b-tags). Events with either 0 or 2
b-tags are selected.

Following this preselection, we now impose cuts to separate the signal from background.

A missing transverse energy cut of f'r < 30 GeV suppresses tf background. We also make
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use of the double-resonance structure of the signal by imposing mass reconstruction cuts

|mJ1J2;L1‘u,2 - mh| < ].5 Gev,
’mJIJQ - ma’ < 15 Gev,
|m,ulu2 —m,| <1 GeV, (4.9)

separately for each m,,.

Tab. 4.4 shows an example of the relative efficiencies for the signal with m, = 40 GeV
and backgrounds with 2 b-tags for ATLAS at 8 TeV. Fig. 4.2 shows the corresponding stacked
histograms for the signal and backgrounds after passing the generator level, preselection level,
and higher level cuts (except for the cut on my,,,,). Despite simulating a very large number
of events, our background m,, spectra display some fluctuations after all the other cuts
with two b-tags are applied. This can partially be attributed to the way Sherpa generates
weighted events, but is more generally due to the difficulty of overpopulating each small
m,, bin in our signal region with DY +jets Monte Carlo, in order to determine the expected
number of background events with high precision. However, at the level of precision of our
study, this will not significantly affect our derived sensitivity reach, for which we assume a
simple counting experiment after applying the above cuts, with the background expectation
taken directly from the Monte Carlo prediction. For an experimental study, a side-band-type
analysis would be used to estimate the SM contribution in a particular m,,, bin directly from
data. Since the aim of our study is merely to estimate the 20 exclusion potential, we can
neglect these details, including systematic uncertainties, which we have no way of reliably
determining. In particular, we also do not show the 5o discovery reach, as this would require
an estimate of the look-elsewhere effect, which depends on how the analysis is done.

The expected 95% confidence level (CL) sensitivity to Br(h — aa — bbu*u~) from 8
TeV data are shown in Fig. 4.3 for both ATLAS and CMS. Requiring 2 b-tags increases the
sensitivity by about a factor of 3 compared to requiring no b-tags. The expected bounds
are approximately independent of scalar mass for m, > 30 GeV. For m, < 20 GeV, the
signal efficiency drops dramatically because the two b’s from the a-decay become collimated.
In fact, in our CMS analysis (which required the jets to satisfy R = 0.5), no signal events
passed the cuts for this low m, region. However, as we show in the next sections, b-tagging
with a smaller jet radius or the use of jet substructure can dramatically improve sensitivity
in this region.

The analysis proceeds nearly identically for the 14 TeV LHC. We apply the same dimuon
trigger, reconstruction criteria, and cuts. The higher luminosity may present challenges in
the form of pile-up or higher reconstruction thresholds, but they are beyond the scope of our

analysis. The resulting sensitivity to Br(h — aa — bbu* ™) are shown in Fig. 4.4.
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Figure 4.4: Expected 95% CL reach on Br(h — aa — bbu* ™) for 30 (top), 300 (center),
and 3000 (bottom) fb™' at 14 TeV, for ATLAS (left) and CMS (right). The solid line is the
sensitivity of the “conventional” analysis (Sec. 4.1.2) with a jet-clustering radius of either
R = 0.4 (ATLAS) or 0.5 (CMS). The sensitivities when using a smaller jet radius of R = 0.2
(Sec. 4.1.2) is shown with dashed lines. The purple dot-dashed line is the sensitivity from a

jet substructure analysis that makes use of the mass drop tagger (MDT) (Sec. 4.1.2).
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Analysis with smaller jet radius

A straightforward solution to the loss of sensitivity at low m, is to reduce the clustering
radius of b-jets. Since b-tagging dominantly makes use of track-based information, and since
the small-radius jets would not be used for triggering, there is in principle no obstacle to
implementing such a modified b-tagger for a well-motivated analysis. The achievable b-
tagging efficiencies should be comparable, and the use of smaller b-jets significantly improves
sensitivity of 2b2u searches in the low m, regime.

We estimate the sensitivity possible with such a modified b-tagging system. The Z*) /y*+
27 background is regenerated with the same generator level cuts as for the conventional
analysis in Sec. 4.1.2, except that we change the parton separation criterion from AR = 0.2
to 0.1. (No such requirement was imposed on the other generated backgrounds.) The
resulting cross section for this background is shown in the last row of Tab. 4.2. Jets are
then clustered with a radius of R = 0.2 for both ATLAS and CMS, and the cut on AR, j,
is relaxed to be > 0.2. Except for these two changes, we assume the analysis, including
b-tagging efficiencies, proceeds identically as in Sec. 4.1.2.

The dashed lines in Fig. 4.3 and Fig. 4.4 show the resulting reach for 8 and 14 TeV.
The sensitivity is significantly improved for m, < 20 GeV. At higher masses, the b-jets are
less collimated, and the smaller jet radius reduces the suppression of backgrounds compared
to the conventional analysis, so that the sensitivity is reduced. A combination of both ap-
proaches therefore seems useful to achieve good sensitivity to all of the mass range. However,
we will now show that a substructure analysis may have superior reach to the low m, region

than the simple small-jet analysis presented in this subsection.

Jet substructure analysis

Sensitivity to the low-m, region can be further enhanced by making use of jet substructure
techniques [279, 280, 281, 282, 283, 284, 285]. The main goal is to increase signal acceptance
without eroding background rejection. Since the two b-jets from a decays should be symmet-
ric, we propose a jet substructure procedure based on the mass drop tagger (MDT) [286].
The substructure analysis proceeds as follows. Triggered events satisfying the OS muons
selection criterion are clustered into Ry = 0.8 fat jets with the Cambridge/Aachen (C/A)
algorithm [287, 288]. The (leading) fat jet is required to have one b-tag, and satisfy pr >
25 GeV, |n| < 2.5. We use the same b-tag efficiencies as in Sec. 4.1.2. We note that requiring
two b-tags within the fat-jet will remove too much signal, as the b-tagged subjets need to

presumably have a pr of at least 25 GeV to qualify as a proper subjet. If this threshold

4For a recent theoretical discussion of small jet radius effects see [278].
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Figure 4.5: Combined 95% CL projected CMS sensitivities to Br(h — aa) for the LHC at 8
and 14 TeV. To derive these sensitivities we need to make particular assumptions about how
the scalar couples to the Standard Model fermions. Left: Type-II 2HDM+S with tan g = 4,
as in the left plot of Fig. 4.1 in Sec. 4.1.1. The sensitivity to the SM+S model discussed in
Sec. 4.1.1 is almost identical. Right: Type-III 2HDM+-S with tan 5 = 2, as in the right plot
of Fig. 4.1 in Sec. 4.1.1.

could be lowered, it would significantly improve sensitivity.
We then analyze the substructure of the leading fat jet passing these criteria. The two
hardest subjets, identified by undoing the last step of the C/A clustering, have to satisfy the

MDT criteria
maX(mh ) mj2)

p= i < 0.67, (4.10)
J
min(p3. . , 2
) (pTJl2 pTh)AR?m > 0.00, (4.11)

m;
and prj,, > 15 GeV. We then apply the same AR, missing energy, and invariant mass cuts
for the two subjets and the two muons as in Sec. 4.1.2; with the exception of again relaxing
the AR; ;, cuts to > 0.2.

The resulting 95% CL sensitivities are shown as dot-dashed purple lines in Fig. 4.3 and
Fig. 4.4 for 8 TeV and 14 TeV, respectively. The low-mass sensitivity is significantly enhanced
compared to the previous two analysis approaches. Similarly to Sec. 4.1.2, the conventional
analysis does better at higher m, due to increased background rejection for an uncollimated
signal.

The impact of QCD multi-jet events with lepton fakes is hard to quantify for this sub-
structure analysis without a data-driven study. For the resolved analyses, we found that
muon fakes are reasonable to neglect if 0 or 2 b-tags are required. This substructure study

requires only one fat-jet b-tag, but imposes strict kinematic requirements on its subjets. This
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may be enough to suppress multi-jet background, or it may be necessary to require both sub-
jets to be b-tagged. As mentioned above, the pr threshold for b-tagging could weaken our
projected sensitivity for small m,, but determining whether this is necessary is beyond the

scope of our analysis.

4.1.3 Discussion

We have seen that combining the substructure and conventional analyses yields a fairly
flat sensitivity of about Br(h — 2a — 202u) < 1073 for the 8 TeV LHC in the range
15 GeV < m, < 60 GeV. At 14 TeV with either 30, 300, and 3000 fb™" of data, the projected
sensitivity increases to several times 107%, 107%, and several times 107°, respectively.

We can convert the projected reach on Br(h — 2a — 2b2u) to the projected reach on
Br(h — 2a), but this is model-dependent. In a 2HDM+S model, for example, it depends on
the Yukawa coupling type, see Sec. 4.1.1. In Fig. 4.5, we show the projected sensitivity to
Br(h — 2a) from combining the substructure and conventional analyses for two 2HDM+S
models, type-II with tan 8 = 4 (very similar to SM+S) and type-IIl with tan g = 2. In
both cases, data at 14 TeV is required to meaningfully constrain exotic Higgs decays in
these models, though in the latter case the 8 TeV constraint derived for Br(h — 2a) is less
than 1. With the full HL-LHC (LHC at 14 TeV with 3000 fb™') dataset, the exotic Higgs
decay branching ratio can be constrained at the 10% and 2% level in these two scenarios,
respectively.

In motivating a 2b2u search, it is useful to compare its sensitivity to Br(h — 2a) to that

achievable in other channels. In particular:

e Earlier collider studies for the 14 TeV LHC [236, 233] found 2¢ sensitivity to Br(h —
2a — 4b) =~ 10% with 300 fb™" of data.

e In constraining Br(h — 2a — 47) (and assuming Yukawa-ordered couplings, as we
do here), the (a — 2u,a — 27) channel was found to be greatly superior to the 47
channel [64]. Depending on assumptions for reducible background, data from the LHC
Run I can exclude Br(h — 2a — 47) < 2 — 8%.

e A recent study of h — 2a — 2b27 decay from ggF Higgs production [263] claims
considerably greater sensitivity to Br(h — 2a) in an NMSSM-like scenario than we
find for 2b2u. However, we find their study to be difficult to interpret, since it makes
no attempt to incorporate trigger cuts. In addition, highly optimistic b- and 7-tag rates

are assumed for a low pr > 15 GeV threshold. The very tight mass windows employed
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also seem challenging at the LHC. For this reason, we will not consider their results in

what follows, but the considered channel is interesting and deserves further study.

Based on the existing theory-level studies done thus far, in a SM+S-like scenario (which
generally includes the NMSSM and type-I and IT 2HDM+-S), the 4b search may be somewhat
superior to 2b2u, offering a sensitivity to Br(h — 2a) that is better by a factor of a few;
the 47/272pu channel has no exclusion power. For more leptophilic scenarios, like the type-
IIT 2HDM+S, the 2724 search now constrains Br(h — 2a) < 10 — 40% with LHC Run I
data [64], performing much better than a 4b search. Here, the 2b2u channel should provide
competitive sensitivity.

The search for h — 2b2u is therefore motivated for several reasons. Its sensitivity to
the total exotic Higgs decay branching ratio is either competitive, or close to competitive,
to searches involving 7’s or only b’s. Apart from the complementarity of discovering new
physics in several different channels, the much cleaner nature of the 262y signal makes our
conclusions less reliant on the detailed modeling of 7 and b-jet reconstruction at low pp. It
could therefore turn out that 262y is the preferred channel in either leptophilic or NMSSM-
type scenarios, although of course all the above-mentioned decay modes should be studied
experimentally. Finally, although we did not consider this in detail here, it is also possible
that h — X X’ is the dominant exotic decay mode, where each scalar decays dominantly to
2b and 2y, respectively (with e.g. X above the 2b threshold and X’ below the 27 threshold).

4.1.4 Summary

Exotic Higgs decays are uniquely sensitive to light scalars that are uncharged under the
SM gauge groups. We have demonstrated the sensitivity of a h — 2a — 2b2u search for
constraining theories with light scalars at the LHC. This channel can arise naturally in
models like the NMSSM or other 2HDM+S scenarios, as well as in general hidden valley
scenarios. We performed a detailed collider analysis for an on-shell intermediate CP-odd
scalar, though the results should be applicable to CP-even scalars as well, since we did not
explicitly use any angular information of the scalar decay. Already the 8 TeV LHC can probe
Br(h — 2a) < 1 in some 2HDM+S scenarios. With its full dataset, the 14 TeV LHC will
probe the exotic Higgs decay branching ratio to light scalars at the 1 - 10% level. Depending
on the details of soft b and 7 reconstruction, this sensitivity can be competitive or even
superior to that offered by other channels that contain these final states.

For low intermediate scalar masses, a conventional resolved-jet analysis loses sensitivity
due to the collimation of boosted b-jet pairs. Simply reducing the clustering radius of b-jets

greatly enhances sensitivity in this region, but a dedicated jet substructure analysis may be
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even more powerful, fully exploiting the discovery potential for m, < 25 GeV.
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Chapter 5

Dark sector interpretation of the 750
GeV diphoton excess

The start of the LHC run at 13 TeV center-of-mass energy has brought an unexpected — from
the minimalist point of view — excess of events in the diphoton channel with the invariant
mass of about 750 GeV [289, 290]. In the Standard Model (SM) of particles and fields this
energy is not associated with any known resonance, and may be the first sign for elusive
New Physics (NP). The appearance of the “bump” in the diphoton spectrum, despite its
rather limited statistical significance that may disappear or strengthen with more data, has
generated a lot of excitement among physicists who wait for any manifestation of NP beyond
SM (BSM) at the weak scale.

It is true that in most models of NP, the diphoton channel would not necessarily be
the “discovery mode”. That is, other manifestations of a (tenuous) 750 GeV resonance
might have been expected first. Nevertheless, large classes of models where said resonance
is produced from the fusion of the SM gauge bosons and/or quark-antiquark pairs with
subsequent decay to the diphoton states have appeared in the literature, with most of them
being tailored for the occasion. While the mass of a new resonance suggested by the CMS and
(mostly) ATLAS data is to be around 750 GeV, its spin and parity remain open for discussion.
Spin-zero and spin-two resonances come as the most natural candidates, while the spin-one
resonance is disfavored by the so-called “Landau-Yang theorem” that forbids two photons
in any state with the total angular momentum equal to one [291, 292]. The couplings of the
spin-zero resonances to photons or gluons cannot be expected to arise at dimension four or
lower operator level, and therefore it is reasonable to expect that 750 GeV resonance is also
coupled to the weak-scale particles, charged under the SM gauge groups. The loops of these
particles (for example, vector-like fermions [293, 294, 295, 296, 297, 298, 299, 300, 301, 302])
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may have led to the effective couplings of the NP resonance to gauge bosons [303, 304, 305,
306, 307, 308, 309, 310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322, 323]. If
this picture is indeed valid, then more signatures of weak-scale NP are likely to come from
future data.

While noting the significance of the excess is limited, it is reasonable to question every
element of the existing anomaly. In particular, it is important to ask whether light BSM
final states may be confused with the diphoton signal. A general framework for such a
scenario has been already discussed in several publications [324, 325, 326, 327]. A heavy
resonance X produced by the gluon-gluon or quark-antiquark fusion may decay to a pair
of light BSM states Y that have weak instability against subsequent decays to electron-
positron pairs or photon pairs. We will call the Y states “dark mediators” (see e.g. Refs.
(328, 29, 329, 34, 152, 188|). If the decay length of Y is commensurate with the linear
geometry of the detector (e.g., of the inner tracker and eletro-magnetic calorimeter) and its
mass is in the MeV-GeV range, then emergent highly collimated pairs of photons and/or
electron-positron pairs may successfully mimic actual photons. Therefore, the interesting
part of this scenario is that a new 750 GeV resonance opens the door to light weakly coupled
states coupled to the SM sector, which is a particular realization of the “hidden valley” idea
(79, 330, 331, 332, 333, 334, 335, 336, 337, 338, 339, 340].

The purpose of this chapter is to explore the consequences of the scenario where a 750
GeV resonance decays to dark mediators in terms of its implications for the intensity frontier
searches. To that effect, we construct two explicit models, with heavy spin-zero and spin-
one resonances, that decay to dark mediators. The parameters of the models are chosen to
fit the current ATLAS excess of the diphoton events under the assumption that decaying
mediators do indeed pass the selection criteria for photon identification. In the process, we
make careful accounting for the ATLAS geometry and the distribution of dark mediators
over the effective decay length. The end result is a suggested range for masses and couplings
of dark mediators that falls largely within reach of the next generation of intensity frontier
experiments (e.g. [90, 82, 341, 81, 97, 62, 342, 343]).

The chapter is organized as follows. We first introduce the theoretical framework for the
dark mediator explanation of the 750 GeV candidate resonance in Sec. 5.1. We then calculate
the strength of expected signal, evaluate the probability of light particles decays inside the
relevant parts of ATLAS detector, and present favored parameter spaces for various models
in Sec. III. Different experimental strategies that would allow differentiating diphoton from

di-dark mediator events are discussed in Sec. 5.3. We conclude in Sec. 5.4.
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5.1 Theoretical motivation

5.1.1 750 GeV Scalar Resonance

In this sub-section, we consider a model of a heavy dark scalar (or pseudo-scalar) resonance S
produced via gluon fusion that decays to the pair of two metastable “dark photon” particles
A’. Each A’ gives displaced decays to eTe™ pairs so that the whole chain can be represented

as
gg— S — A'A — (ete ) (eTe). (5.1)

Here we explore a possibility that mg ~ 750 GeV, but A’ is light, ms < O(few GeV).
Because each dark photon carries a significant fraction of energy of the 750-GeV scalar, the
ete™ pair from the decay of A" are extremely collimated. The opening angle of eTe™ pair
is around 2m s /E 4/, where my and E4 are the mass and energy of A’, respectively. For
sub-GeV A’s this angle is less than 0.01. Therefore it is plausible that events originating
from the decay of A’ could pass the selection criteria for a real photon setting by e.g. the
ATLAS collaboration.

Dark photon models have been studied extensively in the literature since 1980’s [67, 68].
In recent years, the attention to dark photons have been spearheaded by their possible
connection to various particle physics and astrophysical “anomalies” (see e.g. [344, 329, 34,
25]). The minimal dark photon model consists of a new massive vector field that couples to
the SM U(1) via the so-called “kinetic mixing” operator,

We apply the dark photon model with U(1)p symmetry to the scenario. Detailed model
description is shown in Sec. 2.2.1. After EWSB, the SM gauge field B, and Wi mix with
the new gauge field A),. The resulting mass eigenstate Z’ couples to the SM electromagnetic

and weak neutral currents. In the limit
my K my, ey <1,

the mixing between A’ and the SM Z-boson is negligible, while the coupling between Z" and
SM fermions are given by
ey cos ByeQ) = ee(), (5.2)

where we introduce € = €y cosfy,. Finally, to avoid the proliferation of notations, we will
call the physical Z’ particle as A’, and refer to it as the dark photon.

Our goal is to derive the acceptable range for masses and couplings in the proposed
scenario. To achieve this, we need to specify the couplings of scalar S to gluons and dark

photons beyond the effective dim = 5 operators. To that effect, we introduce a vector-like

86



g A’

Figure 5.1: Representative Feynman diagrams for gg — S — A’A’, where S is the 750 scalar
resonance and A’ is the light on-shell dark photon that faking photons.

colored fermion, 7', and a dark fermion, 1, which is a singlet under the SM gauge group.

The resulting Lagrangian reads
Lo— %(awg)? _ %mgsz + FilDf + T — mp)T = ApSTT + (1D — my)t — \SU (5.3)
where f stands for a generic SM fermion. The covariant derivative here is
Dy, = 8, — i(9aQu + ceQp) A}, — icQ A, — ig,Got®, (5.4)

where Q5 and Qg are U(1)gm and U(1)p charges, respectively. e, gs and g4 are U(1)gwm,
SU(3)., and U(1)p gauge couplings, respectively. Ay and Ay are the Yukawa couplings of S
to T and 1 fermions, respectively. Notice that one does not have to choose positive parity,
and STivsT pseudo-scalar couplings could also serve the same purpose. 7' and v fermion
loops mediate the production and decay of S resonance, as shown in Fig. 5.1.

Having formulated the model, we are now ready to evaluate the strength of the fake

diphoton signal in it. We start from the master formula for the signal,
OSignal = Opp—8 X BrS—)A’A’ x P (A/A/ — (6+67)(€+67>‘ 77) ) (55)

where 0,,_,5 is the cross section for producing 750 GeV resonance S and Brg_, a/4/ is the
branching ratio of this resonance decaying to two dark photons. P (A’A" — (ete™)(eTe™)|vy)
is the probability that two dark photons decay to electron-positron pairs inside the detec-
tor (within appreciable distance), passing the selection criteria for the diphoton events, and
successful reconstruction. It is the most complicated object, depending on factors such as
the detector geometry, the detector acceptance, the reconstruction efficiency, as well as the
decay length of A’, and the mass of A’ that affects the size and the shape of the shower in
the EM calorimeter. We will abbreviate P (A’A" — (eTe™)(eTe™)|v7y) as Pace. The existing
excess in the diphoton channel found by ATLAS [345] is at the level of ogigna >~ 5 — 10 fb,

which corresponds to ~ 16 to 32 events.
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Production and decay of S in a U(1)p model

Data suggest that the total width of S is around 5 —45 GeV, and therefore the narrow width
approximation for S suffices for our accuracy. The production cross section of S through
gluon fusion is given by

2

o(pp = S) = Ssms

ts 00 [ Lot (MLEmz) 5o

m%/s

where /s = 13 TeV is the center of mass energy and f,(z, Q?) is the gluon parton distribution
function evaluated at Q%. We assume that the decay width of S — gg entering in (5.6) is
mediated by the loop of heavy vector-like fermions 7. The actual constraints on my would
critically depend on T-fermion decay channels. To reduce the number of parameters to be
scanned, we will adopt my = 1 TeV throughout, which is safe relative to direct searches.
Note that for such a massive particle in the loops, the form factor of the effective g — g — S
vertex does not need to be taken into account. A very well known formula for the calculation
of the width (e.g., see [346]) gives

a? 3

DS = 99) = oo Ml 1+ (=) f )] P (5.7)

where 77 = 4m2/m?%. In this expression, the invariant function f(7) is quite familiar from

the Higgs physics literature,

- arcsin® < T_1> , T>1 (58)
f T) = 2 5.8
—}1 [log Gt\/—i Vi:) — iw] , 7<1

The cross section (5.6) can be further improved by taking into account NLO corrections.
With these expressions, we find that a fiducial value for the o, ,5 cross section at myp ~ 1
TeV and Ar ~ 1 to be around 40 fb.

The branching ratio of S to dark photons directly follows from the three decay channels
of the heavy scalar: S — ¢gg, 5 — ¢, and S — A’A’,

Usarn
Brsaa = Psoaar +Tongg +Tsgy (5:9)
If kinematically accessible, the decay of S to dark fermions ¢ could be the largest:
2\ 3/2
I'(S — ) = é\—ims (1 - 47:5) . (5.10)
The S — A’A’ decay is induced by the ¥ loop and is given by
IV a?l mg 2 2
IS = A4) = G o L+ (1= m)f ()P (511)
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Figure 5.2: Left: Total decay width of S with ay = 1 (blue, solid) and 0.1 (red, dashed).
The values of other parameters used here are my = 1 TeV, Ay = 2 and Ar is taken to the
strong interaction limit, A\ = 47. Right: Branching ratios of S for S — gg (red), S — )
(green), and S — A’A’ (blue) with oy = 1 (solid) and 0.1 (dashed), with the same choice of

other parameters as in the left panel.

where 7, = 4m7/m%. Note that in this expression we have taken ma to zero, as it is
negligibly small compared to mg and my.

The total width and branching ratios of the S-resonance are illustrated in Fig. 5.2. We
have taken Ar to what we will consider its uppermost value, 47, (which would imply a
strongly interacting S — T" sector). We can observe that if the decays to dark fermions
are allowed, one could easily achieve a width of the S resonance of ~ 40 GeV. Rather large
branching ratios to pairs of dark photons can be achieved for aiy ~ O(1). We note in passing
that the hierarchy of mass scales, m, > mu and large coupling constant Ay will create a
variety of interesting effects for the dark matter phenomenology, should 1 remain stable on
cosmological time scales (see e.g. [34, 35]).

We now come to the most technically challenging part, the evaluation of A" decays mim-
icking the diphoton signal, P,... In a hypothetical limit of an infinite detector with 100%
efficiency and 100% faking rate for a dark photon as a regular photon, this probability is

simply (Bra e+ )% The branching of dark photons to electrons is well-known [78], and is
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100% below the dimuon threshold, while the A" width is given by

2 4 2 2 2
Tarsiii = gy |1 — —2 (1+ ml). (5.12)

3 m?, m?,

At higher m 4 one has to include muon and hadronic decay channels, i.e., I'a4s = T'qyote- +
Uar syt = + T arShadronic:

In practice, of course, there are strict geometric requirements where the decays of the
dark photons must occur so that they can be confused with a real photon. Obviously, a very
important requirement is that both dark photons decay before or inside the first layer of the
EM calorimeter, which depends rather sensitively on the decay length. Suppose that the
parent S particle is produced almost at rest, and then decays into two dark photons, each
of them carries energy around mg/2, where mg is the mass of the heavy scalar S. Then the

decay length of the dark photon can be written as

ms 4m?,

La(e,mar) = yaBarta(e,mar) = I, (5.13)

2mA/ myg

where 34/ is the velocity of A’ observed in the fixed laboratory frame and y4 = 1/4/1 — 3%,
is the boost factor of A’. Ta:(€,my4/) is the lifetime of A’ in its rest frame. Evidently, y4 > 1

and (4 is almost one. The decay length follows an approximate scaling
LA’ XX (emA/)_2 X Mg (514)

with largest deviations of this scaling at ma, ~ m,. Below the dimuon threshold, we have

the following useful expression,

m 100 MeV\?  /1074\?
LA/<€,mA/) =30 cm X (m) X (m—A,> X ( c ) . (515)

These numbers immediately tell us that currently allowed region of the dark photon
parameter space can indeed be compatible with dark photons decaying within reasonable
distance inside the LHC detectors so that they can be confused with real photons. If initial
boost distributions of S particles, and angular dependences of its production and of detector
geometry could have been neglected, then P,.. would be determined by the relation between

some relevant length scale of the detector, Lget, and L a:.
Picpye < 1 —=exp{=Laet/Lar} = Pacc X (Brasere)? X (Piery,,)’, (5.16)

where P.r,., is the probability of a single photon to decay inside Lge;. This is of course a

very crude formula that has to be carefully augmented for the detector geometry, boosts, and

90



other factors, which we will attempt to do in section Sec. 5.2. We also note that should one
of the dark photons decay outside the detector, this would mimic the mono-photon signal

with the probability that scales as
Pmono x 2 X BrA’—>e+e* X Pl<Ldet X -Pl>Ldeta (517)

setting up the stage for an important constraint that would come from corresponding searches.

Variations on the dark photon model

In this subsection we would like to note that the dark photon model is not the only possibility
for a weakly unstable light vector particles. Indeed, there are other UV complete choices
based on anomaly-free symmetries, such as B — L, Ly — Lo (where L1 and L2 stand for
different lepton flavors) etc. If we take, for example, a model with U(1)-gauged L. — L,

symmetry, then the main couplings of its gauge boson V' to leptons are
L=gr.1.Va (17e’7a1/e — Uy, + e — %’y%) : (5.18)

Here, gr.—r, is the U(1)r,—1. gauge coupling, so that the coupling to electrons is rescaled
compared to the dark photon case as ee — gr, .. In the entire mass range from a few MeV
to 3.6 GeV the vector boson V' decays to electrons and neutrinos, with equal probabilities
so that Bry_.+.- = 0.5.

Despite the fact that one can choose gr, ;. in the same range as ee and thus adjust the
decay length of V' to be commensurate with Ly, this model does not look as a good candidate
to mimic the diphoton signal, for the following reasons. Firstly, g._r., is required to be very
small, g7 < 1072, from the decay length requirements, which would correspond to a tiny
ag. This in turn would require some additional model-building to generate an appreciable
branching of S to V'V states. Another reason is that this model will give a non-removable
mono-photon signal due to the decay to neutrinos at a rate more than twice the diphoton
signal, for any ratio of Lqe;/Ly. On account of these two difficulties, we will abandon further

investigation of U(1)r, -1, models in connection to the 750 GeV resonance.

5.1.2 750 GeV Vector Scenario

If light unstable particles can indeed fake real photons at the LHC, new possibilities for
the spin of the 750 GeV resonance open up. In this section we will consider an option of
dark mediators being scalar and pseudo-scalar, while the decayed 750 GeV resonance being
a spin-1 vector boson. Notice that this is a novel possibility bypassing the Landau-Yang

theorem (see e.g. earlier related discussion in Ref. [347, 348]).
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Figure 5.3: Feynman diagram for q¢ — Z' — sa, where Z’ is the 750 GeV vector resonance
and s(a) is the light on-shell scalar (pseudo-scalar) that faking photons.

The scenario of this section is based on the following sequence,
qq — Z' — sa — (ete ) (eTe), (5.19)

where all new particles Z’, s, a are assumed to be singlets under the SM gauge group. Scalar

s and pseudo-scalar a can be combined in a complex scalar field
S =5+ 1a, (5.20)

that we assume is charged under some new U(1)p group with dark charge )4 = 1. The mass
of a heavy dark Z’ boson is taken around 750 GeV. The coupling of Z’ to the SM can again
proceed via the kinetic mixing operator. To avoid confusion with the case of the previous
section, we will call the heavy boson Z’ (while the light one is A"). The Feynman diagrams
for the process is shown as Fig. 5.3.

The kinetic mixing operator will couple the Z’ to hypercharge of the SM particles (as
opposed the electric charge in case of small vector mass). Since for the chosen myz mass
scale

My > my, €y <1,

the coupling between Z' and SM fermions are given by

eeY

Y= —r— 5.21
vy cos? Oy ( )

See Appendix 2.2.1 for more details.

The resulting effective Lagrangian reads
1 5.
Lzrex D 5sz,?z;f + forilDfrr+|DuS)? = m3 S + Laiec, (5.22)
where
. . g . . €€YL,R

(5.23)
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and fr, g includes all left-handed /right-handed SM quarks and leptons. Qy, T 2 rand Y7 p
represent their U(1)gn, SU(2)r, and U(1)y charges respectively. e, g and gz are electric
coupling, weak coupling and the U(1)p gauge coupling, respectively. Lge. is the most “deli-
cate” part of the Lagrangian that is responsible for the decays of a and s particles. Notice
that one cannot simply write down Agseée and \,aeivse operators at the fundamental level, as
they would explicitly violate both the SM and U(1)p gauge invariances. Nevertheless these
operators can be in fact generalized to the following gauge invariant structures of higher
dimension:

Lacc = Ass(ee) + \sa(éivse) — LiEH) + (h.c.). (5.24)

sv
Ag

In this formula, L; and E; are the first generation left- and right-handed lepton fields, H is
the SM Higgs field bi-doublet, and ® is the Higgs field of the dark sector with the charge of
—1. For the purpose of our discussion, H and ® can be replaced by their vacuum expectation
values, v/v/2 and vy/v/2. Ag is some energy scale normalizing this effective operator, that

now defines the effective Yukawa couplings as

As = Ay = Ay = % (5.25)
Since it is clear that displaced decays are only possible for A\s < 1 and typically as small as
10~* while heavy m implies a large dark vev vy, the scale Ag can be well above the LHC
energy reach. We leave it at that, without trying to provide further UV completion to the
effective operator (5.24). A further uncertainty in this approach arises from a possibility of
nontrivial lepton flavor structure of (5.24). To avoid possible complications, we will assume

that these couplings are flavor-diagonal, and will limit m, , to be below the dimuon threshold.

Production and decay of 7’

Going over to the production mechanism, we notice, of course, that Z’ does not couple to
gluons, and have to be produced in ¢g fusion. Although the probability of finding (anti-
Jquarks inside the proton at high energy is smaller compared to that of gluons, the leading
order contribution of this process is at tree-level and thus the cross section can be comparable

to gluon-initiated but loop-suppressed processes. The production cross section of Z’ reads

oow—2)= [ do [ drafitonmd it )o [o (5257 ) 7 (1) 5 2.
(5.26)

where /s = 13 TeV is the center of mass energy and f,(z, Q?)(f;(z,Q?)) is the quark (anti-
quark) parton distribution function evaluated at Q*. At the same time, the increase in

parton luminosity between run I and run II for the production of the 750 GeV resonance is
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less pronounced for qg compared to gluons, by about a factor of order 3. The decay channels
of Z' are similar to those of the SM Z-boson but with an additional channel, Z/ — sa

available in this model. The decay width to the SM fermions is given by

~ N, ce \? [ Am7[YP4+YER  mj6Y YR YE- Y3
T Z/ N — c , 1— f L R f L R
( 11 1272 <cos2 GW) m%, [ > T m%, 2 ’
(5.27)
where N. represents the number of colors of the SM fermions (f) and Y7(Yg) stands for the

hypercharge of the left-handed (right-handed) SM fermions. The decay width of the “dark”

sa channel is

2 2 2 2 2\2\ 3/2 2
9z 2(ms + ma) (ms - ma) 9z 2
Nz — =2 my|1-— ~ == -m7,. 5.28
( sa) a87 7 ( m%, * ms, 1872 (5.28)

We take the limit m;, < myz in the second equality.

Fig. 5.4 shows the total width of Z’ (green, solid) as well as its partial widths ['(Z" — ff)
(blue, dotted) and I'(Z" — sa) (red, dashed) for e = 0.1 and my = m, = 100 MeV. I'(Z’ —
ff) does not vary with gz since it only depends on e while I'(Z’ — sa) is proportional to
g%, and therefore grows with gz. One can also see that for small gz ~ 0.01 the dominant
decay branching ratio is from Z’ — ff and the total width of Z’ is also very small. However,
for a large enough gz ~ 3, not only the dominant channel becomes Z’ — sa, but also the
width of Z’ can reach ~ 45 GeV due to Z' — sa decays without any difficulty. Therefore
in the following analysis we use gz ~ 3 as a representative point. Also notice that since
the branching ratio of Z' — sa is close to 1 at that point, the parameter gz cancels in the
branching ratio and has very small effect on subsequent considerations.

The decay lengths of s and a are as follows,

mz: 4m2 mog 4m2

Li(As,myg) = 1 ST LoDy, my) = 11— —ert 5.29
(imy) = 5 1= DT L) = gy 1= S50 (5.29)
with 3/2 /o

Fs - 8_71')\5 <]_ - mg ) ,Fa — 8_71')\0' (1 - mg , (530)

where I'y and I', are total widths of s and a, respectively. We only explore the region below

the dimuon threshold so that one can have Bry_,.+.- and Br,_,.+.- of order one.
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Figure 5.4: Total decay width of Z’ (green, solid) along with its partial widths I'(Z’ — ff)
(blue, dotted) and I'(Z" — sa) (red, dashed) for ¢ = 0.1 and mgy = m, = 100 MeV.

['(Z" — ff) is independent of gz since it is only a function of € whereas I'(Z’ — sa) is

proportional to g%.

5.2 Results

5.2.1 Geometry of LHC relevant for the diphoton signal

The ATLAS detector can be viewed as a series of ever-larger concentric cylinders around
the beam line. From the inner region to the outer region, the main detector elements are
silicon pixel and strip trackers, electromagnetic calorimeters (ECALs), hadron calorimeters
(HCALSs), and muon spectrometers. A 1/4 of the z view of the detector is demonstrated in
Fig. 5.5.

The inner detector tracking system is used to reconstruct primary vertices up to a radius
in the transverse plane (r) less than 0.8 m [349]. Recently, ATLAS has upgraded the inner
detector system and inserted another layer, the Insertable B-Layer (IBL) [350], near the
beam-pipe with 0.03 m < r < 0.04 m to enhance the tracking ability and overcome the
increased pileup at the LHC run-II. Therefore we define the fiducial volume of the inner
detector to be in the region 0.03 m < r < 0.8 m. A photon passing through the fiducial
volume of the inner detector can convert into an electron-positron pair, which leaves tracks in
the fiducial volume. As a result, such photons are classified as converted photon candidates
by the ATLAS collaboration.
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Figure 5.5: Relevant geometry of the ATLAS detector. Here we only show the configuration
of the inner tracker and ECAL (1/4 of the z view). Other components of the detector are not
shown. The fiducial region of inner detector and ECAL are shaded with gray. The ECAL
consists of three layers (see text for details), which we shaded with different tones of gray.
We also specific values for the relevant geometry that used in the analysis. Other relevant

parameters of the detector can be found in Tab. 5.1.

The ECAL (as well as HCAL) is composed of a barrel and two endcaps. The ATLAS
ECAL is a lead-liqid argon sampling calorimeter. The relevant geometrical parameters of
the ECAL components are summarized in Fig. 5.5 and Tab. 5.1 [351]. The ECAL consists
of three layers, starting at r = 1.5 m. A photon is categorized as an unconverted photon
candidate if it converts inside the region between 0.8 m and 1.5 m, consisting of the final
part of the tracking system and a gap between the inner tracker and the first layer of the
ECAL, since it does not leave any reconstructible tracks. In summary, the fiducial volumes
of the event reconstruction for the converted and unconverted photons are 0.03 m< r < 0.8
m and 0.8 m< r < 1.6 m, respectively. Note that if the second layer of the ECAL is also
included, the fiducial volume of the unconverted photons is 0.8 m< r < 1.93 m.

The inner detectors of ATLAS and CMS are very similar in geometrical coverage. As
shown in the CMS TDR [352], the innermost tracker layer starts at 7 ~ 44 mm. The fiducial
region of the calorimeter ends at 1.79 m. These numbers are not too different from those
of ATLAS (r = 31 mm to 1.59 m, respectively in our paper). The slight difference in the
significance between the two collaborations may be due to the fact that CMS has around
20% less data compared to that of ATLAS. In addition, the angular resolution of the EM
calorimeter at ATLAS might be better in distinguishing the collimated ete™ from a single
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ATLAS detector

Region: 0.03m <r <1.1m

Inner tracker Fiducial: 0.03 m <r < 0.8 m
In| < 2.5

Region: 1.15 m <r <225 m

ECAL Barrel (EB)  Fiducial: 1.5 m <r <193 m
In| < 1.48

Region: 3.4 m < |z| < 6.57 m

ECAL Endcap (EE) = |
Fiducial: 3.7 m < r < 4.13m

1.38 < |n| < 3.2

Table 5.1: Geometric parameters and fiducial regions of inner trackers and ECALs of ATLAS.
r denotes the transverse radius from the beam line. z denotes the distance from the center
of the detector along the beam line. 7 denotes the pseudorapidity with respect to the center
of the detector.

photon. As a result, one could expect a potentially smaller excess at CMS. However, the
slight discrepancy between ATLAS and CMS could be just statistical fluctuations. More

data is required to make a conclusive statement.

5.2.2 Displaced Dark Mediator Decay Signal

In order to obtain a more realistic evaluation of P,.. than the one given in Eq. (5.16), we need
to take into account the distribution of the initial momentum of heavy resonances (S or Z')
affecting the boosts of emerging light particles, which in turns translates into a distribution
of the decay lengths L4 or L.

Different production mechanisms for S and Z’ suggest differences in their boost factors.
The scalar S is produced through gluon fusion, which means that the initial states are
similarly distributed. On the other hand, in our second example, Z’ is produced through ¢g
initial states, which is asymmetric because it is more probable to find a quark than an anti-
quark in a proton due to differences in their parton distribution functions. As a consequence
it is more likely that Z’ will have more of a longitudinal boost compared to S, while for the
latter we find that the production-near-rest picture largely holds.

Suppose that the distribution of a heavy resonance initial velocities, or boosts, is given

by f(B). The function satisfies normalization condition

/ (B8 =1 (5.31)
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We simulate f(f) using standard MC tools in practice. Furthermore, given the geometry
of the detector is cylindrical, and that all decays of light particles to collimated ete™ pairs
within radial segments (distance from the origin) 7, (0) < 7 < Tmae(0) pass the photon

selection criteria, P,.. is proportional to
Pacc X Pﬁd X (Bre+e—)27 (532)

where Pjq is the probability for dark mediators decaying inside the fiducial regions. Pgq can

be expressed as

Pig = /11 dBf(B) /:Lm(w d cos 01%(1 — [ cosb) [Sin2 01 + ~*(cos b — 5)2} %2
><_ (e_n,mm/LLimj e_m,m/LL,l) (e—rz,mm/LL,z _ e—rz,mz/LL,z) , (5.33)
with
Ly =pra L o i (5.34)

ma V1 —cos?0; + 72(cosf, — B)2mar’

Tar Do 1 —cos?6r T
Lis—p _ 5.35
L2 L,2 moa \/1 — cos2 01 i ’)/2(008 91 _ 6)2 \/E ma ( )

are the decay lengths of the dark mediators 1 and 2 in the laboratory frame (denoted with

subscript “L”). #; and 5 are the polar angles of the dark mediators 1 and 2, respectively in
the laboratory frame. 7, and 7,4, are lower and upper boundaries of r; of the fiducial
volume, which both are functions of 6. 61 ,,, and 601 ,,4, represent lower and upper boundaries
of 0, of the fiducial region. Note that #; and 6, are not independent. cos sy can be expressed

in terms of cos#; and 3

2cos; — 20 + cos b
cos By = cosby(cos by, f) = B 7 125(2050 1 L (5.36)
- 1

where (5 is the velocity of the parent particle (Z’ or S) after the production with a boost
factor v = 1/4/1 — 2. We refer the readers to Appendix A.3 for the more detailed derivation
of the decay probability including the boost effect.

Given the geometry of the detector and the probability (A.51), we can calculate Pgq for
both 750 GeV scalar and vector resonance scenarios. We give the results for Pyq for the 750
GeV scalar resonance scenario in Tab. 5.2 as an example. Psq a function of decay length
L. One can observe that as the decay length grows, the Pyq drops precipitously.

From Eq. (5.32) to obtain the final P,.., we still need to multiple the right hand side by

the acceptance rate and diphoton reconstruction efficiency, i.e.,
Pace = € X A X Pga X (Bres.-)?, (5.37)
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Decay Length (Lg) Converted Unconverted 1 Converted 142 Unconverted 1+2

0.1 0.31 2.9 x 1078 0.32 2.9 x 1078
1 0.38 3.4 %1072 0.42 5.0 x 1072
10 1.5x1072  3.9x 1073 1.8 x 1072 7.4 %1073
20 40%x107% 11x1073 5.0 x 1073 2.2x 1073
100 1.7x107*  51x107° 2.2 x 107* 1.0 x 10~*

Table 5.2: Probabilities of dark photon decays inside the ATLAS detector, Pgq, for the 750
GeV scalar resonance scenario. Various decay length L; and fiducial regions are considered.
Events with at least one of the decays occurring inside the tracker volume are categorized
as “Converted”. The “Unconverted 1”7 category includes events where both dark mediators
decay inside the remaining part of the fiducial volume (gap region and the first layer of
the ECAL). Similarly, the “Converted 142" and “Unconverted 142" categories are the
generalization of the Converted and Unconverted 1 categories by including the second layer

of the ECAL into the fiducial volume of the event reconstruction.

where €, = 95% is the reconstruction efficiency for a single photon [345]. The selection cuts
on |n| has already been considered in the calculation Pgq. The rest selection cuts in [345] are

as follows:
ET > 40 GeV, EJF >30 GeV, E}'/m., >04, EJF/m., >0.3. (5.38)

We use Monte-Carlo simulation to implement above cuts and obtain the acceptance A. The
resulting acceptance A (after |n| cuts) is 68% (84%) for 750 GeV scalar (vector) resonance
scenario. Substituting the acceptance and efficiency back to Eq. (5.37), we get Py that
consequently yields ogigna through Eq. (5.5).

5.2.3 Preferred Parameter Space for Light Dark Mediator

In this subsection we perform a “fusion” of all different components of our calculation in order
to derive the allowed parameter space for light particles. Our strategy is to be conservative,
which means we should allow the largest possible variations in the properties of the 750 GeV
resonance. To that effect, we take the largest possible range for the coupling that regulates
the production of S through the gluon fusion, 0 < Ay < 4w. The upper boundary would
correspond to the largest production cross section, and therefore admits the lowest possible
Picc. At this point we will also assume that every electron-positron decay of light particles
is going to pass the photon selection criteria. Violation of this assumption in practice is

possible for higher A’ masses, which would reduce the region of interest on the € — my
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Figure 5.6: Preferred parameter space (yellow shaded) in the €? versus my plane for dark
photons that can explain the 750 GeV scalar resonance through faking photons. In the left
and right panel, we vary the parameter ay and A separately. The solid, dotted, and dashed
lines in the left(right) panel respectively represent parameters corresponding to 30 observed
diphoton events for ay = 1, 0.1, and 0.08 (A = 4w, 4, and 1.3) with a fixed A\p = 47
(ag = 1). Other parameters in the calculation are set to be Ay = 2, my = 300 GeV and
myp = 1 TeV. The purple-gray shaded regions are excluded by the mono-photon search at
the ATLAS [353]. Tt excludes part of parameter space for ay = 1, Ay = 47 that we marked as
purple-gray lines. Nevertheless, the mono-photon search does not further exclude preferred
parameter space for smaller oy and Ar values listed in the plot. In the plot, we also include
current constraints and future prospects on the €? versus my plane for dark photons that

decay directly to SM particles (see e.g. [342] and reference in Sec. I).

parameter space.

A fixed minimum value for the P,. has, of course, two solutions in terms of L. If
the decay length is too short, all the decays will happen inside or close to the beam pipe,
while if the decay length is too large, only a small finite number of A’ pairs would decay in
or before the ECAL. For the dark photon model, we obtain the allowed region that would
be consistent with our scenario for the 750 GeV resonance. The preferred part of the dark
photon parameter space is shown in Fig. 5.6 with my = 1 TeV, my = 300 GeV, \; = 2
while Ay and a4 are varied. In Fig. 5.7, the same parameters as those of Fig. 5.6 are used
except for m,, = 600 GeV, which corresponds to a narrow width as shown in the left panel of
Fig. 5.2. (Notice that the choices of m,, and a4 fit the reported widths of a possible 750 GeV
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Figure 5.7: Preferred parameter space (yellow shaded) in the €? versus m4 plane for dark
photons that can explain the 750 GeV scalar resonance. Similar to Fig. 5.6, but with
my, = 600 GeV. In this choice of parameter space the width of S is narrow around 1 GeV.

resonance with my = 300 and 600 correspond to wide and narrow widths, respectively.)
The yellow shaded region is favored by the 750 GeV resonance. One can also see that the
allowed parameter space has a band structure, which follows from the L o (em4)~2 scaling.
Wiggles, deviations and a dip near 1 GeV occurs due to the enhancement of hadronic decays
of A" and the reduction of Br.+.-. In the left panel of the plot Ar is set to its maximum
value while ag4 is varied, while on the right panel ay = 1 and Ar is scanned. We observe
that as the couplings diminish so does the allowed part of the parameter space. However,
some allowed parameter space still exists for Ay ~ O(1) or ag ~ O(0.1). It is also worth
mentioning that above m4 = 2m,, there is an appreciable branching to muons, so that one
should expect “fake photon” and muon pair, or two muon pair events appearing in the same
model that should reconstruct to the same invariant mass.

On the whole, one can see that intensity frontier searches cannot fully exclude the sug-
gested region of the model parameter space. It is easy to understand why: in the adopted
LHC scenario, A’ particles have relatively small mixing angles ¢ ~ O(107%), which for most
fixed target searches would not lead to detectable displaced decays. At the same time, it
is too small a coupling to be currently ruled out by the search for “bumps” in the eTe™
spectrum. We also include the exclusion region imposed by the ATLAS mono-photon con-
straints [353]. This constraint comes from the situation when one A’ decays before or inside

the ECAL faking a photon, while the second A’ completely escapes the detector before de-
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caying. The current limit on the cross section is 6.1 (5.3) fb at 95% C.L. This constraint will
be relevant for the longer L4/, and this is seen in Figs. 5.6 and Fig. 5.7 with the gray band
being parallel but below the yellow one. It is worth mentioning that future intensity frontier
experiments can potentially exclude some part of preferred parameter space in Figs. 5.6 and
Fig. 5.7. These projected limits are shown in dashed lines. In addition, with more data
collected the mono-photon search should be able to provide a stronger constraint at the LHC
run-II.

Next we present the result of the Z’ model in the A% — my /o Parameter space in Fig. 5.8
with various contours corresponding to € = 0.05,0.1 and 0.2. The left and right panels
correspond to wide and narrow widths with gz = 3 and 0.3, respectively. As illustrated in
Fig. 5.2 BR(Z" — sa) grows with the total width, and therefore the region enclosed by a
contour in the left panel increases for a fixed value of € compared to those in the right panel
because of the larger branching fraction. The yellow shaded region are favored by the 750
GeV Z' resonance while the gray shaded region is excluded by the mono-photon searches
with € = 0.2. For m,;, = 0.1 GeV one can have A3 between 107'% and 10®. The allowed
range of € in the yellow shaded region is 0.02 < € < 0.2. The lower limit is to ensure having
enough production cross section while the upper limit comes from the measurement of the
Z-boson mass and width [87]. Notice that the model with ¢ < 0.1 and g4 > g€ is very
difficult to constrain via “conventional” q7 — Z’ — utpu~ searches due to a small branching

ratio for the Z’ decay to SM particles, which leads to €* scaling of the signal.

5.3 Discussion

5.3.1 Potential Methods to Exclude Models with Dark Mediators

So far there is only limited amount of data available. However, with more data it is likely that
one can statistically discriminate between real photon events and decays of dark mediators.
While the properties of the photons are of course fully specified by QED and atomic physics,
the main input parameters for the dark mediator decays will be its energy, mass and the
decay length (such as E4, ma and Ly as in the dark photon example). Below we outline

important differences between the conversions of real photons and decays of dark mediators.

1. Affinity of conversions to the material inside the detector. Photons convert to pairs
in the field of the nucleus, and therefore the distribution of conversion points roughly
follows the number density of atoms weighted with the square of the atomic number,

Z?n4. The dark mediators, on the other hand, can decay anywhere in the detector,
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Figure 5.8: Preferred parameter space (yellow shaded) in the A3 versus m,,, plane for dark
scalars that can explain the 750 GeV vector resonance. The left and right panels correspond
to large and narrow widths with gz = 3 and 0.3, respectively. The solid, dotted, and dashed
lines represent parameters corresponding to 30 observed diphoton events for ¢ = 0.2, 0.1,
and 0.05, respectively. The purple-gray shaded regions are excluded by the mono-photon
search at ATLAS [353]. It excludes part of parameter space for € = 0.2 that we marked as
a purple-gray line. The mono-photon search does not further exclude preferred parameter

regions for e = 0.1 and 0.05.

including hollow parts. The distribution of vertices for the converted photon events

should provide a useful discrimination.

2. FEvents beyond the first layer of the ECAL. The decays of dark mediators can occur
in the ECAL beyond the first layer of the calorimeter, which would correspond to an
unusual penetration depth for a regular photon. In fairness, the probability of decay
within the second or third layer of the calorimeter is not very large for the models
considered, and more data is needed for this criterion to become useful. But even with
current statistics, the searches of “late converting” photons in association with regular

photons is of interest and should be pursued.

3. Distribution of converted vs unconverted events. Exponential dependence on the dis-
tance travelled, for a short decay length L,4, will always enhance the fraction of fake
unconverted events. That is most dark mediators at short Ly will decay before reaching

the ECAL. Therefore this can be a useful criterion for part of the parameter space.
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4. Energy distribution of electron-positron pairs. It is well known that the electron-
positron pairs created by Bethe-Heitler process (regular conversion) have an apprecia-
ble fraction of events with asymmetric energy distribution (E.+ > E.- or E.- > F.+)
whereas a vast fraction of dark mediator decays has E.+ ~ E.-. This fact is well appre-
ciated in the direct dark photon searches. An abnormally low fraction of asymmetric

pairs could be a signature of dark mediators.

5. Shape and point of origin for the shower. Unconverted photons may have a small
but non-zero penetration depth inside the first layer of the ECAL, while dark photons
decaying in the gap between the tracker and the ECAL enter the calorimeter as pairs,
and thus shower immediately. This will affect the shape of the shower, its starting

point, and possibly the energy reconstructed from the standard procedures.

6. Abnormal separation of electron-positron pair. In this chapter we have avoided the
discussion of the drop in efficiency for converted and/or unconverted photons when
the mass of the dark mediator become large. When a dark mediator such as A" de-
cays to the electron-positron pair, each electron receives a perpendicular momentum
p1L ~ ma/E4. After some distance travelled, this may lead to an abnormally large
separation of electrons and positrons, compared to a similar behavior of a regular con-
version pair, when they cross a layer of the pixel detector and/or reach the ECAL.
Detailed implementation of this criterion should determine the mazimum mass for a

dark mediator capable of faking a photon.

We believe that the possibility of dark mediators mimicking real photons deserves a closer
look by the experimental collaborations. A few items outlined above may serve as a basis
for developing a statistical procedure that would emphasize or suppress fake photons vs
real photons and vice versa. It is also worth mentioning that due to the difference in the
linear sizes of the ATLAS and CMS detectors (hence a different sensitivity to Lg4), there
can be an additional discriminating power in a combined treatment. Also, it may be that
dark mediator decays create a large number of events that are neglected for one or many
of the above reasons. Therefore a closer look in a sample with loosened criteria for photon

identification may also contribute to constraining or validating dark mediator models.

5.4 Summary

In this chapter we have considered the exotic possibility that metastable BSM particles of

low mass could be produced as a result of a heavy resonance decay. Being weakly unstable,
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these particles decay to electron-positron pairs that may in fact resemble the conversion
pairs originating from a regular photon. The prime candidates for such metastable particles
are dark photons, as well as light scalars and pseudoscalars, which all have small branchings
to neutrinos and therefore do not generate a large missing transverse momentum signal.
We have examined both possibilities, without imposing very restrictive assumptions on the
properties of the 750 GeV resonance. We have found that the parameter space for light
particles (e.g. the dark photon models prefer a somewhat wide range of parameters along
the ma /(100 MeV) x (¢/107%) ~ O(1) line) that emerges from this analysis is not excluded
by the current limits. However, a number of new proposals at different stages of maturity
exists [341, 354, 62, 343, 355] which will eventually probe deep inside the region of interest.

In the models we consider, the mono-photon searches provide an important constraint.
Also, should the light particles be able to decay to muons, a search of two collimated muons
plus a “fake photon” reconstructing to the same invariant mass is a promising search channel.

Irrespective of the future status of the 750 GeV resonance, it seems important for the
experimental collaborators to build statistical discriminators that would allow (given enough
data) to distinguish between regular SM photon events and would-be-photon dark mediator

decays. We have provided a discussion of some avenues along which this problem might be
addressed.
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Chapter 6
Conclusion

In this thesis, we discussed the dark sector and its motivation, showed various models,
and demonstrated several novel probes of the dark sector through rare muon decays, low-
energy electron-positron colliders, and exotic Higgs decays. Those high-intensity experiments
provide an unique opportunity to answer several major puzzles of particle physics, such as
the nature of particle DM, through the exploration of the dark sector. We focused our dark
sector searches on two specific types of models: the vector portal and the Higgs portal. We
focused on dark force mediator masses ranging from a few MeV to O(10) GeV. We explored
their searches in the visible decay scenario, where dark mediators decay directly to the SM
particle, as well as the invisible decay scenario, where dark mediators decay into dark matter
particle beyond the SM. In particular, we project that the future Mu3e experiment can probe
the kinetic mixing for dark photons down to € ~ 10~* in its visible decay mode through the
mass range from ~ 10 MeV to ~ 100 MeV. Future B-factory experiment can probe € ~ 10~*
in dark photon (dark scalar) invisible decay mode through the mass range from ~ 100 MeV
to ~ 10 GeV. Exotic Higgs searches at HL-LHC can probe the branching ratio for Higgs
decaying into dark Higgs pairs down to Br(h — 2s) ~ 10~2 through the h — bbu* i~ channel
for the mass range from ~ 10 GeV to ~ 60 GeV. Within the next decade, our understanding
of the dark sector can be improved significantly from those searches.

The recently reported 750 GeV diphoton excess from the LHC Run 2 yields excitement in
both theory and experiment communities. If it is true, it will be the first BSM particle. We
offered a possible explanation, from the dark sector perspective, about the excess through
the idea that dark mediators can fake photons, and described the favorable parameter space
for dark mediators for two scenarios: a 750 scalar resonance and a 750 GeV vector resonance.
Future experimental input from LHC can help us to identify or falsify those scenarios.

Looking to the future, dark sector searches can be approaches from multiple directions,

ranging from higher-intensity experiments to improved astrophysical and cosmological obser-
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vations. They offer more opportunities to better understand particle physics and cosmology,

and shines lights to the dark universe.
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Appendix A

Technical Details

A.1 Decay Rate Computation for 2HDM+-S Light Scalar

and Pseudoscalar

We will now outline how the branching ratios in Sec. 2.3 are calculated. We mostly fol-
low [114, 113], neglecting hadronization effects. This is sufficient for our purposes of demon-
strating the range of possible exotic Higgs decay phenomenologies in 2HDM+S.

The relevant part of the Lagrangian is
me [ - .
£5-3 Tf [ff (Hnggfer HggHSff) - foys)fAOngff] , (A1)

where f stands for SM charged fermions. Higgs-vector boson interactions are obtained from

the kinematic terms of the vector bosons. The relevant terms are

2m? .Mz
‘C 2= Z UV [Vﬂvﬂ (H?QH?VV + HSQHSVV)} + Z ZTQZH?AOQMZ#HZQAO . (A2)
v i=1,2
Given the the A%, HY, content of the singlet-like scalar s and pseudoscalar a in Eqs. (2.42)
and (2.49), and the couplings in Tab. 2.1, the couplings g,;7, 9,7, and gsv can be derived.
The approach for calculating branching ratios is different for light Higgs mass above or
below ~ GeV. The theoretical uncertainties in the hadronic region of the latter case are

very large, and an effective theory computation must be used.

A.1.1 Light Singlet Mass Above 1 GeV

According to the discussion in Sec. 4.1.1, the relevant decay channel for the lightest Higgs
scalar /pseudoscalar are a/s — ff, a/s — v, and a/s — gg. Ref. [113] contains the decay
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widths for the MSSM Higgs at tree-level and higher orders. We include the relevant formulas
here, which are valid for the 2HDM+-S and SM+-S case after rescaling the Yukawa and gauge

couplings by the small singlet mixing angle.

(i)

(i)

Decays to light SM fermion pairs a/s — ff.

The tree level decay width of ¢ = a, s into fermion pairs is given by

R N.Gr 2 2
(o= ff)= A/ Jorr Mo B (A.3)
where the phase volume, f3, is
b=\ f1- 2 (A4
f= —_ — .
mg

with p = 1(3) for ¢ = pseudoscalar a (scalar s). For quarks, additional O(a?) and

O(a?) QCD radiative corrections are taken into consideration
= 3Gr =2 2
I'(¢p — qq) = mg¢qqm¢mq By (1 + Ayg + A¢) . (A.5)

Here m, stands for the running of the quark mass in the MS scheme with the renormal-
ization scale ;1 = my. This redefinition absorbs logarithms of masses of quarks from
NLO QCD. The QCD correction factor Ay, for MS scheme is given by

s as\’
Dy = 567 + (35.94 — L35N) (?) , (A.6)

where Ny is the number of active light quarks. &, stands for the running of strong
coupling up to three-loop order in QCD. Again we choose the renormalization scale
p = mg. Above ~ GeV, a; is small enough that perturbative QCD can give accurate

results. Aj accounts for additional O(a?2) corrections for a and h,

=2 2 - 2
2 g m, 1 2 m
Aa = F (383 — log m—tz + 6 log m—g) (A?)
~2 2 7 2
5 2 m; 1. ,m

Loop induced decays to photon pairs a/s — 7.
The couplings between Higgs scalars and + are induced by charged particle loops.

The decay widths can be written as

S N Qg Al [ ) [ (A.9)
cr9aff 12 4m?c :

f

2,3
Gra‘m,

['a — vy) = 128735

2,3
Gra*m;

N = v

2 s mg s mg 2
> NeQigr7 Ao am? + gsvv Aj (M)‘ , (A10)

f
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where ()f’s are electric charges in units of e. The form factors for spin half and one

particles, A;/, and A;, are given by

1a(x) = 227" f(2) (A.11)
Lp(@) =2l + (z = 1) f(2)]a™? (A.12)
Aj(r) = —[22° + 32+ 3122 — 1) f(x)]z 2 (A.13)
with
arcsin® \/z r<1
— 2

flz) = 1 [iog i@_” tol (A.14)

In the limit x — 0
12 =2 (A.15)
:i/g — 4/3 (A.16)
Al = =7 (A.17)

We neglect the contributions of possible heavy BSM charged particles, which are gener-
ically highly suppressed.

Eq. (A.10) shows that the dominant contribution to s — 7 for SM-like fermion cou-
plings comes from W- and t-loops. The top loop also dominates a — 7 but there is no
W contribution. However, o/ and [-dependent factors in the couplings can also make
the b loop important. This occurs in type-II and type-IV models when tan 5 x tan o’

or tan «v is large for s or a, respectively.

For the purposes of computing QCD correction we can treat ¢ in the heavy quark limit

(my—00). The QCD corrections on A;5(x) are then

12(x) = Afj5(z) (no NLO correction) (A.18)
o)~ (1- 22 4t e) (A.19)

Here the renormalization scale &, is chosen to be u = my/2. The above expressions
are also valid for the scalar mass in the range mgy < 2m;, but QCD corrections become
more complicated near the b-threshold my 2 2my, [356, 357].

(iii) Loop induced decays to gluon pairs a,s — gg.
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(iv)

Gluons are massless particles that couple to the Higgs dominantly via heavy quark

loops, Q) = t,b,c. The decay widths are given by

2
T'(¢ — gg) 3g3—m¢’4 Z 9o00A ( mi?) ‘ . (A.20)

Other potential heavy particle contributions are neglected. Adding NLO QCD correc-

Gra*m3 |3 m?
[(a — gg) = E 900 AT 2 (—az
36\/§ 3 Q tbc 4 Q

tions yields the decay width

3

I'(h—gg) = 36\/§ 3 Q;? ghQQAl/Q <4 2Q>

where the renormalization scale of & is pt = my.

Other Decay Channels of the lightest Higgs.

Decays to y+quarkonium final states are enhanced for pseudoscalar masses near the
2¢, 2b thresholds. These are challenging to calculate [141], and we neglect them along
with hadronization effects, which likely invalidates our quantitative results near the

B/D-meson and quarkonia thresholds.

A.1.2 Light Singlet Mass Below 1 GeV

For a sub-GeV (pseudo)scalar Higgs, hadronization effects dominate and the perturbative

analysis is not valid above the pion threshold. The calculation of decay widths in this

region is extremely difficult due to the QCD uncertainties in the hadronic final states. Light

(pseudo)scalars that decay to two (three) pions would look similar to hadronic taus in an

experimental analysis, and care would have to be taken not to reject them based on track

quality requirements.

We now outline our methods for estimating the branching ratios in this low-mass regime.

(i)

Singlet-like scalar s

For my, < 2m, ~ 1.02 MeV, ~v decay is the only available channel. In the region
2m. < mg < 2m,, ~ 211 MeV, eTe™ rises and competes with . Br’s of 4y may be
enhanced in type-II, III, and IV by appropriate choice of tan 5 and «’. In the region
2m,, < my; < 2mgo ~ 270 MeV, ptp~ decay appears and replaces eTe” to compete
with v7.
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Branching ratios are most difficult to estimate accurately in the mass window from
the 77 threshold to about 1 GeV. utu~ competes with vy, 7w, KK, and 1. Several
methods are available for the estimation in this region, such as soft pion theory and
the chiral Lagrangian method. All suffer from significant final-state uncertainties. Ac-
cording to Ref. [115], the perturbative spectator approximation gives a reasonable and

relatively simple approximation of decay widths. They are given by!

[(s —=9y) = gga—\;;g zf:NchvgsffAf/Q (4%%) - 795\/\/‘2 (A.23)
(s = s ) = 7yt (A.24)
['(s — uti,dd) = ifgﬂmsgfuﬂ,ddmi,dﬁi (A.25)

(s — ss) = %msgigmgﬁ% (A.26)
2
I'(s = g9) = % (Z 9saz — (Gsua + 9sad) By — 93555}2> (A.27)
q

and we define the non-charm hadron decay width as

I'(s = had.) =T(s = ua) + I'(s = dd) + T'(s = s5) + I'(s — gg). (A.28)

Another source of uncertainty in the Br estimation lies in the definition of the light
quark mass. Different definitions render different Br’s, especially to «~. For our com-
putation, we use m, = mg = 40 MeV, mg = 450 MeV, and a,/7m = 0.15 as [115]. The
values are chosen such that results from the spectator approximation method match
results from the chiral Lagrangian method, but we emphasize that the uncertainties

remain very large above the pion threshold.

Singlet-like pseudoscalar a

Below the 37 threshold (m, < 3mgo ~ 405 MeV), Br’s of a are similar to Br’s of A and
dictated mostly by thresholds (and possibly a competitive decay to y7y). Above the 37
threshold, decays of a to 3, p°~y, wy, O arise as m, increases and competes with p* =

and vy decays. We apply a similar spectator approximation as for the scalar case, with

'Here “s” stands for the strange quark in order to differentiate with the singlet-like scalar, s.
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a threshold of twice the Kaon mass, 2my, for strange quark final states [358],

Gra?m? 9 m? '\ |2
I'a — =——2 NeQ59uri AL | —% A.29
( ) 128273 Zf: QF9ar Aij 4m30 ( )
o G
F(CL — Lo, 66) = 4\/gﬂ_mag§uﬁ,eémi,eﬁﬂ (A30)
['(a — ut,dd) = &m g2 m2 . (A.31)
’ 4\/571_ adquit,dd' " “w,d~T :
['(a — ss) = 3G Magm? 3 (A.32)
4\/§7T aYass' s PK :
2
Gra’m?
r — =—=2 aqq — wu T add)Pm — Yass A33
(a = 99) = 7555 (;g i — (Gous + Goad) Br — 9 BK> (A.33)
I'(a — had.) = T(a — uii) +T(a — dd) +T(a — s8) + ['(a — gg). (A.34)

A.2 Estimation of the Multi-jet QCD Backgrounds at
LHC

The high rate of QCD multi-jet processes means that the possibility of two QCD jets ‘faking’
a pair of muons must be considered. This is a very rare process, occurring mostly due to
heavy flavor decay inside of a jet with otherwise soft hadronic constituents that result in
the muon passing isolation requirements. The rate for QCD jets resulting in a muon tag is
estimated at ~ 1073 per b/c-jet [359, 360] and ~ 10~ per light flavor jet [266].

These backgrounds are notoriously difficult to simulate in full detail. As pointed out
by [361], even large-scale full Monte Carlo simulations still lack the credibility to predict
these fake muon backgrounds, and experimental analyses rely on data-driven methods to
estimate their contributions.

A framework for the simulation of fake leptons was proposed in [266], in which differential
mis-tag rates are derived from experimental information, then used to reweight event samples
and hence obtain statistically reliable fake-lepton background distributions that preserve the
kinematics of the source processes without simulating large numbers of events. This was
successfully used to reproduce data-driven estimates of fake lepton backgrounds in [362, 363].
We will use this framework to very roughly estimate the size of QCD multi-jet background
to our 2b2y search. Given the large uncertainties, our estimate of the number of fake leptons
should only be considered as qualitative.

We simulate QCD multi-jet backgrounds, together with the irreducible DY and tf back-
grounds, at leading order and at parton level in MadGraph 5.1.14 [190]. We reweight the
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events using the procedure in [266], then apply preselection cuts and compare the rates of
multi-jet backgrounds to those of DY and ¢t backgrounds. Since the latter are included
in our analyses (simulated to a much greater level of detail in Sherpa 2.1.1 [267]), com-
paring irreducible to multi-jet backgrounds in this toy study will allow us to estimate the
significance of lepton fakes to our analyses.

For the purpose of this estimate, we ignore the relatively small amount of momentum
lost when the ‘jet’ is reconstructed as a muon. We only need the mis-tag rate as a function

of jet pr. In [266], this was parameterized by a simple linear function.

200 — (pr;/GeV)
200 — 10 ’

Ej—W(ij) = €200 1-— (1 — 7“10) (A35)

where €200 = €;,,(200 GeV) and 719 = €;,,(10 GeV)/¢;,,,(200 GeV). We adopt the three
fake-rate benchmarks derived in [266] for the rate of a light jet faking a muon at the 8 TeV
LHC:

(a) o = 0, €200 = 3.8 X 1074;
(b) o0 = 0.5, €200 — 1.6 x 1074;
(C) o = 1, €200 = 0.85 x 1074 .

For the 14 TeV LHC, we adopt two benchmarks:

(A) the same parameters as (a);

(B) o0 = 1, €200 = 1.7 x 10_4.

For b/c-jets faking muons, we simply scale the mis-tag efficiency curve of the light jet by

eb%u<pr) ~ 50 x Ej%,u(ij) 9 <A36)
6c—m(pTc) ~ 50 x Ej—)u(ij) ) (A37)

as suggested in [359, 360]. (This may be pessimistic, see [364].)

After reweighting the multi-jet events (47, 4c, 4b, 2b2j, 2b2¢, 2¢2j) according to these
fake rate curves and applying preselection criteria, we find that irreducible DY backgrounds
appear dominant when requiring zero or two b-tags. Therefore, for the analyses presented in
Sec. 4.1.2 and 4.1.2, fake muon backgrounds can be safely ignored. For a single b-tag, fake
background may be competitive with DY and ¢¢ after the preselection cuts, but adding that
channel in any case does not improve sensitivity. For the jet-substrcture analysis presented
in Sec. 4.1.2, the fake background may be important, as there we require only one b-tag. For

this, a careful experimental study, using a data-driven background estimate, is required.
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A.3 Decay Probability with Boost Effect

In this section, we derive the decay probability of dark mediators in the laboratory frame.
We first start with the decay probability in the rest frame of the parent particle S which can

be written as

1 1
P = /dW—e_”/LT’l—e_”/L“erler, (A.38)
Lr,l Lr,2
with .
dW = pr10(|1P1] — po). A.39
47rp(2) Dra (|P ,1’ Po) ( )

The normalization factor in Eq. A.39 is chosen such that W = 1 after carrying out the
integration. py ~ mg/2 is the magnitude of the momentum of the daughter particles and the
subscript “r” indicates that the observable is in the rest frame of the parent particle. r; is
the radial coordinate of the dark mediator i. We neglect the mass of the daughter particles
since they are much lighter than the parent particle. The delta function is used to impose
the on-shell condition. Note that the momenta of the two daughter particles are related
Pr1 = —Dr2 so the delta function requires both daughter particles to be on-shell. r; and L, ;
are radial coordinate and the decay length of the daughter particle ¢ (i = 1,2) in the rest
frame of the parent particle. We also assume that the boost is only along the beam-pipe,
i.e. the z direction. Using a Lorentz transformation one can express the z component of
the momentum of the daughter particle in the rest frame in terms of the observables in the

laboratory frame
p; =7 — BEL) ~ 7 prcosf — ), (A.40)

where p7 and Ej, are the z component momentum and the energy of the daughter particle
in the laboratory frame, respectively. The subscript L indicates that the observable is in the
laboratory frame. 6 represents the polar angle of the daughter particles in the laboratory
frame. We have used pj = prcosf and E, =~ p;, in the last step.  is the relative velocity
between the rest frame of the parent particle and the laboratory frame. The boost factor
v =1/4/1 — 2. Similarly we obtain the following equations

4 pz z Z
dpz = ~v(1 — BEI;)dpL ~ v(1 — BcosB)dp3, (A.41)
7| = \/pi +2(p; — BEL)? ~ pL\/sin2 0 4+ ~v2(cos 0 — )2, (A.42)

where p; = pp sin 6 is the momentum of the daughter particle in the transverse plane. In the

last steps of Egs. A.41 and A.42 we have used the relations, p; = pysinf and p7 = py, cos6.
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Therefore the § function in A.39 in the laboratory frame can be written as

5(15] — po) = (pry/sin?6 +72(cos 8 — B)? — po)

1 Po
= o(pr — . A.43
V/sin? 0 + 42(cos 0 — )2 (P \/sinzﬁ—i-’yz(cosﬁ—ﬁ)?) ( )
Likewise, dW in the laboratory frame is as follows
dcosf Do
dW = dprd(pr, —
2 0P \/sin20+72(cost9—ﬁ)2)

xy(1 — Bcosf)(sin? B + v*(cos 6 — 3)?) /2. (A.44)

Furthermore, based on the momentum conservation we know that there are relations between

daughter particles 1 and 2.

pf,l = _pi,Qa (A.45)
PiL1 =DP12- (A.46)
This gives rise to
pL,1(COS th — 5) = pL,2(COS 0y — ﬁ% <A~47)
prasinty = pyosinbs. (A.48)

One can solve Eqgs. A.47 and A.48 for cos 6, and py o,

B%cost, — 2 + cos B
A4
B2 —2Bcosb; +1 (4.49)

Do 1 — cos? 6,
— \/ . A.50
PL2 \/1 —cos? 6y +~2(costy — B)2\ 1 — cos? 0, ( )

In summary, the final formula for the decay probability in the laboratory frame is as follows:

1 1
Py = / dBf(B)dAW ——e "/ b — e/l gy, dr,
Lpa Lpgs

cosfy = —

— /1 dBf(B3) /1 dC(;S 617(1 — BcosBy)(sin? 0y + 7% (cos By — B)?)73/2
-1 -1

% (e—rl,min/LL,l _ 6—7"1,maz/LL,1)(e—w,mm/LLg _ €_r2,maz/LL,2)’ (A‘51)

where

TA Do TA
ma /1 —cos?0; +~2(cos 0 — B)2mar’

Tar Po 1 —cos?0y Ta
L. _ . A53
L2 = DPL2 ma \/1 — cos2 0; + y2(cos 0, — )2 \/E mar ( )
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We have used the delta function in the last step of Eq. A.51. Note that po7a/mas is the
decay length of the daughter particles in the rest frame of the parent particle. 7, and
Ti.maz are lower and upper boundaries of r; of the fiducial volume. 0 ;,;, and 6 .4, are lower
and upper boundaries of 0; of the fiducial region. f() is the normalized velocity distribution
of the parent particle, i.e. f_ll dBf(B) = 1. We use MadGraph5_aMC@NLO [146] to obtain f(/3)

of the parent particle.
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