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A combined explanation of the deviations from Standard Model predictions in h — er, h — ur,
b — sT¢~, the W mass and R(D™)) as well as the excess in t — bH ' (130 GeV) — bbc is proposed:
We show that a Two-Higgs-Doublet Model with non-minimal flavour violation can simultaneously
explain these hints for new physics without violating the stringent bounds from e.g. u — ey, 7 — u,
B, — B, mixing, b — sv, low mass di-jet and pp - HTH~ — 777 v searches. Furthermore,
a shift in the SM Higgs coupling strength to tau leptons as well as a non-zero t — hc rate is

predicted, as preferred by recent measurements.

We propose three benchmark points providing

such a simultaneous explanation and calculate their predictions, including collider signatures which

can be tested with upcoming LHC run-3 data.

I. INTRODUCTION

The Standard Model (SM) describes the known funda-
mental constituents of matter and their interactions at
sub-atomic scales. It has been extensively tested and ver-
ified by a plethora of measurements [I] and the discovery
of the Brout-Englert-Higgs boson [2H5] at the LHC [6] [7],
which has, in fact, properties [8HIT] in agreement with
the SM expectations, provided its last missing puzzle
piece.

However, these results do not exclude the existence of
additional scalars, if the SM-Higgs signal strengths are
not significantly altered (i.e. the mixing with the new
scalars is sufficiently small) and their contribution to the
p parameter (p = m% cos® Oy /m%;) does not violate the
experimental bounds. In fact, several indirect and direct
hints suggest the existence of new Higgses (see Ref. [12]
for a recent review). In this article, we will focus on
flavour violating signatures motivated by the indications
for non-zero rates of t — bH*(130) — bbc, h — et and
h — ut as well as the deviations from the SM predictions
in b — s¢T¢~, the W mass and R(D™). While for the
latter three anomalies many viable NP options exist, the
first three hints point towards new scalars coupling (di-
rectly) to SM fermions. This singles out SU(2), doublets
with hypercharge 1/2. Since, except for the W mass,
flavour violation is clearly required, we will study the
two-Higgs-doublet model (2HDM) with generic Yukawa
couplings [13H22] as a minimal model with the potential
of explaining these measurements.

The layout of this article is given as follows: In Sec. [[T]
we introduce our model. Then in Sec. [Tl we consider
the status of the anomalies and the relevant bounds to-
gether with our NP contributions. In Sec.[[V] we propose
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the benchmark points that can resolve the anomalies and
calculate their predictions before we conclude in Sec.

II. G2HDM

In the 2HDM with generic Yukawa couplings
(G2HDM), also called the type-III 2HDM, one can work
in the so-called Higgs basis where only one Higgs doublet
acquires a nonzero vacuum expectation value (VEV) [23]
such that

G+ H+
Hy = vt +iG° | Hy = dotiA | - (1)
V2 V2

Here, Gt and G° are would-be Goldstone bosons, and
H™ and A are the charged Higgs and the CP-odd Higgs
boson, respectively, with v ~ 246 GeV. The Yukawa cou-
plings can then be written as

Ly =—Q) (Hly(ii + H2Pf1j)dlé -7 (Hlyé + Hzﬂizj)elé
— QU (gl + it ) 2)

where 4, j and k are flavour indices, and H; » = iToHY 5
with 7o being the second Pauli matrix. We now perform
the rotation

$1\ [ cosbps sinbg, H 3)
o) N —sinfgy cosbaq hl’

to go to the mass eigenstates h and H for the neutral
Higgses, where h is SM-like. Furthermore, writing and
Q = (V'ug,dp)”, where V is the Cabbibo-Kobayashi-
Maskawa (CKM) matrix [24] 25], we arrive at the mass
eigenbasis for the fermions with yzf =2my, /v (my, de-
noting the fermion masses).

Note that p7 is independent of the fermion masses,
i.e. contains 9 complex parameters each for f = u,d,¢.
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The off-diagonal elements of py are stringently con-
strained by meson mixing and decays and we will thus
disregard them. We will rather consider the minimal
scenario where plf, pl¢, pi7, p}”, and p§” are the only
nonzero entries. In addition, we consider my+, mgy, may
and Higgs mixing parameter cg, = cosflg, as free pa-
rameters (with relevant impact on the phenomenology)
while we disregard CP-violation in the Higgs potential.

IIT. OBSERVABLES

Let us now discuss the different anomalies, the cor-
responding contributions in the G2HDM as well as the
constraints from various other observables.

A. t— bHT(130) — bbc

The ATLAS run-2 analysis [26] reported an excess in
t — bHT — bbc with a global (local) significance of
2.5(3.0)c at my+ =~ 130GeV with Br(t — bHT) X

Br(H* — be) = (0.16 + 0.06)% 1] In our model we
have
2
my|pyy|? M lpi]
Br(t — bH™) = 1— ~0.1
= bHT) = Tor, m2 ) =010 006 %’

(4)

where we set my+ = 130 GeV on the right-handed side
of the equation. As we will see later, the numerically
relevant couplings for the decay of HT are p!¢ and pﬁT,
with £ = e, p, 7, such that

3|ptc 2

Br(H' — cb) ~ — .
T+ S T

()

B. h—erpur

While the previous run-1 excess in h — pr [30, 1]
was not confirmed by run-2 data, the latest ATLAS and
CMS results show again indications for nonzero h — et
and h — pr rates [32] B3]. The combined significance
is 2.40 (Ax? = 8.3 with dof=2) with the best fit values
Br(h — er) ~ Br(h — ur) = 0.08% while 2.3¢ for h —
er and 1.30 for h — ur are obtained for the separated
measurements.

#1 The analogous CMS result is available only with run-1 data [27]
and hence the sensitivity is not competitive. See Refs. [28] [29]
for alternative explanations of the m g+ ~ 130 GeV excess.

We have at tree-level
2

Br(h = Ir) = 1.2 QF (102 + 1or?)
! 02\
say/ o7 12+ 1072
~ 0.06 103 %,  (6)
where [ = e, u.
C. b—stte

Recent global b — s¢*¢~ fits favour CY ~ —1 at the 50
level [34—40]@ This means that lepton flavour universal
NP with vectorial couplings to lepton and left-handed
couplings to bottom and strange is required.

In our model the charm loop contributes to C§ via an
off-shell photon penguin [52H58] and we obtain [55],

tc|2 ccl2 tex
ACY (1) ~ — 0.52 ('p%f) +0.50 <”76.0p1“ ) ‘
(7)

We see that a sizable coupling pl¢ is necessary if pS¢ ~ 0 is
assumed while the product pf™pc® has a CKM enhance-
ment w.r.t. the SM.

D. R(DW)

The long-standing 30-4c discrepancy in B —
D™ 1y [59] can be solved by a charged Higgs contribu-
tion [60H73] if my+ < 400 GeV avoiding the constraints
from 7v searches [69] 74 . Our NP contribution is given

by
tex 00 x
P Py 4GFVcb>
:F
,Ub) RG( ”L%H )/( \/5

tek 00 * 2
N PPy 130 GeV
N0.67< ol )( - ;o (8)

Co, (

#2 The main drivers for this preference for NP are P} [41H44], the to-
tal branching ratio and angular observables in Bs — ¢utp~ [45-
47] as well as the Br(B — KpTp~) [48H50], which are fully
compatible with semi-inclusive observables [51].

#3 Note that the bound from Br(B. — Tv) is relaxed once the
charm mass uncertainty and considerable py dependence of frag-
mentation function of b — B. is taken into account [7TBHTS|
such that our model can explain the central value of R(D*)).
While in principle, the scalar operator changes the differential
distributions in B — D™ 7y [65), [76] [79], we will not consider
these constraints since the theory prediction significantly de-
pends on the form-factors used. In fact, recent lattice results
from HPQCD [80] and Fermi-MILC [81I] have a mild tension with
Belle (IT) data [82] [83] while JLQCD agrees with the measure-
ment [84]. Furthermore, correlations among the bins of the dif-
ferential distributions are not provided in both Belle and BaBar
papers.



where Frg ~ 1.5 accounts for the renormalization run-
ning effect (RGE) [85H88]. For the numerical analysis
we use Ref. [77] to calculate R(D™)), which is consis-
tent with the recent update of Ref. [89] [90], and use the
HFLAV SM prediction [59]. Note that in order to explain
R(D™) at the 1o level and non-interfering effect, either
via an imaginary part of C'g7 and/or CglL is needed.

E. Charged-lepton flavour violation

The product p§7p} " induces potentially dangerous y —
e transitions at the one-loop level. Furthermore, if in ad-
dition p7© and p;" were nonzero large 7-mass enhanced
contributions to the magnetic operator would arise. How-
ever, even if p;l is set to zero we have for cg, = 0.1,

mg = 200 GeV and my+ = 130 GeV [91[F]]

w5 (1pE7e) 7| ’
BI‘(/.L — 6’}/) ~ 2.8 x10™ (7)(]_05> 5 (9)

where ¢ = H, A which can be compared with the current
upper limit of Br(u — ey) < 3.1 x 10713 at 90% [92].
Note that the cg, dependence is mild for cg, < 1. More-
over, a correlation among p — ey, 4 — 3e and p — e
conversion [93] [94] can be found

Br(p — ey) = 140xBr(p — 3e) = 420 x Cr(pAl — eAl),
(10)

where Cr corresponds to the conversion rate for which im-
proved measurements are foreseen in the near future [95-
08]. Similarly 7 — [ is induced by the product pfpl[,
but the predicted Br is at least one order smaller than

the projected Belle II sensitivity [99].

F. b— sy and Bs; — B, mixing

b — sy and B, — B, mixing give relevant constraints
on pi¢ and p!f. Adopting the global fit of Ref. [39] we
find —0.035 < ReAC7(up) < 0.037 at the 20 1evel
We obtain the semi-analytic formula for one-loop charged
Higgs contribution [55]

|ptc 2 |ptt 2
AC7(up) = —0.03 <O“5> —0.008 <0%) , (11)

meaning that the G2ZHDM interferes constructively with
the SM.

Using the input of Ref. [58] we obtain the allowed range
of —0.09 < Rp, = AMG*PM/AMEM < 0.07. This has

#4 We checked that the p%! induced two-loop Barr-Zee contribution
is negligible in our scenario.
#5 Reference [I00] finds allowed values down to —0.04 at 20 level.

to be compared to [65]

lpte]\? ot ? pLeplt

~0. 002 —0.01|Ex Lu
R, ~0.05 < 05 ) T0092{ 005 00117 55 |
(12)

for my+ = 130 GeV. Similarly, we can consider AMp,
and Al'p_, (see, e.g. the online update of Ref. [101]),

however, the constraints are less stringent and also DY —
D® and kaon mixing are not relevant for our minimal
coupling structure [102].

G. t— ch(A H)

For the the decay of a top to a charm quark and SM
Higgs, we have

Br(t — he) =

micd, (L2 + S 2) <1 m>

647  m2

my

tc 2
~ 2.4 % 107 (p“ %> (13)

0.05

Similarly, the rates for A and H are obtained by replacing
my, and cg, with sg, and mpg 4, respectively. The cur-
rent ATLAS upper limit is set as Br(t — hc) < 4.0x107%
at 95% CL [103]. Note that this is weaker than the ex-
pected limit of 2.4 x 10™* at 95% such that a non-zero
rate is in fact preferred. Moreover CMS finds Br(t —
he) < 3.7 x 107* at 95% CL, compared to an expected
sensitivity of 3.5 x 10~* [104]. The high-luminosity LHC
(HL-LHC) can probe Br(t — he) < 1.1 x 10~* [105, [106].

H. Collider searches

Search for the supersymmetric partners of the tau lep-
ton at LHC can constrain R(D™)) explanations with light
charged Higgses [69]. However, for the coupling hierarchy
ple > pﬁT, H* dominantly decays into cb. In this case,
di-jet searches, especially bottom flavoured ones, are rel-
evant. However, the current upper limit on p!¢ is a factor
2 weaker than the one favoured by ACY [69, [107] once
the b — sy and Bs — B, mixing constraints are taken
into account.

Recently, ATLAS and CMS released the result of a
same-sign top search targeting a G2HDM [I08|, [109].
They do not find a significant excess in mass range of
our interest and set the upper limit, assuming a single
scalar particle as a mediator, of |pl¢| < 0.3@ However,

#6 This constraint could be potentially extrapolated to lower
masses. However, this needs detailed experimental analysis since
a top quark will be less boosted and this would make the detec-
tion more difficult.
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FIG. 1. Upper left: Predicted values of ACY and preferred regions for Br(t — bH™) in the pif-pf! plane along with constraints
from b — sy (lighter gray) and Bs — Bs mixing (darker gray) assuming Br(H' — bc) ~ 100%. The HL-LHC sensitivity to
Br(t — hc) is shown for cgo = 0.085 (orange-dashed line). The red cross and the blue diamond indicate our two benchmark
points BM1 and BM2, respectively. Upper right: Preferred regions (1o and 20) from h — I7 for c¢go = 0.085, cgo = 0.1 and
cga = 0.15, in the p7™-p)™ plane as well as the exclusion region from p — ey which, in a linear approximation, is independent
of ¢ga. Bottom left (right): Preferred regions from R(D™) (1o and 20) as well as the exclusion region from p — ey (gray),
i (blue) and B, — 7v (red) in the p; -pi™ plane assuming all Yukawa couplings to be real. The up-quark Yukawa couplings

are set to the values of BM1 (BM2) given in the upper figures while the benchmark value of g is indicated by the orange line.
The current measured central value of x, is shown as a dashed blue line.

in the limit of myg = m4 the effect is suppressed due to
destructive interference.

For mg < my + me, neutral scalars produced via an
EW Drell-Yan process (i.e. pp — Z* — AH) could in
principle have sizable decays to ¢7. This setup would
then be stringently constrained by chargino and neu-
tralino searches [ITOHIT2]. Therefore, these searches can
exclude regions in parameter space in which both neu-
tral scalar masses are lighter than m; + m. and where

Br(H,A — It) ~ 1. However, note that in our setup
Br(Ht — 7v) ~ 0 due to the large HT — bc width.

I. Higgs coupling strength

Although both ATLAS [1I] and CMS [10] found that
the h77 coupling is consistent with the SM prediction
within uncertainties, their central value is slightly smaller
than the SM one, resulting in a coupling strength relative



to the SM one of

ke = 0.93 4 0.07 (ATLAS), k, = 0.92 %+ 0.08 (CMS). (14)

Since nonzero cg, and p;” are necessary for h — 7 and
R(D™), a deviation in x, is inevitable.
In our model, the signal strength x, is given as

\/5’:717 5ga + PETCBa
V2m, ’
v

Ky =

(15)

Remarkably cgo = 0.1 and pp”
which improves the fit.

= —0.01 give k = 0.90

J. Oblique correction (ST parameters)

The mass differences between new Higgses induce de-
viations of the S and T parameters from 0, i.e. their SM
values. Lead by the CDF-II measurement [113] we have

S =0.086+0.077, T =0.177+0.070, (16)

with the correlation of p =
fit [114].

0.89 based on the global

IV. PHENOMENOLOGICAL ANALYSIS

We can now consider the preferred size of the relevant
free parameters p'¢, p;7, pi/7, pST, o mu, 4 and mp+,
assuming in the first step that all couplings are real and
that the other new Yukawa couplings are negligibly small.

Concerning observables that are only sensitive to the
charged Higgs contribution, we first use the excess in
t — H*b — bbc to fix my+ ~ 130 GeV. Furthermore,
b — slt4~ favors sizable and negative ACY which can
be obtained via p!¢, such that for Br(H+ — cb) ~ 100%,
ie. |pfT],|ps| < |p , leading to pf! ~ 0.06. However,
the possible effect in ACY is limited to ~ —0.6 by the
constraints from b — sv and B; — B, mixing. This is
illustrated in Fig. (1| (upper left). Note that the impact
of the neutral Higgses can be disregarded for these ob-
servables, such that we can choose two benchmark (BM)
points for the couplings pi¢, i.e. pt¢ = 0.53 and pl¢ = 0.5
for BM1 and BM2, respectively for p¢ ~ 0.

Turning to observables sensitive to lepton couplings,
the excesses in h — et and h — pt lead to a preference
of nonzero values of p§7, p)/” and cgq This at the same
time leads to an effect in p — evy as illustrated in Fig.
(upper right). Note the mild dependence on the neutral

#7 In principle also 7 pl could explain h — er and h — pur.
However, in order to avoid chirally enhanced effects in u — ey
it is important that both p7¢p}” and pf"p," are not sizable.
Furthermore, to avoid effects in b — clv, we w111 opt for pl[ #0
and p}"l =0.
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FIG. 2. Preferred regions (green: 1o, yellow: 20) from elec-
troweak precision data along with exclusion regions from
multi-tau and same-sign top searches as well as 4 — ey in
the ma-mg plane.

Higgs masses which we set for definiteness to 200 GeV,
and that explaining both h — er and h — ur at the
same time is possible with a Higgs mixing of ¢, 2 0.08.
Since the significance of excesses in h — er and h —
wut are slightly different, the contours are not symmetric
in the p§7-p;” plane. To maximize the contribution to
R(D™) while explaining h — I7 at 1o we fixed the r,,, =
PET/psT = 2.7 and pi = |p7| + |ph7| ~ 0.019 (BM1).
In a more conservative setup we use and r,. = 1 and
p@T = 0.015 (BM2). Finally, since |p}| < |pl¢| the results
discussed in the previous paragraph are not affected.

Let us now consider R(D*)) in the lower panel in Fig. |1
for BM1 (left) and BM2 (right) where we also show the

i — ey exclusion region in the pf—pl[ plane. The red
and blue regions are excluded by the B. — 7v lifetime
and k., respectively. Note that the minimal deviation of
K, from unity is 4 % for BM1 since [pf7| 2 5 x 1072 and
ge 2 0.08 are necessary to explain h — I7 and R(D™))
simultaneously.

Note that BM1 is on the edge of the current con-
straints such that it can explain all anomalies within 1o
while BM2 is more conservative w.r.t. the experimental
bounds but is only in agreement with R(D™)) at the 2o
level. The reason for this is that p§” and p)” are smaller
which reduces the non-interfering effect NP with the SM.
Since also an imaginary part of plfp;™ leads to an am-
plitude which does not interfere with the SM this can

help to explain R(D(*)) We can write pTT effectively

#8 Note that electroweak baryogenesis could be realized with com-
plex Yukawa couplings [115, [T16].
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FIG. 3. Diagram showing the correlations between the free
parameters (circles) of our model (except the Higgs masses)
and the observables. Observables providing strong constraints
are shown as red hexagons while the ones pointing towards a
NP effect are shown as black rectangles.

as pi7 = [p¢™| + |p}7| + Im[p]"]. Note that pj” does not
contribute to p — ey Once we consider complex p;7,
we can generate an imaginary value of the h77 coupling
(for cgq # 0). Since the ATLAS measurement of the SM-
Higgs CP properties only starts to constrain this [117],
the resulting bound is too weak to be relevant. There-
fore, |p;7| can be bigger than in the case pj” is real and
thus explain R(D™)) with smaller |p%| and hence yields
smaller AC7, alleviating the b — sy bound. The corre-
sponding benchmark point (BM3) is given in Tab.which
explains t — bH+ — bbe, h — I7 and R(D™) within 1o
with ACY = —0.4 and moderate AC7 and Br(u — e7).

Finally, we consider the impact of varying m, and
mpy in Fig.[2] for BM3. Multi-tau final state searches
exclude the bottom-leffF19 while smaller values of m.

Parameters

mpg+ = 130GeV, my = 200 GeV, cgo = 0.1, pif = 0.06,
pie = 0.45, p;7 = —0.01(1 £ 1), p}” = 0.01, p§” = 0.006

Predictions

Br(t — bbc) = 0.16%, ACY = —0.43, Br(h — p1) = 0.061%,
Br(h — er) = 0.022%, R(D) = 0.375, R(D*) = 0.272,
kr = 0.90, X3m — X&aupm (ST, 2023) = 10.4,
Br(p — ey) = 2.0 x 1073, AC; = —0.025, Rz, = 0.03,
Br(B. — 77) = 31%, Br(t — ch) = 2.0 x 10~*

TABLE 1. The value of the parameters for BM3 and the cor-
responding predictions for the observables.

#9 For simplicity we consider the complex p;” and assume that
pl¢ remains to be real. However, p!¢ could be complex as well
without conflicting AT'pg.

#10 Note that the inclusive di-r resonance search [II8] will be able
to cover the region where either H or A is lighter than m: + m.
in future.

and my are also disfavoured by Br(u — e7y). Same-sign
top searches provide constraints if my, ma 2 200 GeV.
However, because of the cancellation between the ampli-
tudes from A and H, myg ~ m4 can evade this bound.
Furthermore, once ¢ — W HT becomes kinematically
allowed, same-sign top searches lose their constraining
power. Note that top associated Higgs production [57]
and bottom associated H™ production [70] as well as low-
ering the threshold of same-sign top searches [108], 109
are crucial to probe this scenario.

V. CONCLUSIONS AND DISCUSSION

Motivated the hints for NP in t — bH T, b — s¢T{—,
h — er, h — pt, my and R(D™)) we revisited a the
2HDM with generic sources of flavour violation. We
found a minimal set of parameters that can address these
deviations from the SM predictions without violating any
other constraint (see, BM points for the favored coupling
structure). The correlation between the free parameters
(except the Higgs masses) and the observables in Fig.
Furthermore, a mild mass difference between the charged
and additional neutral Higgs mass is necessary to evade
the LHC constraint which at the same time improves
the EW global fit by shifting the prediction for the W
mass. Furthermore, a deviation in the SM Higgs cou-
pling strength to tau leptons x, and a non-zero rate for
t — hc are predicted, both welcomed by current data.

While we assumed the other Yukawa coupling to be
negligible, p%’ ~ 0(1072) could be helpful to reduce
the effect in AC7 while allowing for b-associated pro-
duction of the new neutral scalars at the LHC. Adding
a small p¢¢ would induce ACY (see Eq. (7)) | Note
that once we give up either h — ur or h — er, the
p — ey constraint can be relaxed such that R(D®))
could be fully explained. This is because p§™ or pj” can
be larger and hence the smaller cg, is allowed. Then
larger pj” and smaller pi¢ can explain R(D™)). While a
smaller pf¢ would lead to a smaller contribution to ACY ,
a tiny p¢¢ can already regenerate a sizable value. Note
that a smaller p!¢ would also be beneficial to avoid tun-
ing the neutral Higgs masses while still avoiding collider
constraints. To assess the validity of such a more com-
plicated scenario, a global fit, e.g. with the public tool
GAMBIT [68], is desirable for future research.
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