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ABSTRACT: The coupling of the Higgs boson to first and second generation fermions has yet
to be measured experimentally. There still could be very large deviations in these couplings,
as the origin of flavor is completely unknown. Nevertheless, if Yukawa couplings are modified,
especially for light generations, there are generically strong constraints from flavor-changing
neutral currents (FCNCs). Therefore, it is imperative to understand whether there exists
viable UV physics consistent with current data that motivates future Higgs coupling probes.
In particular, the charm-quark Yukawa is the next quark coupling that could be measured
at the LHC if it is a few times larger than the SM and compatible with flavor data. This
is difficult to achieve in the context of standard ansatz such as Minimal Flavor Violation.
In this paper we show that within the framework of Spontaneous Flavor Violation (SFV),
using a Two Higgs Doublet Model as an example, the Higgs can be sufficiently charming
that new LHC probes are relevant. In this charming region, we show that new Higgs states
near the EW scale with large couplings to quarks are required, providing complementary
observables or new constraints on the SM Yukawa couplings. The down-type SF'V mechanism
enabling the suppression of FCNCs also allows for independent modifications to the up-quark
Yukawa coupling, which we explore in detail as well.
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1 Overview

The study of Flavor Changing Neutral Currents (FCNCs) and CP violation in the Standard
Model (SM) naively points to a scale of New Physics (NP) orders of magnitude greater than
the electroweak (EW) one, beyond the reach of current and future colliders [1, 2]. From the
perspective of Effective Field Theories (EFT), while the resolution of the SM flavor puzzle
might be postponed to a very high ultraviolet (UV) scale, the SM renormalization group is
still expected to induce, in general, effects of the Minimal Flavor Violation (MFV) type at
low energy [3, 4]. The MFV ansatz allows maximal conservation of the U(3)® flavor group: as
a consequence, the phenomenological impact of indirect searches is minimized [5-7], leaving
room for a NP scale within the sensitivity of direct searches [8-12]. This result undoubtedly
makes the MFV framework very popular among Beyond the SM (BSM) practitioners [13-15].
On the other hand, a MFV scenario corresponds to a highly non-generic situation: the UV
theory must be indeed protected against any additional spurion over the Yukawa couplings
which break the U(3)® flavor group in the SM. Notice that this statement must non-trivially
translate into selection rules applying also to the CP-violating sector of the BSM scenario.
In fact, as a result of SM precision tests such as the unitarity triangle, new O(1) phases
over the one in the Cabibbo-Kobayashi-Maskawa (CKM) matrix can easily push the scale
of NP above 100 TeV [16].

An unavoidable outcome of inheriting the hierarchies of the SM Yukawa couplings is that
all MFV models feature NP couplings to the third generation as the main phenomenological



driver for BSM searches at the Large Hadron Collider (LHC). While this fact might align well
with arguments in favor of the EW hierarchy problem [17, 18], the MFV ansatz automatically
induces a strong bias into the set of interesting experimental targets at stake for the present
and future High Energy frontier. In the absence of hints for top partners or other BSM
physics, it is crucial today more than ever to explore alternatives to the MFV paradigm.
This is especially true in the Higgs precision measurements of Yukawa couplings and the
search for evidence of yet unmeasured ones.

Observation of Yukawa couplings gives the first direct probe into the origin of known
flavor within the SM. However, this direct probe is experimentally very challenging at the
LHC. Reliable flavor identification outside of the leptonic sector is mostly restricted to
heavy quarks. Furthermore, the small size of first and second generation lepton Yukawa
couplings means that despite the experimental ability for particle identification, current LHC
datasets are not sufficient for measurements. In particular, only the coupling of the Higgs
to the third generation of matter has been experimentally observed thus far [19]. Future
running of the LHC and its extension, the HL-LHC, should enable the observation of the SM
coupling of the Higgs to the muon. However, even with the HL-LHC, measuring the first- or
second-generation couplings of the quarks to the Higgs remains extremely challenging [20].

The next closest “observation” of flavor in the quark sector — and therefore the most
tantalizing target at present — is certainly the charm-quark Yukawa. This has motivated
many recent studies from ATLAS and CMS [21-34], as well as current HL-LHC projections,
showing that it may be possible to probe within a factor of a few times the SM charm
Yukawa coupling [19]. This has also led to a large amount of theoretical activity exploring a
variety of observables that potentially enhance the sensitivity of the LHC, some of which have
been incorporated into the aforementioned results. These include better attempts at flavor
tagging and understanding the exclusive radiative decays into charmed mesons [35], looking
for associated charm production [36], incorporating the sensitivity of the pr spectrum of the
Higgs [37, 38] or the correlated h + « production [39], and combinations of techniques and
channels [40-44] (see also references therein). As of now, even with the concerted theoretical
effort and the most advanced experimental analyses based on machine-learning algorithms,
the best chance for an observation in this channel seems to require an O(1) enhancement of
the charm Yukawa, putting it well beyond the natural regime of MFV. If we consider typical
models of flavor beyond the SM, it is often difficult to enhance the charm Yukawa significantly
without running into other constraints, see e.g., the case study in ref. [15]. Therefore, it is
imperative to explore alternatives to understand if there are motivated possibilities that can
be explored by the LHC. One such framework that was previously investigated for down-type
quark Yukawa couplings is Spontaneous Flavor Violation (SFV) [45].

SFV can be viewed as symmetry protected subset of Aligned Flavor Violation (AFV).
AFYV is achieved by introducing spurions of the maximal SM flavor group as an expansion in
powers of the CKM matrix, with expansion coefficients diagonal in flavor space to ensure
invariance under rephasing of SM fermion fields [46, 47]. Generically, the individual quark-
flavor number symmetries are not sufficient to leave phenomenological room for low-scale
flavored new degrees of freedom [45, 48-50]. SFV allows for low-scale flavored BSM physics by
postulating a CP and family symmetry that is only broken via wave-function renormalization
of right-handed up quarks or down quarks [45]. This symmetry breaking pattern allows for



enough protection to be phenomenologically viable from indirect constraints while opening up
new opportunities at colliders. In practice one can roughly view SFV as having a new diagonal
BSM spurion for either up-type or down-type quark couplings, as there are up-type or down-
type SFV models.! Interestingly, such theories can also enjoy further phenomenological
motivation in correspondence to the resolution of the strong CP problem [51-54].

If one applies SFV to a Two Higgs Doublet Model (2HDM), this extends 2HDMs beyond
the typical four discrete choices implied by Natural Flavor Conservation and allows for EW
scale states that couple with fundamentally different patterns to quark flavors. In [55, 56]
the up-type version of a SFV 2HDM was studied and, in particular, if mixing is allowed, it
lead to significant enhancements in the down and strange Yukawa couplings of the SM Higgs.
In the context of a flavor model, this also allows for the correlation of the SM Higgs Yukawa
with additional observables. For instance, a mixing between Higgses in combination with
new Yukawas of a heavy second Higgs implies a new type of di-Higgs signature [56], which
for the down and strange Yukawa couplings sets strongest bounds.

In this paper we extend the analysis to the SFV down-type 2HDM where significant
enhancements of the charm Yukawa are possible. This is crucial for two main reasons. First,
it is important to determine if there are perturbatively describable models compatible with
indirect flavor bounds that the LHC could detect through a charm Yukawa measurement.
Second, in models that permit a significant enough deviation in the charm Yukawa coupling
to be measurable, we need to assess whether this measurement is the optimal observable.
Alternatively, we must consider if the relevant parameter space for charm Yukawa sensitivity
is already excluded by other LHC observables.

Our main finding here is that in the context of SFV 2HDM models there is a viable
parameter space where a charm Yukawa could be observable at the LHC while satisfying all
current bounds. Futhermore, as with up-type SFV models [56] multiple observables beyond
charm specific ones may be as sensitive as single-Higgs properties. Therefore, a key lesson
from our study is that a concerted effort across searches and precision measurements is
recommended to extract the maximal LHC reach for BSM physics.

The paper is organized as follows. In section 2 we introduce the class of 2HDMs
realizing SF'V. In section 3 and section 4 we discuss and derive the main results of our
work, namely the constraints on the parameter space of the down-type SFV 2HDM, coming
from flavor and collider physics respectively. Notice that indirect constraints such as EW
precision tests can be considered negligible for 2HDM models in the case of degenerate new
Higgs masses and small mixing, a limit preserving essentially the same level of custodial
protection present in the Standard Model. Additionally, as discussed in section 2 we work
in the CP-conserving version of the model for simplicity. We then compare with the results
from Higgs precision measurements in section 5 to understand how complementary these
measurement are, and whether there is relevant parameter space that can be explored with
flavor tagging measurements at the LHC. Finally, in appendix A we update the bounds on
up-type SE'V 2HDM and we leave our conclusions to section 6. For the sake of completeness,
in appendices B and C we report the loop functions relevant to this study and collect the
couplings of the Higgs particles to SM fermions.

!This refers to sector where symmetry breaking occurs, while the new BSM spurion resides in the opposite
quark sector.



2 Spontaneous flavor violating 2HDM

Following the SF'V prescription described in section 1, in this study we work with a specific
class of models realizing it, namely 2HDMs endowed with the SFV ansatz. We illustrate
how well-motivated BSM benchmarks that are not flavorless or mostly interacting via the
third-generation fermions can be probed by experiments.

The Higgs sector of a 2HDM is extended compared to the Standard Model by adding a
second Higgs doublet with the same hypercharge as the SM one. It is convenient to work in
the Higgs basis [57], where only one of the two doublets has a non-zero vacuum expectation
value. Choosing (Hy) # 0 and (H3) = 0, we can write:

Hy = “ Hy = i 2.1
P\ G o+ HY G0 ) T\ S HS+iA)) 21)

Here we denote the Goldstone bosons by G° and G*. In this extended scalar sector we have
five mass eigenstates. We will denote by H* the charged Higgs eigenstate, A the CP-odd
one, HY and HY the fields mixing into the CP-even light and heavy neutral Higgs:

h = HYsin (8 — ) + Hy cos (6 — a),

H = H)cos(f —a)— Hisin (8 — a), 22

where cos (8 — «) is the alignment parameter. According to what was reported above, in
what follows we shall identify h with the 125 GeV Higgs resonance observed at the LHC.
The Higgs sector of the Lagrangian of the models considered in this work is given by:

|DuHol? =V (Hy, Hp) — (Vi QpiHoUn; + Vi QuiHo Dy + Vi LiHilry + hee.) . (2.3)

where we denote with y({ij the Yukawa matrices of our model, with f = u,d, ¢ denoting
up-type, down-type quarks and leptons respectively. The index a = 1,2 runs over the two
distinct Higgs doublets. The potential V (Hi, Hy) in the Higgs basis reads as:

V (Hy, Hy) = m2H] Hy + m2H} Hy + (m‘f‘QHIHQ + h.c.) + %/\1 (HIHl)2
+ %AQ (HiH,) W (H{Hy) (HYH) + N (H{H) (HiH: ) (2.4)
+ {;)\5 (H}H2)2+ o (H{H) + A7 (H3HS )| (H ) +h.c.} .

The alignment angle related to the physical Higgs states can be expressed via the parameters
appearing in eq. (2.4), namely:

2602

tan [2 (8 — a)] = '
an[2(8 — a)] W (m§+%(>\3+/\4+)‘5)02)

(2.5)

In the limit cos (8 — a) — 0, the SM Higgs field h resides entirely in one of the two Higgs
doublets. This regime is called the aligned limit of the theory. We can tune the parameters of
our theory such that the model is in this regime by setting in eq. (2.5) mgo — oo (decoupling
limit) or A\¢ — 0 (alignment without decoupling).



In our study we work with cos (8 —«a) # 0, i.e. assuming both terms are present in
each line of eq. (2.2). Indeed, when the alignment parameter is non-zero, deviations from
the SM predictions for the Higgs couplings are expected and can be interestingly probed
by current measurements [58]. In this work, we are interested in exploring the small but
non-zero cos (8 — «), such that we remain relatively close to the SM. Additionally, for
simplicity, we assume that the new Higgs eigenstates are degenerate, i.e., Ag, A5 — 0, such
that myg = my+ = ma. We will maintain this assumption of degenerate masses throughout
the rest of this analysis. Under these conditions, we can write the following expansion for
the alignment parameter [59, 60]:

v? v
cos(,B—a):—|)\6|m%{+(’)<m%> , (2.6)
where g is given in equation (2.4). Assuming a small but non-zero mixing between the
two Higgs doublets, we can use eq. (2.6) to estimate the range of masses, my, for which
the coupling Ag remains finite. To avoid Landau poles at the TeV scale, we set an upper
limit of mpy < 2TeV. Within this mass range and for a small alignment parameter, Ag
stays within the perturbative regime [55].

For the sake of minimality, in the present analysis we do not introduce any additional
phases apart from the CKM one, working with a CP-conserving SFV 2HDM. Also, notice
that without loss of generality we can always rotate the Higgs potential in eq. (2.4) to the
Peccei-Quinn basis where the couplings and masses are real.

As anticipated in section 1, an important characterization for the phenomenology of the
SFV 2HDM is whether the alignment in flavor space goes along with the SM down-type or
up-type Yukawa matrix. For instance, in the case of alignment with the down-quark sector,
the up-quark fields will need to be rotated to the mass eigenstates according to:

o= (") 1)

where we denote by V' the CKM matrix. Following the spurion language of [45], for the down-
type SEFV, there will be no new flavor violating spurions transforming under U(3)g x U(3)q4
appearing in renormalizable interactions. However, new flavor aligned spurions non-trivial
under U(3)g x U(3), will be allowed. In such a case, the couplings to the Higgs doublet
Hy will read as:

y? = V*diag(yuaycayt) = V*Yu7 y{l - _Yd7 yf - _Yza (28)
while Yukawa matrices dictating the couplings of the second Higgs doublet Hy will be:
V¥ = V*diag (A, Ae, i) = VFAY, V= —¢vd, V5= ¢yt (2.9)

where we denote by Y/ the (diagonal) SM Yukawa matrices with f = u,d,¢ depending
on the coupling to up- or down-type quarks or to leptons. Using egs. (2.8)—(2.9), we can
derive the couplings of the Higgs eigenstates to the quarks and leptons, getting for example
for the lightest CP even Higgs,

y]jﬂj = 0jj {yuj sin (8 — a) + Ay, cos (8 — oz)] : (2.10)



The rest of the Higgs mass eigenstates couplings are listed in appendix C. Note that Ay, A¢, At
are new, independent Yukawa couplings of Hy to the up-type quarks.? We emphasize that
these BSM couplings are not bound to follow the SM hierarchy and the second Higgs doublet
H, is allowed to couple to the quarks with different coupling size than the SM analogue. In
eq. (2.9), € and &° are constants that control the size of the couplings of the second Higgs
doublet to the down-type quarks and leptons, respectively.? As mentioned before, they are
required to be real since we don’t allow for new sources of CP violation. Finally, couplings
to gauge bosons follow the standard literature on 2HDM [60].

In a similar fashion, one can define the case of an up-type SFV 2HDM where new
Higgs couplings to the down-quark sector are not forbidden a priori and will impact the
phenomenology [55]. While we will update also the available bounds for that scenario in
appendix A, the primary focus of this study will be on the constraining power of the charm
coupling modifier k., according to the definition:

— vVh
K = Vaa./Yai » (2.11)

where we denote with y,, the coupling of the Higgs within the SM to the quark ¢ with flavor
1, and with yj;;_ g the corresponding one in the mass basis of the 2HDM, as explicitly reported
in eq. (2.10). Therefore, we will primarily explore the down-type SFV 2HDM scenario. In
the following, we will first present the most relevant bounds from and then move to inspect
the constraints coming from direct searches at colliders.

3 Bounds from FCNC processes

Rare B decays and neutral meson oscillations are precisely measured FCNC processes, which
can provide crucial tests of the SM. As in the SM, in SFV theories FCNCs do not appear
at tree level. Nevertheless, also for the class of models analyzed here AF = 1,2 FCNC
transitions offer the most relevant constraints for what concerns indirect searches [55]. Using
an EFT approach, the relevant Wilson coefficients for the generated dimension-six operators
can be computed for the SFV 2HDM under scrutiny. Adopting up-to-date measurements
and theory predictions of the most recent literature — reported in table 1 — we can restrict
the available parameter space of the new Yukawa couplings Ay, Ac, At

3.1 Bounds from rare B decays

The inclusive radiative B-meson decays are well-known to provide leading constraints on the
parameter space of 2HDMs [66]. In our class of 2HDMs, B — X 4~ arise at one loop as
shown in figure 1: NP contributions to these processes can be mediated by either charged or
neutral Higgs eigenstates. In the case of down-type SFV, working with an operator product
expansion at mass dimension six, the effective weak Hamiltonian involves the same set of
operators of the SM one [67]; for b — sv, e.g., we can write:

4G
Hog ™ = — \/éFthVt: > GOy, (3.1)

2Not to be confused with the couplings appearing in eq. (2.4), denoted by \; with i =1,...,6.
3In our analysis we study in detail the quark sector and we set for simplicity £¢ = 0.




Observable | Constraint | 95% probability range | Ref.
il oo |01
i Comon |0
b— st Cio [—0.15,0.62] [65]
_ —13 -2
KK |y | Itz xao-scey-s | 119
B, — B, |Cy | <1.9x 107" Gev—2 [5, 16]
Bg— By |Cy | <9.5x 1073 Gev—2 [5, 16]
_ —13 -2
pop | el ey

Table 1. Most important constraints in our analysis from indirect searches. We list the available
limits on the Wilson coefficients at a matching scale close to the EW one. Notice that C% and D — D
bounds are relevant only for up-type SFV studied in the appendix A.

HE

- -
- N

b / vos,d

Figure 1. Example of penguin diagram for SF'V 2HDM contributing to inclusive radiative B decays.
Notice that non-negligible effects from the fermion in the loop can arise a priori from any up-type
quark on the basis of the size of the new Yukawa couplings of the theory.

where the sum is indeed over current-current, QCD and QED penguin and dipole operators.
In particular, the leading phenomenological contributions to the process from the down-type
SEFV 2HDM are given by the matching onto the electromagnetic and chromomagnetic dipole
operators that are not chirally suppressed by the light-quark mass, namely:

e
Or = 162 my 50" Prb F,,
Og = %mb oM T Prb GY, . (3.2)

The Wilson coefficients corresponding to the operators in eq. (3.2) can be explicitly calculated
for our model [67] using the couplings in appendix C. They are presented below as functions



of the relevant SM and BSM parameters:

07 V’U; Z ( )JH+*3)H_ 7XY( ) yH+*yH+ 7YY2( )> : (33)
tb s j=u,cit My mj m;
where z; = mj2 /m?; and the loop functions are reported for convenience in appendix B. We
can obtain the expressions for the Wilson coefficients of Og by replacing the loop functions in
eq. (3.3) by Cg, yy and ngy, also reported in the same appendix. Eventually, the same loop
functions also characterize the matching expression for the dipole operators with opposite
chirality with respect to the ones in eq. (3.3) — which matter for the up-type SFV 2HDM —
implying also a trivial change in the Yukawa couplings involved [68].

Using the latest experimental average for the branching ratio of the inclusive decay
B — Xgy — namely By, = (3.49 £ 0.19) x 107* [62] — and adopting the theoretical
prediction updated in ref. [61], we derive a bound on the 2HDM parameter space (mpm, \;).
Similarly, following what was recently worked out in ref. [63] for b — dr, we investigate the
bound from B — Xgv in the same parameter space, adopting By, = (14.1 £5.7) x 1076 as
the experimental constraint [64]. With no much of a surprise, the bound reported in table 1
highlights how the leading constraint comes from b — s, whose theory prediction with respect
to b — dry is less sensitive to long-distance effects [68]. In particular, we find the driver of the
bound to be the electromagnetic dipole, whose contribution to the branching ratio is a factor of
four more relevant than the chromomagnetic contribution under QED ® QCD renormalization
group, see the general phenomenological expressions given in [69] and the updated one for
b — s7v in [61], where NP effects on the branching ratio are specifically reported for Oz g.

In addition to the radiative inclusive channel, a rare B-meson decay which provides today
a precise indirect test of the short-distance physics of the SM is certainly Bs — p™pu~ [70],
particularly well-studied in the context of 2HDMs [71, 72]. Such a decay pertains to the
partonic process b — sy p~: within our flavor construction, tree-level diagrams that violate
flavor are not allowed and the leading-order contributions to this class of FCNC transitions
come at the one loop from Z penguins and new box diagrams involving charged Higgses,
see figure 2. At dimension six, the effective Hamiltonian is the one given in eq. (3.1) with
the addition of the semileptonic operators:

62
Oy = ——=357,PLbu’ 1,

167 2
62 (3.4)

O = 6 ——5 57, PLb Iy s

and their chirality-flipped version, which turn out to play a minor role in our study. Due
to the quantum numbers characterizing Og, sizable hadronic physics can plague a precise
assessment of the short-distance contribution associated to this operator in a global analysis
of b — s¢T¢~ transitions [73, 74]. As a consequence of this observation, a conservative bound
on NP in Cy points inevitably to a relatively weak constraint [65].

On the contrary, the absence of v penguins in the effective coupling associated to O1g
underlies a robust probe of new short-distant effects, experimentally well constrained by the
competitive measurement of the branching ratio for By — ptu~ performed independently



Figure 2. Example of penguin diagram for SV 2HDM contributing to the short-distance physics of
b — s, uTp~. Notice that the loop function of these contributions features an important suppression
in the limit of very light quarks in the loop [76].

by ATLAS, CMS and LHCD collaborations [62]. Using the couplings in appendix C and
the results collected in ref. [75], we can write down the explicit expression for the Wilson
coefficient of Q19 in our SFV 2HDM:

Htsy)Ht
ysq ybq

Cio =
10 262V Vi

(Ii(zg) — 1) (3.5)
where I (z;) is a loop function given in appendix B and z; = mg/m%{ with ¢ = u, ¢, t. Notably,
such a function vanishes in the limit of massless quarks, implying the relevance of the top
quark running in the loop for the By — u™p~ in our model-building scenarios.

Using the bounds from rare B decays, we can map the allowed parameter space for the
new Yukawa couplings of the second Higgs doublet. The results are presented in figure 4.
The bounds are shown in terms of the mass of the heavy Higgs and the relevant new Yukawa
coupling. For each panel, we chose to allow only one of the up-type Yukawas of the second
Higgs doublet to be non-zero. This particular slicing of the parameter space is chosen in
order to make the presentation of the results clear and highlight the role of these bounds
for each of the three up-quark flavors.

The shape of the constraints depends on the couplings of the second Higgs doublet
to the fermions. Modifying the proportionality constant £ that relates the new down-
type Yukawa matrix to the SM one, leads to different results for the bounds presented in
figure 4. In that figure, we have chosen to set £ = 0 for the sake of simplicity, bearing in
mind that Y7~ = —(£V*Y?) # 0 would result in more Wilson coefficients becoming relevant.
Furthermore, notice that the CKM insertions and quark masses multiplying the loop functions
in the matching expression for the dipole operators are different when we choose to have a
non-zero charm or top new Yukawa coupling. In this regard, for the case of the up-quark
Yukawa, the loop functions in combination with the CKM elements that will appear in the
expressions lead to a large suppression of the overall Wilson coefficient which consequently
does not lead to interesting constraints on the parameter space.

For the case of the semi-leptonic operators entering in the effective Hamiltonian for
b— sutp~, eq. (3.5), there is no term o (ymyH’). As a result, there is no dependence
on ¢ for the bound from B; — ptp~. Finally, notice also that since it is the charged
Higgs eigenstate H* which mediates these FCNC processes, meaning that the result will



(a) (b)

Figure 3. Example diagrams for K — K mixing. On the left we show the contribution mediated by
the new charged Higgs eigenstates, next to the W-boson box diagram of the SM on the right. For the
other AF = 2 processes examined one obtains the relevant diagrams by properly changing the quark
flavors of the initial and final states.

be independent of the alignment parameter cos(8 — «), as evident from what reported in
appendix C.

3.2 Bounds from neutral meson mixing

Meson-antimeson mixing offers the most stringent bounds on baryon- and lepton-number
conserving NP [5, 6]. Continuing our analysis, we will now consider the constraints on the
new Yukawas from the bounds on the Wilson coefficients of the AF = 2 effective operators
responsible of those FCNC processes.

The relevant Feynman diagrams are at the one-loop level, mediated by charged Higgs
eigenstates or charged EW bosons, see the examples in figure 3. Then, the AF = 2 effective
weak Hamiltonian describing neutral meson mixing reads in full generality [1]:

5 3
HAF=2 =5 C,0i+ 5. ClO] + hee., (3.6)

i=1 j=1
where, e.g., in the case of K — K mixing, the effective operators are:

= (SavuPrda) (8p7" Prdg) ,

= (SaPrda) (55PLdg) ,

= (8aPLds) (5pPrda) ,
(94 = (8aPLdya) (35 Prdp) , (37)

= (SaPrdg) (5pPrda)

= (SavuPrda) (357" Prdg) »

= (SaPrda) (53Prdg) ,

= (SaPrdg) (S3Prda) ,

with P, p = %(1 F5) and a, 8 are color indices. Notice that for D — D and By s —§d75 meson
mixing, the four-fermion operators of the corresponding AF = 2 weak effective Hamiltonian
need the appropriate change in the field flavor content in eq. (3.7).

The corresponding one-loop Wilson coefficients are presented below in terms of the
relevant masses, mixing angles and Yukawa couplings. The loop functions Dy and Do

,10,



involved in the AF = 2 matching are reported in appendix B. The Wilson coefficients for
box diagrams with charged Higgs in the loops are [67]:

YH sy ) H 2 2 9
G = 1287 192 Z diu; dgu] dlukydg’u,kD2(m muk,mH,mH)7

2 2 2
Co = 3271’2 Z M muk deUJy ydzuk D()(m y Moy A, mH)a
k=1
’ (3.8)
H~ 2 2 2
Ca = 16772 Z m“Jmuky ydgujydluky Do(m s My, > TV, V),
7,k=1
H** 2 2 .2
5 327-‘-2 Z dlukydzukDQ(m muk,mH,mH),

Jk=1

and by replacing V¥ " & YH we obtain the coefficients of the primed operators. For the
processes via charged Higgs and W or Goldstone exchange, one gets [67]:

g * 2 2 2 2
Cr= 1287‘1’2 Z AleQm“jm“kydzu;ydluk DQ(mujamukamW>mH)

2 2 2 2 2
_4meO<mu7 ,muk ,mw,mH) 5

! H— H™ % 2 2 2
Cl 1287‘1’2 mW Z Vka mdy yukdl D2 (’ITL mumeamH)a
j,k=1
1 g H— 2 2 2 2
Co= Z VigViymam, MY *ydzukDo(mu N RN
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(3.9)

While for By, — Pd,S the expressions above hold up to a trivial change of flavor indices,
notice that to obtain the Wilson coefficients for the D — D mixing one needs to substitute
yH x o yH -
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Figure 4. Bounds from FCNCs. Left Panel: bounds on A\, vs. mpy parameter space, setting £ = 0
and A, = A\; = 0. Middle Panel: bounds on A, vs. my parameter space, setting { =0 and A\, = \; = 0.
Right Panel: bounds on A\; vs. mpy parameter space, setting A\, = A, = 0. These results can be
sensitive to the choice of the proportionality constant £ but are independent from different choices in
the value of cos(8 — «). In the panels above, the dashed orange lines correspond to the constraints
coming from the b — sy decays and the dotted magenta lines to the ones from b — su™p~ processes.
For neutral meson mixing, we only display the processes that yield a constraint for values up to
|Ag] ~ 1. We observe that for the down-type SFV 2HDM the bounds from D meson mixing are not
constraining enough to limit the available parameter space in a significant way. Also, notice that
AB = 2 constraints are bounds on the absolute value of the Wilson coefficients.

To set the constraints on the Yukawa coupling-heavy Higgs mass parameter space, we
exploit the results derived by the UTFIT collaboration from the unitarity triangle analysis
generalized to the case of NP [77], where only tree-level flavor changing processes are assumed
to be SM-like, while FCNC amplitudes are modified to account for generic NP effects. We
use the up-to-date bounds on the AF = 2 Wilson coefficients recently presented in [16]. We
apply the constraints on the Wilson coefficients directly at a matching scale close to the EW
one following the strategy in [5] (see their table 1), barring accidental cancellations among
different contributions from AF = 2 operators.

We present the results for each generation separately by allowing only one new coupling
to be non-zero for each panel presented in figure 4. Notice that the parameter £ does not affect
the strongest bounds we get from AF = 2: unless we move far away from the £ ~ 0 regime,
the effect on the resulting constraints is minor. On the other hand, there is no dependence on
the value of cos(5 — a) due to NP contributions involving charged Higgs states. We observe
a small difference between the resulting bounds from By and B; oscillations coming merely
from the different CKM elements appearing in the expression for the AF = 2 matching.
The bounds in figure 4 correspond to the processes providing a constraint which limits the
available parameter space in a visible manner in the plot.

3.3 Summary of flavor bounds

We summarize here the bounds in the plane A, vs. myg for the SF'V down-type 2HDM. In
section 3.1 and section 3.2 we present the details for the constraints we derived using the
analysis of dimension-six effective operators contributing to rare B decays and neutral meson
mixing. The combined constraints are presented in figure 4. In each panel of the figure
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we allowed only one of the new Yukawas to be non-zero, assuming the other ones to be
vanishing. Notice that for all the panels of figure 4 we have set £ = 0, i.e. we neglected any
effect of the coupling of the second Higgs doublet Hy to the down-type quarks. Changing the
value of this parameter can potentially lead to a modification of the flavor constraints shown.
Also, the loop functions depend on the masses of the virtual states involved, impacting the
resulting constraints. For example, in the case of b — su™ ™, the limit of the loop function
for light-quark masses leads to a suppression of the constraint observed in the top-quark
panel of figure 4. The differences between the constraints for the charm and up Yukawas can
be attributed to the different CKM insertions that are relevant for the Wilson coefficients,
as well as the size of the bounds that were used for the coefficients themselves, see table 1.
Notice that for the case of K mixing, the expression for C'1 when we set A, # 0 is almost
identical to the one when A, # 0, because the CKM elements that appear are similar. This
fact does not hold for B mixing. The constraints we get from By ¢ for )\, are consequently
not as restrictive as they are for A..

Overall, we find that the Flavor Physics constraints allow for viable parameter space
where the new Yukawa couplings can be larger than their SM counterparts. For example,
looking at the middle panel of figure 4, we see that |\;| ~ 0.2 is allowed and corresponds to
an enhancement of Y, about 3.7 times the SM value of y. for cos (8 — a) = 0.1.

4 Collider direct search constraints

As shown in section 3, flavor constraints still allow for new Higgs states with large couplings
to light quarks at the EW scale. Therefore it is possible to have direct collider search
constraints that are potentially as powerful as the precision flavor probes. In the limit of
perfect alignment cos(f — a) = 0, the new heavy 2HDM states can be directly produced
through both Drell-Yan production as well as quark fusion due to the large possible Yukawa
couplings. Given our simplifying assumption of approximate degeneracy between H, A and
H#* from section 2, the strongest constraints come from the direct production of a single
heavy Higgs state that decays into SM particles which dominate the branching fractions.
In the cos(f — a) = 0 limit, while there are interesting constraints from decays exclusively
into dijets [55], there is no H — h mixing and therefore the Yukawa couplings of the SM
are unaffected. Since we are interested in understanding the allowed parameter space for
large deviations in the SM Yukawa couplings, we explore the small but non-zero cos(f — «)
limit. In this regime, as shown in [56], the decays to SM di-bosons and di-Higgs can quickly
dominate the dijet branching fractions and have more sensitive cross section constraints to
our underlying production mechanism in the relevant mass window. The dominant collider
search constraints come from new heavy Higgs states being singly produced in quark fusion
followed by decays such as H — ZZ, A — Zh, and H — hh. For simplicity we also set the
¢ parameters to 0 when investigating the direct search bounds. This does not significantly
change the collider phenomenology in the regions allowed by flavor as the large new quark
Yukawa couplings dominate direct tree-level production and the non-zero alignment parameter
singles out the di-boson and di-Higgs decays in this region.

To determine the bounds from direct searches we use the results from resonant di-Higgs
searches [79-82, 84], A — Zh [83] and H — ZZ [78], whose integrated luminosities and
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Process | Experiment | Reference | L(fb™!) | Search Window [GeV]
H—ZZ ATLAS [78] 139 [210,2000]
ATLAS [79-81] 139
H — hh 251,5000
~ CMS 82] 126, 139] [251,5000)
A—Zh ATLAS [83] 139 [220,5000]

Table 2. Table of direct resonant searches used to constrain the model with results shown in figure 5.
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Figure 5. Collider searches for the 2HDM model with couplings to charm in panel (a) and up in
quarks panel (b), overlaid with the appropriate flavor bounds derived in section 3. The couplings of
the second doublet to the down-type quarks are set to zero i.e. £ = 0 and the alignment parameter is
set to cos(f — «) = 0.1. The vertical axis on the right-hand side of each panel shows the coupling
modifier of the charm and up quarks respectively. The combined flavor bounds are presented in purple.
We present the bounds of resonant production of the heavy Higgs H, decaying to different channels.
The bounds from decays to a pair of Z bosons [78] are in red and to a pair of 125 GeV Higgs [79-81]
are in blue. In orange, we present the bounds from resonant production of the CP odd A decaying
to a Z boson and a 125 GeV Higgs boson [83]. Panels (c) and (d) are the same as (a) and (b) with

cos (8 — a) = 0.05.
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mass regions are summarized in table 2. We recast the cross section bounds from the
ATLAS and CMS searches onto our relevant parameter space by simulating the 2HDM
in MADGRAPHS [85]. We implemented a 2HDM FEYNRULES [86] file, following the SFV
prescription outlined earlier. By inputting this model into MADGRAPH5 [85], we were able to
scan over the relevant A\,-mpg parameter space for a fixed cos(f — «) to find the direct search
constraints. Given that we are interested in how charming the Higgs can be, as well as the
novel enhancement of the up-quark Yukawa, we present the results for Ac-mg and A\,-mpy
for cos (8 — a) = 0.1 in panels (a) and (b) of figure 5. From this figure we also see that the
direct search constraints are currently stronger than the flavor bounds despite having a non
MFYV texture and EW scale Higgs masses. This emphasizes the power of flavor changing
suppression in SFV scenarios as well as the strength of the LHC to directly probe these
flavorful states at the EW to TeV scale. On the right hand axis we also show the modification
to the appropriate SM Higgs Yukawa coupling k4, for the given input parameters of the
model. In panels (b) and (c) of figure 5 we show the same parameter space constraints, but
for cos (8 — a) = 0.05. This demonstrates how the 4, parameter shifts accordingly, but also
slight changes in the direct search constraints due to the dependence of the di-boson couplings
on the alignment parameter. Note, however that the new Yukawa coupling is unaffected in
the small alignment parameter limit. In all panels of figure 5 we see that the bounds on
Ay are stronger than those on A. due to the enhanced PDFs of the up quark compared to
the charm quark. However interpreted in terms of the x4, they are very different due to
the underlying SM Yukawa coupling predictions.

5 Higgs precision and Yukawa coupling measurements

We are now in a position to attempt to answer our titular question. As shown in section 3 and
section 4, flavor and direct search collider constraints place strong bounds on an down-type
SEV 2HDM model. However, as demonstrated, there is still the possibility that these models
can generate large deviations in the up and charm SM Higgs Yukawa couplings. Therefore
it is important to correlate with the precision measurements of the SM Higgs couplings to
understand how complementary these measurements are.

A common approach for single-Higgs precision at the LHC is based on exclusive final
states that are correlated with a production mechanism for the Higgs and reported as signal
strength modifiers:

o; X BF f
Hif =

= ——=——- 5.1
oM x BFM (51)

Large modifications of light quark Yukawas due to our 2HDM can affect the signal
strengths in a number of ways. First, if there is mixing between the heavy and light Higgs
states to generate Yukawa coupling modifications there is an inherent dilution of SM Higgs
couplings. Second, in the limit of a large Yukawa modification, the branching fractions to all
exclusive final states will be modified which can be correlated across production mechanisms
since the total width changes as

-1
[ s Ag
= = — 1 —1 . 5.2
Ftot S1n (5 a) + ng\é[ SiI]_2 (B — a)yg ( )
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A correlated effect, but subleading for most measurements, is the modification of the produc-
tion cross section both in terms of loop effects as well as enhancing additional production
modes. Finally, if a light quark Yukawa coupling is large enough, it is possible for the statistics
to be sufficient for a direct measurement via flavor tagging. The effects can be quantified
through Higgs coupling modifier fits with x4, or in an EFT framework. Given that we have
the full 2HDM model it is more straightforward to use coupling modifiers to correlate across
observables. The explicit dependence on the model parameters for x4, defined in eq. (2.11) can
be found in appendix C. For the first two effects on Higgs precision there is no measurement
of the modified Yukawa coupling “directly”, therefore the bounds they provide on the up
and charm Yukawa couplings are less robust to other possible BSM effects. Nevertheless,
in the context of the specific model we study, they give constraints on both k. and x, that
we refer to as normalization constraints. As mentioned in section 1, one can go beyond
signal strengths and include differential shape effects in the pr spectrum, but these represent
marginal improvements currently. When the coupling modifier is large enough, additional
production modes, exclusive decays and flavor tagging can provide measurements that are
easier to directly correlate with the change in the light quark Yukawa couplings. However,
these bounds are typically much weaker, and only promising at the LHC for modifications
of the charm Yukawa coupling.

In table 3 we present all the single-Higgs precision studies relevant for the modification
of light quark Yukawas that we use in this study. We give results of the studies as a single
modifier of the charm Yukawa coupling, k. to give an overview of the sensitivity of all charm
related measurements performed thus far. These results are not being combined, but only serve
to illustrate the sensitivity to individual methods. In most cases the experiments have made
the k. interpretation themselves, but for the “normalization” of the best measured exclusive
channels we have recast this ourselves, assuming a central value of the SM prediction and only
a modification of the branching fractions. The purpose of this is to give an understanding of
how constraining non-charm final states are given their high precision, even though they are
a more indirect constraint. We have also recast the exclusive final state h — J/¢Z from [33]
using the results of [87] as this was reported only as an upper limit on the branching fraction
by CMS. All the normalization bounds can also be recast trivially for a , only modification
as well. However, charm tagging of the Higgs or other associated final states cannot be recast
for k,. One can also tag or look for exclusive mesonic decays into the first generation, and
in some cases we note where an experiment has performed this study and interpretation.
However, the projected bounds on k,, are weaker than existing flavor and direct constraints
and therefore not relevant at the LHC or HL-LHC for this class of models.

In panels (a) and (b) of figure 6 we present the results of the flavor and direct searches
from the previous sections overlaid with the constraints from the single-Higgs precision results
given in table 3 for an alignment parameter of cos(f — o) = 0.1. In panel (a) of figure 6,
the results for how charming the SM Higgs can be are shown. Note that there is strong
complementarity between the flavor, direct collider search, and precision single-Higgs results.
In particular, for my < 300 GeV and mpy 2 1.2 TeV, the Higgs signal strength normalization
constraints are the strongest, while in the intermediate regime the direct searches provide
the strongest bounds on the charm Yukawa coupling. It is interesting to note that while
charm tagging is currently a weaker bound than normalization, in the large mass regime it
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Figure 6. We present the constraints for the new Yukawa couplings of our 2HDM model derived
using single-Higgs properties as measured at the LHC at 95 % C.L. The combined constraints from
resonant decays of the Higgs from figure 5 are shown in black and overlaid with the flavor bounds
from section 3. Panel (a): constraints of the new charm Yukawa coupling. The solid blue line shows
the bounds from the Higgs signal modifier for the p? channel [23] assuming that the central value
is the SM i.e. 477 = 1. The dotted red lines correspond to the constraint obtained by c-tagging
searches [31]. The dashed orange line corresponds to constraints using both shape and normalization
of k. derived from p; measurements [28]. When compared to the blue normalization line, this shows
that normalization dominates the results. The maroon dotted dashed line corresponds to constraints
from h+~ production [30]. Panel (b): constraints on the modified up Yukawa coupling. The combined
constraints from resonant decays of the Higgs eigenstates from figure 5 are shown in black. The solid
blue line corresponds to the bounds derived from the Higgs signal modifier for the p?7 channel [23].
The maroon dotted dashed line corresponds to constraints from h+y production [30]. Panels (c) and
(d) are the same as (a) and (b) respectively but for cos (8 — ) = 0.05.
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Experiment | Reference | £L(fb™!) Constraints Comments
ATLAS [23]* 139 |ke| < 2.91 Normalization
CMS [26]* 138 |ke| < 2.92 Normalization
measurement,
ATLAS [29] 139 iee((_f;g 127'.237)) Sh;f;eT & Normalization)
pr measurement, Shape only
CMS [30] 138 ke € (—6,5.4) h + ~ associated production
CMS [24] 138 1.1 < |ke| < 5.5 c-tagging
ATLAS [31] 140 |ke| < 4.2 c-tagging
CMS [32] 138 |ke| < 38.1 h + ¢ associated production
ATLAS [22] 139 Ke/ky € (—133,175) h — J/iy decays
CMS [33]* 138 | ke € (=7.5 x 10%,7.7 x 10°) h — J/3Z decays

Table 3. Table of Higgs precision results, note that the results quoted in this table correspond to 95 %
C.L. and are recast as bounds on the charm quark coupling modifier. In cases where the experimental
result does not include an interpretation in terms of k. we mark with an asterisk and refer to the
text. Using the normalization measurements we can place similar bounds for the up quark as well.
Note also that in reference [30] there is an explicit translation of their results into coupling modifier
language, getting k., € [—3,3] x 10% at 95 % C.L. For the case of [23, 26], in order to translate the
signal modifier constraint p”” to the charm coupling modifier presented in this table, we assume that
the only modification to the SM couplings is the one for the charm Yukawa and that the production
cross section does not get modified. For both cases we center the measurements at the SM prediction
namely 77 = 1. Finally, for the case of [33], we use the expression in [87] to extract the constraint
presented on the table. Notice that ATLAS has also recently studied associated production of charm
and Higgs inclusively, providing a bound with no x.-tagging [34].

still provides constraints beyond the direct collider searches. Therefore in an extension of this
model where the normalization bound is ameliorated, it would be possible for charm tagging
to provide valuable new information compared to other constraints. Additionally, since charm
tagging has room for substantial improvement based on methodology not just statistics, the
fact that there is parameter space that is already sensitive beyond other observables, gives
strong motivation to continue improving charm tagging performance. In panel (b) of figure 6,
we see the analogous constraints on k,. There is an important distinction compared to k.,
in all regions of parameter space the di-boson and di-Higgs searches provide the strongest
constraint compared to Higgs precision. Therefore for the foreseeable future, the strongest
bounds on first generation quark Yukawas don’t come from Higgs precision or flavor, but
by searching for the flavored progenitors at high energy.

To help illustrate the behavior for smaller values of the alignment parameter, we show
the same parameter space as figure 6 panels (a) and (b) but for cos(8 — a) = 0.05 in panels
(c) and (d) of figure 6. Note that roughly the same conclusions can be drawn for all panels
of figure 6 but the single-Higgs precision bounds are weaker due to the smaller alignment
parameter for panels (c) and (d).
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Figure 7. Constraints on the allowed values of the A.-cos(8 — ). In order to derive these constraints
we use the signal modifier ,u;’;F from [23]. Assuming that only A, is non-zero, with ¢ = c for the left
panel and ¢ = u for the right one, we can extract limits for the coupling modifier k,, at 95 % C.L.
which we can then recast in the parameter space of our model, shown as the shaded blue region. Note

that for the ,u'gy;F to kg, conversion, we also assume that the production cross sections do not change

from their SM values. For the case of A\, the results are almost symmetric around A, = 0 because &,
is significantly less constraint compared to . and dominates the expression. Finally, in order to make
comparison with the SM easier, we present the contour lines for x, = £500 and x. = £1.5 within the
model.

Finally, to understand more generally the interplay with precision Higgs constraints, we
show the allowed region as function of the new Yukawa couplings A\, and A. and cos(f — «)
in figure 7. We also plot contours of constant x, and k. to demonstrate the large deviations
possible even at extremely small values of cos(f — «).

6 Conclusions

In this work we have focused on the phenomenology of a 2HDM realizing down-type Spon-
taneous Flavor Violation (SFV). This allowed for a concrete realization of models which
could significantly modify the charm and/or up quark Yukawa couplings of the SM Higgs
while maintaining consistency with all precision flavor experiments.

In particular, we have demonstrated that flavor constraints can allow for a second Higgs
with Yukawa couplings of O(107!) to any up-type quark without having to respect any of
the hierarchies of the SM Yukawas. For example one could have a new Higgs that couples at
this strength only to the charm quark. When this new Higgs has a non-zero mixing with
the SM Higgs, this allows for large deviations of O(10) to O(10%) to the SM charm and up
Yukawa couplings consistent with measurements of FCNCs.

Flavor constraints are not the only relevant constraints for a new state near the EW scale
with potentially large couplings to light quarks. Direct search constraints are particularly
powerful given that if there is mixing between the SM Higgs and heavier Higgs this implies
that the heavier Higgs can decay into di-bosons and di-Higgs. We find that these direct
search constraints are always stronger than flavor bounds in the limit of small but non-zero
mixing for the down-type SF'V 2HDM cases we explored.
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Finally, we examined whether or not the allowed parameter space was consistent with the
Higgs precision measurements. The strongest constraints from single-Higgs precision currently
come from the best measured exclusive channels. However, we have shown that the direct
search constraints for the new Higgs states which could cause measurable SM Higgs deviations
are generically more powerful at the LHC. At very low or high masses of the second Higgs
state the indirect single-Higgs precision constraints are stronger for charm Yukawa deviations,
while for the up-quark case we found direct search constraints and flavor are always stronger.
We have also updated the up-type SFV 2HDM bounds from [56] in appendix A, which reaches
a similar conclusion. While indirect single-Higgs precision constraints are powerful, what is
more exciting is the possibility of improvements in direct charm-tagging measurements at the
LHC and beyond in light of the extraordinary advancement provided by machine learning in
High Energy. We have demonstrated that there are viable models consistent with flavor and
direct searches that could be explored in a new way with improvements in charm tagging.
This is of particular significance as current projections require an O(1) deviation in the charm
Yukawa for LHC sensitivity which is difficult to account for in standard flavor models.

Finally it is important to remember that in the pursuit of how charming the Higgs
can be, as well as the deviations in other light quark Yukawas, it is always tied to the
UV model. While there could be large deviations as no one has any idea of the origin of
flavor in our universe, there still must be a mechanism to explain significant deviations
in while maintaining consistency with experimental results. For any light quark Yukawa
deviation that is sizable enough to be relevant at the LHC, the scale of new physics cannot be
parametrically separated from the EW scale without running into unitarity bounds. Therefore
any observables attempting to test Yukawa couplings in the SM must be compared to other
data which explores possible UV completions, of which few are currently known. Therefore
the LHC is currently ideally suited to carry out this program of both precision and energy
frontier measurements. Furthermore, a future high energy eTe™ linear collider, proton collider
or muon collider at the 10 TeV pcm scale would likely be able to cover the entire parameter
space of known UV origins for measurable light quark Yukawa coupling deviations. Regarding
the down-type SFV and the up-quark Yukawa measurement in particular, we would like
to stress that future experiments like FCC could potentially test also x, of O(100) [88].
We leave investigating these options and the larger parameter space that could be explored
within SFV 2HDMs for future work.
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A 2HDM: the up-type SFV case

In this section we present the constraints we get following the up-type SF'V flavor prescription
for a 2HDM, updating the ones set in [55]. The new results we present here are produced
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using new constraints on dimension-six operators and LHC data from Run 2, see references in
table 1 and table 2. In order to make the comparison with [55] straightforward, we make the
same choice for ¢ and the alignment parameter cos (f — «) for the flavor and collider bounds
respectively. As we saw in section 2, within the SF'V prescription, only one quark sector can
be aligned. For the up-type SFV 2HDM, the new Yukawa couplings will appear in the down
quark sector and the couplings for the second Higgs doublet will have the following form,

V¥ =¢evivyy, Vi = —diag(Ag, As, ), Vi = —€YE (A1)

Similar to the case for the down-type SFV prescription, the same parameters & and &
control the coupling strength of the second doublet to the up-type quarks and the leptons,
respectively. As expected, our flavor bounds will depend on the values of these two parameters.
In accordance with the rest of this work, we will set £ = 0, concentrating our attention
on the quark sector. Below we present the bounds derived using recent results from Flavor
Physics for the allowed values of the relevant Wilson coefficients, see table 1. The functional
dependence of the Wilson coefficients to the up-type SF'V model parameters can be derived
using the same expressions mentioned in section 3 and the up-type couplings in the appendix
of [55]. Note that the resulting dependence of the coefficients on the 2HDM parameters will
be different than the one for the down-type prescription. We can verify this by comparing
the expressions for the up-type couplings in equation (A.1) with the equivalent ones in the
down-type case listed in appendix C.

By comparing the results in the first row of figure 8, where we have set £ = 0.1, with
the ones in the second row of the same figure, where £ = 1, we can verify that the Flavor
Physics constraints are sensitive to the value of £. This behavior is the result of the explicit
dependence of the Wilson coefficients on the NP parameters. Overall, the ability to place
bounds on the parameter space of our 2HDM depends on the flavor prescription that we
follow (up or down-type SFV) and the specific value we choose for . This sensitivity depends
on which quark sector contains the new couplings. With the SF'V prescription we can only
produce new aligned couplings for either the up or down quarks. Finally, we note that as is
the case for down-type SFV, the Flavor Physics bounds for the up-type SFV 2HDM do not
depend on the alignment parameter because the Higgs eigenstates involved in these processes
are the charged ones. Finally, using MADGRAPH [85] we recast experimental bounds from
collider searches in the up-type SFV model parameter space. As we did in section 4, we
concentrate on the quark sector by setting the couplings to the leptons to zero, £ = 0. We
choose to consider a regime away from alignment, cos (5 — «) # 0. As a result, setting £ =0
does not prevent the modification of all the 125 GeV Higgs Yukawa couplings. The results are
presented in figure 9, showing the same search channels as in figure 5 for the down-type SF'V.

B Loop functions

The loop functions used in the previous sections are defined as follows [67, 75]:

o0 N —527 4 8z — 3+ (62 — 4) log z;
7,XY(ZJ) 12 )

(z — 1)
0 2 —zj2+42j—3—2logzj
Coxy(z) = (17 )
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Figure 8. Bounds from FCNCs for the up-type SFV. The top row shows bounds for different
couplings A4, with & = 0.1: (left) Ay with As = Ay = 0; (middle) A; with Ag = A\p = 0; (right) A\ with
Ad = As = 0. The bottom row presents the same bounds for £ = 1. The value of cos(f — «) does
not affect these results since only the charged Higgs eigenstates are involved in these processes. Due
to the different structure of the Yukawa matrices for the up-type SFV, we see that bounds coming
from D meson mixing now become much stricter compared to the down-type SFV case shown in
figure 4. We present in solid red lines the constraints coming from D meson mixing and in dashed
orange and magenta lines the ones coming from b — sv and b — d~ decays respectively. The bounds
of the relevant effective operators are shown in table 1. Notice that the flavor bounds depend strongly
on the value of £ that we choose.
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With d = 4 — 2¢, we get for the loop functions appearing in the box diagram calculations
in egs. (3.9) and (3.8):
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Figure 9. Collider searches for the 2HDM model with couplings to down-type quarks, overlaid with
the flavor bounds for £ = 0. The couplings of the second doublet to the up-type quarks are set to
zero i.e. £ = 0 and the alignment parameters is set to cos (§ — «) = 0.025. The vertical axis on the
right hand side shows the enhancement of the coupling of h to the down quarks with respect to the
Standard Model Yukawa. The flavor bounds combined are presented in light red. We present the
bounds of resonant production of the heavy Higgs H, decaying to different channels. The bounds from
decays to a pair of Z bosons [78] are in red and to a pair of 125 GeV Higgs [79-81] are in blue. In
orange, we present the bounds from resonant production of the CP odd A decaying to a Z boson and
a 125 GeV Higgs boson [83]. Finally, in black we present the bound that we obtain from the Higgs
signal modifier [23, 26].
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Table 4. Higgs couplings to the fermions in the mass basis, see the text for details.

C Couplings in down-type SFV

In table 4 we show the physical couplings of the Higgs eigenstates to the fermions derived
from eq. (2.3) for the down-type SFV case. In order to keep the notation as clear as possible,
in the table we denote by bar the right handed fields. We denote by Y? with ¢ = u,d, ¢
the Standard Model Yukawa matrices for up, down-type quarks and leptons respectively.
A" = diag (Ay, Ae, A¢) is the diagonal matrix containing the three new couplings introduced
in the down-type SF'V 2HDM. Couplings are defined with a negative sign in the Lagrangian,
ie. L D —)\hf?hff
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