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As a result of the helicity suppression effect, within the Standard Model the rare decay channel
B, — e"e™ has a decay probability that is five orders of magnitude below current experimental limits.
Thus, any observation of this channel within the current or forthcoming experiments will give
unambiguous evidence of physics beyond the Standard Model. In this work, we present for the first
time a new physics scenario in which the branching fraction Br(BS — e'e™) is enhanced up to values
which saturate the current experimental bounds. More concretely, we study the general two-Higgs-doublet
model with a pseudoscalar coupling to electrons unsuppressed by the electron mass. Furthermore, we
demonstrate how this scenario can arise from a UV-complete theory of quark-lepton unification that can
live at a low scale. This latter step allows us to establish correlations between B; — e e~ and the lepton-
flavor-violating decays t~ — u~eTe™ and 7 — uy.
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I. INTRODUCTION

The rare decays B, — £7¢~ for £ = e, p, © are charac-
terized by interesting properties that make them quite
special and suitable to test the Standard Model (SM)
and to search for new physics (NP). For instance within
the SM these transitions are only possible as loop-induced
processes. Moreover, they are extremely clean since only
leptons are present in the final state and all of the
nonperturbative hadronic effects are contained in the decay
constant of the initial B; meson. As a matter of fact the B
meson decay constants are currently known with a pre-
cision of less than 1% [1-5].

One of the particular features of the B; meson rare
processes is that their decay probability in the SM is
proportional to the mass of the final state lepton; this is
the so-called helicity suppression effect. For muons in
the final state, this leads to a SM branching fraction of
Br(B, = utu~) = (3.55 £ 0.10) x 107 that, in spite of
being already quite small, has being measured by
different experimental collaborations leading to a combined
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result which is in good agreement with the theoretical
determination [6-9].

Due to the tiny mass of the electrons, for the channel
B, — e'e™ the helicity suppression is maximal. Indeed, in
the SM we have Br(B; — ete™) = (8.30 £0.36) x 10714,
which is about four orders of magnitude below the
corresponding value for B, — utu~. Consequently, for a
long time the experimental search for this channel was not
pursued. As a matter of fact, until 2020 the only exper-
imental result available was the upper bound reported by
the CDF collaboration [10], which was then updated by the
LHCb experiment [11] with the result

Br(B; — ete™) < 9.4 x 107°. (1.1)

Due to the large difference between the most recent
experimental bounds on Br(B; — e¢*e~) and the corre-
sponding SM prediction we can conclude that any
observation of this channel in the foreseeable future
can only be a manifestation of physics beyond the SM.
Following a model-independent approach, in [12] it was
shown how the presence of NP pseudoscalar interactions
could enhance the SM decay probability up to values
which can potentially saturate the known experimental
bounds. One of the main requirements to achieve this
effect is that the NP couplings should not be proportional
to the mass of the electron m,. This then excludes models
where the coupling between the NP pseudoscalars and
the final state electrons is determined at leading order by
the mass m,.

Published by the American Physical Society
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In this work, we present a minimal extension of the SM
based on the type-III two-Higgs-doublet model (2ZHDM), in
which a second Higgs is introduced with the same quantum
numbers as the SM Higgs and both scalar doublets are
coupled to quarks and leptons. We show how this scenario
gives enough freedom to obtain couplings between the
electrons and the relevant scalar and pseudoscalar particles
that allow us to achieve large enhancements on Br(B, —
ete”) while obeying all the relevant phenomenological
constraints. The literature on 2HDM is vast, for reviews on
the topic we refer the reader to Refs. [13,14].

Furthermore, we study how the type-1II 2HDM scenario
with the properties outlined above can arise from a
UV theory of quark-lepton unification. J. Pati and A.
Salam [15] postulated the idea of matter unification in
which the SM quarks and leptons belong to the same
multiplet and this approach remains as one of the best-
motivated frameworks for physics beyond the SM.
However, since the top quark Yukawa coupling is predicted
to be the same as the Dirac neutrino coupling, then the
seesaw mechanism [16-19] requires the energy scale
associated with the theory to be very high ~10'* GeV,
making it hard to be phenomenologically tested.
Consequently, here we consider the theory proposed in
Ref. [20], which can be regarded as a low energy limit of
the original Pati-Salam scenario, in which neutrinos acquire
their mass through the inverse seesaw mechanism [21,22]
and the theory can be realized at a low energy scale.

This paper is structured as follows. In Sec. II, we
overview the experimental and theoretical status regarding
the B, meson rare decays. In Sec. III, we discuss the general
2HDM and study the Wilson operators generated in this
model. In Sec. IV, we present the corresponding predictions
for Br(B, — ee”) and study the phenomenological con-
straints on the parameter space considering different
observables. In Sec. V, we present the theoretical motiva-
tion from a theory of quark-lepton unification. Finally, our
conclusions are presented in Sec. VL.

II. B, MESON RARE DECAYS

In order to address the decays B, — £7¢~ we consider
the following effective Hamiltonian

GrV,,Via
Hopp = ———2—1— \/’gﬂ" [CICO% + CL 0% + cif oyt

+ ClLO% + Cf oy + Crot ]+ He.,  (2.1)
where

Of5 = (r,Prb )(&r'yst). O{g’ - (syﬂPRb)(Eyﬂyjf)’
O = my(3Pxb)(26), O = m, (5P b)(2¢),
O = my,(5Pgb)(27°¢), O = m,(5P.b)(2r°7),
(2.2)

ford=e, u,

The description of the B, meson rare decays B, — £¢~
is given in terms of two measurable quantities that offer
complementary information. The first one is the time-
integrated branching fraction [12,23]

_ 1 )
Br(B, > ¢*¢7) = 5 / (D(B,(1) = £+6-)dt,  (2.3)
0
and the second one is the effective lifetime
F B(t) » £¢7))dt
fo B(t) = £7 ¢~ ))d
which is equivalent to the observable
1 (1 )Tff—(1+y2)7
A — 2.5
Aar, = s 2t — (=¥}t 23)

In Eq. (2.5), 75, refers to the lifetime of the B, meson. In
addition, the neutral B; mixing effects are accounted for by

ys = (2.6)

o,

where Al is the decay width difference between the By
and B, mesons. Moreover, the untagged rate is defined as

(T(B,(t) » ¢+¢7)) =T(BYt) - ¢7¢7) + T(B(t) — ¢+¢7),
=T(By = 767 yromp X €/ (cosh(yyt/z,) + ALE sinh(y,t/75,)), (2.7)
where
(B, = £+¢7) _ G |V V5 P f2 Mg m> 1—4m—%|CSM2(|P 2+ |Sze]?) (2.8)
s prompt — 1623 ts Vbl J BB e M129 10 et el ). :
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The functions P,, and S,, are given by

» _Cli-Cly M%\( m ){Cff—cff]
= s

SM SM
C 2myp \my, + my Ch

_ my; M %.\ mp C§ - C?f
B, 2my \my, + my C

In the SM, C5* = C}/ = C§¥ = C{/ = 0, leading to

PM—1,  sM—y, (2.10)

thus the branching fraction simplifies to

_ 1

2 2
Br(B, — £+ £ )gy = —— I

1—y, 1622 &

2
x ) [1= 4L ORI
By

For real Wilson coefficients, the theoretical branching
fraction for the process B, — £~ is

242 2
ViV l*f B Mp my

(2.11)

Br(B, — £+¢7) = Br(B, = "¢ gy

]_yx
L+,

x [|Pﬁ|2+ |sﬁ|2] 2.12)

An analogous expression in terms of P,, and S,, can also
be written for z,,. However, due to the equivalence with
Ai{i_ we only provide an explicit expression for the latter:

_ |Pz,’f|2 _ |Sz,’f|2

a
Asr, |Peel® + 1Seel* 213)
and finally, 7., can be obtained by applying Eq. (2.5).

As can be seen in Eq. (2.11), in the SM, the decay
probability Br(B; — £+£~ )y, is proportional to the square
of the mass of the final state lepton m2. Since muons and
electrons are particularly light, for Br(B, — u*u~)gy and
Br(B; — ete™)gy the masses m,, and m,, respectively, act
as suppression factors. Then the SM predictions for the
branching fractions for the different rare decays are

Br(B, = ete™)gy = (830 £0.22) x 10714, (2.14)
Br(B, = utu )y = (3.55+0.10) x 1079, (2.15)
Br(B, » t"17)gy = (7.52 £ 0.20) x 1077, (2.16)

For the experimental value of Br(B; — u*u~) we update
the result presented in [24] by performing a weighted

average including the measurements from LHCb, ATLAS,
and the latest value from CMS [6-9]:

Br(B, = u*u g = (3.39 £ 0.29) x 107°.

Exp = (2.17)

In addition, LHCb has performed two pioneering
measurements of the effective lifetime 7, [6,7,25].
Combining [7,9] we obtain

7, = 1.83 £0.21 ps. (2.18)

For examples of studies on By — p"u~ and more
generically on b — s£7¢~ processes within the context
of 2HDM see for example [26,27].

In the case of By — 717~ the current 95% C.L. bound is
available [28]:

Br(B; —» t777) < 6.8 x 1073, (2.19)

Notice that according to Eq. (2.16), in the SM the decay
ratio Br(B, — 77~ ) has the largest value amongst all final
state leptons, however the reconstruction of the 7 particle is
a challenging task, making the experimental extraction of
the corresponding decay ratio especially difficult.

Finally, due to the tiny mass of the electron, the transition
B, — e*e is rather suppressed in the SM. Indeed, as can
be seen in Eq. (2.14), this channel has the lowest branching
fraction among all the possible leptonic final states and
lies outside the reach of current or future particle physics
experiments. However, the presence of NP scalar and
pseudoscalar mediators can drastically enhance the value
of Br(B, — e*e™) [12]. As shown in Eq. (2.9), this effects
boils down to the presence of the tiny factor m, = m, in the
denominators of the functions P,, = P,, and S;r = S,.,
which for nonzero contributions of the differences AC5’ =
Cy — C and ACY = C§¥ — C§f can maximally lift the
helicity suppression induced in the SM. In this respect, the
decay channel B; — e™e™ is special since its measurement
in any foreseeable experimental facility will be a clear and
unambiguous indication of NP.

In 2009, CDF reported the first bound on the production
rate of this particular channel at 90% C.L.:

Br(B, — e"e gy cpr <28 x 1077, (2.20)

This bound was updated recently by the LHCb collabora-
tion [11] leading to the following 90(95)% C.L. bounds:
Br(B; — e" e )gprney < 94(11.2) x 1072, (2.21)
As described previously, the potential enhancement on
Br(B, — e*e™) as the result of NP scalar and pseudoscalar
particles was first noticed in [12] in a model-independent
fashion. To the best of our knowledge an analysis within the
context of a renormalizable NP framework has not been
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performed so far. In the following sections we take this next
step and develop a NP scenario where this effect can arise.

In order to perform the numerical calculations corre-
sponding to the B-physics processes, in this work we will
make use of the flavor physics package FLAVIO' [29]. This
will also allow us to combine observables in frequentist
likelihood fits of experimental data to determine constraints
on the parameters of our NP model. FLAVIO describes NP
contributions model independently using effective field
theories (EFTs) where NP enters as additions to the Wilson
coefficients of the operators of the EFT. Of interest here is
the weak effective theory with five active flavors (defined at
the scale m,), where we can directly describe the contri-
butions from our model in the language of the relevant
Wilson coefficients as laid out below.

III. THE GENERAL 2HDM
AND THE PROCESS B; — e*e~

In this section, we will focus on a mechanism that lifts
the helicity suppression in Br(B; — eTe™) leading to a
|

large enhancement within a minimal extension of the SM.
Namely, extending the SM with a second Higgs doublet
with the same quantum numbers as the SM one; for reviews
on the 2HDM we refer the reader to Refs. [13,14]. In the
general 2HDM, both Higgs doublets are coupled to the
quarks and leptons; this scenario is commonly referred to in
the literature as the type-III 2HDM. Therefore, we can write
the following Yukawa interactions,

=L Qu(Y{H, + Y§Hy)ug + QL (Y{H, + Y§H,)dg
+ ¢, (Y$H, + Y5H)eg + Hee.,

(3.1)

with HI = (H, (v, + HY +iAY)/V?2), H| = ic,H} and
correspondingly for H,. The vacuum expectation values
(VEVs) are defined by (HY) = v, and (HY) = v,.

The scalar potential for H; and H, with quantum
numbers (1,2, 1/2) corresponds to

V(H\. Hy) = mi|H{H, + m3,H}H, = m,[(H Hy) + He]

Mo,
+ 5 (H{H)? +

Ze)
2

2

The physical Higgs fields are defined by

H cosa sina\ [ HY
(1)~ (G ) () 62
h —sina cosa/ \ H)
~ 0
(G) _ ( co§ﬁ smﬂ) <A1>’ (3.4)
A —sinf cosfp /) \ A9

G*\ [ cosp sinf\ (Hy
(Hi>_<—sinﬁ cosﬁ)(Hzi)’ (3:5)

where £ is identified as the SM-like Higgs and H as an
additional neutral Higgs. In addition, HY, HF, A? are the
neutral, charged and CP-odd components of the Higgs
doublets respectively. Finally G,G* are the wouldbe
Goldstone bosons. The mixing angle f is defined by the
ratio of the VEVs of the Higgs doublets, tan f = v, /v, and
we use v> = v} + v3. The couplings of & are SM-like in
the alignment limit sin (f — @) — 1, which corresponds to

"https://flav-io.github.io/.

(HSH,)* + J5(H H\ ) (HYH,) + A4(H Hy) (HLH ) )

+ [/1—5 (H{H,)* + A6(H{H\)(H{H,) + 2;(HSH,) (H{ H,) + HC] (3.2)

a = [ — n/2. Thus, the interactions between the fermions
and the neutral scalars can be written as

Qi
\/ES B

_ M M. .
-LDfi [%H (—cotﬂ ;“‘g + )(Hj:iA)} 1

+H.c., (3-6)
where the super index i denotes the fermion flavor for
i =1u, d, e. In the equation above, the positive sign is
assigned to the field A when considering couplings to the
up-type quarks while the negative sign is considered for
couplings to the down-type quarks and charged leptons.
The mass matrices are given by

. . 1)1 . 1]2
m =Y —+Y,—, 3.7
1 5 2 \/z ( )
and Méiag in Eq. (3.6) correspond to the diagonal mass
matrices M, = V|'m'Vi with unitary Vi and V.

Finally, the matrices Q' are given by Q' = Vi ¥! Vi, and
are characterized by general components. We have assumed
that all new parameters are real, and hence, that H and A do
not mix.
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For the charged leptons we assume the interaction with
the heavy Higgs bosons to be very close to flavor diagonal:

yee £ £

£

. ME Qf
¥ = —cotp—22 4 =
\/ES/;

(3.8)

Yuw € >

£ £ yTT

where & < y;;. This allows us to evade the strong exper-
imental constraints from the nonobservation of processes
which violate lepton flavor such as u — ey [30], p—e
conversion [31], and u — eee [32]. Since we are mostly
interested in the coupling to electrons, we assume the
hierarchy y,, <y, and ¢ < y,. As we will discuss in
Sec. V, the texture in Eq. (3.8) obeying the indicated
hierarchy can be motivated by embedding the 2HDM in a
low-energy limit of Pati-Salam unification.

Similarly for the down-type quarks, we assume the
Yukawa interaction to be close to the flavor diagonal:

Ydd 3 €
3 Yss ybs/2 s
€ Yos/2 Y

D
M diag Qd

+ pu—
\/zs[i

Y4 = —cotp

(3.9)

where we write ¢ for very small numbers obeying & < y;;.
Here, we have suppressed some off-diagonal entries in
order to avoid the strong bounds coming from measure-
ments of neutral kaon mixing. Also, we have kept the off-
diagonal entry y;, since this coupling mediates the process
B, — e"e™ at tree level by coupling the NP scalar H and
pseudoscalar A to the quarks b and s. Moreover, we have
assumed that Y9, = V¢ =y,/2, a choice that will be
motivated in Sec. V. As we shall see below, the exper-
imental constraint from B, meson mixing requires this
coupling to be very small.

The relevant Yukawa interactions affecting the process
B, — eTe™ at tree level are

—LDy,.eeH+ y,bsH — iy,,ey’eA — iy, by sA,
(3.10)

where the assumption of no new sources of CP violation
implies all couplings and, hence, that H and A do not mix.
The expression in Eq. (3.10) will play a central role in our
subsequent discussion.

By integrating out the particles A and H inside Eq. (3.10)
we can immediately determine the Wilson coefficients C;(e,)

and C;ew given in Eq. (2.1) in terms of the parameters of

our model:
YeeYbs V2
& = (m GV v*a>’ Cg=cy, (3.11)
H bYFYihYVts

ee __
Cy =

Cy = —Cy,

_ Yeedbs < V2r > (3.12)

M3 \m,GpV,Via

where My and M 4 are the masses of H and A, respectively.

Given that, according to Egs. (2.8) and (2.9), the
branching fraction depends only on the difference AC¢® =
C§ — C§ and that based on Eq. (3.11) within our model
C§ = C¢, we can immediately see that the CP-even scalar
H does not contribute to the observable Br(B, — e*e™).
However, the CP-odd scalar (pseudoscalar) A can have
large effects. A crucial point to highlight is that in our NP
scenario, the coupling between the heavy Higgs bosons and
electrons is not required to be proportional to the mass of
the electron; this is of capital importance when lifting the
SM helicity suppression.

The values of the masses My and M, depend on the
parameters of the 2HDM scalar potential 4,_;, m3,, tan 3
and a [see Eq. (3.2)] [33]. Hence My and M, are not
independent from each other and are actually correlated.
The parameters in the scalar potential are constrained by
different theoretical conditions such as perturbativity and
vacuum stability that can be combined as follows [33]:

0<a, <4 (3.13)
—\//1112 < 13 < 4, (314)
—4 < lys567 <4 (3.15)

Therefore, to determine the allowed values for M 4, and My,
we randomly sample through the parameter space of the
scalar potential that in addition delivers the masses of the
charged scalars My=. In order to simplify the scan we
assume that all the parameters in the scalar potential are
real. During this procedure, we use the mass of the SM
Higgs boson as a constraint, i.e., we take M), = MM =
12525 £0.17 GeV [34] as well as the inequality
M, < My, and fix sin(ff —a) = 1.

In Fig. 1 we present our results for the allowed values
of M, and My after imposing these constraints on the
parameters in the scalar potential. For small masses below
1 TeV, the mass splitting between M4 and My can be quite
large (around 500 GeV), while for heavy masses around
10 TeV, this difference must be rather small (around
50 GeV), and hence the heavy mass regime satisfies
M, = My to a very good approximation. In this limit
the NP Wilson coefficients given in Eq. (3.11) satisfy
Cy =-C¢ and Cy = Cg, which are two well-known
relationships obtained in SMEFT.

IV. ENHANCING B; — e*e~ AND
PHENOMENOLOGICAL CONSTRAINTS

Our next task is to determine bounds for the couplings
Vs and y,, to quarks and leptons respectively based on the
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FIG. 1. Correlation between the masses M, and My from the
constraints on the 2HDM scalar potential. A total of 10° points
fulfilling the conditions on the theory were generated in the
limit of sin(f — a) = 1 and defining the perturbativity limits as
|4;| < 4. The region shaded in blue shows the masses for
successful parameters of the 2HDM scalar potential.

phenomenological constraints available. We first focus on
the bounds on the y,, coupling from the measurement of
the cross section for e"e™ — e~e™ performed by the LEP
collaboration. Their reported constraints on the four-
electron axial-vector interaction [35] can be translated to
the scalar and pseudoscalar interactions; we find that the
95% confidence level lower bound is determined by

Yee yee 1
P — 4.1
M2 + M3 (4 TeV)? (4-1)
In the case where M = M, this bound becomes
Vee 1
L 4.2
My~ (57 TeV) (42)

The observable AM, is sensitive to the presence of NP
scalar and pseudoscalar particles and thus can impose
strong constraints on the coupling y,,; the new tree-level
diagrams mediated by H and A are shown in Fig. 2. In this

b=l
g

work we will consider the following set of AB =2
operators that contribute to AM:

OPP=2 = 5" (1 = y5)b;5;7,(1 = ¥5)b),

O~ =5,(1 —y5)b;5;(1 = y5)b;,

ORE=2 = 5,(1 +75)bi5;(1 + 75)b;.

O2R=2 = 5:(1 = y5)b;5;(1 +y5)b;, (4.3)

where in the SM only the coefficient of O$#=2 is nonzero.
In terms of the parameters of our model in Eq. (3.10), the
coefficients of the operators O25=2 O25=2 and O25=2 are,
respectively,

CAB=2 — y127s 1 _ 1 CAB=2 _ CAB=2
4 _m%, _m% ) R =L 5
2
=2 __ ybs 1 1

The relevant matrix elements of the operators in Eq. (4.3)
are given by [36]

(O352) = S M3, £, B ).
AB=2 2 -5M
(OL) = M o)+ G )
<OAB 2> <OAB >
P 2M2 1
(OB) = M3 3, | o 2 ).

The observable AM| is calculated according to

AM = 2|M3,], (4.5)
where
G2
My, = 121 2/12M So(xt)’YBfB Mp B,
AB 2 OAB 2 AB 2 OAB M (4.6
+aaz, POMCOM) + CHPOM). (49
b
Bd N L I? 7_1_4 _____ t B
s S

FIG. 2. Feynman diagrams for B, — e~e* and B, — B, mixing induced at tree level by the scalar H and pseudoscalar A, respectively.
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FIG. 3.

AM;

10%10[?/1)5}
|
s e b v b v b v by

200 225 250 275 300 325 350 375 400
log,o[Ma/GeV]

Allowed parameter space of the quark coupling y,, and new neutral Higgs mass M 4, from the measurement of mass mixing in

the B, system, AM . Left: in the limit of M, = M. Right: we allow M, and My to differ within the theoretical constraints of the model
and minimize through M. In both plots, the contours in dark and light blue represent the allowed space within 1o and 2o, respectively.

To estimate AM,; we use FLAVIO. Our inputs are the
Bag parameters given in [36] and the values for
Vsl IVepls Vsl y from the CKMfitter’s Spring 2021
update [37]. Thus, our determination in the SM is

9’

AMSM = 17.49 4-0.64 ps~!. (4.7)
This result agrees with previous calculations, but its central
value is noticeably lower in comparison; consider for
instance the result reported in [36] that reads AMM =
18.47)] ps~'. This deviation is induced mainly by the
update on the CKM inputs, more specifically by the ~ 1o
decrease in |V ;| between the results from the CKMfitter’s
Summer 2018 report and the one from Spring 2021 [37].
The experimental result for AM; is taken from [38]

AME® = 17765 4 0.006 ps~'. (4.8)
In Fig. 3, we present the constraint from the measured
value of neutral B; meson mixing, AM,, for the allowed

parameter space in the My vs y,, plane, both in the limit of
M, = My and allowing the maximum freedom between
M 4 and My from theory; the difference between these two
scenarios is found to be minimal. This plot shows that in
order to be in agreement with the measured value of AM,
the coupling y,, has to be small; e.g., for a mass of
M, =1 TeV we find that y,, < 0.001 at 26.
Furthermore, we can use the processes B — K(*)ete™
to constrain simultaneously the couplings y,, and y,,.
As a matter of fact, the NP effects in the transitions
B — K®ete™ can be parametrized directly in terms of
the Wilson coefficients Cgf,), C;’j,> in Eq. (3.12) which also

affect B, — ete™. The B — K*)eTe™ observables consid-
ered in this work are listed in Table I. Since the associated
expressions for the observables in Table I are quite lengthy,
we refer the interested reader to the FLAVIO’s documenta-
tion and code [29]. Here we only quote explicitly the NP
components of the helicity amplitudes for a pseudoscalar K
or vector K* final state kaon that depend on the Wilson
coefficients C;f,> and Cgf,)

TABLEL Listof B — Ke'e™ observables used to constrain the couplings y,, and y,, and the masses M and M 4.
For P} and P%, we consider the average of the B" and B® modes.
Observable g* bin (GeV?) Exp. Avg. SM Pred.
108 x AA—BZ (Bt > KteTe) [1.0,6.0] 3.24 +0.65 [43,44] 3.37+0.56
1 [0.1,4.0] 4.70 + 1.01 [44] 3.40 £0.58
[4.0,8.12] 2.36 +0.79 [44] 3.31 £0.54
107 x AAfZ (BO — K0¢ter) [0.003,1.0] 3.09 £0.99 [45] 2.10+0.35
P)(B — K*ete™) [1.0,6.0] —0.71 + 0.40 [46] —0.34 £ 0.04
[14.18,19.0] —0.15 +0.41 [46] —0.63 £ 0.01
Pi(B— K*ete™) [1.0,6.0] —0.23 +0.41 [46] —-0.42 +0.09
[14.18,19.0] —0.86 £ 0.34 [40] —0.63 £0.03
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B > KWete™

sl b b e b s b

logm[]\lA = MH/GCV}

T
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B o KWete™

s b b b bev b s b

200 225 250 275 300 325 350 375  4.00
log,o[Ma/GeV]

FIG. 4. Allowed parameter space for the coupling product y,,y,, and the new neutral Higgs mass M4, from the measurements of the
B — K" eTe™ observables in Table L. Left: in the limit of M, = M. Right: we allow M, and My to differ within the theoretical
constraints of the model and minimize through M. In both plots, the contours in dark and light blue represent the possible space within

lo and 20, respectively.

iA(mf, mi.. q*)

nk = . (Cs = C¥)AN(g?),  (4.9)
B = % (C — C% + ...)Ap(g?),  (4.10)
K m%} - m%( ee ee 2
hs = ——5—(C¢ + C§)folg”).  (4.11)
K m%? B m%( ee ee 2
hf ==F—E(Ci + C + . )fold).  (412)

where the ellipses stand for extra contributions including
the purely SM ones in CTSUJ' Moreover, A(a, b, c) is the

Killen function, and Ay(g?), fo(q*) are each one of the
B - K* and B - K form factors, respectively, which
depend on the invariant dilepton mass squared g> and
are constructed using [39-42]. In Egs. (4.9) and (4.10) we
can see that the NP contributions enter in terms of the
differences of ACY* = C¢ — C¢f and ACY = Cy — Cyl as
is the case for B, = e e~ and therefore the B — K* modes
will only be sensitive to M 4. Conversely, from Eqgs. (4.11)
and (4.12), instead of the differences, the NP effects enter in
terms of the sum of the relevant Wilson coefficients and so
the B — K modes depend only on M.

In Fig. 4, we show the constraints arising from the
combined fit of the B — K*) observables listed in Table I,
both in the limit of M, = My and allowing the maximum
freedom between M, and My from theory. We can see that
the product of the couplings y;,y.. is expected to be small
and is correlated with M, and My similarly to the results
drawn from AM for y,,.

In Fig. 5 we present the allowed parameter space in the
VYpsYee — M4 plane from all constraints considered, where

once more, we take into account two cases: first the limit
M, = My and second the situation where the maximum
freedom between M, and My is allowed from theory.
The region shaded in green is allowed by the LEP and the
AM  bounds. The region shaded in blue is allowed by the
bound from the B — K*Je*e™ processes. The black lines
correspond to contours for constant values of the ratio
Br(B; — ete™)/Br(B;, — e*e”)gy that determine the
enhancement in Br(B; — e*e~) with respect to the SM
prediction. Here we can see how an enhancement by a
factor as large as 10% is allowed by the collider and B
physics constraints. In fact, we can saturate the bound
imposed by the LHCb analysis of B, — eTe™ reported
in [11], which is shown by the red dashed line and requires
an enhancement by a factor of 10°.

Thus Fig. 5 contains one of the main results of this work:
within the context of a type-III 2HDM, an enhancement
on Br(B, — e¢*e”) up to values that saturate the current
experimental bounds is completely allowed and consistent
with the different phenomenological constraints known
from B physics and collider studies. Notice that in this
section we have focused on determining the possible values
that the coupling constants and masses of the type-III
2HDM affecting directly B, — e e~ can assume, although
so far we have not discussed how a model with such
properties could arise from a UV-complete theory. This is
precisely the task we undertake in the next section.

V. 2HDM AND QUARK-LEPTON UNIFICATION

In this section, we demonstrate how the coupling
structure we have considered for the 2HDM can be
obtained from a UV theory of quark-lepton unification
that can live at a low energy scale. We focus on the NP
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11— B— K®ete~
4 —— Br(B, —efe) NP/SM
] Br(B, — e¢*e) LHCb upper bound

LEP ® AM,

2.00 225 250 275 300 325 350 375  4.00

log o[Ma = My /GeV]

FIG. 5.

1 — B EWeter

4 — Br(Bs, —efe) NP/SM

7o Br(B, — e*e~) LHCb upper bound
LEP ® AM,

250 275 300 325 350 375 4.00
loglo[MA/GeV]

Allowed parameter space for the coupling product y,,y,, and the mass of the new neutral Higgs mass M 4. Left: in the limit of

M, = My. Right: we allow M, and My to differ within the theoretical constraints of the model and minimize through M. In both
plots, the contours in dark and light blue represent the possible space within 1o and 2o, respectively. The black lines correspond to
contours for the ratio Br(B; — e*e™)/Br(B; — eTe™)gy. Notice that to saturate the current experimental bound it is required an

enhancement of 10°.

framework proposed in Ref. [20], which is based on the
gauge group

SU4)c ® SU(2), ® U(1)g.

Moreover, it implements the inverse seesaw mechanism in
order to generate neutrino masses and can be seen as a low
energy limit of the Pati-Salam theory [15]. The phenom-
enology of the leptoquarks in this NP framework has been
studied in [47,48], while the phenomenology of its scalar
sector, which corresponds to a special case of the type-III
2HDM, has been recently analyzed in [49]. For further
details we refer the reader to those references.

Within our framework, the SM matter fields are unified
in the following representations:

U, U, U, U
FQL:< g b >~(4,2,0), (5.1)

d, d, d, e
F,=(ul u uy 1v°)~(4,1,-1/2), (52)
Fy=(dS d5 d5 e)~@&1.1/2). (53)

and hence, the leptons can be interpreted as the fourth color
of the fermions. The Yukawa interactions for the charged
fermions can be written as

~Ly DY\ Fo F Hy +Y,Fo F,®+ Y;H[Fy Fy

-+ Y4CI)TFQLFd+H.C., (54)

where H; ~ (1,2,1/2) and @ ~ (15,2, 1/2) are required to
generate fermion masses in a consistent manner. The ©®

field contains a second Higgs doublet H, that is coupled to
all the SM fermions

(O]

@ = ( ’

@,

where T, is one of the generators of SU(4). and it is
normalized as Ty = ﬁgdiag(l, 1,1,-3).

q(); ) + V2T H, ~(15.2,1/2),  (5.5)

Since the NP framework under consideration arises from
quark-lepton unification there are only four independent
Yukawa couplings (instead of eight) defining the inter-
actions between the Higgs doublets and the SM fermions:

_ ~ 1 ~
—L: = MR<Y{H1 +ngH2>QL

_ - 3 -
i <Y1TH1 - % ng2> ‘

. 1
+dp| YIH, + —= YTHT>
R( 3401 2\/3—’ 4552 Or
3
+ 2g <Y3T H) - % Y{H§> £, +He., (5.6

and the VEVs are defined by (HY)=v,/v2 and
(HY) = v,/ V2.

As it was shown in Ref. [49], the interactions between
the physical Higgs bosons and the SM down-type quarks
and charged leptons are given, respectively, by

y M VImMP v
Yo = (tanfp - 300'[5)% + 3(tan g + cotﬂ)%,
v v
(5.7)
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i M2 VEME Vi
Y4 = (3tan f — cot ) 4dldg + (tan 8 + cotﬂ)%,
v v
(5.8)

where V and V. are unitary matrices that contain informa-
tion about the unknown mixing between quarks and
leptons. In addition, M é)iag and M fiag are the diagonal mass
matrices for down-type quarks and charged leptons. From
Egs. (5.7) and (5.8) above we can see that the theory
predicts a correlation between the couplings to quarks and
leptons. As it was demonstrated in Ref. [50], in the regimes
with tanff> 1 or tanff < 1 the theory predicts unique
relations among the decay widths of heavy Higgs bosons
that can be probed at the LHC. Consequently, we focus on
these two limits.
If we assume the complex phases to vanish, then the
3 x 3 unitary matrix V can be parametrized in terms of
three mixing angles, which here we denote as 6,, 6,3, and
0,3, as follows:
C12€13 S12€13 S13

V=1 =812€23 = C12523813 €123 — 812523513 $23C13 |»
—C12823 —812€23513  €23C13

(5.9)

$12823 — €12€23813

where we have used s;; and ¢;; as short notation for sin 6;;
and cos 6;;, respectively. An analogous expression can then
also be written for V. but with primed mixing angles s;-j
and ¢} ;. For large tan § and in the limit where s;; — 1 and
s;; = 1 the interactions with the charged leptons are
simplified to

5 m, + 3my, € €

- tan

¢ _

Yt = 1 € my, + 3m e ,
€ € m; +3my

(5.10)

which gives us the flavor-diagonal couplings with the
hierarchy y,, > y,,, v, This motivates our choice for
the couplings in Sec. III. The same conclusions hold for
intermediate and small values of tan /.

For the down-type quarks and large tan 3, we get the
following interaction matrix

3my; + m, € £
> tan
yi = 4ﬂﬂ £ 3mg +m, £ ,
£ £ 3my, +m,

(5.11)

which gives us the hierarchy y,; ~ y;, > y,,. The same
conclusion holds for intermediate and small values of tan £.

Unfortunately, due to the freedom in the coupling to the
right-handed neutrinos, the theory does not predict the
coupling of the Higgs bosons to the up-type quarks.
Since we require a nonzero y,, coupling, we set all
sij = si; = 1 except for 5,3 and 55 this choice is motivated
by requiring the first-generation off-diagonal couplings
to be vanishing. From quark-lepton unification, nonzero
entries for ¥¢ and Y9, imply nonzero values for Y7,

and Y7,. Namely,

- 1

th = (tan 8 4 cot f3) (m,,s53Co3 — M, $23Ch3), (5.12)

vd 1 / !

Y§ = o (tan § + cot/)’)(m#s23023 — M, S§h3Ca3), (5.13)

v = 3 t t ! ! 5.14
= 4—1j( an 8 + cot f3) (mysh3¢o3 — mys23¢h3 ), (5.14)

% 3 / /

Y., = y (tan 8 + cot ) (msp3¢hy — MgshsCaz ), (5.15)

whenever s,; = 55, then we have that ¢, = ¥¢ =y, /2,
which motivates the choice made in Eq. (3.9); we also have
that ¥4, = Y%, = y,,/2. The 7 couplings will generate the
following dimension-six operators

YeeYyur - _ YeeYur - -
Heip D — =5 (Tu) (ee) — === (7u) (1)

M3, M3,
yeey;n' _ 5 —_ 5 y‘[‘l’yﬂT _ 5 _ 5
T ey’e — (7 Ty°7),
+ % (zru)(er’e) + M (7r°u)(7r’t)

(5.16)

which will induce the lepton-flavor-violating decay 7+ —
ute~et at tree level, and ¥ — uFy at one loop. The
current experimental bounds on these decay channels are
Br(z — py) < 4.4 x 1078 [51] and Br(z~ —» p~ete™) <
1.8 x 1078 [52]. These bounds are expected to be improved
by future B factories [53].

The effective operators {(7u)(ee), (zy’u)(ey’e)} in
Eq. (5.16) can be mapped to operators that are analogous
to O28=2 028=2 and O*E=? in Eq. (4.3), and hence, the
corresponding Wilson coefficients have also analogous
expressions to the coefficients shown in Eq. (4.4). More
precisely, the new set of operators to be considered is

O7g, = 7(1 —ys)ue(l —ys)e,
Ogz = 7(1 +ys)ue(l +ys)e,
Oi% =7(1 —ys)ue(l +ys)e,
Ogy =7(1 +ys)ue(l —ys)e, (5.17)
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FIG. 6. Left: predicted correlation between Br(B, — e*e™) and Br(t~ — u~e*e™). The regions shaded in red correspond to the
experimental bounds for each decay, respectively. The different bands correspond to different values for the mass splitting
AM = M, — My. We have fixed 5,3 = s5; = 0.98 and tan # = 10. Right: same as the left panel for the predicted correlation between

Br(B; — e*e”) and Br(z — uy).

with coefficients

YeeYur | 1 1
i =i =5 [ =57

ve ve  YeeYur | 1 1
Cs6 = Co = —F [— ] (5.18)

+—.
4 M3 M3

Similar expressions follow for operators constructed
from the set {(7u)(7%), (Ty’u)(zy %)} with corresponding
Wilson coefficients C7; , Cgg. Ci%. and Cf; . After imple-
menting these effective operators, we proceed to compute
the 7 decays in FLAVIO. In order to obtain a large
contribution to 7 — uy, we require that Cyj, and C7; be
nonzero, and hence a mass splitting between H and A is
needed.

Our theoretical setup has effects on the decay channel
B, — u'pu~, which depends on the Wilson coefficients C'g"
and C}, which are analogous to C¢ and C% for
B, — e*e~ with the leptonic coupling y,, replaced by
Yuu» s€€ Eq. (3.11). Since we have y,, < y,, this implies
that the NP contribution will be much smaller for muons
than for electrons. Nonetheless, we have checked that for
each point in the allowed parameter space the prediction for
Br(B; — utu~) is in agreement with the experimental
measurement given in Eq. (2.17) within 26.

Now, let us analyze the effects on Br(B; — e*e™) and
the lepton-flavor-violating decays. First, we provide
a concrete example on how large the enhancement in
Br(B; — ete™) can be within the theory under consid-
eration for concrete values of the input parameters. Thus,
we fix the mass of the scalar and pseudoscalar to
M, =800 GeV, My =400 GeV and the rest of the
parameters to tanf = 10 and sy; = s%; = 0.98. This
implies an electron coupling of y,, ~0.13, which is in

agreement with the bound from LEP. For the off-diagonal
quark coupling we obtain y,, ~4.2 x 107, which gives
Br(B, - ete™) ~8.4 x 10~°. For the choice of mixing
angles discussed above, the off-diagonal lepton coupling
is y, ~1.1x107 and predicts Br(z~ —» u~ete™) ~
1.4 x 1071% and Br(z — uy) ~ 6.6 x 10713

Finally, we can generalize the previous exercise while at
the same time assessing the impact on lepton-flavor-
violating decays. Then, in the left panel of Fig. 6 we
show the predicted correlation between the observables
Br(B, - ete™) and Br(t— — u~ete”). The different
bands correspond to different values for the mass splitting
AM =M, — My. We fix 553 = s%; = 0.98 and tan §§ = 10.
The region shaded in red corresponds to the current
experimental limits on these observables. In the right panel
in Fig. 6 we show the correlation between Br(B; — e*e™)
and Br(r — puy). From Fig. 6 we can see that it is
possible to saturate the current experimental bounds in
Br(B; — ete™) while at the same time obeying the
constraints on the lepton-flavor-violating decays. This is
the second result that we want to highlight in this work.
These plots provide a set of correlations between different
channels which make this framework phenomenologically
testable.

VI. SUMMARY

The leptonic decay B, — ee™ is a decay channel with
interesting properties and it can be used as smoking gun in
the search for new physics. For instance, it is exceptionally
clean. Moreover if this process takes place as predicted
by the Standard Model, due to the helicity suppression
effect, its tiny decay probability places it outside the reach
of current or forthcoming particle physics experiments.
Therefore, any observation of this channel in the near future
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would represent conclusive evidence for physics beyond
the Standard Model.

In this article and to the best of our knowledge, we have
presented for the first time, a concrete new physics
scenario that can provide a large enhancement on the
decay width for the channel B, — eTe™. More specifi-
cally, by studying the general 2HDM in which both
doublets are coupled to the quarks and leptons of the
Standard Model, we have demonstrated that when the
CP-odd scalar A is mostly coupled to electrons, it can
give a contribution to the transition B, — e"e~, which
enhances its decay probability by up to five orders of
magnitude above the Standard Model prediction, satu-
rating the most recent experimental upper bound estab-
lished by the LHCb collaboration. We have identified
regions in the corresponding parameter space where this
potential enhancement respects all known constraints
from flavor and collider physics, including for instance
neutral B; mixing as well as LEP measurements of the
e~et — eet cross section.

Furthermore, we have shown how the required coupling
structure for the 2HDM can arise from a UV theory of
quark-lepton unification that can be realized at a low energy
scale. This framework predicts a correlation between the
decay channel B; — e*e™ and the lepton-flavor-violating
decays 7 = u~ete” and 7 — uy. We have worked out
quantitatively the interplay between these channels for

different values of the relevant free parameters. If the
decay process B, — ete™ is observed in the near future,
then the presence of heavy (pseudo)scalars can be further
confirmed by searches for a heavy resonance decaying
into an electron-positron pair at the LHC. Our results show
that the channel B, — e"e™ is indeed a very interesting
candidate to probe for new physics effects and provides
additional justification to pursue further experimental
searches for it in the current and foreseeable experiments.
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