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We investigate the possible size of h — bs in two-Higgs-doublet models with generic Yukawa
couplings. Even though the corresponding rates are in general expected to be small due to the indirect
constraints from B; — u*u~ and B,—B, mixing, we find regions in parameter space where h — bs can have
a sizable branching ratio well above 10%. This requires a tuning of the neutral scalar masses and their
couplings to muons, but then all additional constraints such as B — Xy, (g —2) s and h — uyu~ are

satisfied. In this case, i — bs can be a relevant background in 7 — bb searches and vice versa due to the
imperfect b-tagging purity. Furthermore, if 7 — bs is sizeable, one expects two more scalar resonances in
the proximity of m;,. We briefly comment on other flavor-violating Higgs decays and on the 95 GeV yy

resonance within generic two-Higgs-doublet models.

DOI: 10.1103/PhysRevD.97.035008

I. INTRODUCTION

The possibility of flavor-changing decays of the Brout-
Englert-Higgs boson /& (Higgs boson in the following) has
been discussed for a long time as a possible signal for
physics beyond the standard model (SM) [1-7]. Indirect
constraints on these couplings come from flavor-changing
neutral-current observables. In many analyses one follows
an effective-field-theory approach in which one assumes
that only the couplings of the SM-like Higgs to fermions
are modified and derives constraints on these couplings
from low-energy processes [6,7]. This leads one to con-
clude that no flavor-changing Higgs decays can be observ-
able at the LHC, with the possible exception of & — e
and h — tu [6,7]. This is a dangerous conclusion
because the very existence of flavor-changing Higgs
couplings in a renormalizable SM extension implies addi-
tional states which possess flavor-changing couplings as
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well. The indirect constraints from flavor-changing neutral
currents and rare decays are thus inherently model depen-
dent and can be decoupled from Higgs decays. This
generically involves fine-tuning of the mass spectrum
and couplings of the additional states, but opens the way
for some new channels to look for physics beyond the SM.

In this article we study the arguably simplest SM
extension that can lead to flavor-changing couplings of
the SM-like Higgs: the two-Higgs-doublet model (2HDM)
with generic Yukawa couplings, i.e. type IIL' After
computing the effects in B,—B, mixing, B, — u*u~ and
b — sy, we identify regions of parameter space that can
lead to sizable decay rates of & — bs (upwards of 10%)
which are potentially observable at the LHC, hopefully
motivating dedicated searches. This is particularly relevant
now that the largest Higgs decay mode, 4 — bb, has finally
been observed [19,20], rendering it background for &7 — bs.
While not the focus of our work, we stress that the
additional neutral states (H or A) can easily have even

'Similar analyses were performed in the minimal supersym-
metric standard model (MSSM) [8-10], also with additional
vectorlike fermions [11] and in 2HDMs of type I and II [12], in
aligned 2HDMs [13] as well as in Branco-Grimus-Lavoura [14]
2HDMs [15] and Zee models [16]. The correlations between
h — bs and B, — utpu~ were considered in Ref. [17]. See also
Ref. [18] for Z — bs.
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larger flavor-violating branching ratios, so general reso-
nance searches for bs final states are encouraged as well.

The rest of this article is structured as follows: in Sec. II
we set up our 2HDM notation. In Sec. III we discuss the
main observables that could invalidate large & — bs rates
and identify ways to circumvent their constraints.
Section IV deals with direct searches for the new scalars
at colliders, pointing out their main production and decay
channels. We comment on different choices of bases for the
2HDM in Sec. V. Finally, we conclude in Sec. VI and
provide an outlook for other rare Higgs decays. Appendix
provides one-loop formulas relevant for b — sy.

II. TYPE-III 2HDM

Our starting point is the 2HDM with generic couplings to
fermions (type III) and a CP conserving scalar potential
[21]. In the Higgs basis [22-24] in which only one doublet
acquires a vacuum expectation value (using notation close
to Ref. [25]) we have

G* H*
(Dl = <v+H?+iGO>’ (Dz = (Hg+i/-\>7 (1)
V2 V2

with » ~246 GeV, the Goldstone bosons G%*, and the
physical CP-odd scalar A. Assuming that CP is conserved
in the scalar potential, the CP-even mass eigenstates are

h = HYsin(p — a) + HY cos(f — a), (2)
H = HYcos(f — a) — H)sin( — a), (3)

where we defined the mixing angle as  —a for easier
comparison with the well-known type-I/1I/X/Y 2HDM. We
abbreviate s4, = sin(f — a), cg, = cos(f —a), and 14, =
tan(f — a) below.

In the physical basis with diagonal fermion mass
matrices the Yukawa couplings are given by

—Ly = Z [F(V spa + (e/Pr + &/ TPL)cpa) fH
fEuds

+ f(3 cpa = (6 Pr + &/ TPL)spe) fH

+ inf'f(g'fPR —&/TP;)fA]

+V2[a(VelPy — e'VP,)dH' + H.c
+V2[0(ef PR)¢H + Heel, (4)

where 1,, =1= —n, and V is the Cabibbo-Kobayashi-

Maskawa matrix. (y/); =20 jmf /v are the standard (diago-

nal) SM Yukawa couplings, while £“4¢ are arbitrary

complex 3 x 3 matrices in flavor space. Off-diagonal
elements in ¢ lead to flavor-changing Higgs couplings.
For our channel of interest, # — bs + bs, we have

3c2amh m2\ 2
B e+ e (1-22) L 6)

h

['(h - bs) ~

Note that this expression is valid at tree level; next-to-
leading order QCD corrections might increase the decay
rate by 10%—-20% [9]. However, since we are interested in
an order of magnitude estimate, such corrections are not
of particular importance here. The resulting branching ratio
is then

['(h — bs)
['(h— bs) + s/%,aFSM’

BR(h — bs) = (6)

with ['gy ~ 4.1 MeV and assuming all €4 to be 0, except
of course those for 4 — bs. Note that a branching ratio of
h — bs of 1% (10%) requires £%, 5, couplings of order 0.02
(0.06), assuming cg, = 0.1.

So far no searches for & — bs have been performed,
making it difficult to assess the sensitivity. The channel
h — bb, which has a large SM branching ratio of 58%,
has only recently been observed [19,20] despite its better
b-tagging possibilities compared to 1 — bs.* Nevertheless,
we can obtain a model-independent limit on I'(A — bs) of
1.1 GeV [28], corresponding roughly to the CMS energy
resolution. This is still almost 3 orders of magnitude
above the SM value Igy, and thus still allows for
BR(h — bs)~1. A more intricate upper limit on the
Higgs width can be obtained by comparing on- and off-
shell cross sections, as proposed in Ref. [29]. A recent CMS
analysis of run-1 data along these lines obtains I, <
13 MeV [30]. While it cannot be claimed to be a
model-independent limit [31], it should hold true in our
scenario with ¢, <1, seeing as h becomes arbitrarily SM-
like. Naively applying I', < 13 MeV on our model and
using ¢z, < 0.55 as a very conservative bound (see below),
this implies BR(/2 — bs) < 78%; for ¢y, < 1 the limit is
BR(% — bs) < 68%. This is obviously still very large and
can most likely be improved by a direct search for & — bs.
We use this as a conservative limit in the following.

Stronger limits can be obtained from global fits to
observed Higgs production and decay channels, seeing
as a large I'(h — bs) would reduce all measured Higgs
branching ratios and hence require a larger production cross
section to obtain the same rates. An analysis of this type
with LHC run-1 data was performed in Ref. [32] and lead to
the 95% C.L. limit BR(h — new) < 34% on any new
decay channels, including bs. This is a factor of 2 stronger
than the limit from the Higgs width, in part because it is
based on a combination of ATLAS and CMS data and
makes use of more search channels. We also show this limit
in the following, but stress that it should be taken with a

*The large QCD background in this search at the LHC could be
overcome at future ep [26] or ee [27] colliders.
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grain of salt; global-fit limits are very indirect and depend
strongly on the assumptions one puts in. With the many
parameters available in a type-III 2HDM, it is conceivable
that the limit could be weakened by increasing some
parameters relevant to Higgs production. A dedicated
search for h — bs will yield far more direct constraints
and should always be preferred to global-fit limits.

The goal of our article is to show that a sizable branching
ratio for & — bs is possible, even up to the conservative
limit of 68%. To simplify the analysis we set as many

entries of &/ to 0 as possible, i.e. e'i‘]fdf = 0 is the starting

point of our investigation. In this limit, we can obtain
bounds on the masses and on the mixing angle f — a by
comparison with the type-I 2HDM [in the limit
tan(f}) — oo, ie. f — #/2, identifying our cy, with the
type-I sin(a) = cos(z/2 — a)]. This gives the rather weak
bound |cg,| < 0.55 from LHC run-1 Higgs measurements
[33,34]. In the limit cg, — 0, the new scalars become
completely fermiophobic and the model resembles the
inert Higgs doublet (IDM), with a Z, symmetry that only
allows the new scalars to be produced in pairs. This Z, is of
course broken in the scalar potential and by cg, # 0, but it
allows us to use well-known limits on the IDM. In
particular, LEP constraints on the Z and W widths
approximately require

my +my 2 mg, My+ + Mp g 2 My, (7)
while LEP-II excludes mpy+~ < 70 GeV and also restricts
the m,—my parameter space [35]. Additional bounds come
from LHC searches, which most importantly constrain the
masses below m,/2 [36,37]. The Peskin—Takeuchi param-
eters S and 7 also provide constraints, unless the mass
spectrum satisfies my ~ mpy+ (for AT ~0) and m, ~ my ~
mpy+ (for AS ~0) [38-40]. All in all, the fermiophobic
limit still allows for new-scalar masses around 100 GeV,
depending on the hierarchy. Turning on the mixing
angle f — a will significantly affect the limits on my as
it opens up gluon fusion, diphoton decay, etc., to be
discussed below.

III. OBSERVABLES

Since we are interested in &7 — bs we use the ansatz

0 O 0 0 O
=10 0 e, |, &£=1|0 elf” 0|, e =0,
0 e, 0 0

where in addition to &4, 5, we also allow for nonzero values
of s;f” because this entry is important for B, — pu"u~. In
addition to B, — p"u~, the most relevant constraints
originate from B;—B, mixing and B — X y. Note that this

flavor structure is of course not stable under renormaliza-
tion group running and quite different from often-used
minimal-flavor-violating couplings [41]; here we stay
agnostic about the origin and just focus on the couplings
of interest at the scale m;,.

These channels were also discussed in the MSSM (i.e.
type-II 2HDM), where the & — bs branching ratio was
found to be tiny [9,10]. Here it is important to discuss the
difference of our analysis to the MSSM. Even though at the
loop level nondecoupling effects in the MSSM induce
nonholomorphic Higgs couplings [42-49] (making it a
type-III 2HDM), these effects are only corrections to the
type-II structure. Therefore, the strong bounds from direct
LHC searches for additional Higgs bosons as well as the
stringent bounds from b — sy on the charged Higgs mass
of around 570 GeV apply [50]. Furthermore, in the MSSM
the angle « is directly related to my, ~ my+, rendering it
small and further suppressing 7 — bs.

A. B,-B, mixing

The AF =2 process B,—B, mixing is unavoidably
modified already at tree level if 7 — bs has a nonvanishing
rate. To describe this process we use the -effective
Hamiltonian (see for example [51])

5 3
Her = _C;0;+ Y _Ci0)+He., (9)
Jj=1 Jj=1

where nonvanishing Wilson coefficients are generated for
the three operators

Og) = (SAPL,(R)bA)(EBPLA,(R)bB)’ (10)

Oy = (54Pb)(58Prbp), (11)

with A and B being color indices. At tree level, we obtain
the Wilson coefficients [52]

Ed* 2 62 S2 1
Cz——@[iguri;——z]’ (12)

2 |m; myp my

2 2

C __@ a y Spa 1 13
2= 7 2 2 2| (13)

mj;  my mj

lor SR Y 1
Cyp = —(edred )| L2 4 ZPx o~ | 14
4 (53€23) {m]zl m2, | ml (14)

Computing the B,—B, mass difference by inserting the
matrix elements together with the corresponding bag factor
and taking into account the renormalization group evolu-
tion [51], we show the result in Fig. 1. Here, one can see
that &4, (¢4,) can only be sizable if €4, (¢4,) is close to 0. In
fact, one can avoid any effect in B,—B, mixing by setting
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FIG. 1. Allowed regions in the ef;—¢, plane for my =

150 GeV and cp, = 0.1, requiring that the 2HDM contribution
to B,—B, mixing should not exceed 10% compared to the SM
which is of the order of the uncertainty in the lattice calculation of
the matrix elements. Here we scanned over m, from 100 to
200 GeV. Note that the dependence on ¢y, is very weak. As one
can see, in order to get potentially large effects in & — bs, either
€4, or e}, must be very small.

mpmpg
b
A /mhsﬁa + ch/,a

This in particular implies that m, is between m;, and my, so
neither the heaviest nor the lightest neutral scalar. Even
with all new-physics Wilson coefficients vanishing at tree
level, loop contributions, including those with H™, generate
additional contributions. However, since all contributions
interfere, this effect is significantly suppressed compared to
the tree-level exchange and can always be canceled by a
small modification of Eq. (15). We can hence eliminate any
new-physics effect in B,—B, mixing using Eq. (15) while
keeping either &4, or &%, large.

my =

(15)

dxod
e3€53 = 0.

B.B; —>ptp”

The 533’32 couplings necessary for i1 — bs also induce a
modification of B, — u"u~ at tree level, because by
construction all three neutral scalars couple to bs, and at
least two scalars also couple to p"u~. The effective
Hamiltonian takes the form [52]

2
Gme

HBS e

off | = [C404 4 C505+ CpOp

+C, 0, + CL0, + CpOL] +He.,  (16)

with

(17)

O, = (by Prs)(fiy™ysp),

Qs = (bPs) (i), (18)

Op = (bPLs)(fysp). (19)

O are obtained from Oy by replacing P; with Pg. The
branching ratio then reads [52]

Grm} 4m
gﬂsw 1 _M—QMBme 73,

[ M3 (Cp—Cp)
2my,(my, + my)

e )|
(20)

BR(B; = pu'u7) =

= (Cs=C))

experimentally determined to be (2.8f8:67 ) X 1072 [53].
The SM yields only one nonzero Wilson coefficient,

CM ~ -V V7, while our neutral scalars induce
2 .
n i
/ ~
Cs—Cy= B _2“5(8 )(e53 + %)
Fmiy

¢ , .
+ ﬁ (yZ,,s/;a + m(giu)cﬂa)(gczg — &)
h

s
— (v /Ifﬂ Cpa

: —m<eﬁﬂ>sﬁa><e§;—e§2>} @)

2
V3 1
— ‘ d* d
CP - ;’ - G% %V |: %m(g/m)(gﬁ 6'32)

‘i (nf+nf> e )| 2

h H

First of all note that one cannot avoid effects here by setting
¢, = +&§} due to the constraints from B,—B, mixing.
Adjustmg s . allows one to eliminate the muon coupling of
at most one of the neutral scalars, leaving the other two
contributing to B, - utu~ at tree level. Setting for
example &, =0 gives Cp—Cp =0 and C5— Cjx
(1/m? — 1/m3;)(e45 — €4,), which can only be made small
for my ~ m;, with our ansatz from Eq. (15). As can be seen
in Fig. 2 (left), this is already sufficient to obtain BR(h —
bs) = O(10%) while satisfying the experimental B, —
uy~ result within 2.

An even better ansatz is to choose a (real) e,’f” such that
Cs — C =0, as this allows for new-physics contributions
interfering with the SM Wilson coefficient C,. The
required coupling for Cg — Cs =0 is’
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FIG. 2. BR(h — bs) contours and the allowed 26 regions from B,

Eq. (15). Right: Same as left plot but with nonzero sfﬂ

— ptyu~. Left: setting all &/ = 0 except for £4;, with m, given by

given by Eq. (23) instead. The darker gray region is excluded by the upper limit on

the total decay width of the Higgs of 13 MeV [30] and the lighter gray region is excluded by the global-fit constraint BR(h —

anything) < 34% [32].

ro_ Cﬂasﬂa(m% - m%i) Y

73 2 2 Y
ChaMpy + SpaMMy

£ (23)

which gives, using also Eq. (15),

1 1
d* d
<m_%1 - m_%> (93 +€5). (24)

;Y uCpaSpa
Cp—Cp= Gan,
The most obvious way to eliminate the new-physics effect
here is to choose my = my,, which also implies m, = m,
with Eq. (15). Another possibility is to pick the phase of
€95 3, in such a way that it induces destructive interference
with the SM contribution C,, which will soften the limits
and allow for larger & — bs; see Fig. 2 (right). The largest
possible & — bs values arise when Cp — C), destructively
interferes with CSM, while keeping BR(B, — putpu~) close
to its SM value. Indeed, if we impose the condition

M3, (Cp = Cp)

—cMZL M,
2m/4(mb + ms) 4

(25)

then all observables in B; — p"u~ remain exactly at their
SM values, as we are effectively just flipping the sign of the
SM contribution, which is unphysical (see, for example,
Refs. [55,56]). The above relation can be immediately
solved for &4 5,

*This coupling results in BR(h — utu~) <BR(h = utp oy
for 90 GeV < my, so we automatically evade current LHC limits
on this so far unobserved decay mode [54].

2.2 SM,22
AGrmymym, Cy" mymy

2 7 72 (2 2
T cﬂasﬁawaBx(mh —my,

(26)

831; + 8?2 = ) ’
where m,;, should now be evaluated at the scale my to take
the running of Cp — C) into account [52].

To reiterate, choosing masses and couplings according to
Egs. (15), (23), and (26) allows us to keep all B,—B, and
B, — u"u~ observables at their SM values, even though
h — bs can be large. The only free relevant parameters left
are cg, and my, so we can show h — bs as a function of
my; see Fig. 3. As expected, the region my ~ m;, allows for
the largest i — bs rates due to the cancellation in Cp — Cp
in Eq. (24). However, even for m;, < my and ¢y, < 1 one
can obtain BR(4 — bs) ~ 10%.

As an aside, Eq. (26) is the only expression so far that
depends on the quark flavor, via C5M ~ V, V. All our
results can thus be easily translated to the case h — bd,
with T(h = bd)/T(h = bs) ~|V,,/V|* ~0.05 in the
maximum-cancellation region. A large & — bd rate above
the percent level thus requires my ~ my, ~my, if B,~By
mixing and B — utu~ are to be kept around their SM
values. Hence, larger fine-tuning is needed.

C.B - X,y

At loop level our new scalars unavoidably modify B —
X,y [55]; the relevant one-loop formulas can be found in
Appendix.4 Only the Wilson coefficients C; and Cy are

*At two-loop level there can be enhanced Barr-Zee-type
contributions [57]. However, the maximal enhancement factor
is only m,/my, [compared to m,/m, in (9-2),] and including
them would not affect our conclusion.
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FIG.3. BR(h — bs) vs my for our ansatz from Egs. (15), (23),

and (26) for different values of cg,. Note that for degenerate
masses of the neutral scalars 7 — bs is in principle unbounded.

induced in our model. With our Egs. (15), (23), and (26),
for the neutral scalars we find that Cg = —3C; depends
only on my but not on the mixing angle. We can thus
predict the size of C; as a function of my [or BR(Z — bs)
with the help of Fig. 3]. For my in the region of interest for
a large h — bs, we find a tiny |C;| ~2 x 1073 (2 x 107°)
for 8312 =0 (E‘% = 0), far below the current limit [58]. B —
X,y is hence trivially compatible with a large 7 — bs in the
region of parameter space under study here.

D.B—-> K¢*¢~ and B, —» t*7~

The decay B, — u'u~ is sensitive to the difference of the
Wilson coefficients Cpg— Cpg, Whereas B — Ku'u~
depends on their sum Cp s + C} ¢ [59-61]. With our ansatz
from Egs. (15), (23), and (26), we have Cg = Cs = 0 and
either Cp = 0 or C, = 0, depending on which 6“213’32 we set
to 0. We thus unavoidably modify B — Kutu~ at tree
level. Using the results of Ref. [60], we checked that this
effect is very small, keeping B — Ku "y~ close to the SM
value. This means that our model cannot address the
observed deviations from the SM prediction in current
global fits to b — su™u~ observables [62-64].

Similarly, one can expect an effect in B - Kz"z~ or
B, — t77~. Even though the effect is enhanced by m./m,,
the very weak experimental bounds on the branching ratio
[65,66] (several times 107) do not pose relevant con-
straints on our parameter space.

E. Anomalous magnetic moment of the muon

The choice of s,fﬂ in Eq. (23) reduces the coupling of £ to
uu, but enhances the one of H by a factor of a few, and also
couples A and H to muons. As a result, one could expect a
modification of (g—2),, an observable that famously
deviates from the SM value by around 3¢ and can be
explained in 2HDMs [67-69]. However, the one-loop effect
is still suppressed by the small muon mass. In addition, the
usually dominant Barr-Zee contributions [57] are also not
important in our Higgs basis (with a minimal number of
free parameters /) since the couplings to heavy fermions

100 |

80 cos(f—a) = 0.1

60

my+ [GeV]

40

20

50 100 150 200 250 300 350 400
my [GeV]

FIG. 4. Allowed region from B — uv for our ansatz from
Egs. (15), (23), and (26) with &4, = 0.

(top, bottom or tau) are not enhanced for the heavy scalars.
Furthermore, B, — u*u~ prefers nearly degenerate masses
for A and H, leading to a cancellation in the anomalous
magnetic moment of the muon.

F.B- > uw,D; - uv,and K- - uv
Concerning H' effects, the best channel is B~ — ub
(assuming &%, = 0), with the rate

2

BR(B~ 7 2
( - /1]/) ~ 1 mB , (27)

BR(B™ — ub)sy | mymy V26V ymiy.

d ¢
Vus€33€ 0

where m,, is again to be evaluated at the scale my+ to take
the running of the Wilson coefficients into account. The
predicted SM branching ratio BR(B~ — ub)gy ~ 6 x 1077
is small and not observed yet, but our new contribution
could reach the current upper limit BR(B~ — up) < 107°
[70]. From Fig. 4 we see that the limits are rather weak and
automatically satisfied in the region mpy+ ~ my.

Two other indirect channels are of potential interest:
Dy — pv and K~ — uw, the latter of which is suppressed
but measured with more accuracy. We have

)

BR(K™ = up) - my- Vupehel,
BR(K™ — ub)sy m,mg \/2GgV,;m?,

which gives much weaker bounds than B~ — uv before.
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IV. COLLIDER CONSTRAINTS

Having explored the indirect constraints that come with a
large h — bs decay, let us briefly comment on possible
collider searches.

A. Charged scalar

The charged scalar has barely played a role in any of the
processes discussed so far, thanks to our ansatz for the &
couplings in Eq. (8) together with Eq. (15). Its mass is
hence a more-or-less free parameter, as long as we keep it
close enough to my, y to not induce too large S and T
parameters. Let us briefly comment on the H" phenom-
enology beyond electroweak precision observables (see
also Ref. [71] for a recent review). Aside from gauge
couplings, H™ only couples according to Eq. (4),

—Ly = V2[a(VelPr)d + b(¢” PR)/)HT + Hee.,  (29)

where 7 contains only the nonzero entry e,f” and the quark
couplings are determined by the matrix

0 Vu,,eg"z V,”eg3
Vel = | 0 Vcbsg’z Vcsgg3 . (30)
0 Vzb€§iz Vz.98‘213

Since we impose €434, = 0 in order to satisfy limits from

B,—B, mixing, the H* couples only either to b or s quarks.
In particular, it does not contribute to b — sy - £4; 5, is much
bigger than the ¢/, given by Eq. (23) for a sizeable h — bs
rate, so the dominant coupling of H is to quarks. If H* is
lighter than the top quark, it can be produced in its decays.

If &4, =0, the production channel is t — bH™, sup-
pressed by V,,, followed by H™ — bc with branching ratio
~1. This channel has been looked for [72], with constraints
around |ed;| < 2 for my+ between 90 and 150 GeV. This is
still compatible with a large 7 — bs rate as long as cg, is
not too small (¢, > 0.1). For completeness, we can replace
€4, directly with the & — bs branching ratio BR?* to predict

[(t—>bH') |Vil’sj, BRP M (1 ~ m§+>2

m, ~ 6c¢j, 1—-BR}m, m?

(31)

If instead &4, = 0, the production channel will be 7 —
sH™ with BR(H" — 5¢) ~ 1. The rate can be obtained
from Eq. (31) via V,; — V;,, so this channel is enhanced by
|V 5/ Vs> = 580 compared to the previous one. Since this
final state has only been considered with the production
channel t — bH* [73,74], we cannot obtain useful limits.

For H™ masses above the top mass the typical
search channel is H* — tb [75] or HT — tv, which are

suppressed or even 0 in our scenario and hence not good
signatures.

B. Neutral scalars

The neutral scalars H and A have large couplings
to bs, but also the far easier to detect muon coupling
exists. For A, the branching ratio is however very
small,

1 —BR}* A%
BR(A — pfp™) =2 x 1074 ¢h,——(1-—L ) |
BR!

(32)

especially in the region mpy ~ m;, where the h — bs
branching ratio BRff is largest. As a result, the best search
channel is typically A — bs. The same is true for H in the
limit ¢, < 1, although a sizeable cg, can lead to a large

H — bb. With essentially only a large bs coupling, A can
be produced at the LHC via the strange-quark sea, e.g.
sg — bA, followed by A — bs or A — up. Similar channels
have been discussed in the past; see for example
Refs. [76,77]. For H, the cg,-suppressed gluon or vec-
tor-boson-fusion channels become available too, allowing
for a search analogous to & — bs.

A particularly interesting, albeit also cg,-suppressed,
decay channel for H, A is H,A — yy. Recent /s =
13 TeV CMS limits for this signature can be found in
Ref. [78], which also shows a small (2.9¢ local, 1.5¢
global) excess around m ~95 GeV. This would be an
interesting value for my, as it can lead to BR(h —
bs) ~20% (Fig. 3). With the couplings at hand, the cross
section pp — H — yy is simply too small for realistic
values of cp,. However, the discussion so far assumed
that all other entries eifj except €4, 5, are 0. Introducing
extra couplings, in particular €%;, enhances both the
gluon-fusion H, A production as well as the H, A
branching ratio into yy since H, A with a mass of
95 GeV cannot decay into two top quarks. In order to
keep h — yy close to the SM value, one needs ¢z, < 1,
which in turn gives my ~ my due to Eq. (15). Therefore,
the CMS diphoton excess would have to be interpreted as
two unresolved peaks from gg — A/H — yy. Since the
total signal corresponds approximately to the expected
signal strength of an SM-like Higgs boson [78] each
boson should reproduce approximately half of the
expected SM signal. Nevertheless, if one aims at large
rates of i — bs, very large values of &%, are required to
obtain the desired yy-signal. We leave a detailed dis-
cussion of this for future work.

V. DIFFERENT CHOICE OF BASIS

So far, we have worked in the Higgs basis in which
only one Higgs doublet requires a vacuum expectation
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TABLE 1. Relation between the parameters efj of the Higgs
basis and the new free parameters 81’; elf/ =cy y,5 + Z‘Ifj/ce

Here, & 51 ; breaks the Z, symmetry of the four 2HDMs with natural

flavor conservation and induces flavor-changing neutral currents.

Type  ¢f <y <y cd ct cf

I cot(f) cot(f)  cot(f) —sin(f) —sin(f) —sin(p)
I —tan(f) cot(f) —tan(f) cos(f) —sin(f) cos(p)
X cot(ff) cot(f) —tan(f) —sin(f) —sin(f) cos(p)
Y —tan(f) cot(f) cot(f) cos(B) —sin(f) —sin(p)

value. However, this basis is not motivated by a sym-
metry and allows for generic large and potentially
dangerous flavor violation, while the type-I, II, X and
Y models possess a Z, symmetry ensuring natural flavor
conservation (see Ref. [21] for an overview). Therefore,
let us consider these models but allow for a breaking of
this Z, symmetry such that flavor-changing Higgs
couplings are possible. In Table I we give the relation

between the couplings {:‘ defined in the Higgs basis and

the quantities £{]- which break the Z, symmetry of the
four 2HDMs with natural flavor conservation. Our new
free parameters which induce flavor-changing neutral
Higgs couplings are now E{; instead of 8{1 tan(/3)
corresponds as always to the ratio of the two vacuum
expectation values.

First of all, we can rule out the type-II as well as the type-
Y model since they lead to large effects in b — sy and
direct LHC searches, leading to stringent lower bounds on
the masses of the additional scalars.

A. Type-I model
Concerning B,—B, mixing the analysis remains
unchanged compared to the one in the Higgs basis. For
By — ptu~ we can set &, = 0, the condition to cancel
Cs — C reads

m3; = tan(a)tg,mj, (33)

and &4 5, have to be chosen as

v o xa _ AGEM{uCM my 4 m tan(B) sin(a)
&3 tép = 2 ) my,,
- b4 MBJ Cha

(34)

such that after destructive interference the SM result is
recovered. Another possibility to avoid effects in B, —

uhu is to choose &, such that Cg — C =0, i.e.
o my sin(a)sg,m3 — cos(a)cpmy 35
€pn =77 - 2 2 2 .2 . (39)
v SpalMy T CpaMy

This leads to the additional condition

2.2 ~SM : 2,2

st |z _ AGEmyvCRY my, + my sin(f) mymy,
5+ E, = 2 2
T Mz

N

2 2
Cﬁasﬁa my, —myg

(36)

Again, just like in the analysis in the Higgs basis, the effect
in By — u*u~ can be avoided if the neutral CP-even scalars
are degenerate in mass. Also concerning the anomalous
magnetic moment of the muon one cannot expect a sizable
effect due to the lack of any enhancement of the Higgs
couplings to fermions.

B. Type-X model

Again, concerning B,—B; mixing the analysis remains
unchanged compared to the one in the Higgs basis. For
B, — uTpu~ we can set 5{2 = 0, which requires

m3; = —cot(a)tg,my, (37)
to get Cy — Cs = 0. In addition,
4GEm3vCM my, + mg cos(a
By e, =—" VZ — ( )m%z (38)

2
T MBs Cﬁ(l

is needed. In the case of 552 # 0, the cancellation conditions
read

m,, cos(a)sg,m3, + sin(a)cp,my;

g =t 39)
€n = 2 2 2 2 (
v S/}amh + C/}amH
and
s |z 4GFmW1)CSM my, + myg sin(ff) m%m%,
23 32 = 2 2 2 2"
T My CpaSpa My — My,

(40)

Here, in principle, large effects in the anomalous magnetic
moment of the muon are possible if tan(f) is large.
However, in this case B, — utu~ enforces m;, ~ my which
leads simultaneously to a cancellation in the Barr-Zee
contributions rendering the effect small again.

We find the following relations between the type-I and
the type-X 2HDM in the case of &, = 0,

2
M| Type-t
— = —tan’(a), (41)
mH|Type—X

523 + 532|T I

T A P — —tan(B) tan(a), (42)

&3 1 &, |Type—X

while in the case &, # 0 we obtain
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§§z|Type—1 _ m3; — tan(a)tg,ms, (43)
E§2|Type—X t[iam%, + tan(a)m%-l ,
Zg;‘ + g‘(312|Type—l -1 (44)

adx =d
53 + Eplrype-x

VI. CONCLUSION AND OUTLOOK

The discovery of the Higgs boson has opened up new
channels to search for flavor-violating processes. A com-
parison of & — f;f; with low-energy flavor observables is
inherently model dependent and thus difficult to assess in
an effective-field-theory framework. In this article we have
shown explicitly how the & — bs branching ratio can be
enhanced to nearly arbitrary levels in a generic 2HDM
while keeping other processes such as By — u*u~, B —
X,y and B,—B; mixing essentially at their SM values. Of
course, this requires some tuning in the mass spectrum
(new neutral scalars with masses similar to the SM Higgs)
and couplings of the new scalars, but illustrates the
importance of flavor-changing Higgs decays as a comple-
mentary probe of new physics. Since the imperfectness of
the b-tagging efficiency is of the same order as the mistag
probability, one can expect to a first approximation that the
h — bs sensitivity is quite close to the &~ — bb one. We
hope that this article motivates CMS and ATLAS to
perform a more detailed sensitivity study for bs resonances.

Other rare or forbidden Higgs decays [6] can be analyzed
in a similar way within the 2HDM with generic Yukawa
couplings.

(i) h — bd: Here the analogy with & — sd is straight-
forward, i.e. the same conditions for the cancella-
tions in flavor observables are required. However,
the parameters must be adjusted even more precisely
such that large decay rates can be possible.

(i) h — ds, uc: Here the experimental problem of tag-
ging light flavor makes it very hard to distinguish
such modes from i — gq or h — gg. Anyway, £}, 5,
is stringently constrained from Kaon or D—D mixing.
This bound can be avoided in the same way as the
B,—B, mixing bound studied here. However, an even
more precise cancellation would be required and
bounds from D — uv and K — uv become relevant.

(iii) h — zpu: Thanks to the former CMS excess in h —
7y [79], many analyses already exist for this channel,
|

3
H+ uj qH*
s = 4m2 4Grh, ;( Fip

1 V2

3
HY dHY _dH % dH% _dH"
k E
C7 - 36m20 4GF/1t <FR ZJFR 3j my, FR]Z IﬂRj3
H j=1
k

Htx
2 o) + T T )),

showing that sizable rates are in fact possible, not
only in the SM effective field theory with dimen-
sion-6 operators but also in UV complete models
(see for example Refs. [80—87]).

(iv) h — te: Here the situation is very much like in the
case of 1 — 7u since the experimental bounds from
7 — ey and 7 — euu are comparable to the corre-
sponding T — p processes.

(v) h — eu: Obtaining large rates for h — pe is very
difficult, not only because of the stringent bounds
from y — ey but also because of 4 — e conversion,
where in a 2HDM [88] an accurate cancellation
among all the couplings to quarks would be re-
quired.

For a recent discussion of flavor violation involving the top
quark see Ref. [89]. Finally, H,A — yy in our model is
particularly interesting in light of the CMS excess at
95 GeV. By adjusting &%, one can account for the measured
signal since it only affects the effective coupling to gluons
and photons but does not open up other decay channels.
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APPENDIX: FORMULAS FOR b — sy

Using the effective Hamiltonian

_4Gp

HYY = 7 Vi Vi ZC O;+He. (Al
with
€ < ~HV
07 = @mbsaﬂ PRbF/uﬂ (A2)
Oy =~ my56" T PrbGY,, (A3)

167>

where F (G) is the electromagnetic (gluon) field strength
tensor, we get the following expressions for the Wilson
coefficients,

(A4)

dH® m;
- Fsz Rng (9 + 610g<m21
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0 0
cyt = =3¢k, (A6)
with y; = mj /mj,, and the loop functions
-5y +8y -3+ (6y—4)Iny
faly) = :
) 3(y—1)°
2
-y +4y—-3—-2Iny
fs(y) = :
" (v=1)°
=8y +3y? + 12y — 7+ (18y? — 12y) lny
g1(y) =
18(y — 1)*
3 2
-y’ 4+ 6y-—=3y—2—06ylny
— AT
Here 4, =V,V; and we used the couplings I
defined as

TABLE II. The couplings of the interaction Lagrangian in
Eq. (A8) in terms of y/ and &/ in Eq. (4).

7 %
H, Cﬂayf - Sﬂang Cﬁayf - S/fagf

h() s/}ayf + C/}{zgﬁ- S/}(zy 4 + Cﬁ(tef
A —inselt inse!
H* —efy Ved
H* 0 &l
_‘CY_ Z Z RIJPL+FRJIPR)fl

feuds Kk

+\/‘[ 1—‘lL/lPL—’_FR/lPR)dI{Jr—+_HC]

+V2 [u,r,fgljj Ppt;H +Hucl, (A8)

with HY,;=h, H, A. In order to compare with the
couplings given in Eq. (4); see Table IL
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