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1 Introduction

The Standard Model (SM) is extremely successful in describing the interactions of matter
at sub-atomic scales [1]. However, several intriguing deviations from the SM predictions of
more than 3 standard deviations, called anomalies, exist [2]. In particular, the long-standing
anomalies in semi-leptonic B meson decays [3], both in b — ¢77 [4] transitions, i.e. R(D)
and R(D*), (3.30) and in b — s{T¢~ observables (=~ 6c) persist; see ref. [5] for an overview.
These observables point towards new physics (NP) and motivate the study of models capable
of providing a combined explanation. Furthermore, there is a 30 excess in the exotic top
decay t — b(H* — bc) [6] which motivates an extension of the scalar sector.

In this article, we investigate the possibility of a NP explanation of these anomalies
within the context of the two-Higgs-doublet model (2HDM) [7, 8] — one of the simplest
and most studied extensions of the SM scalar sector. The most general version with generic
Yukawa couplings (G2HDM)! can explain b — crv data at the 1o level [9-24] and address
the anomalies in b — s¢T¢~ transitions [24-28], even though reaching the preferred central

value of the latter is difficult. To evade constraints from collider searches, By — B, mixing etc,

!Sometimes this is also referred to as the type III 2HDM in the literature.



only quite small regions of the parameter space remain valid and only particular benchmark
points have been examined, while a combined statistical analysis of all available data and an
identification of the allowed parameter space is still missing.? Furthermore, contributions to
other precision observables such as the anomalous magnetic moment of the muon ((g —2),)
and the mass of the W boson (my) are in general expected in 2HDMSs and have to be included
in a global statistical analysis, even though the experimental and theoretical situation is not
conclusive in these cases, as we will discuss in detail later.

Such a global statistical analysis is the aim of this article. For this, we extend the
work of refs. [18, 24] by including, for instance, recent measurements of the charged lepton
flavour violating (cLFV) search in ¢ — p7q decays from ATLAS [30] and the latest flavour
universality test update from Belle II on the ratio between the muon and electron couplings
to the W boson (|g./ge|) [31]. In addition to extending the set of observables and updating
the data, we allow for additional Yukawa couplings to be non-zero which were previously
not studied. For instance, an additional charm quark Yukawa coupling could enhance the
effect in b — s¢7¢~ [24]. We perform this global fit using the inference package GAMBIT, the
Global And Modular Beyond-the-Standard-Model Inference Tool [32, 33], which is an open-
source code in C++ to calculate observables and likelihoods for generic beyond the Standard
Model (BSM) theories utilising different modules and external packages (see section 4 for
more details).

The paper is organised as follows: in section 2 we introduce the GZHDM model and in
section 3 we list the relevant observables, including flavour, collider and precision observables
and afterwards present the results of the global fit and predictions for future experiments
in section 4. Finally, we conclude in section 5 and show the potential impact of a sizeable
NP effect in g — 2 of the muon on the fit in the appendix.

2 The general two Higgs doublet model

The most general renormalisable scalar potential respecting gauge invariance is [7, §]

V(@1,P2) = mi; (D]B1) + miy(BLDa) — miy (B[ 82 + 2P1)
1 1
+ 5 A(@11)” + SAa(D5P2)” + Aa(B]21) (] B) + N (2] P2)(211)

+ <;)\5((I)J{<I>2)2 + (AG(@{%) + A7(<1>§<1>2)) (D1dy) + h.c.> , (2.1)

where the parameters m?,, m3, and \;_4 are real numbers (from hermiticity), whereas the
X567 and m3, can in general be complex. For a CP-conserving potential, which we assume
in the following, all parameters in eq. (2.1) are real and the total number of free parameters
will be reduced from 14 to 10. Note that in our discussion of the flavour observables, only
the resulting mixing angles among the scalars and their masses are relevant. We will come
back to this point at the beginning of section 2.1.

Once the two scalars develop non-zero vacuum expectation values (VEVs) vy and vs, the
electroweak symmetry of the SM is spontaneously broken and the doublets are decomposed

2Efforts in this direction have been presented in the quark [29] and lepton sectors [18], separately.



into components as

oF
o=, L . i=1,2. (2.2)
-5 (Vi + pi +imi)

Linear combinations of the fields p;, n; and gb;t form mass eigenstates

Gz\ n Gw=\ o7 H\ p
()= e) G mm(@) ()=m) e

where qﬁj are electrically charged complex scalars and 7n; and p; neutral real scalars. Gy«
and Gz correspond to longitudinal components of the W and Z bosons, while h (the SM-like
Higgs) and H are physical CP-even states, A a CP-odd state and H* is a charged Higgs
boson. The rotation matrices are defined as

R0:< cos 0 sm9>7 (2.4)

—sin@ cos6

where 6 is either « or 5. The angle « is the mixing angle of the CP-even states, whereas
the rotation angle 8 is determined by

_ Sp_ V2
tanf =tg = % = U71’ (2.5)
with {sg,cs} = {sin 3, cos B} and v3 + v{ = v? with v = 246 GeV being the SM VEV. The
angle defined by 8 — « is the mixing angle between the CP-even Higgs mass eigenstates
relative to the Higgs basis and the limit sin(8 — «) = sgo, — 1 is known as the alignment
limit in which h has the same properties as the SM Higgs.
The most general Yukawa Lagrangian in the basis {®1, ®2} reads [8]

~Lvukawa = Q° (Y, @1 + Y,/ Po)ufy + Q° (Y 1+ YiP2)dp + L7 (Y,' @1 + Y ®2)ly + hec.,

(2.6)
where the superscript “0” notation refers to the flavour eigenstates, and <f>j = i02<I>;f. The
fermion mass matrices are determined by

1
My = ﬁ(vlyj} + 0Y7), f=u,dl, (2.7)

and are in general non-diagonal. Via a bi-unitary transformation
My =V MVig, (2.8)
the mass eigenstates for the fermions are given by
u=Vu, A=V 1=V, (2.9)

with 1
M; = — (1Y} 4+ v2Y?), 2.10
f ﬂ(l f 2 f) ( )



where }7; = V}L LY]?Vf r- We shall drop the tilde from now on. Solving for Yfl we have

Yl,ba o \/§

f " wceosp

My — tan BY ", (2.11)

and can write the Yukawa Lagrangian in the mass basis as

—Lyvusawa = U (Vaep§ Pr = Veapy " Pr) do H + Uoplf* Prlo H' + h.c.

_ 2.12
£ AT Pafud+he, (2:12)
f=u,d,l p=h,H A
where a,b,c = 1,2,3,
2,ba b
pba:Yf _ﬂtanﬁMf“ (2.13)
F = cosp v ’ '
Mba 1
e = —Lspa + ﬁps’ﬂcﬁa, (2.14)
Mba 1
riba = F " ba 2.15
f v Cha \/ipf SBas ( )
ba
— g it f =,
It = i\@ (2.16)
L iff=d,t,

and sgo = sin(f — «), cgo = cos(fB — a). Later when evaluating the indices in eq. (2.13) for
the specific lepton or Yukawa sectors we will switch to the respective flavour notation.
2.1 Model parameters

Note that the B anomalies are related to second and third generation quarks and leptons.
Therefore, we do not consider extra Yukawa couplings involving interactions with the first

generation. More specifically, we parametrise the Yukawa matrices as®
00 O 00 0 0 0 pg"
pu=10ps 0 |, pa=100 0 |, pe=10 pgu p@” , (2.17)
0 ple plif 00 p% 00 pf"

where we have extended the pattern of ref. [24] to include the second generation diagonal
Yukawas for both the lepton and up-type matrices, p)* and pSf as well as third generation
down-type quark coupling pgb. The diagonal down-type Yukawa coupling p5° (p<') is however
ignored because of strong constraints from the LHC (b — sv), and we choose to consider
Py 7" but not p,""¢ because the simultaneous effect would lead to chirally enhanced effects
in u — ey and 7 — pv, ey [10, 34]. Furthermore, the (effective) Yukawa couplings pl}a

are derived from the Yukawa couplings Yf2 @ yia the transformation in eq. (2.13), with an

3Here we use flavour indices, so ¢ stands for charm and b stands for bottom, rather than being indices that
run over the generations.



explicit dependence on tan 3. Hence, to avoid this explicit dependence on tan 3 on the
model parameters, we will use as fundamental scan parameters the extra Yukawas Yf2 ’ba,
which corresponds to work in the Higgs basis, i.e. NP Yukawa interactions will be encoded
only in the Yf2 ba parameters.

Concerning the scalar potential, we switch from A; — A5 the parameters to the mass-like
parameters mp, mg, ma, mg+ and myo. Furthermore, the effect of A\g and A7 of electroweak
(EW) precision data and flavour observables is automatically included (at the one-loop level).
Therefore, the only parameters of the scalar sector are mpy, ma, my+, mi2, tan 8 and sg,.

We used the following ranges for the parameters, based on the findings of ref. [10]

mig € [-200, 200]GeV,  mp= € [120, 140|GeV,  ma, my € [150, 350]GeV,

spa €[0.98,1.0],  tanpB €[0.01,10],  Y2"e[-1.0,1.0], Y2>*e[-0.6,0.6],
Re, Im(Y,2"") € [-0.1,0.1], Y7, Y*" € [-0.01,0.01],
Y2 e [-0.15,0.15],  Y;"e[-02,02], Y2 e[-0.1,0.1] (2.18)

Note that we allow for a complex YZQ’TT to explain the b — c¢7v anomaly while other
couplings are taken to be real. We work close to the alignment limit, i.e. sg, € [0.98, 1.0]
such that the bounds from SM Higgs signal strength are satisfied.*

3 Observables

The flavour-violating couplings of the G2ZHDM enter in many different processes. Here we
present the observables relevant to our analysis and give the corresponding NP contributions.

3.1 Top decays
The ATLAS collaboration reported an excess in t — bH+ — bbc [6]
BR(t — bH™ — bbc) = (0.16 & 0.06)% (3.1)

for a charged Higgs mass of mg+ = 130 GeV, which corresponds to a global (local) significance
of 2.5(3.0)o. Then the corresponding G2HDM contribution to the decay is given as

) bb|2 2\ 2 tc|2
- 3
BR(t — bH-i- N bbc) ~ mt(‘pu’ + ’pd ‘ ) 1 mH; ’pu o
167 T’ mi 3lpte|? + 3lpsel? + Xy ey 12
(3.2)
where I'y is the total decay width of the top quark.
For the lepton flavour violating decay ¢ — p7q [30] an upper bound of
BR(t — pT77¢) < (8.240.5) x 1077, (3.3)
at the 90% CL is found. In the G2ZHDM the corresponding width is given by
_ mi | 1(uret) |2

“We consider here only the bounds from fermionic decays of the Higgs since the di-photon signal strength
can always be brought into agreement with the measurement by choosing an appropriate value of A7 [35].



with

l(m-ct) PZC*P?T C%_a S%—a 1
Clequ 2 2 + 2 + 2 | (35)
mj, my My
Note that the quark in the final state is only a charm quark given that we are ignoring
couplings to first generation quarks.’
For the decay of a top quark to a charm quark and the SM Higgs, we have in the
G2HDM [24]

tc|2 2 2
oS (i (s,

which can be compared to the current ATLAS [37] (CMS [38]) upper limit BR(t — hc) <
4.0 x 107* (3.5 x 1074).

3.2 Charged current anomalies in b — cfv

The ratios

BR(B — D®rp)

R(DW)Y = o 7
D) = 8RB S D)

(3.7)

with [ = e, u, have been measured by LHCb [39-41], Belle [42-45], Belle-II [46] and BaBar [47,
48]. The combination provided by HFLAV [49] is

R(D)uprav = 0.342 +0.026, R(D*)grray = 0.287 +0.012. (3.8)

Using the form factors [50, 51] provided in Superlso 4.1 [52-54], the G2HDM contributions
to R(D) and R(D*) are given by

1+1.73Re(gF)+1.35 5 |of 1+0.11 Re(gF7) +0.045 |g}7
3.27+0.57Re(g"")+4.8% [g42’ " 4.0440.08Re(gh")+0.25 5 g2’

(3.9)
with [ = e, u, 7 and R(D)gm = 0.306 and R(D*)gm = 0.247. The scalar and pseudoscalar
couplings gfgl:P are given in the G2HDM as [18],

R(D)~

, ch + ch , ch _ ch
U _—_ YR L W _ YR L
gs = 70517]‘4 ) gp = 701%1}% ; (3.10)
where C’g’}\/l = 4GFrV4/V/2 and
C]c%b — (‘/Cbpd + ‘/cspd ) ' 7 Czb (‘/;fbpzc* + ‘/Cbp'ch*) ” *’ (311)
mHi mHi

which includes the renormalisation group correction factor of 1.5 [55-58] as a multiplicative
factor in the Wilson coefficients (WCs) of eq. (3.11).

SATLAS [36] recently searched for H™ — ¢5 reporting no significant excess. However, in our current setup,
we have BR(HT — ¢3) < BR(H" — ¢b) and the mis-tagging rate of a strange quark as a b quark is small,
such that one can evade this constraint.



In addition to R(D™)), the Belle experiment also measured the lepton flavour universality

(LFU) ratio R.;, = BR(B — Dev)/BR(B — Dpuv) to be [59]

R./, =1.01 £0.01+0.03, (3.12)

which can be expressed in the G2HDM as [18]

1
Re/ll ~ s (313)

2
0.9964 + 0.18 Re[g4"] + 1.46 5 g4

where we have obtained the NP leptonic contributions by integrating the heavy quark effective
theory amplitudes of the scalar type operators from refs. [60, 61].

3.3 Leptonic meson decays

The fully leptonic decays of mesons can receive chirally enhanced effects from (pseudo-)
scalar currents compared to the SM vector currents. The total decay width in the G2HDM
is [14, 62, 63]

2
my

2
myr '
BR(M;; — lv) = Gimi fiyma|Vis ( T ) [N TV PR GREY

where i, j are the valence quarks of the meson M, fjs is its decay constant and Aélj, is
the NP correction given by

2
, Yiimy, + X;imyg.
Aijl — (W> * < ] Ug ] Cl] >’ l # l,, l, l/ — 2’ 37 (315)
M+ sz(muz + mdj)
with
v kj v K v 'l
ij \/§mdj ik Py ij \/ﬁmul Pu Vkj v \/Qmj Pe ( )

In particular, we consider the experimental measurements from HFLAV [49] BR(D; —
puv) = (5.43 £ 0.15) x 1073, BR(Ds — 7)) = (5.32 £ 0.11) x 1072 and BR(B. — 7).
Regarding the latter, the theoretical prediction within the SM is still unclear and upper limits
of 60% [64—66] are still possible. To be conservative, we define a likelihood function allowing
values for BR(B. — 7v) < 70%. The expression for the SM plus the G2ZHDM contribution
for BR(B, — 7v) is given at tree level [67] as,

BR(B, = 1) ~ BR(B. = m9)sut [[1-435CT "+ 4357 (|CF7 P +|C)7P)] . (317)

3.4 Neutral current anomalies: b — s transitions

Global fits to b — sf*¢~ observables favour a vectorial coupling C§ ~ —1 at the 50
level [3, 5, 68-73], where the U stands for lepton universal. The most relevant observables
include the so-called P} [74-77],% the total branching ratio and angular observables in

SRecently, the CMS collaboration [78] made competitive measurements of the angular observables in good
agreement with LHCb data confirming the anomaly. For more details and complete expressions for the angular
observables the reader is referred to refs. [18, 79, 80].



Bs — ¢ utu~ [81-83] as well as the BR(B — Kutu™) [84-86], which are fully compatible
with semi-inclusive observables [87], i.e., those obtained from the sum of the leading exclusive
modes. This inspires lepton flavour universal NP models with vectorial couplings to leptons
and left-handed couplings to bottom and strange quarks that may relax the tension.

In the G2HDM model, mainly the charm loop contributes to C§ via an off-shell photon
penguin [25-28, 88-90] and we obtain [26],

tc|2

_ | Accl2 tcx cc
ACY (1) ~ —0.52 (W) +0.50 (%‘) , (3.18)

for mg+ = 130, although later we use the full logarithmic dependence with m g+ in our global
fit. We see that a sizeable coupling pi¢ is necessary if p¢¢ ~ 0 is assumed while the product
pie*pte has a Cabibbo-Kobayashi-Maskawa (CKM) enhancement w.r.t. the SM. While in
the previous work [24] the value of p¢ was set to zero, it could play an important role in
obtaining values in agreement with model-independent fits. In addition to the contributions
to CY, the closely-related quark level decay b — ccs can noticeably affect the By meson
lifetime [88, 91] and potentially constrain the G2ZHDM. Since it is not easy to control the
exclusive decay b — ccs, the lifetime ratio 7p, /75, is typically used, which can be calculated
with a heavy bottom quark expansion. Nevertheless, in our scenario thanks to the CKM
suppressed b — ccd interaction this shift in the ratio is cancelled, significantly relaxing the
constraint and hence we will not consider it henceforth.

Regarding scalar operators with coefficients Cg, ,, which are also present in the effective
Hamiltonian describing b — s¢* ¢~ observables, the most sensitive observable is the branching
ratio BR(Bs — ptp™) which also depends on the coupling C%) = C’{QSM + AC]EQ related

to the pseudo-vector operator [80],
w12 4m?
Vvtbv;ts| Hl_m%i
2

mBs (CQl _C(/Ql)
(mb+ms)

G2a?
PO 2 3
6473 fB,78.m3,

4mi
- [(l‘mgs)

where fp, is the B; meson decay constant, 7p, is its mean lifetime and the WCs in the GZHDM

BR(B, —ptp)=

2

Co,—C.
mBS( Q Qz) —2(C1o—Cio) my

(meFmS) mpg

)

(3.19)

are given in refs. [18, 26]. The experimental data for all these observables are taken from the
HEPLike package [92], whereas the theoretical predictions are extracted from Superlso [52-54].

For the radiative inclusive decay B — X7, the contributions from the G2HDM are
taken from refs. [93-98] as implemented in Superlso [52-54]. As a function of the C7 and
C% Wilson coefficients related to the electromagnetic operators, the b — s transition rate
can be written as

G2 12
P(b— 57) = 5o L |VinVis | e . (Cretr (1n)]* + [Crogr(m) ) (3.20)

where C(;)H = Cé;)f:?M + AC (,e)ﬁ is the effective WC (see below), and the experimental mea-
surement is BR(B — Xgy) x 10* = 3.49 £ 0.19 [4]. Taking into account the 1/4/2 factor



difference in the notations with respect to ref. [26], the dominant top quark contribution
for the AC7 WC is given by

7 - 2 2 * 2 J (3.21)
36 M+ gQ%vats M+

where f1(z) is a loop function one can find in ref. [26] from where again we use all expressions
for computing the WCs. While the charm quark contribution is obtained as,

2 * ke ncx
A ) = - 1 I Vil Vo 322
36mys 95V Vi

Numerically with my+ = 130 GeV one gets

ACre () ~ —0.174 (|ols )2 — 0.046 (|p§f|)2 : (3.23)

which can be used for understanding possible explanations of the anomaly in t — bHT —
bbe. We note that C7 of the SM is negative which fixes the convention and hence ACrqg
constructively interferes with the SM contribution. Furthermore, we have implemented the
respective RGE effects in GAMBIT including the mixing with the Cg WC that is the one
associated with the chromomagnetic operator. From model independent fits, we require
the NP contribution to be within —0.04 < AC7(up) < 0.04 [5]. Additionally, once we turn
on the second-generation diagonal quark Yukawas we will have mixed terms given by the
semi-numerical expression

tex ce cc ,bb ttx  bb
mix ~ Py Pu . Pu Pq Py Pq
ACEE (1) ~ 0.105 ( o ) 0.028 (0.025> +0.19 ( o ) , (3.24)

where again we have fixed my+ = 130 GeV. We note that these terms can take both signs
depending on the sign of the coupling product and hence potentially cancel the negative
contribution from eq. (3.23).

Last, the recent measurement of BR(BT — Ktvi) by Belle I1 is yet another exciting
hint of NP [99]. Given its close relation to the b — s¢T¢~ decays one could expect both
a Z penguin and box diagram contribution enhancement in the G2ZHDM. However, the
necessary WCs turn out to be very suppressed by all other flavour constraints at the 20
level, implying an SM-like prediction for BR(BT — K*Tvp).

3.5 B, — B, mixing

The mass difference of the Bs and Bs mesons in the presence of NP is commonly written as [100]

G2HDM SM MY
AM — AMSM (1 , 3.25
B, Bs ( + M152M> (3.25)
where AM%SVI = (18.270%) ps~! is the SM prediction from ref. [90] and

MNP = <BS QﬁJBS>’

(3.26)
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Figure 1. Box diagrams relevant for B, — B, mixing.

G% miy Mp, f% Bs,ns

MSM _
12 1272

(Vi Vis)? So, (3.27)

are the off-diagonal 12 terms (often called dispersive terms) of the evolution matrix responsible
for By — B, mixing obtained from the expected value of the respective effective Hamiltonian
HAY in eq. (4.9) of ref. [26]. Mp, is the mass of the By meson, the parameter Bp, ~ 0.841 is
the so-called bag factor, ng = 0.8393 4+ 0.0034 is due to QCD corrections and Sy =~ 2.35 is
an Inami-Lim function [100] including electroweak corrections.

Using both the theoretical expressions of refs. [14, 26] and doing an independent calcula-
tion with FeynCalc [101] with the model files provided by FeynRules [102] as a cross-check,
we compute the G2ZHDM contribution to the mass difference at one loop level. For simplicity,
we show here the resultant expressions evaluated at the charged Higgs mass my+ = 130 GeV,
even though later we use the full expression depending on mg+ in the scans. We find for

AMG2HPMAMBEN ~ — 0.0055pl¢|* + 1.73| plf |* — 0.9 plc*plf

u

8T (PP — |l P) + 10460 P2, (3:28)

where the first and second lines are the quadratic and quartic terms related to the W-H ™~
and H~—H~ box diagrams in figure 1, respectively.”
3.6 Lepton flavour (universality) violation

The lepton flavour universality violation test is defined as the ratio

(30)" = B = i) o
Je BR(1 — evv) f(m?/m2)

~1+ Y (0.25[Ry* — 0.11Re(Ry)),  (3.29)
1,0 =, T

where g, and g,, are the W+ —eand W* — i couplings and f(z) = 1 —8x+8x3 —2*—1222 log x
and R;; is the BSM scalar contribution for the test of lepton flavour universality in the tau
sector. In the G2HDM at tree level® we have

2

v -
R = g P 30

"Regarding the width difference AT’y of the B, — B, system, we corroborated that the contribution of
NP to the CP violating phase ¢ in ref. [100] is negligible given that we do not consider complex Yukawa
couplings except for p; .

8We confirmed that the dominant contributions coming from one-loop diagrams [12, 103, 104] are negligible
for |p7| < 0.2.

,10,



The corresponding experimental measurement is taken from the latest Belle II data,
19,1/ 9¢| = 0.9974 + 0.0019 [31].

In the G2HDM lepton flavour violating decays of 7 and u leptons are induced by one-loop
diagrams and enhanced 2-loop diagrams known as Barr-Zee contributions [105-107]. Here
we use the expressions from ref. [18] for the predictions of 7 — uvy, 7 — 3u and p — ey.
They are compared to the upper experimental limits from the PDG [1] and the MEG II
collaboration [108].

For the Higgs LFV decays we follow ref. [24] and use

2
C3aMh T T
BR(h = 17) = 1 (1o + 17" ) (3.31)

where [ = e, u, with experimental bounds provided by CMS and ATLAS [109, 110]. Note
this data also contains anomalies, but here we do not consider these and instead simply apply
them as the upper limits presented in refs. [109, 110].

3.7 Higgs searches at colliders

The relative coupling strength x, for h77 is defined as the ratio x2 = T',/TSM where T,
is the partial decay width into a pair of taus, and measured to be xk; = (0.93 £ 0.07) by
ATLAS [111] and k; = (0.92 £ 0.08) by CMS [112]. It is affected in the G2ZHDM as

pzT CBa
ﬁmr
v

Kr = |SBa -+ . (332)

Concerning direct search for the new Higgs bosons, H, A and HT, we use the exclusion limits
computed by HiggsBounds [113-116] and HiggsSignals [117, 118]. In addition, we add the
limits from searches for heavy Higgses with flavour-violating couplings, not presently included
in HiggsBounds or HiggsSignals. Here, the ATLAS search for the production of a heavy Higgs
decaying via flavour-violating couplings resulting in a pair of same-sign tops can set a strong
lower limit on the masses of heavy Higgses [119]. Nevertheless, this limit is not very effective
in our study since we have no mixing between the first and third generation, pf* = 0, and
the off-diagonal Yukawas are small, p’® < 0.5. The CMS search for the production of two
heavy Higgses from off-shell Z, decaying to four taus excludes the possibility of fitting the
anomalous magnetic moment of the muon (see below) in the lepton-specific 2HDM [120].”
The limits provided on the cross sections and branching ratios can be re-interpreted in a
model-agnostic way, and thus applied to our scenario. However, departing from the limit of
the lepton-specific 2HDM, the di-Higgs production from an off-shell Z is generically small,
such that the effect of the constraint is weakened. Moreover, in our scenario, due to the
presence of additional quark Yukawa couplings, the tauonic branching ratio is diluted.

3.8 Oblique parameters and myy mass

The oblique parameters S, T" and U [123, 124] parameterise NP correction to the electroweak
gauge boson propagators. In particular, they are sensitive to the W mass if the EW sector

9Moreover, the reinterpretation of neutralino search resulting in multi-taus and missing energy by AT-
LAS [121] excludes the scenario too [122].
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of the SM is fixed via Gp, o and the Z mass. However, the situation for the W mass
measurement is not clear at the moment. While the CDF-II collaboration found a my
value [125] which is 7o above the SM prediction, the measurements from LEP [126], DO [127]
and the LHC [128, 129] included in the PDG average [1] are in better agreement with the
SM. Furthermore, very recently the CMS collaboration reported a preliminary result of
myy consistent with the EW global fit of the SM [130], with a precision comparable with
the one from CDF-IL.

There are significant tensions between the LHC and the CDF-II measurements, resulting
in a poor compatibility when all the measurements are combined [131]. Out of all possible
combinations where a single measurement is removed, the best compatibility is obtained
without the CDF-II measurement [131]. Therefore, we consider as the default option that
in which CDF-II is disregarded, leading to

PDG: §=-0.04+0.10, T =0.01 £0.12, U = —0.01 £ 0.09, (3.33)

with correlation matrix p given by,

1 093 —0.70
PPPE =1 093 1 —087]. (3.34)
—0.70 —0.87 1

However, we also compare our results to the alternative case in which only the CDF-II
measurement is used, resulting in [132]

CDF: §=0.06£0.10, T=0.114+0.12, U = 0.14 £ 0.09, (3.35)

with correlations

1 090 —0.59
pPY =1 090 1 -085]. (3.36)
—~0.59 —0.85 1

Here we use the 2HDMC 1.8 package [133] to include these constraints where general expres-
sions for the S, T and U parameters from refs. [134, 135] are used. Unless otherwise explicitly
stated, we use the PDG values for the S, T' and U parameters from eq. (3.33).

3.9 Anomalous magnetic moment of the muon: (g — 2),

While the situation for the direct experimental measurement of (g — 2), is clear [136, 137]
a)® = (11659205.9 +2.2) x 10717, (3.37)

the SM prediction is puzzling. The SM value of a;'" = (11659181.0£4.3) x 10~'° computed by
the g — 2 Theory Initiative’s White Paper (WP) [138], which is based on work from [139-158],
gives a deviation,

Aay’ = (24.9+4.8) x 1071, (3.38)
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which is a 5.10 tension with the direct measurement. However, that prediction does not include
the BMW lattice calculation for the Hadronic Vacuum Polarisation (HVP) contribution [159,
160]. Replacing the HVP contribution from the WP with the latest BMW calculation results in

AapMV = (4.0 £4.4) x 1077, (3.39)

The BMW calculation has been confirmed by other lattice groups [161-164] in an intermediate
Euclidean time window [165]. Note also that the recent CMD-3 [166] measurement of

Te~ —hadrons, gives systematically larger cross-section than BaBar [167] and KLOE [168].

e
Finally, 7-data driven results are also consistent with the lattice calculations [169, 170].
Therefore, we will use the BMW value for the fit in the main text but show the impact if
a large NP effect from the G2HDM in (g — 2), was preferred in the appendices, namely
we show in appendix A the different contributions from the model and in appendix B the

results obtained if using the WP value.

4 Results

We now perform a global fit of the G2HDM to the observables discussed in section 3, using
the GAMBIT [32, 33] framework. For this, we extend the FlavBit [171], PrecisionBit [172]
and ColliderBit [173] modules of GAMBIT to compute the observables and likelihoods for the
G2HDM as described in the previous section. We also make use of various external codes:
Superlso 4.1 [52-54, 174] for computing flavour observables, 2HDMC 1.8 [133] for precision
electroweak constraints, HEPLike [92] for likelihoods of b — s¢T¢~ observables. We employ
the differential evolution sampler Diver 1.0.4 [175] to explore the parameter space'” and the
plotting script pippi [176] to produce all the figures below. To validate the implementation
of the observables, we confirmed that the predictions for them calculated by GAMBIT (see
table 1) agree with ref. [24] within the corresponding theoretical and parametric errors for
one of the benchmark scenarios presented there (henceforth called “BM3”). Some small
differences are due to different choices of the SM predictions vs experimental input.

To provide more information on the impact of different observables and parameters we
perform multiple fits. First, we consider only the parameters used in ref. [24] with a limited set
of observables to examine how the charged-current B anomalies can be explained and to study
the implications for b — s¢™¢~ data. We then perform a more comprehensive fit, including
additional observables and increasing the number of Yukawa parameters. In our main analysis
we treat (g —2), and the W mass as constraints on new physics, using the BMW prediction for
HVP contributions [160] for the former, and the oblique parameters [1] from fits that exclude
the CDF-II measurement for the latter. However, we also compare this to another fit showing
the impact of using the CDF-II measurement instead. Similarly, for the purpose of comparison,
in the appendices, we show how results change if we instead use the HVP contributions given
in the White Paper, which implies a preference for a significant BSM contribution.

In our first scan we consider the reduced parameter space of {mi2, my+, ma, mu, sga,
tan 3, Y2t y2te YKQ’TT, Yf’“ m Yf’eT} which matches the parameters considered in ref. [24].

10The results of all the scans, ran in the LUMI supercluster in Kajaani, Finland, accumulated a total of 60
million parameter samples from 10 independent scans, using approximately 2400 CPU hours.
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Figure 2. Profile likelihood ratios for R(D) and R(D*) (left) and ACy and AC; (right). The white
star with a black border denotes the best-fit point, the white cross the SM prediction, and the yellow
cross corresponds to BM3 from ref. [24]. White contours around the best-fit point are the 1o and 20
confidence intervals (calculated with two degrees of freedom). The grey contours on the right shows
the region preferred by the model-independent fit to b — s£T£~ transitions.

For this, we exclude b — s/~ from the fit and predict the contribution to the WCs of
the relevant effective operators i.e. ACq 7. The resulting profile likelihood ratio is shown in
figure 2, where the best-fit point is marked with a white star and the white contours are
the boundaries of the 1o and 20 regions. Also the benchmark point 3 (BM3) of ref. [24] is
depicted in yellow and the SM prediction in white. The panel on the left shows that a good
fit to R(D*) can be obtained. The panel on the right illustrates that despite disregarding
b — s¢T¢~ data, the fit has a preference for negative values of ACy, in agreement with the
model-independent fit (grey contours) [5, 177]. However, the magnitude of ACy is significantly
smaller within this setup compared to the one obtained from the model-independent fit.
Hence, we will consider if extending the set of parameters can resolve this tension.
Therefore, we now perform a more comprehensive global fit including the additional free
parameters Y2, Y* and Y/, with the ranges described in eq. (2.18). Note that the
Yf2 -ba couplings are only used in an intermediate step as they are the pre-implemented scan
parameters in GAMBIT. For facilitating comparison with ref. [24] we show all our results
in the Higgs basis, i.e. in terms of the pl]’ca couplings instead, which are derived from the
Yf2’ba via eq. (2.13). In this scan we also include b — s¢T¢~ data, R/, the meson decays
BR(Dg — pv) and BR(Ds — 7v), the universality test g,,/ge, and the new ATLAS upper limit
ont — pt7c. For (g—2), we use the SM prediction with the value of the HVP contribution
obtained by BMW [160]. Note that this observable serves as a constraint since it agrees at
the 0.90 level with the measurement. The results of this fit are shown in figure 3. The best-fit
point and some predictions of selected observables can be seen in the third column of table 1.
From the top-right panel of figure 3 it can be seen that it is possible to obtain ACy ~ —0.9,
i.e. the best-fit point of the model-independent fit, while simultaneously explaining R(D®*))
at the 1o level (top-left) with the extended parameter set. This means that the additional
Yukawa couplings, not considered in ref. [24], are in fact capable of resolving the tension
between b — s¢T¢~ data and the rest of the observables within the global fit. The middle-left
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Figure 3. Profile likelihood ratio for different combinations of model parameters and observables for
the full fit with the extended parameter set. As before the white star with a black border denotes
the best-fit point, the white cross the SM prediction, and the yellow cross corresponds to BM3 from
ref. [24]. White contours around the best fit point are the 1o and 20 confidence intervals.
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Figure 4. Profile likelihood ratios for Aa, (left) and AMp, (right) obtained from the full scan.
As before the white star with a black border denotes the best-fit point and the white cross the SM
prediction. White contours around the best fit point are the 1o and 20 confidence intervals.

panel shows the preferred region in the m4—mpg plane which is sensitive to the S, T" and
U parameters. We can see a mild preference for a light m4 and slightly heavier my at
around 200 GeV, though degenerated masses or inverted hierarchies are also possible within
20 of the best-fit point.'!

Regarding the additional neutral scalars, ATLAS recently searched for a new particle
decaying to bb in top decays [178]. They set an upper limit on BR(t — cbb) < O(1073)
depending on the resonant mass. For the best-fit point we obtain BR(t — cA — cbb) ~ 1074,
satisfying the constraint. However, for a lighter A and larger pl¢, this exotic top decay channel
already probes the model. Note that the correction to the oblique parameters involves all
additional Higgs masses and when we set mg+ close to 130 GeV, this makes the values of
my and m4 different compared to the case of not having the ATLAS excess.

The disjoint preferred regions in the p¢ — pit, p% — p¢ and Im (p]™) — Re (p]”) planes
(middle right and bottom panels) can be understood as the overlap of the functions associated
to AC7, ACy and R(D™)) defined in eqgs. (3.23), (3.24), eq. (3.18) and eq. (3.11), respectively.
Even though the sign of p¥ and pzb are not fixed by the exotic top decay, the relative sign can
be fixed with flavour observables. As a result, we get two independent regions (with opposite
sign of p!¢) which is observed on the middle-right panel. Lastly, the bottom-right panel shows
that a small but non-zero value of the imaginary part of p;” is necessary to explain R(D*)
while simultaneously satisfying Higgs coupling strength constraints.

On the left panel of figure 4, our fit finds a small p}* and a tiny (O(107!1)) shift in the
muon g— 2. On the other hand, the right-hand panel shows that the G2ZHDM provides a worse
fit to AMp, than the SM, but which is still compatible with it at the 20 level due to the large
theoretical uncertainty of the SM (dashed orange lines). In the plot, the HFLAV experimental
average is shown which, compared to the theory prediction, has negligible uncertainties not
distinguishable on the plot as they are given by AMEELAV = (17.765 £ 0.006) ps~'. The

'We, however, checked that the fit to all flavour and S, T and U parameters is almost unaffected by the
exchange of mpy and ma which suggests there may be an undersampling of the parameter space around
ma = 250 GeV. Nevertheless we expect that this does not change our main result i.e. ACy ~ —0.9 is allowed
in the model.
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Figure 5. One-dimensional profile likelihood ratios £/L .y for the Higgs coupling strength of the
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Figure 6. Profile likelihood ratios for LF'V decays and projected limit from Belle-II (red solid curve).
The white star denotes the best-fit point and the white contours around it are the 1o and 20 confidence
intervals.

fit could be improved by the inclusion of small pzs and pgb couplings which give rise to
tree-level effects in B, — B, mixing.

The predictions for the SM Higgs coupling strengths for tau leptons and charm and
bottom quarks, xrp . are shown in figure 5. We see that the deviation from unity in <, and
kp can be about 10%, and as high as 30% for k.. Note that the current uncertainty of
and ky is about 10% but the high luminosity (HL)-LHC will shrink those uncertainties to
4% and 2%, respectively [179]. On the other hand, we would need future lepton colliders
to probe k. at less than 10% [179, 180] in order to test our prediction.

Figure 6 shows the predictions for the LFV decays 7 — pvy and 7 — 3u in the G2HDM.
Both of the branching ratios are within 20 of the future sensitivity limit from Belle IT [181].12

2However, this is not the best possible scenario, and an even more promising projection could be obtained
when using the LFV measurement obtained by the ATLAS collaboration [110] deviating 2.50 from the SM
rather than the upper limits, which we use here as a conservative approach.
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Concerning LFV B decays, we find that the branching ratios of B4 — K*)ur and
B, — pt (and also for the flavour conserving B(H) — K*H)rtr= and B, — 7H77) are
two orders of magnitude below the future sensitivity projection from both Belle II and
the HL-LHC and do not display them here. We also note that the resulting By — puu~
branching ratio turns out to be the SM-like. Lastly, regarding the branching ratio of the
D — 7 decay we find BR(D,; — 707) = 5.22 x 1072 for the best fit point value, which is
within the experimental uncertainty at 1o level.

Finally, we assess the impact of using the W mass from CDF-II as input in the global fit
instead of the PDG value. For this, we compare the third and fourth columns in table 1 the
best-fit values using the myy from the PDG to the one using CDF-II result. We see that the
NP effect in both the neutral and charged current B anomalies becomes more constrained
when using the CDF-II measurement compared to the PDG value. We also show in the last
row of table 1 the values for the Wilks theorem ratio test Ay? = X%M — X%;QHDM’B showing
that a much better fit to the data is obtained for the scan using the PDG values. Notably, the
CDEF-II fit predicts a much smaller branching ratio for the B, — 70 decay compared to others
due to [Im (Cﬁb) | > |Re (Cﬁb> | which needs Tera-Z factories to probe the scenario [183-185].

5 Conclusions

Explaining the anomalies in semi-leptonic B decays remains a challenge for model building.
In fact, after the disappearance of deviations from unity in the ratios R(K (*)) testing lepton
flavour phenomenology, this has become even more difficult and fewer NP models remain
valid [3]. One of them is the 2HDM with a generic flavour structure. We show that it is
possible to describe both the charged and neutral current anomalies in semi-leptonic B decays
at the 1o level within the G2HDM, while satisfying the experimental constraints. We do
this by performing a global fit via GAMBIT that includes the constraints from all other
flavour observables, top decays and electroweak precision observables. For the latter, we used
the W mass from the PDG (which does not include the CDF-II measurement) and the SM
prediction for (g — 2), with the HVP contribution calculated by the BMW collaboration,
which both imply good agreement between SM and experiment so that these observables
act as constraints on new physics.

We stress that the value used for the HVP contributions to (¢—2),, plays a crucial role here.
Specifically, using the BMW calculation, which implies a SM prediction close to the measured
(g — 2), value, allows a simultaneous explanation of R(D™)) and b — s¢*¢~ data. If instead
the SM (g — 2),, value of the White Paper is used without updating the HVP contributions,
the combined fit can no longer describe both B anomalies while generating a larger Aa,
of about 1 x 107 (which is still significantly smaller than the White Paper prediction).
Similarly, if the PDG value for the W mass is replaced by the CDF-II measurement, the
model could not fit the oblique parameters while at the same time improving the fit to the
semi-leptonic B anomalies as much as before.

13For nested hypothesis Hyo C H; Wilks theorem [182] states that Ax? will follow a x? distribution with n
degrees of freedom, where n is the difference in dimensionality between the larger parameter space (G2HDM)
and the nested one (SM).
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BM3 Scan 1 PDG 2024 CDF-IT
M+ 130 GeV 133.7 GeV 126.2 GeV 133 GeV
M, A 200 GeV 181.7, 184.2GeV | 205, 158 GeV 227, 201 GeV
CBar 0.1 0.019 0.007 0.03
ptt 0.06 0.06 —0.06 —0.06
ple 0.47 0.23 0.14 —0.15
pee - - —0.1 0.1
P4 - - —0.07 0.1
o5 —0.01(1 +1.8i) | —0.03(1 £ 1.54) | —0.05(1 +1.64) | —0.002(1 £ 254)
ot - - —0.0015 0.002
o))" 0.01 5x 1074 0.003 —0.001
i 0.006 0.008 3x107% 0.007
BR(t — bbc) 0.163% 0.157% 0.156% 0.157%
BR(h — pr) 0.077% 6.7 x 1078 3.5 x 1077 6.8 x 1077
BR(h — eT) 0.028%, 2.1 x107° 3.6 x 1079 2.8 x 107°
R(D) 0.357 0.350 0.346 0.371
R(D*) 0.271 0.276 0.277 0.258
BR (i — ev) 2.2 x 10713 1.7 x 1071° 7.6 x 10717 3.1x 1071
Rp, 0.002 —0.005 0.075 0.062
BR(B, — 1) 30 % 39 % 40% 8%
BR(t — ch) 3.1x1074 2.4 %1076 1.4 x 1077 2.2x 1076
ACy —-0.47 —0.072 —-0.83 —0.76
AC —0.035 —0.015 —0.016 —0.011
Kor 0.91 0.95 0.97 1.00
AgBMW ; - —0.8 x 10711 1.2 x 1071
STU (Ax?) —2.5 0.014 —0.06 —~11.5
Total Ax? 2.20 23.83 81.07 64.30

Interestingly, we found that if we do not include b — s/~ in the fit but predict it from
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observables are shown, where relevant. Here we define Ax? = x2\; — X&anpM-

Table 1. The value of the parameters for BM3 (first column), the best-fit point of the first scan
(second column), the best-fit point of the second scan with using the PDG value (third column) or
the CDF-II value (fourth column) for the value of my,. The corresponding predictions for various

the other observables within the G2ZHDM, a negative value of ACy, as suggested by global
model-independent fits, is predicted, even though the absolute value is smaller than what is
preferred by data. In all scenarios describing the B anomalies at the 1o level, we find that
AMgp, is in worse agreement with data than the SM, even though still compatible due to the
large theoretical uncertainty. Finally, our model can be tested at Belle II in LFV searches for
7 — 3u and 7 — y and measurements of k; and k, in the future HL-LHC.
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Figure 7. One-loop diagrams that contribute to (g —2), involving a neutral (charged) scalar diagram
on the left (right). The index ¢ = e, u, 7 and ¢ = h, H, A are defined.
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A Barr-Zee diagrams for (g — 2),, in the G2ZHDM

We divide the leading contributions to Aa, in the G2HDM into three groups
Aay™M= Aol +Aal +Aaf, (A1)

which correspond to the one-loop, two-loop fermionic, and two-loop bosonic contributions,
respectively. These are shown in figures 7-10 and the corresponding expressions for the
G2HDM are given in refs. [18, 186].

The two-loop fermionic Barr-Zee diagrams are shown in figure 8 and can be divided
into neutral and charged contributions

F F,neutral F,charged
Aa, =Aa, neutra +Aauc arged, (A.2)
The two-loop bosonic contributions can be split up further into three groups
B B, EW add B, Yuk B, non-Yuk
Aa, =Aa, """+ Aay "™+ A, "M (A.3)

The first term AaE"EW add represents BSM contributions from two-loop bosonic diagrams
where only SM particles and the SM-like Higgs boson h appear in the loops, i.e. the left panel
of figure 9 with ¢ = h and HT replaced with W* and the diagrams in figure 10 with ¢ = h.
BSM effects enter here because in the G2HDM h can have non-SM effects. However to avoid
double counting and get only the BSM contribution we must subtract from this the SM

Ev Yuk jpcludes all diagrams that involve BSM

value of these diagrams. The second term Aa
fields with a Yukawa coupling, e.g. the ¢ # h versions of both the diagram in the left panel

represents two-loop

of figure 9 and the diagrams in figure 10. The last term A a57 non-Yuk
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Figure 8. Two-loop fermionic Barr-Zee diagrams that contribute to (g — 2),. The internal photon ~y
may be replaced by a Z boson, f’ is the SU(2), partner of f and ¢ = h, H, A.

Figure 9. Two-loop bosonic Barr-Zee diagrams contributing to (¢ — 2),. Here ¢ = h, H, A, as in
figure 7. In the left panel, the internal photon v may be replaced by a Z boson, and the internal H*
with a W boson.

Figure 10. Two-loop bosonic 3 boson diagrams contributing to muon g — 2. Here ¢ = h, H, A as
in figure 7. In the middle and right panels, the detached photon could be attached to either of the
vector boson lines in the diagram. In the right panel, the scalar boson ¢ may swap positions with the
Z bosons.

bosonic diagrams that do not involve Yukawa couplings, such as those in the middle and
right panels in figure 9. The definitions of the contributions A a,]f’ EWadd and A ag’ non-Yuk
are shown in egs. (49) and (71) respectively in ref. [187], while the Yukawa contribution

AaE” Yuk j5 shown in eq. (67) of ref. [186].
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Figure 11. Profile likelihood ratios £/Lp.x for different 2D plots of the parameter space for the
scan using the WP value for muon g — 2. The grey contours on the middle panel are the comparison
with respect to the previous scan in section 4.

B Fit with (g — 2), value from White Paper

Here we present the results of a scan using the WP value [138] for the SM prediction for the
muon g — 2 instead of the one where BMW is used for HVP. We find |p]7| < |p$’| resulting
in BR(¢ — 77) < BR(¢ — ¢¢) and hence multi lepton search and chargino-neutralino
searches would be less relevant. In figure 11 we can see that it is possible to simultaneously
fit all observables only at the 20 level, with the exception of R(D*) which is SM-like within
this global fit. This is expected due to the smaller experimental uncertainty for the WP
value (compared to the BMW one), strongly constraining the pf¢ Yukawa coupling, although
requiring a large pS¢ ~ —0.5, in possible conflict with pp — c¢¢ — ¢ and pp — cs — H*
searches. Finally, we find that if using the CDF-II value for myy the model is ruled out at
the 20 level for an explanation of the WP value in the G2HDM.
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