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ABSTRACT: We study quark flavor violating interactions mediated by the Higgs boson
h. We consider observables involving a third generation quark, of both the up and the
down quark sectors, like h — bs and t — ch. Using an effective field theory approach
we systematically list all the possible tree-level ultraviolet completions, which comprise
models with vector-like quarks and/or extra scalars. We provide upper bounds on the
flavor violating transitions allowed by current limits stemming from low energy processes,
such as meson mixing and b — sy. We find that scenarios with vector-like quarks always
have very suppressed flavor-violating transitions, while a general Two-Higgs-Doublet Model
may have a sizeable rate. To study the latter case in detail, we perform a full numerical
simulation taking into account all relevant theoretical and phenomenological constraints.
Our results show that BR(t — ch) [BR(h — bs)| are still allowed at the sub-percent
[percent| level, which are being [may be] explored at the LHC [future colliders]. Finally,
we have found that the mild mass-splitting discrepancy with respect to the SM in the B
meson system can be accommodated in the Two-Higgs-Doublet Model. If confirmed, it
yields the prediction BR(h — bs) ~ 1074, if the new contribution to the mass-splitting is
dominated by tree-level Higgs boson exchange.
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1 Introduction

In the Standard Model (SM), neutral flavor-changing transitions are absent at tree-level.
They arise at the one loop-level with various (additional) sources of suppression like, for
example, small elements of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix or
the Glashow-Iliopoulos-Maiani (GIM) mechanism. It is then clear that they constitute a
privileged arena in the search for physics beyond the SM. The discovery in 2012 [1, 2] of a
Higgs-like scalar, h in the following, opened the possibility of exploring a new domain in
neutral flavor-changing transitions and a strong experimental effort has followed, targeting
processes like t — ch,uh or h — t*c (u) — W ~bc (u), and potentially also h — bs, bd. We
generically denote these processes as Higgs Quark Flavor Violation (HQFV).

Since my ~ v/v/2, with v the electroweak symmetry breaking vacuum expectation
value of the SM Higgs doublet, the Higgs-top Yukawa coupling is close to 1: if new physics
is present, one may expect that such large couplings also manifest in observable transitions
of the top quark to up or charm quarks mediated by h. Different studies of top flavor-
changing neutral decays can be found in refs. [3—15]. Including those done in the so called
‘flavorful models’ [13, 14] Current experimental bounds on the branching ratios of those
processes are at the 1073 level (see for example refs. [16-19]):

BR(t — hq) < 7.9-1073, BR(t = ch) <2.2-1073,  BR(t — hu) < 2.4-1073, (1.1)

at 95% CL. Limits on flavor-changing couplings of the top quark to the Z boson are also
quite stringent (see refs. [16, 20-24]):

BR(t — Zc¢) <2.4-107%,  BR(t — Zu) < 1.7-1074, (1.2)

at 95% CL. Similar constraints apply to BR(t — ¢v,qg) (see for example refs. [25, 26]).
Concerning flavor-changing couplings of i to other quarks, the LHC experiments have little
direct sensitivity [27], while the ILC could in principle reach subpercent sensitivity for the
branching ratios of h — bs,bd [28]; in ref. [29], it was found that BR(h — bs) can be
as large as 107! in Two-Higgs-Doublet Models (2HDMs). Indirect constraints can also be
obtained from transitions (i.e. mixing) in the different neutral meson systems, K°-K?° (ds),
D°-D° (cu), BY-BY (bd) and BY-BY (bs), and from rare decays like b — s.

The pure effective field theory approach with just the Higgs boson does not cover all
the possible phenomenology relevant for HQFV, as was discussed in detail in the case of
HLFV in ref. [30]. Therefore, it is crucial to also analyse in detail simplified models, whose
extra particles may be subject to more stringent constraints, and to outline the models with
the largest possible values of HQFV. We will concentrate on transitions involving the third
and second quark generations. The paper is organised as follows. In section 2 we discuss
quark flavor violation in the SM and beyond using an EFT approach. We list all possible
simplified models and show how the general Two-Higgs-Doublet Model — type III — is
the most promising scenario for large HQFV. In section 3, we concentrate on the relevant
aspects of the latter. Flavor related constraints are addressed in section 4. A numerical
analysis is then presented in section 5. Additional details are covered in the appendices.



2 Quark flavor violation in the SM and beyond

In this section we discuss different aspects of quark flavor violation in the SM and beyond.
We define the effective Yukawa couplings of the Higgs boson to up and down quarks as

[’%fflk = —QuYu C_Iuh_ dd Yd th + H.c., (2.1)

with summation over omitted generation indices understood: ¢, = (u,c,t) and ¢q = (d, s, b)
are vectors in generation space (the quark fields are in their mass bases) and y, and yq are
3 x 3 complex Yukawa coupling matrices.

2.1 Effective field theory for Higgs quark flavor violation

In the SM the quark kinetic terms at the renormalizable level read
Lign = QYiDQ° + aliDuly + dyilpdy + Hec., (2.2)

where, under SU(2)r,, Q° = (ul, d?) are the quark doublets, and u;, (d3) the up-type
(down-type) quark singlets. “0” superscripts correspond to fields in a weak basis while the
mass eigenstate basis is unlabelled. D denotes the covariant derivative for the different SM
transformations. The SM Yukawa Lagrangian for the up and down-type quarks is

Ly = —Q° Yy ud® — Q° Yy d%® + Hec., (2.3)

where ® = (®T, ®¢)7 is the SM Higgs doublet. Electroweak symmetry is spontaneously

broken by (®) = % (9), with v ~ 246 GeV, and thus Ly includes mass terms

Lo, = —10) %Yu wd — & %Yd d% + He. . (2.4)
The effective Higgs interactions of eq. (2.1), already written in the quark mass basis, have
the simple form —%Qqh for each quark ¢, with mass m,. That is, at tree-level, Higgs
couplings to quarks do not violate flavor in the SM. This is an accidental symmetry of
the SM, like gauge coupling universality, lepton flavor/number or baryon number, and will
be violated at the loop-level or via effective operators. Indeed, at one loop, in the SM
BR(h — bs) ~ 10~7 while BR(t — ch) ~ 10715 [31] (the smallness of ¢t — ch is due to the
extra GIM suppression for virtual down quarks). Beyond eq. (2.3), the lowest dimension
quark flavor-changing operators involving the Higgs field appear at dimension 6. We refer
to them in the following as Yukawa operators. Denoting the scale of new physics by A, the
effective Lagrangians for up and down quarks read respectively

-1 _ B
Lo = 7@ Ol up (@10) + He., (2.5)

and ,
£gf(§wn - ﬁ@o Cg d%@ (Q)T(I)) +H.c.. (26)
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Figure 1. Yukawa operators in egs. (2.5) and (2.6).

They are represented in figure 1. After electroweak symmetry breaking (EWSB), the
diagonalization of the complete quark mass matrices is

ut U v? ”
D, = ULT% (Yu + 032A2> Ug, (2.7)
v 1)2
Dq = U‘L“ﬁ <Yd + 032A2> Ug. (2.8)

Now the effective Yukawas of the Higgs in eq. (2.1) read

D, v? Dy v?
= —+Ci—— =—+Ci——
Yu v + u\/§A2 ) Yd v + d\/§A2 )

where C,, = UFC’S Ui and Cq = U(LﬁC'ng‘%: the Higgs Yukawa interactions are no longer di-

(2.9)

agonal at tree-level, generating HQFV. Without loss of generality, we can use the mass basis
for the up-type quarks. The quark charged current interactions read Lyy = iﬂL'y“VdLW;

V2
+ H.c., where the CKM matrix is V' = U‘Li.

2.2 Simplified models

In this section we discuss tree-level simplified models by “opening” the Yukawa operators
for up and down quarks given in egs. (2.5) and (2.6), respectively. This means that we
give the nature and quantum numbers of the possible heavy mediators that could generate
the previous operators after being integrated-out. For down quarks the operators are
represented in figure 2. Tables 1 (for up quarks) and 2 (for down quarks) list all the
possible simplified models. We follow the same approach used for the case of Higgs lepton
flavor violation in ref. [30]. We have considered 2 extra particles at most: the new particles
considered in each model are given in the second column of tables 1 and 2, where S stands
for scalar and F for fermion. The (SU(2)y,Y) quantum numbers are given in the third
column. In the last column, the form of the contributions to () 4 is provided in terms
of the masses of the new particles (mg or mp; for fermions, mg or mg, for scalars) and
of generic new physics couplings: scalar quartic couplings A, dimensionful trilinear scalar
couplings p, pj, and Yukawa-type couplings fq, where q = u,d, Q refers to the SM field
involved (in that order of preference if two SM fields are involved) or q = VLQ for an
interaction term involving two new vector-like quarks. Note that the CKM matrix V
enters in the expression of Cy (down quarks).
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Figure 2. Tree-level topologies of the Yukawa operator for down-type quarks, see table 2. Similar
diagrams exist for up-type quarks.

2.2.1 The Yukawa operators

The tree-level simplified models of the up and down Yukawa operators that only involve
scalars are identical to the ones discussed for Higgs lepton flavor violation in ref. [30] (see
table 3 therein), denoted by topologies A and B. Topology A corresponds to the 2HDM,
which has been extensively studied in all its variants (see for example refs. [29, 32-39]). In
sections 3 to 4 different aspects of the general 2HDM are discussed, and a full numerical
analysis of HQF'V is presented in section 5. Topology B adds new scalars to topology A,
while the flavor structure is still dominated by the couplings of the scalar doublet to the
quark bilinears. Topologies C* (i = 1,...,4) and D’ (j = 1,...,3) correspond to models
where vector-like quarks (VLQ) are also present (VLQ are, of course, color triplets). Models
like these have been studied in the literature, see for instance refs. [40-52].

2.2.2 The derivative operators

Besides the Yukawa operators, there are other dimension 6 operators which generate HQFV.
They involve covariant derivatives, and therefore we denote them as Derivative operators.
These are plotted in figure 3 and are listed in table 3. They are related by the equations
of motion (EOM) to the Yukawa operators previously considered. This implies that, for
instance, for up-type quarks their contribution to HQFV will be proportional to the quark
masses. It is illustrative to consider them specifically. This is because some simple UV
models directly generate them, and as we will show they are very constrained by limits
from flavor-changing processes involving the Z boson. Moreover, some of the particles that
generated the previous Yukawa operators also generate these ones.



Topology | Particles Representations Cyu/A?
A s (2.1/2)s L
By S188 | (2,1/2)s@(1,0)s,(3,0)s,(3,-1)s %
Cl SeF (2,1/6)r @ (1,0)s,(3,0)s
C? SeF (2,7/6)p®(3,-1)g
3 S®F | (1,2/3)r®(1,0)s, (3.2/3)r® (3,0)s | 220
Ccid SoF (3,-1/3)r®(3,—1)s
D} FloFR (2,7/6)F @ (1,2/3)F,(3,2/3)F
D} | Rl | (21/6)r®(1,2/3)r(3,2/3)y | Llueh
D} ok (2,1/6)r®(1,-1/3)p, (3,—-1/3)

Table 1. Tree-level topologies of the Yukawa operator for up-type quarks, see eq. (2.5). S stands
for scalar, F for fermion, with the representation under (SU(2)y,Y). All vector-like fermions are
color triplets, while the scalars are color singlets.

Topology | Particles Representations Cq/A?
Aq S (2,-1/2)g VT%
By S1 @Sy (2,-1/2)s ®(1,0)s, (3,0)s, (3,1)s VT%
cl SoF (2,1/6)r ®(1,0)s,(3,0)5
Cc? SoF (2,-5/6)F®(3,1)s
ci | seF | (L,-1/3)re1L0s (3,-1/3)re (3,0)s | Vil
4 SoF (3,2/3)Fr®(3,1)s
D} Fi\ & F, (2,1/6)r @ (1,2/3)r,(3,2/3)F
D | Rl | (21/6rs(,-1/3)r 6 -1/3)y | Vil
D3 Fi @ F, (2,-5/6)Fr @ (1,-1/3)F, (3,-1/3)F

Table 2. Similar to table 1 for the Yukawa operator of down-type quarks, see eq. (2.6).
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Figure 3. Examples of tree-level topologies (E) of the Derivative operators, see table 3.

Operator Topology | Particles | Zugug | Zdadg | Wdaug hgaqs
(ar®")il(ug P) E} 2,7/6)p | -1 %
(ur®T)ilp(ug ®*) E? (2,1/6)r +1 Ifulz%
(QP)iP(8TQ) BB (1,2/3)r | -1 4 %
(Q7D)ilp (1 7Q) B4 (3,2/3)p _1 ) i UQ?\;%
(dr®1)ilp(dgr ) E} (2,1/6)r -1 %
(dr®")ilD(dr ®*) E} (2,—5/6)F +1 %
(Q)iP(2TQ) B3| (1,-1/3)r w1 | Wl
(Q7®)ip (DT 7Q) B} (3,-1/3)p | +2 +1 +1 %

Table 3. Tree-level topologies of the Derivative operators. The Higgs interactions in the last
column correspond to the effective Yukawa couplings y,, provided in eq. (2.1), with ¢ = u (¢ = d)
for the first (last) four rows. Z couplings are in units of y,v/my X e/(2cwsw), while W ones are
in units of V y,v/m, x e/(2v2sw).

We show further details regarding the generation of flavor-changing neutral currents
from these operators in appendix A. The key point is that the flavor-changing neutral cur-
rents appear because of a mismatch between the quantum numbers on which the covariant
derivative acts for the case of the Derivative operators and for the renormalizable kinetic
terms of eq. (2.2) [30]. In table 3 we also list all the possible simplified models of the
Derivative operators (third column), as well as the new Z-mediated quark flavor violating,
charged-current (CC) and HQFV interactions. The Higgs interactions in the last column
are given in terms of the effective Yukawa couplings y, provided in eq. (2.1). Notice that
Z and W-boson interactions are independent of the quark mass involved. The chirality of
the quarks involved can be understood from the operators.

We have seen using the Derivative operators that in the models with VLQ, both ZQFV
and HQFV are related. We can derive the relationship among both explicitly, see also



refs. [30, 42, 44]. In models with VLQ, charged current couplings read

— 9 (g T +
Ly = G (ulﬁ V, di, + Ry VRdR> W, +H.c., (2.10)

with V, the “enlarged” CKM matrix, and V}, its right-handed counterpart (which arises

when VLQ which are not SU(2)/, singlets are considered). V; is now a n,, X ng matrix for n,,

up quarks and ng down quarks, and it is not unitary.! The neutral current couplings read

Ly = % (JL’}/MngL + (ZR’}/MX{:{dR — ap " X{ug, — apy" Xgur — 28%[/ng> Zy, (2.11)
cw

where

Xt=v, Vv, Xp=vuvi Xxt=viv,, X&=vjv,. (2.12)

The Z flavor-changing interactions in £z are given by the non-unitarity of the mixing
matrices. Similarly, the Yukawa couplings to h read

Ly = —%aL (XD, + Dy XE — 2X1"Dy X%) ug
- %JL (XffDd + DyXd — 2X§Ddxﬁ) dp + He.. (2.13)
Consider for example the hipcg coupling; in the notation of eq. (2.1)
O(Yu)te = (X1))teme + my(Xg)te — 2(XTDuXR)tc - (2.14)

The first term corresponds to the Derivative operator Ei “ , where a VLQ singlet (triplet) is
exchanged, while the second term corresponds to E111’2, where a VLQ doublet is exchanged.
These contributions pick up a quark mass, as would be the case if one uses EOM to
transform the operators. The last contribution corresponds to topology D of the up-quark
Yukawa operator, where two types of VLQ are exchanged (a doublet plus a singlet or
triplet). Therefore we can estimate the contribution as

2
Juv
Me +
merg,

tc

Jqu
Fi3

2
me — 2 <an’U fVLQ’U fut>tc . (2.15)

U(yu)tc ~ ’
tc Fi3 mer.

In this example, the dominant term for top HQFV is the second or the last one. For
bottom HQFV clearly the last term dominates unless fyr.qu < my. Correspondingly, the
deviations from 3 x 3 unitarity of the CKM mixing matrix due to the presence of VLQ are

fal? ev?

m¥ \2sw

where now fq and mp are matrices in flavor space.

ViV, ~1- (2.16)

Tt can be embedded, however, in a larger ny X n unitary matrix, with n; the number of left-handed
quark fields; for example, for a model with only an up-type singlet VLQ, V| is a 4 x 3 submatrix of a 4 x 4
unitary matrix.



2.3 Estimates for models with vector-like quarks

The phenomenology of VLQ models has been scrutinised in the literature [8, 40-52]. For
example, ref. [51] addresses in some detail constraints arising from meson mixing.

For models with just VLQ, since ZQFV and deviations from 3 x 3 unitarity of CC
interactions are related to HQFV, one can estimate some simple upper bounds on h — bs
and ¢t — ch. In the up sector, from eq. (2.11), the leading contribution to ¢t — Zc¢ (which
occurs at tree-level), ignoring QCD corrections, is

3
my

I(t — Zc) = Tor0?

(1K)l + (Xt ) Flmaz i) (2.17)
where F(mx,mi) = (1 — m%/m?)?(1 + 2m% /m?). Since the top total decay width
'y = I'(t — Wb) remains essentially unchanged, using F(my,my) ~ F(mz,m;), the
experimental bound on BR(t — Zc¢) in eq. (1.2) gives

(X8l + 1(XE)al?) < BRAE = ZE)enp (2.18)

Concerning t — ch decays, with m. < mjy, my, from the first line of eq. (2.13) we have

R 0Ky — 2(XE)eqma(XE ot . (219)
If the mixing with heavy VLQ is suppressed compared to the top exchange, the dominant
contribution in the second term is ¢ = t and (X{)u ~ 1, and thus we are left with
an interaction term —"th(X}')Crtr. From the hermitian conjugate term in (2.13), the
interaction term with flipped chiralities is —™th(X{)cCrtr. Then, the leading prediction
for t — ch (again, tree-level, m. — 0 and no QCD corrections) is

3

Dt = ch) = o5t (1(XEal” + (X8l ) Hlomam) (2:20)

where H(mp,m;) = (1 —m3?/m?)?%. Combining eqs. (2.17) and (2.20), the experimental
bound on BR(¢ — Z¢) translates into a bound

BI(r - ) < Bt - Z0g )
7 t

~7x1077, (2.21)
which is two orders of magnitude smaller than the current sensitivity, eq. (1.1).

For b — s transitions, although a similar reasoning would lead to straightforward
bounds on the allowed values of BR(h — bs) in the context of VL(Q extensions of the
SM, experimental input on b — s transitions from Z — bs is much poorer than low energy
constraints from B, mixing, By — uTpu~ or b — sy transitions. For the latter, diagrams
with chirality flips in the VLQ lines dominate the processes, in an analogous way to those
discussed in ref. [30] for the lepton sector, further suppressing HQFV. Typical bounds on
Zys couplings from detailed studies in the literature are below the 10~* level; one can thus
estimate a rough upper bound on BR(h — bs) in the context of VLQ extensions

3 mp

BR(h — bs) < ‘ZbS’QQTh ~107°. (2.22)



Equations (2.21) and (2.22) illustrate that HQFV in extensions with just VLQ, with branch-
ing ratios forced to be below the 1075 level by ZQFV, are much less promising than scenarios
with HQFV arising from a richer scalar sector. Moreover, the VLQ generating the Yukawa
operators, always generate the Derivative operators, and therefore are subject to strong
constraints. Therefore, in the following we focus on the simplest scalar scenario generating
the Yukawa operators: topology A, the Two-Higgs-Doublet Model.

3 The general (Type III) Two-Higgs-Doublet Model

In this section we introduce the general 2HDM, also known as Type III 2HDM. Reviews
addressing different 2HDMs can be found in refs. [32, 53-56]. In section 3.1 we discuss
the scalar potential and in section 3.2 the Yukawa couplings. Aspects relevant for Higgs
flavor-changing processes are studied in section 3.2.1.

3.1 The scalar potential

In a generic basis both Higgs scalar doublets ®; and ®, take VEVs denoted by v; and v,
respectively. One can rotate to the Higgs basis [57-59] where only one linear combination
of ®; and ®5, denoted by Hi, has a non-vanishing VEV, equal to v = +/ v% + v% ~ 246 GeV,

via the transformation
Hl _ Cp Sp ‘1)1 (3 1)

where the angle § defines the mixing between the two doublets, with tan 8 = vy /v1, and
the short-hand notations s, = sinx and ¢; = cosx. We will also use ¢, = tanxz. In the
Higgs basis, the doublets take the form

+ Ht
le ( 1 G .GO ) 5 HQZ ( 1 A ) 5 (32)
75 (v+ 91 +iGY) 75 (p2 +14)

where @1 and ¢y are CP-even neutral Higgs fields, A is a CP-odd neutral Higgs field, H
is a charged Higgs field, and G and G° are the would-be Goldstone bosons, which provide
the longitudinal polarizations of the W and the Z gauge bosons. The most general scalar
potential is given in the Higgs basis by?

1 2
V = M4 H{H, + MALHIH, — (MEQHgﬂl + H.c.) +5M <H1TH1>
1 ) f f f f
+ A2 (H2H2> +As (H1H1> (H2H2) + Ay (H1H2> <H2H1)
1 1 A% f f f
+1 545 (HIHQ) + [AG (H1H1> + A (HQHQ)} HiH,+Hel, (33

where A; (i =1,2,...,7) are the quartic couplings and ij are bare mass-squared param-
eters. In general, A5, Ag, A7 and M5 can be complex but, by redefining H; and Hs, one

2The transformations of parameters between different scalar bases can be found in appendix A of ref. [54].

~10 -



can, for example, choose A5 to be real [54]. We assume, for simplicity, a CP conserving
scalar sector: all the parameters in eq. (3.3) are real.

The minimisation conditions
2 1 2 2 1 2
Mll = _§A1'U 5 M12 == §A6'U 5 (34)

can be used to eliminate M? and M%, as independent parameters. Inserting (H;) =
(0,v/+/2)T into eq. (3.3), we obtain the squared mass of the charged scalar,

1
mi. = Mg, + 51121\3, (3.5)

and the mass matrix of the CP-even neutral scalars

2 2

Agv? mi + As0?
where the mass of the CP-odd scalar is
1
m4 = miys — 5212 (A5 — Ay) . (3.7)

Thus, in the Higgs basis, the mass eigenstates h and H are a mixture of the CP-even states

1 and @2
h SB—a CB—a $1
= ; 3.8

with masses

my, = % {mi + v (A + As) + \/[mi + 02 (A5 — Al)}2 + 4U4A§} . (3.9)
The mixing in eq. (3.8) is
(5o = —%. (3.10)
It will turn out useful to obtain Ag by combining egs. (3.9) and (3.10)
UG TNy (3.11)

202

Eq. (3.10) and eq. (3.11) determine the sign of Ag in terms of § — «. In the general
2HDM tg is not a physical parameter (see ref. [60] for a complete discussion regarding the
significance of tg). On the contrary, sz_, is a physical quantity; it needs to be sufficiently
close to one (i.e., in the alignment or in the decoupling limit) so h is an adequately SM-like
Higgs boson, in agreement with current observations. In this limit t55_4), and thus Ag,
approach zero (for Ag = 0 h is exactly SM-like, with m? = A1v?, see eq. (3.9)).
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3.2 The Yukawa Lagrangian

In order to have HQFV, both scalar doublets must couple to the quarks. The most general
Yukawa Lagrangian in the generic scalar basis {®, P2} reads

— Lo =Q° (Y], 4+ Y, &0)ul + Q0 (Y] @1 + Y, ®2)d% + Hec.. (3.12)

Ya1, Yo, Yu1 and Y, are completely general 3 x 3 complex Yukawa matrices (generation
indices are, again, understood and omitted). The lepton sector is assumed to be SM-like.
The quark mass matrices are given by

v v
My = (esvli+ssvh).  Mp= 7 (eavh +3557) - (3.13)
We can rotate {®1, P2} into the Higgs basis

_ _ 2M
— Lo =@Q° [\f YEEUH + €UHy |l + QO \[ YD H 4+ ¢PHy| dd + Hee. (3.14)

where
Yoo VUMp Y VRsMy.

1
% v ’ % v (3.15)

£ =

Rotating the quark fields into the mass eigenstate bases u, and d, (without “0” super-
scripts), Mg — Dg and £Q — ¢9: without loss of generality we may work, as in section 2,
in a basis where My is diagonal with real and positive elements m,, m., and m;. Then,

the Yukawa lagrangian reads
~Lq =y (VeeEhPr — €5 VeuPL ) do HT
+dy (3* Ve PL =V fszPR) ug H™
(db [{ Da, S5+ \ffbacﬁ a}PR + {D \2&2*05—&}134 dq
{ L bas B—a t+ \}ﬁ&%cﬁ_a}PR + {DZ’ba Sg—a t \}55&*65_Q}PL] ua> h
( b H “Cha — éfﬁ%—a}% + {Dj}’ba CB—a — \}iéb[c)z*sﬁ—a}PL} dq
[{ “Cha — \}igl[:{zsb’—a}PR + {Dl;’ba CB—a — \}iél[){z*sﬁ—a}PL] ua>H

v 7| & FDx* — F FU *
+ﬂ(db [fb%PR—sﬁ PL}dﬁub[—ﬁ&PR%& PL]ua)A,

—|—ub[

(3.16)

where a,b = 1,2, 3. The correspondence with the notation in ref. [35], for a generic Yukawa
coupling
B 95,006 40 6 = @ (DA PR+ TRECPL) 00 . (3.17)
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Table 4. Scalar-quark-quark couplings extracted from eq. (3.16) using the convention of eq. (3.17),
where Q = D, U.

where Pr, = (14 15)/2, is provided in table 4. Due to Hermiticity of the Lagrangian,

LR¢ + _ 1+RLo
FQaQb - FQan .

In this work we are interested in HQFV involving a third family quark. Therefore
we will only consider the flavor-violating (complex) couplings in éU’D between the third
and the second families, and in addition for simplicity we set the diagonal coupling of the
second generation to zero, that is,

00 0 00 0
V=100 &, =100 . (3.18)
0 &5 &8 0 &5 &3

The only a priori requirement placed on the entries of fU and ED is that they respect
perturbativity, i.e. they are smaller than 4.

3.2.1 Flavor-changing Higgs processes

In eq. (3.16), Lg includes flavor-changing couplings of h to bs, 8b, tc and &t controlled by
the off-diagonal entries of £V and £ in eq. (3.18). The h — bs decay width at tree-level,
['(h — bs) = T'(h — bs) +T'(h — 3b), is

3mhc%_a

D(h— bs) ~ —= =2 (|52 + IER1) . (3.19)
where we have neglected final state masses. The t — ch decay width at tree-level reads
2 2\ 2
MtCB—a U 2 mj,
NG h) ~ - —2 2
(# - ) = “gE= G (1- 7)) (3.20)

where we have neglected the charm mass. For the conjugate process t — he, é:% — é%

In the analysis of section 5, scalar decays are carried out using the inbuilt routines
offered by 2HDMC [61]. The 2HDMC code does not support flavor-changing processes offi-
cially but the program is designed thoughtfully to allow for these processes. Nevertheless,
some slight modifications had to be made, including promoting the Yukawa entries from
real to complex. Furthermore, beyond eq. (3.19), h — bs receives QCD corrections at NLO
that may increase the rate by 10-20% [29]. The 2HDMC includes QCD corrections for this
process, and they are turned on in the analysis of section 5.
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3.3 General constraints on the 2HDM
3.3.1 Constraints on quartic couplings

Since the Hamiltonian has to be bounded from below, the quartic part of the scalar potential
in eq. (3.3) is required to be positive for all values of the fields and all scales. Furthermore,
the considered vacuum should be the global minimum of the potential [62] (one could
weaken the requirement and include a sufficiently long-lived metastable local minimum).
The quartic couplings are also required to be perturbative, i.e. smaller than 47. We also
require that the scattering of the different scalars at high energies, controlled by the quartic
part of the potential, respects perturbative unitarity: in particular, that the eigenvalues
of the tree-level 2 — 2 scattering matrix do not yield probabilities larger than 1 (see
e.g. [63-65], one loop corrections in a restricted 2HDM have been addressed in ref. [66]).

3.3.2 Oblique parameters

We include the so-called “oblique parameters” S, T and U [67, 68|, which parametrise ra-
diative corrections to electroweak gauge boson propagators. For the theoretical expressions,
see refs. [69, 70]; we use the experimental values [71]

S=0.05£0.11, T=0.09£0.13, U =0.01 £0.11, (3.21)

with a correlation matrix

1.0 09 —0.59
Ssru=| 09 10 —083]. (3.22)
—0.59 —0.83 1.0

3.3.3 Higgs signal strengths

A necessary ingredient in the scalar sector is, of course, a neutral scalar with properties in
agreement with the 125 GeV SM-like Higgs discovered at the LHC [1, 2]. We identify it
with h, and thus the first requirement is my;, = (125.09 £ 0.32) GeV [72]. The width is also
required to satisfy I'y, < 17MeV following the result at 20 presented in ref. [73]. The most
relevant information for the phenomenological aspects of the 125 GeV scalar is the set of
signal strengths pxy for combined production (Y) and decay (X) channels

_ o([pply — h)2npm BR(h — X )onpMm
Py = = (oply = W)suBR(E = X)su (3.23)

which are factorized in “production x decay” model dependent factors

Lxy = K?IQ)B}R I{}Ii _ U([pp]Y — h)QHDM K}B}R _ BR(h — X)QHDM
’ o([pply = R)sm BR(h — X)sum

The relevant production modes are gluon-gluon fusion (ggF), vector boson fusion (VBF),

(3.24)

Higgs-strahlung (Wh, Zh) and associated production with top quarks (¢th); the corre-
sponding factors are

2

p _ Y LRh|2 RLh |2

Keth = om2 (|Ftt + T4 ) )
t

p _ I'(h = gg)onpm
995 T(h — gg)sm

P P P 2
K Kvpr = Kwng = KzH = Sg—a - (3.25)
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The corresponding factors for the relevant decay channels are

2 2
BR _ YV LRh 2 RLh|2 Br _ VU LRh|2 RLh|2
Kpp = 72m§ <‘Pbb + [Ty | ) ) Krr = om2 (|FTT + [T ) ;
I'(h —
pr_ T 2 7 )atiby bl = = 3. (3.26)

" T(h— yy)sm

Both % . and kBE arise from one loop amplitudes: the expressions can be found, for

99F 7Y
example, in ref. [74]. For h — 77, since we assume for simplicity SM-like Yukawa couplings
in the lepton sector, kB = 3%_ . (the experimental uncertainties in that decay channel

are, in any case, large).
The experimental results (values and uncertainties) from the combined ATLAS and
CMS analyses of LHC Run I data [75] are given in the following matrix:

114935 13702 05715 05453 2274

1.137023 0.17)2 X X X

pxy = | 0841517 1.2101 1.6712 59730 5078 |- (3.27)
1

10708 13754 —1.4717 2.277

6
2
.2 3.7
5 —1.9753
0.5 0.4 1.0
X x 10792 04707 1177
The ordering for decay channels (rows) is {yy, ZZ, WW, r1,bb} and for production mech-
anisms (columns) {ggF, VBF, Wh, Zh, tth}. For the missing entries “x” there is no
measurement available in ref. [75]. In addition to eq. (3.27), we also include CMS and AT-
LAS data from LHC Run II on h — bb and h — 77 in the analysis of section 5: for h — bb,
we consider CMS [76] and ATLAS [77] results for VBF production while for h — 77 we
combine ggF and VBF production following ref. [78]. Notice that the analysis of Higgs
signal strengths only requires the 2HDM vs. SM modifying factors in egs. (3.25)—(3.26).

4 Flavor constraints

In order to study HQFV in the general 2HDM, flavor constraints have to be included. We
discuss the most relevant constraints in the following.

In the down quark sector we focus on the process h — bs: in this case, the most
stringent constraints come from the |AB| = 2 process of B%-B? mixing and from the
|AB| = 1 radiative decay process B — X 7. Since in the SM all flavor-changing processes
are induced by W boson exchange, both processes occur at the one loop-level. Their
GIM and loop suppressions make them highly sensitive to the presence of new physics
contributions: in the general 2HDM these new contributions appear at tree-level in B%-BY
and at one loop in B — X;y. They are discussed in the following subsections. We do
not consider other processes involving final state leptons like, e.g., By — u™p™: since we
focus on the quark sector, assuming SM-like tree-level couplings of scalars to leptons highly
suppresses new contributions to these processes.

~15 —



Concerning HQFYV in the up quark sector, as already mentioned, we focus on ¢ — ch:
we incorporate existing bounds at the 1072 level on BR(t — ch) (see eq. (1.1)). One could
also consider constraints arising from D%-DY mixing. However, with the Yukawa couplings
considered in eq. (3.18), the contribution to D"-D® mixing involving €U vanishes.> We do
not consider constraints from ¢t — cg, ¢y processes since in this scenario they only arise at
one loop while existing bounds on the corresponding branching ratios are similar to the
ones for ¢ — ch, which arise instead at tree-level.

4.1 Effective operators

We use an Effective Field Theory (EFT) approach to compute flavor constraints. An
effective Hamiltonian is defined as

Her = (PF) > Cilp) Oilp), (4.1)

where  is the energy scale at which the matrix elements of the Hamiltonian are evaluated,
Ci(p) are the Wilson coefficients which encode the information of the underlying theory
and O;(u) are the operators which mediate the process. For simplicity it is common to
include powers of the weak coupling or CKM factors in the prefactor (PF): for example,
for b — s transitions, it is common to set (PF) = —%Vf;vtb-

The underlying theory and the EFT are typically matched at an energy scale p ~ myy:
the evolution (“running”) of the Wilson coefficients from the matching scale down to the
B meson scale up ~ 4.2 GeV is given by

T i) = 2 1), 42)

where 7;; is the anomalous dimension matrix (ADM). The solution of this Renormalization
Group Evolution equation, in vector notation, is given by

C(u) = U (1, 10)C (o), (4.3)

where the evolution operator matrix U (i, pto) is computed in terms of ~y;; [80] and can be
found using the publicly available Mathematica code DSixTools [81], see also ref. [82].

4.2 Bg—Bg meson mixing

In neutral meson systems M%-M? MY = MY transitions (or “oscillations”) show that
M and M° are not evolution eigenstates; the evolution eigenstates have slightly different
mass and width. In the B%-BY system, the physical mass splitting AMp, is dominated

3There are one loop contributions mediated by the charged scalar which depend on éD , but they are
irrelevant once the constraints from the down quark sector discussed above are considered. Notice, in any
case, that while B-B? transitions are dominated by short-distance physics (e.g. the contributions mediated
by the top quark), long-distance effects (i.e. intermediate hadronic states) are quite likely dominating in
D°-D° and only a rough constraint on the size of the short-distance scalar mediated contributions could
have been considered.
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by short-distance physics and can be computed perturbatively in terms of the appropriate
effective hamiltonian
AB|=2
(Bl H" 1B
2Mp, ’

4

MB: = AMp, = 2|M5|. (4.4)

The CP violating mixing phase is
28, = —arg (Bl "= |BY)) . (4.5)
In the EFT description of B;LBS mixing, we adopt the usual operator basis:

= (a7 Prba)(557" PLbg),
= (SaPLba)(53PLbg),
= (54Prbg)(58PrLba), (4.6)
04 = (5aPLba)(53PRbg),
= (SaPLb)(55Prba),
where we have explicitly denoted the color indices o and 5. Exchanging P, <= Pg in O123

one obtains the (additional) primed operators 0/1’2,3 (O4,5 do not give new operators under
P, < Pg). The full Hamiltonian describing BY-BY is

3
HIABI=2 ZC Oi(p) + D Ci()Oi(n).- (4.7)
=1

Since, as discussed below, W mediated contributions only affect C';, while the new scalar
contributions affect Cs, Cé and Cj, we do not factor out the usual G and (V%V;3)? in
eq. (4.7). For the B system

5 3
(BAHG"Z1BY) = 3 Ciln) (BYOs(w)|BY) + 3 Clw) (B2|Ok(1)| BY), (4.8)

i=1 i=1
the matrix elements of the operators in eq. (4.6) are
(BY|O1(1)|BY) = b1 M, f5, By (1),
<BS|OZ(M)|BS> = bi XBs M%Sf%sBiBs (:u)7 1= 27 37 47 57 (49)
Mg
(ma () +mis(p1))?

Non-perturbative QCD effects [83] are encoded in the bag factors BZB ¢ (the vacuum insertion

b={8/3, —5/3, 1/3, 2, 2/3}, X8, (1) =

(4.10)

approximation corresponds to BZ-B ¢ — 1); they are given in table 9 in appendix B, together
with the decay constant fp, and the meson mass Mp,. The primed operators of appendix C
have the same matrix elements as the unprimed ones (from parity invariance of QCD).

4Notice that the mixing phase is not rephasing invariant and thus it is only its combination with decay
amplitudes which has a rephasing invariant physical meaning; as is usual, we refer nevertheless to the “mix-
ing phase” 2; since, in the adopted CKM phase convention, one has real decay amplitudes in transitions
like the “golden” mode Bs — J/¥ ¢.
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4.2.1 Standard model contribution

As anticipated, in the SM there are only contributions to the Oy operator. The dominant
contribution to C; (see figure 4a) is
G (s 2 2
O () = 5 (ViVis) miyis () S w0) 0 = m iy (4.11)
with S(z) the well-known Inami-Lim function [84]. The RGE for AF = 2 is given in

appendix C: one can read the evolution of €y from the matching scale uw ~ my, down to
up ~ mp, given by fp(up) = 0.862. Then

G%m%v 2 22 ~ pBs (1% 2
) Mp, f5,18By* (ViiVis) S (@) - (4.12)

AB|=2| 5
(BYHIR" =2 BY) =

Individually, the evolution factor /75 and bag-factor Bf ¢ are both scale dependent, but the
combination of ﬁBB{B * is a scale as well as scheme-independent quantity. Numerically

(BOHSPI=2 By = (7.28 — 0.261) x 1071 GeV, (4.13)
which gives
AMpg, sm = (1.36 +0.08) x 107 GeV = (20.64 + 1.28) ps . (4.14)

The theoretical error we choose is based upon the combination of QCD errors as laid out
in table II of ref. [85], where a theoretical error of 6.2% is stated. Using np = 0.839
(see refs. [86, 87]), AMp, sm agrees with ref. [85]. We have updated our final scan and
predictions with this improved quantity, which gives AMp, sy = 1.32 x 1071 GeV. The
SM final value in eq. (4.14) is larger than the observed one, specifically, its error translates
into a 1.8¢ discrepancy with the SM, as alluded to in ref. [85]. The B%-BY mixing phase
reads

Bs.sm = (1.82+0.11) x 10~ % rad. (4.15)

In table 5 we summarize the values observed and computed for the SM.

4.2.2 Two-Higgs-Doublet Model contributions

At tree-level, the B%-BY mixing process is mediated by neutral scalars h, H and A, as
shown in figure 4b. The contributions to the Wilson Coefficients are [35]

LR,¢% 2
5 | las ) (4.16)

3

1 _LR#0 LR ¢

Calpw) = E T2 Do T3 70,
k=1 oY

where ¢ = (h, H, A). Beyond tree-level, there are contributions from neutral and charged
scalar particles from box diagrams as shown in figures 4c and 4d; for the corresponding
expressions we refer to ref. [35].
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Observable Value

AMB, obs (1.1688 & 0.0014) x 10~ GeV [16]
AMp, sm (1.32 4 0.081,.) x 107 GeV

Bs. obs (1.5 +1.6) x 10~2rad [16]

Bs.sm (1.82 4 0.11¢y,.) x 10~ 2 rad

BR(B — X¢7)obs (3.32 4 0.16) x 10~ [79]

BR(B — Xy)sm (3.34 £ 0.33;,.) x 1074

Table 5. Experimental and SM predictions for Bs-meson mixing observables (mass splitting and
the CP violating angle) and radiative B-meson decays. The subscript th. in some errors refers to

theoretical.

b < —— « 5 b 5
u,C,t
W W - -
u, C, t h’v Ha A
S = = = b S b
(a) SM box. (b) 2HDM tree-level.
b < ——T—= s b T —<—T7— 5
u,C, | | u,c,t |
W= | HT H* | | HT
u,c,t u,c,t
5 > > L b s — > L > b
(c) Mixed box. (d) 2HDM box.

Figure 4. Contributions to B%-B? mixing.

4.2.3 Explaining the discrepancy within the Two-Higgs-Doublet Model

Before addressing the full numerical analysis of section 5, it is interesting to study the
parameter space in the 2HDM that can explain the 1.80 deviation between the observed
value of AMp, and the SM prediction, see table 5. Notice that the 2HDM contribution
can partially cancel the SM contribution, and therefore yield a better agreement with the
lower observed value. For degenerate H and A as expected from EWPT, the tree-level
contributions to the Wilson coefficients in eq. (4.16) give

AMB& 2HDM tree-level
= Ca (1) (O2) + C(116)(O2) + Ci(115)(Ou),
(4.17)

Lo 1 1 B Bsp \(£Dx2 | D2
= _AB{4Cﬁ—a [m% - m%{] <(U22B2 by + Usa By *b3)(€35"~ + £237)

U 1 o
+ 2Bl bEBER ) + oy UuBP bR |,
H
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where we have defined Ap = f3 M}, /(4 (my 4+ ms)?) ~ 0.105 GeV3, and Uj; are elements
of the evolution matrix in appendix C.

Figure 5 shows scatter plots of AMp,, including the 2HDM contribution both at tree
and loop-level, versus |£%2| for different values of 5%3, 58—, mp and my4. In the top plots,
we fix my = ma = 200GeV and &5 = (1 4 i) x 10~%. Under this setup we can fit the
experimental observation for the intervals [€5| ~ [2 x 107%,5 x 1073] for both s3_, = 0.9
(left plot) and sg_o = 0.99 (right plot). The total allowed interval is discontinuous and a
second region as large as ]5?2\ ~ 3.5 x 1072 is allowed for 5—a = 0.99. We can see that
]53?2\ ~ 3.6 x 1072 is the largest Yukawa we expect for sg_, < 0.99. The bottom plots show
myg = ma = 2000 GeV at a constant Yukawa of §AZD3 = (+1+4) x 1073, For 58— = 0.99
(right plot) we can attain a Yukawa as large as |€82] ~ 1.6 x 1072, We have also checked
that in these regions the 2HDM is able to satisfy the observed value of the B%-BY mixing
phase.

The 2HDM explanation of the discrepancy in terms of the tree-level contribution, also
implies a prediction of BR(h — bs). For degenerate H, A, and much heavier than the
light Higgs, the latter contribution to meson mixing dominates in eq. (4.17). This is true
unless cg_o =~ 0, for which in any case there is no contribution to BR(h — bs). Assuming
a hierarchy in the off-diagonal Yukawas (taken real), for example &?2 > 52%, so that the Co
contribution to AMp_ oppm dominates (and the mixed Cy contribution can be neglected)
we get from egs. (3.19) and (4.17)

3 3,92 AM
BR(h — bs) ~ ALY [AMp, onpMm|

~ ~ 21x107%, 4.18
167, (m3; —m}) Ap |Use BY* by + Uso B2 by (4.18)

where we used AMp_ supym = AMp, obs — AMp, sm, and T, >~ 4.07 - 1073 GeV. The
prediction is identical if the other Yukawa dominates, f?)DQ < 52%, so that C) dominates.
On the other hand, for equal Yukawas 53?2 = fQDg, the mixed Cy contribution cannot be
neglected, and there is an extra term proportional to U44Bf sby inside the denominator of
eq. (4.18), so that BR(h — bs) ~ 6.3 x 107°. As the angle 3 — a approaches /2 this
lower limit grows. We confirm these predictions with the scatter plots shown in figure 6,
where we only have the SM plus the 2HDM tree-level contributions. We therefore con-
clude, that, if the observed discrepancy is confirmed, if accommodated in a 2HDM with
negligible contributions at loop-level, it implies a prediction of BR(h — bs) ~ 107°-10~%.
In our numerical scan, we indeed can accommodate somewhat lower values, when new
contributions from the heavy Higgses, and/or those beyond-tree-level containing the other
Yukawas, are significant. Similar studies have been done in the context of SU(5) with two
Higgs doublets [88].

4.3 Radiative decays: BR(B — X;v)

In addition to B%-BY mixing, we are also interested in the constraints imposed by the
radiative decay B — X7, that is the transition b — sy at the quark level. NNLO
predictions (i.e. next-to-next-to-leading order in QCD) can be found in refs. [89, 90]. In the
context of the 2HDM, NNLO results can be found in ref. [91]; earlier NLO predictions [92,
93] are sufficient for the scope of the present work.
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Figure 5. AMpg_ in the 2HDM versus |€5]. The horizontal line shows the observed value (the
corresponding error is smaller than the width of the line itself). The different values of sg_q, mm,
ma and &2 used in the analyses are shown in each case.

The basis of operators that describes this |AB| = 1 process includes four quark current-
current (O1 2) and penguin (O3_g) operators, together with photonic (O7) and gluonic (Og)
dipole operators (see, e.g., ref. [94]). Effective Wilson coefficients C7 gjoq) are usually defined
such that the perturbative contribution to BR(B — Xgv) is proportional to |C’7[efﬂ|2 at
leading order. Expressions for the LO and NLO contributions to the Wilson coefficients
(at the matching scale py ~ my) can be found in egs. (16) and (17) of ref. [93]. Leading
order contributions involving neutral scalars can be found in ref. [29].> The perturbative

®For comparison with the notation of ref. [93], (XY™*)%, = —1/(mu,ms) FLR¢*FfiLdf and (YY™*)). =

1/(777,31) FRL qS*FRL ¢

w; d3 T ugdy”

u; dg
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Figure 6. Mass splitting AMp_, stemming from the SM and the 2HDM at tree-level, versus
BR(h — bs). We set mg = my = 2000GeV and sg_, = 0.9. The horizontal line shows the
observed value (the corresponding error is smaller than the width of the line itself). We see lower
values of BR(h — bs) being more accessible for the case 52’33 = égDz

b — s7v decay rate is given by

G> .
P — 1) = ViVl aen ] (ICror () + [Cha()?) . (4.19)

The inclusive B — X,y decay rate is measured with photon energies E, > 1.6GeV, in
which case the non-perturbative contributions relating the quark level and the meson de-
cay rates are below the 5% level [95]. Attending to the different sources of theoretical
uncertainty, in order to place constraints on the 2HDM contributions, we use the perturba-
tive quark level decay rate in eq. (4.19) with a conservative theoretical error of 10%. The
corresponding SM calculation is given in table 5 and is in very good agreement with the
observed value.

5 Numerical analysis

5.1 Parameter scan

Given the large number of parameters of our general 2HDM (9 from the potential, 12 from
the Yukawas in the 2-3 plane) we use a global fit using MultiNest [96] to scan over the
allowed parameter space. We also use 2HDMC (Two-Higgs-Doublet Model Calculator) [61]
to perform some phenomenological calculations. We do not include the SM one loop
contribution to h — bs or t — ch, but we compute the new 2HDM contributions. We
then plot our results using pippi [97]. The parameters and priors scanned over are given in
table 6. We use the Higgs basis. To ensure that we carry out our scan over both quadrants
in the physical angle we choose —7/2 < (8 — ) < /2.
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Parameter Range Prior
Ai2345,7 +[10715,47] Log
f—a [-7/2,7/2] Flat
M2, (GeV?) [10%,107] Flat

Re(£)Y) +[107%5, 47] Log

m(E)Y) +[10715, 47] Log

Table 6. Parameters scanned over. We also indicate whether the priors are flat or log. In the
Yukawa sector, i, j = 2,3, and all other couplings are zero.

We need to provide likelihood functions £ (or x> = —2In L) to scan the parameter
space of the model. To ensure that the masses of the scalars are positive, as well as to
impose stability of the scalar potential, we use a hard cut-off: for a calculated value Ocalc
and lower bound B;

0, if Ocale > Bi
X%ounds = . e ' (51)
Xmax if Ocalc < Bia

where xmax 1S large enough that the scanner effectively invalidates the point. The reverse
of this may be used for an upper bound. Unitarity and perturbativity are imposed by a
soft cut-off

0, if Ocare < B;/0.64

2
Xbounds — ? (52)
<064Bczcdlc — 1> R if Ocalc > BZ/064’

where B; is the upper bound at 68% confidence (improving the guidance provided to the
scanner). For observables that have been measured we use a centered distribution with the
observed value at O, and error o

Ocate — Oobs \ >
ngservations - (CaCUOS> : (53)

The final y?-like function is built from all M bounds and N observations,

M N
2 2 2
X = Z Xbounds, i + Z Xobservations,i * (54)

3 K3

For BY-B? mixing and B — Xy, we sum the errors of experimental and calculated values

in quadrature.

5.2 Results

To start with, we show in figure 7 the experimental contributions to the total x? value
that we calculate in the SM limit, that is sg_o — 1 and 55 = ég = 0. The largest pulls
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Figure 7. x? contributions due to experimental constraints in the limit of the Standard Model,
sﬁ_aélandfg: 5:0.
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Figure 8. The contributions from each of the constraints to the best-fit x? in our global scan of
the 2HDM.

here come from SM Higgs decays, as expected predominantly from h — WW due to the
fact that the experimental values of some of the production channels are slightly off from
the SM, see eq. (3.27). LHC Run II data [98-100] gives the h — WW signal strengths
by production channel (as in eq. (3.27)) as (1.107037,0.627035 2.3%1:2 2,919 1.570°0).
This almost halves the h — WW channel X%M—limit contribution to ~ 7. As such, had we
included LHC Run II data in our fit we would improve our x? from this degree of freedom.
In any case, the SM is consistent with this data at the ~ 20 level.

In figure 8 we show the pull from each constraint at our best fit point for the 2HDM.
This occurs at heavy scalar masses (mpg = ma = mpy+) of 2450 GeV. Relative to the
X%M—limit shown in figure 7, we see that the Higgs decay channels are very similar, except
for the decrease in the h — 7 channel. There is a small pull from the oblique parameters.
In light of the combined fit, the pull for oblique parameters is optimised at heavier masses,
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Figure 9. Top left [right]: log,,(|As|) [logig(cs—a)] versus mpy. Bottom left [right]: relationships
between the extra scalar particles of the 2HDM, m 4 [mﬁ] versus my. The 1o and 20 probability
regions are represented by the solid lines.

~ 3TeV, where it falls to 2 = 0.4. Notably, flavor observables are well minimised at the
best-fit point. Especially the BY meson mixing discrepancy present in the SM (as discussed
in section 4.2.3) is reduced in the 2HDM.

In the top panels of figure 9, we plot logq(|Ag|) (left) and log;y(cs—q) (right) versus
mygr. On the top-left there is a correlation between Ag and my (as expected from eq. (3.10)
for a sufficiently SM-like Higgs boson, i.e., in the alignment limit sg_, — 1). The bottom
panels display correlations between the extra scalars. They each obey a linear relationship
imposed by the oblique parameter constraints. The size of our masses extends up to
~ 3200 GeV due to the priors on Msy and the perturbativity limits used on the quartic
couplings.

In figure 10 we plot the logarithm of the absolute value of the off-diagonal Yukawa
combinations (log;o(|€8]) and log,o(|€5])) versus log,o[BR(h — bs)]. We attain an upper
(lower) limit on BR(h — bs) of ~ 1073 (~ 10712) at 1o.

Exploring the constraints that caused these limits, we show in figure 11 the posterior
distributions of relevant flavor physics observables (the mass splitting AMp_, the CP vio-
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Figure 10. Off-diagonal down-quark Yukawa couplings 2 versus log,o[BR(h — bs)]. Top left
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log,o[BR(h — bs)]. DBottom right: logarithm of the modulus of the off-diagonal contributions
to P versus log,o[BR(h — bs)].

lating phase (5 and the radiative B-decay, B — X,7) with respect to the h — bs decay. For
AMp, we observe two solution regions, as expected from figure 5. In the upper region, the
predicted AMp, mass splitting coincides with the SM value, which is 1.8c away from the
observed value. In the lower region, the 2HDM can accommodate the observed value, and
what is more interesting, this yields a lower bound BR(h — bs), at the level of 107°-10~*
(at 1o). This lower bound coincides well with our tree-level prediction (4.18).

In figure 12 we plot the B? meson mixing mass splitting and B — X7 versus BR(t —
ch). For radiative B-decays, the combinations fgg 53% my with tops and fgg 53% my with
bottoms in the loop, enter. On the other hand, Higgs data favours somewhat large diagonal
Yukawa contributions. This in turn implies some (weak) upper bounds on 55]3. The upper
limit on the BR(t — ch) comes from the LHC observed upper limit, 2.2 x 1073 (see
eq. (1.1)), hence, indirect constraints are weaker. As such, there is still almost an order
of magnitude of precision before we may begin exploring the allowed 2HDM region at
colliders. In this case, no lower bounds have been found from our scans, these are again
just from the priors.
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It is also interesting to investigate flavor violation in the new scalar sector, that is
decays involving H, A and H*. Figure 13 displays the modulus of the relevant off-diagonal
Yukawas versus BR(H — bs). Similar plots are obtained for A — bs, tc, and H — te. It is
remarkable that these flavor-changing decays can saturate the decay widths of the heavy
scalars. This may be relevant for direct searches. We also note that H™ — tb has the
largest lower bound.

6 Conclusions

In this work, we have investigated quark flavor violation involving the second and third
families from an effective field theory point of view. We concentrated on the interesting
processes h — bs and t — ch. After outlining the possible tree-level simplified models,
which involve new scalars and/or vector-like quarks, and estimating their contributions to
HQFYV processes, we have focused on the most promising scenario to produce large signals:
a general (or Type IIT) 2HDM.

We carried out a comprehensive global scan of the 2HDM imposing theoretical and
experimental constraints. We focused primarily on B-physics constraints coming from BY
meson mixing (mass splitting and CP violating phase) and the radiative decay B — X7,
which impose the most significant restrictions on the non-diagonal Yukawa elements %?,,732
and 5513732. We have also obtained that the ~ 20 mass-splitting discrepancy with respect
to the SM in the Bs; meson system can be accommodated in the 2HDM at tree-level,
yielding a lower bound prediction of BR(h — bs) ~ 107°-10~% if loop-level and heavy
Higgs contributions are not significant.

The final values obtained in our full parameter scan are BR(h — bs) < 1073 (1071)
and BR(t — ch) < 6 x 1074 (1072) at 1 and 20 (lower bounds, if present, are at the level of
the one-loop SM prediction). This parameter space is already accessible and can be further
examined at future colliders [101]. For example, a future 100 TeV proton-proton collider is
able to constrain the t — ch channel at O(107%) [102]. Beyond the two hallmark decays,
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possibly the easiest HQFV process to observe is H™ — tb due to its large production cross
section and the possible large branching fraction.

Any observed (therefore sizeable) signal of quark flavor violation involving the Higgs
boson would clearly point to physics beyond the SM. As we have studied in this work, the
stringent limits from low energy observables imply that it would most possibly stem from
a 2HDM. We have demonstrated that the allowed parameter space in the up and the down
sectors allowed by current upper limits are well within reach.
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A Derivative operators for vector-like quarks

In table 7 we list the quantum numbers (27" + 1,73,Y") of the different SM (EFT) quark
objects on which the covariant derivative acts in order to derive the Z, W couplings. Details
on the procedure are given in ref. [30]. In Diff. we just take the difference of the pair
(T3, Y)grr — (15, Y )sm which will give us the “left-over” combination of W3 and B fields,
and therefore the Z and W interactions.

B Parameter values

The SM values used for the calculation are presented in table 8 and relevant parameters
for meson mixing are given in table 9. The complex CKM matrix we use in our calculation
is attained from UTFit 2016 SM Fits [103], and reads

0.97431 0.22512 0.00365¢ 65881
V = | —0.22497¢%0352i (0.97344¢ 00018770 () 04255 : (B.1)
0.00869¢~2201  _().04156¢1-040 0.999097

C Evolution matrix for meson mixing

We extract the RGE matrix for the Meson Mixing basis introduced in eq. (4.6) using
DSixTools [82]. This matrix represents the running of the operators from p; = my to
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Part SM EFT Diff. drZ | dpZ | upZ | urZ | W
drp® | dr | (1,0,-1/3) | (2,-3,3) | —-(3.-3) | -1
dr® | dr | (1,0,-1/3) | (2,3,-2) | (3.-3) | +1
ur® | up | (1,0,2/3) | (2-3.6) | —(3,-3) -1
ur® | wp | (1,0,2/3) | (2.3.5) | (3.-3) +1
®'Q | dr | (2-3,5) | (1L,0,-1/3) | (3,—3) +1 !
o'Q | wur (2,43 (1,0,2/3) | —(3,-3) -1 | -1
70 —dr | (2,-%3) | 3,0,-1/3) | (3,-3) +1

V2ur | (2,5.5) | B 1L,-1/3) | (5,-3) +2
b | V2| 2-1d) [ 612 | - (D) 2

ur | (235) | 3.0.2/3) | —(3—3) -1

Table 7. Derivation of FCNC interactions generated by Derivative operators. Z couplings are in
units of y,v/my xe/(2cwsw), while W ones are in units of Vy,v/m, xe/(2v/2sw ).

Parameter Value Parameter Value

My 2.2x1073 GeV Qem(mz)  1/127.934

me 1.67 GeV aV 1/137.036

Te(me) 1.273 GeV [104] Gr 1.16638x107° GeV 2
my 173.5GeV as(my) 0.1182

g () (173.5—10.38) GeV [105] myw 80.385 GeV

mg 4.7x1073 GeV my 91.1876 GeV

mg 0.096 GeV

my, 4.78 GeV

iy (my) 4.197 GeV [104]

Table 8. Standard Model values used for global scan, attained from ref. [16] where not explicitly
stated otherwise. Parameters dependant on scale are normalised in the MS scheme while non scheme
dependant masses are assumed to be given as pole masses.
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Meson Mass [16] Decay Constant [16] Bag factors [106]
Mp, 5.36680GeV  fp, 0.224GeV BB (1) 0.87
BP: (1)  0.80
B () 0.93
B4 () 116
£ () 175

Table 9. Values of B;(u1) are renormalised in the MS scheme. The B-meson decay constant and
mass are also provided.

pf=mp:

U(m37mw) =

0.862096 0 0 0 0 0 0 0
0 1.41304 —0.197994 0 0 0 0 0
0 —0.0516513 0.682309 0 0 0 0 0
0 0 0 1.79804 0.288788 0 0 0
0 0 0 0 0.931673 0 0 0
0 0 0 0 0 0.862096 0 0
0 0 0 0 0 0 1.41304 —0.197994
0 0 0 0 0 0 —0.0516513 0.682309

(C.1)
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