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ABSTRACT: We consider an abelian extension of the Standard Model (SM) comprising a new
gauge group U(1)’, with the neutral gauge boson Z’ having flavour violating couplings to
quarks and leptons. The fermion content is the same as in SM except for the addition of three
right-handed neutrinos. The model, proposed in [1], describes the couplings of Z’ to fermions
in terms of three rational parameters €123 that sum to zero imposing the cancellation of the
gauge anomalies. Each ¢; is common to all fermions in a generation, a feature producing
correlations among quark and lepton observables. We focus on b — sfl_@“ transitions for the
lepton flavour conserving ¢1 = ¢ and lepton flavour violating case £ # £5. Small deviations
with respect to the SM predictions are found in the first case, which reflects a feature of the
model where quark and lepton sectors prevent each other to manifest large discrepancies
with respect to SM. We investigate the correlations between rare B and B decays and the
leptonic processes 77 — "t T, T — ey, p~ — e"ete” and the u~ — e~ conversion in
nuclei. We show that the current experimental upper bounds on these four channels play an
increasingly important role in constraining the branching fractions of lepton flavour violating
B and B; decays. While the present bound on 7= — p~ ™~ does not impose significant
restrictions, the other three modes set progressively more stringent limits, an important
information for the planned new experimental facilities.
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1 Introduction

The Standard Model of particle physics (SM) has been directly probed up to the energies
accessible by the Large Hadron Collider and, within the present theoretical and experimental
accuracy, the tests have been successful: the model provides us with a careful description of
the interactions among the basic constituents of matter, excluding gravity. However, there
are well known and broadly shared arguments to assert that this is not the ultimate theory
for the fundamental interactions. Apart from the missing description of gravity, this model
does not give any insight, for example, on the large number of independent parameters and
the hierarchical structure of some of them, the regularities in the fermion sector, e.g. the
organisation in generations, the texture of the fermion mixing matrices, and so on. A theory
extended at higher energies, able to face at least some of the unsolved issues is actively sought
for. The Standard Model would be its low-energy realisation.

The perspective for physics beyond the Standard Model (BSM) is reinforced by tensions
emerged between some SM predictions and measurements. At present they do not reach the
needed significance to claim the failure of the theory, but all together they could hint new
physics (NP). Some tensions show up in the flavour sector (the flavour anomalies), identifying
flavour physics as a path to disclose the BSM dynamics. Indeed, in flavour processes energy
scales much higher that those directly accessed at colliders can be probed, in modes where



heavy particles contribute as virtual states. To fully exploit this possibility, progress is required
in the theoretical precision, as well as the increase in luminosity of the experimental facilities.

The flavour changing neutral current (FCNC) modes are of particular interest. In the SM
they are forbidden at tree-level, as a consequence of the universality of the weak interactions
and of the unitarity of the Cabibbo-Kobayashi-Maskawa matrix (CKM) rotating quark
flavour eigenstates to mass eigenstates.! Among the tensions, there are indeed anomalies in
observables related to the FCNC b — s transition. Moreover, there are difficulties concerning
the value of some CKM matrix elements. Hints of violation of lepton flavour universality
have also been spotted. A more detailed list of discrepancies includes [3, 4]:

o Tensions related to the CKM matrix elements |V;| and |Vi;3|. In both cases the value
measured from exclusive decay modes (namely B — D*puv, and B — muw,) is smaller
than the value obtained from the inclusive B — X, uv, modes [5]. This long standing
issue is still unsolved despite the numerous proposed explanations.? In addition, there
is the so-called Cabibbo-angle anomaly, a ~ 30 tension among the determinations of
|Vus|, together with a deficit from unitarity in the first row of the CKM matrix [7].

o Tensions in observables related to the b — s transition. The branching ratios B(B —
Kuptp~)and B(Bs — ¢utp) are below the SM estimates. For the mode B — K*u™ ™~
a number of angular observables can be defined, which depend on ¢, the squared dilepton
invariant mass [8]. For low ¢? some observables exceed the SM prediction by about
30 [5].

e Anomalies in semileptonic decays induced by b — ¢l transition (¢ = e, p, 7). The
measured ratios of branching fractions R(D®)) = B(B — D"ru,.)/B(B — D®{p,),
with £ = e, u, exceed the SM result: the current average of BaBar, Belle and LHCb
Collaborations measurements deviates by about 3o from the SM prediction [5]. This
issue challenges the SM property of lepton flavour universality.

In addition to the above tensions, a discrepancy appeared in (g —2),, the anomalous magnetic
moment of the muon, in particular with the measurements at BNL [9] and Fermilab [10, 11].
In this observable the main uncertainty in the SM prediction is related to one of the hadronic
contributions, the leading-order hadronic-vacuum-polarisation contribution (LO HVP), a
nonperturbative QCD effect. A lattice QCD calculation of this contribution by the BMW
Collaboration [12] differs by about 2.2¢ from the one obtained by a data-driven dispersive
method employing the hadronic eTe™ cross section, used for the SM prediction in the
White Paper 2020 of the g — 2 Theory Initiative [13]. In this respect, the measurement of
o(ete” — 77~ ) by the CMD-3 experiment is also in tension with previous results [14]. An
analysis which excludes results by data-driven dispersive methods and only uses lattice QCD
determinations of the LO HVP contribution shows that measurements and SM expectations
agree within the errors, which are dominated by the theory uncertainties [15]. The agreement
persists for the full data set of the Muon g — 2 Collaboration and for the combination

'A complete discussion is in [2].
2For |Vep| a solution based on u — e universality violation has been proposed in [6].



with all previous measurements [16]. Nevertheless, non SM contributions to (g — 2),, still
deserve to be scrutinized.

A single above mentioned deviation is not large enough to unambiguously signal NP.
In general, the precision analysis is a complex task, since most observables involve SM
parameters and nonperturbative quantities whose uncertainty need to be reliably assessed,
as demonstrated by (g — 2),. Methods have been proposed to get rid, to a large extent,
of the errors of some SM inputs in a class of rare K and B decays [17, 18]. Taken all
together the tensions could hint a BSM scenario, which however is severely constrained by
the unreasonable effectiveness of the Standard Model.

A minimal extension of SM has been investigated in [1], based on the additional U(1)’
gauge group and comprising right-handed neutrinos. The focus was on a solution found
for the set of equations enabling the cancellation of the gauge anomalies induced by the
new U(1)". In this solution the U(1)" charges of the fermions are generation dependent, and
are expressed in terms of the SM hypercharges and of two additional rational parameters.
One consequence of this assignment is a set of correlations arising among quark observables,
among lepton observables and, remarkably, in the quark-lepton sectors together. Some
correlations have been investigated in [1]. The conclusion was that, within the model, quark
and lepton sectors mutually act to prevent large deviations from SM, justifying the small
discrepancy with SM in observables where the tensions have shown up. However, the path
to new physics is still viable: it relies on lepton flavour violating processes forbidden in
SM, the observation of which would be a smoking gun for BSM physics. Such a kind of
processes are the main topic of the present study. Within the considered framework (from
now on denoted as the ABCD model), we specifically investigate possible correlations among
charged lepton flavour violating (LFV) processes. We first analyse the interplay between
rare beauty meson decays that conserve lepton flavour (LFC) and those exhibiting LFV.
Subsequently, we explore potential correlations between processes induced by the b — sﬁf@k
transition and purely leptonic LFV modes.?

The plan of the paper is as follows: in section 2 we describe the main features of the
ABCD model, summarising the discussion in [1]. In section 3 we select the set of observables
to study within the model, and identify the correlations among them to investigate. The
results of the numerical analysis are presented in section 4. The conclusions are in the last
section. Some details needed in the main text are included in the appendices: appendix A
collects the definition of the B — K* matrix elements of the relevant local operators in terms
of form factors. Appendix B contains the expressions of the angular coefficient functions
of the B — K*(Km){; {5 fully differential decay distribution. Appendix C includes the
parametrization and the values of the CKM and the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing matrices used in the study.

2 The ABCD model

The ABCD model is a minimal extension of the SM gauge group with an additional U(1)’
gauge group [1]. A new neutral gauge boson Z' is predicted, with gauge coupling gz. The

3Recent analyses of lepton flavour violating b — s modes are in [19-25].
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charge associated to the U(1)" symmetry is named z-hypercharge. Many NP models are
based on similar simple extensions, each one with specific z-hypercharge assignments [26-29].
From the experimental side, the assumption on the hypercharges determines the exclusion
plots in the plane of the Z’ production cross section versus the mass M.

My sets the NP scale, and it is assumed to be acquired after spontaneous breaking of the
new symmetry. In the model it is not specified how the SSB happens, the only assumption is
that it occurs at a much higher scale than the SM Higgs vacuum expectation value. We neglect
the mixing with other neutral gauge bosons. The mass mixing vanishes at three-level if the
SM Higgs is a singlet under U(1)". As for the kinetic mixing, it can be dealt with by recasting
the gauge bosons kinetic terms in canonical form redefining the new gauge coupling [31-33].
Mixing generated by fermion loops can be neglected for processes mediated by Z’ at tree-level.

Besides Z’, the model comprises heavy right-handed neutrinos considered as Dirac
particles. The quark sector is the same as in the SM: ¢} are SU(2), left-handed quark
doublets, u',, db the right-handed singlets, i = {1,2, 3} is a generation index. In the lepton
sector, fiL denote the left-handed lepton doublets, y}é and e’é the right-handed singlets. Before
the electroweak SSB the Z’ couplings to fermions are flavour conserving: for a generic fermion
1 the interaction Lagrangian with Z’ reads

LZ(W) =gz 2p 0"V 2, (2.1)

with ZL the gauge boson field, gz the U(1)" gauge coupling and z, the z-hypercharge of 1.
Hence, in terms of left- and right-handed fields 11,y the fermion-Z’ interaction Lagrangian is

L =3 [(AD)T 5 A, + (AR kv ] Z), (2.2)
,J
where
(A%(R))w = 97" 2Ry 6. (2.3)

After the enlargement of the gauge group, the SM remains free of gauge anomalies imposing
anomaly cancellation conditions. The z-hypercharges are required to satisfy a set of six
anomaly cancellation equations (ACE) [34], suitably written defining

3 3 3
zq—quLL, zu:Zzuk, Zd—zzdz , (2.4)
=1 =1 =1
3 3 3
ZE—ZZW , z,,:ZzV}i%, Ze:ZZez , (2.5)
i=1 =1 =1
and
2 _ 2 (3) _ 3
zp = Z Z5i, zp = Z Zpi - (2.6)
i=1,2,3 i=1,2,3

f* are the fermions f* = gt , u%, dﬁé, 0 eiR, V};% for the generations ¢ = 1,2, 3. In a notation
where groups indicate the gauge bosons in triangular graphs, the anomaly cancellation
equations read:

“See, e.g., the review: B.A. Dobrescu and S. Willocq, “Z’-boson searches”, in [30].



1. [SU(3)c]?U(1)":

A33Z = 2Zq — 2y — R4 = 0; (2.7)
2. [SU(2)]2U(1)"
Ao, =324+ 2 =0; (2.8)
3. [U(1)y]2U(1):
1 4 1 1
Aqz = Zu— =24+ =2 — 2 = 0; (2.9)

67 3™ 3MT )
4. triangular graphs involving two gravitons and Z’:
A =322 — 2y — 24| + 221 — 2e — 2 =22 — 2 — 2, = 0, (2.10)
(the second equation is obtained after imposing (2.7));

5. U(1)y [U()]%

Arse = 29 =220 4 2P - 22 - 2] = 0; (2.11)
6. [U()?
Az = 3[2253) — 23— zc(lg)] + [221(3) —2B3) 2B =0. (2.12)

Several studies have been devoted to the rational solutions of egs. (2.7)—(2.12) [35].
The solution proposed in the ABCD model consists in writing the z-hypercharge of each
fermion f; in terms of the SM hypercharge y;, = y; for all i = 1,2,3 (hence generation
universal) plus a rational parameter ¢; which depends on the generation ¢ and is the same

for all fermions in the generation:

zf, =Yf + €. (2.13)
This choice implies
3
ZfZZZfi=3yf—|—6, (2.14)
i=1

with

3
e=) €. (2.15)
=1

Since the SM hypercharges y; solve the anomaly equations, the condition for ¢; to solve
egs. (2.7)-(2.12) is simply [1]

3
e=) €=0. (2.16)
=1

At this stage the ABCD model has four new parameters: My, gz, €1 and ey (using
eq. (2.16) to get rid of €3). Other parameters are involved in the fermion rotation from flavour
to mass eigenstates. We denote by VLw( R) the matrix rotating left (right)-handed components



of the vector of fermions (wi( R)’ ¢%( R) ,w%( R)) with the same quantum numbers in the three

generations, to obtain a diagonal mass matrix (Mw) D'

(My)p = (V) N,V (2.17)
In terms of the rotated fields, eq. (2.2) reads:
£l =3 gz [0 (ML 2V ), + S (VR ZEVevh] 2, (2.18)
,J
where
Aw - .
2y = dzag(z%(R), 22 Zwi(m)' (2.19)

The Lagrangian in eq. (2.18) has the same form as in (2.2) defining
(ML) = gz (VO ZEVET (AR = g2 (Vi) 25V (2.20)

In SM the product (V;*)'V# defines the CKM matrix: (V;)'V{ = Verar, and it is possible to
choose V#* =1 and Vi = Viogar. The same choice is made in the ABCD model. The absence
of right-handed charged currents and the flavour universality of the neutral currents allows
also to choose Vﬁ =1 in SM. This choice is not automatically justified in the ABCD model,
due to the flavour nonuniversality of the Z’ mediated current: the choice Vﬁ =1 is retained
as a model assumption. Hence, the quark sector only involves the matrices Vex o and V]‘%.

In the lepton sector the matrix f/]’%’ can be ignored since no phenomenological observable
involving vg is considered. In analogy to the quark sector, the matrix VL" is set to the
unit matrix and (V{)! defines the PMNS matrix: (V{)! = Upnns. Hence, the remaining
matrices in this sector are ﬁpMNS and VE

The parametrization of the rotation matrices can be found in [1]. Appendix C contains
the choice for the parameters of the CKM and PMNS matrices. After the fermion rotations,
flavour violating Z’ couplings are generated, as indicated below.

o Couplings of left-handed down quarks to Z’:
A’g = gz/[(2e1 + €2) Vi Vi + (1 + 2€2) Ve V] (i #7), (2.21)
3 1
=9z 6t (2€1 + €)[Vii* + (e1 + 262) Vi — €1 — €2 - (2.22)

The generation index ¢ = d, s, b is used to make the notation more transparent. V;
and V,; are CKM matrix elements.

o Couplings of right-handed down quarks to Z’:

A‘;’%d =gz eid)Kng (61 - 62) 5 (223)
A?g =gy ei¢d§13 (261 + 62) , (2.24)
Alﬁ =gz 6i¢s§23 (61 + 262) , (225)
3 1
R =9z {— + 62':| : (2.26)

3
The real numbers §12, §13, S23 and the phases ¢i, ¢4, ¢s appear in the parametrization
of the rotation matrices [1]. (812, ¢k ) only enter in the kaon sector, (313, ¢4) only in
the By sector, (323, ¢s) only in the By sector.



» Couplings of up-type quarks to Z':

2, Ei] , (i = t). (2.27)

i
L=9z 3

6

1 y
+€i] ) "=9z

o Couplings of left-handed charged leptons to Z’:
AY = g7 (261 + €2)UnUj; + (e1 + 262)UpnU)] (i #J), (2.28)
- 1
% =gy |:—2 + (261 + EQ)‘UZ‘1|2 + (61 + 262)|Ui2|2 — €1 — €], (2.29)
where ¢ = e, u, 7, and U;; are elements of the PMNS matrix. Lepton flavour violating
couplings arise for non-vanishing €; 2.
o Couplings of right-handed charged leptons to Z’:
Al = gz 2115 (61 — €2), (
A}—%e =gy €i¢13£13 (261 + 62) R (231
AEM =gy 6i¢23t~23 (61 + 262) R (
k=97 [-1+a]. (
The real numbers tNZ-j and the phases ¢;; are the analogous of §;; and ¢ 4 in the quark
sector: ({12, ¢12) enter in p — e transitions, (f13, ¢13) in 7 — e transitions, (f23, ¢o3)

in 7 — p transitions. Also in this case €; 9 # 0 produces lepton flavour violating Z’
interactions.

o Neutrino couplings to Z’:

A?ﬁi = gz/

1
—3 + e,-] (1 =v1,v9,13). (2.34)

Hence, after the fermion rotation from flavour to mass eigenstates, the free parameters in
the model comprise

97" Mg, €1, €2, (2.35)

with €; o rational numbers, and the mixing angles and phases in the Z’ couplings to right-
handed fermions:

(5127 ¢K)7 (513a ¢d)y (5237 Qbs) (236)

for quarks, and

(ti2, ¢12) (ti3, ¢13) (ta3, P23) (2.37)

for leptons. The Z’ couplings to left-handed fermions involve the parameters of the CKM
and PMNS matrices, respectively in the quark and lepton sectors.

Since the number of parameters, even in this minimal extension of the Standard Model,
is not small, a strategy for their treatment needs to be envisaged. The general case where all



§;; and ¢;; in eqs. (2.36), (2.37) are taken to be different from zero was considered, allowing
for Z' couplings to all right-handed fermions [1]. This possibility, denoted as the scenario
C, appeared not efficiently constrained.® Another strategy was adopted in two other cases.
First, all fij in (2.37) were assumed to vanish, enabling flavour violating couplings of Z’ to
right-handed fermions only for quarks, a case denoted as scenario B. Finally, all §;; and #;;
in (2.36), (2.37) were set to zero, enabling no flavour violating couplings of Z’ to right-handed
fermions [1]. In this last case, the scenario A, the new parameters are only those in (2.35)
together with the elements of the CKM and PMNS matrices. This most economic scenario is
assumed in our study. In the following, we select a set of relevant observables, we discuss how
the parameter space is constrained and the implications in a few lepton flavour conserving
(LFC) and lepton flavour violating processes (LFV). Since all Z’ couplings to fermions involve
the two parameters € o, correlations among different modes can be established: we investigate
some of them, in particular the correlations between quark and lepton observables.

3 Observables

The couplings (2.21)-(2.34) show that in the ABCD model flavour changing neutral current
transitions occur at tree-level through Z’ exchanges, and that lepton flavour violating processes
are possible. For this reason, we study the b — sﬁf@r transition, both for ¢ = ¢ and ¢1 # {o,
focusing on the exclusive modes By — €1_€§r, B — K*EIE; and B; — qﬁfl_«@ for which a
wealth of experimental information is available and some tensions are spotted. Moreover,
we describe the leptonic LFV modes u~ — ey, 7~ — pu pu p~, p~ — e eTe” and the
p~ — e~ conversion in nuclei. Finally, we consider the Z’ contribution to (g — 2),,.

3.1 Effective Hamiltonian for b — sfl_fg'

The low-energy AB = —1, AS = 1 Hamiltonian governing b — sfj ¢4, comprising the
SM operators for /1 = 3, and operators that can be generated in BSM models with Z’,
has the form
ff Gr * 1
HY = 422V Vi (G0 + G0+ Y GO+ Y [GO+CO ). (3.)
V2 i=3,...,6 i=T7,...,10

Gr is the Fermi constant, V;; are elements of the CKM matrix, and doubly Cabibbo
suppressed terms proportional to V,,V.% are neglected. The effective Hamiltonian includes
the current-current operators O 2

01 = (Ea")/“PL bﬁ)(gg’yuPL Ca) s 02 = (E'YMPL b)(g’y’uPL C) s (3.2)

the QCD penguin operators Oz . ¢

Os = (5v"PLb) Y (7" Prq), Os= (5a7"Prbs) > (757" PLa) (3.3)
q q

Os = (59"Ppb) Y (7" Pra), Os = (5a7"Prbs) > (487" Prda) (3.4)
q q

5In particular, the efficient constraints imposed by the AF = 2 observables discussed in the following were
not imposed.
5The complete basis of operators including (pseudo-)scalar and tensor operators can be found in [8].
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with Pr 1 =

q = u,d,s,c,b. The other operators in (3.1) are the magnetic penguin operators

, a,f3 colour indices, and the sum in (3.3)—(3.4) running over the flavours

_ ¢ S MY
O7 = 6.2 (sa (msPr, + myPR) b) Fu, (3.5)
! € S UV
0f =1 (50" (PR +myPr) b) Fu (3.6)
Og = Js Saqot (X") (msPr, + mbPR)bg G* (3.7)
1672 \ "¢ 2 )0 p 1
oL = Is Sqot” <Xl> (m Pr+ mbPL)bg G* (38)
87 16m2\ 7 2 o o
and the semileptonic electroweak penguin operators
Oy = ’ (E’y“P b)@’yﬁ Oy = ¢ (E’y“P b)@’yﬁ (3.9)
9= 1672 L 1Vut2 9= 162 R 1Vut2 .
2 - , 2 B
O = = (S’Y“PL b) bvuyste 10 = @(W"PR b) Gyuysts - (3.10)

Primed operators have opposite chirality with respect to the unprimed ones. A\* are the
Gell-Mann matrices, Fy,, and Gy, the electromagnetic and gluonic field strengths, e and
gs the electromagnetic and strong coupling constant. The b and s quark mass m; and mg
are defined in the MS scheme at the scale my.

In SM, at the leading order in cs the only operators to be considered are O7 and Og 19 with
01 = l5. At this order, Oy is the only operator contributing to b — sy. The renormalization
group evolution to the scale p, ~ O(my,) also involves the magnetic gluon penguin operator
Og and the operators O1, 6. Their mixing into O7 generates large logarithms producing a
strong enhancement of the rates. The anomalous dimension matrix governing the mixing
is regularization scheme dependent. One can get rid of such a dependence defining an
effective coefficient C’§O)eﬁ(,ub) which includes contributions of Oy ¢ [36]. Non factorizable
contributions to the matrix elements of O; and Oy must also be taken into account. Their
effects produce a further shift in the coefficient of O7: C¢" = 1.33 C§O)eﬂ [37]. In this way,
O~ turns out to give the dominant contribution to b — s, with the SM Wilson coefficients
known at NNLO in QCD [2, 38]. Oz contributes to b — sfi ¢, for ¢; = fs, due to the
photon conversion into the lepton pair.

In SM, the contribution to b — s¢T¢~ comes from the operators Og and O1¢ and also
from other operators in (3.1), in particular O; and O due to charm re-scattering. This
contribution overwhelms the contributions of the other operators in the region of ¢2, the
dilepton invariant mass, corresponding to the narrow charmonium resonances J/1, ¥(25),
... The contribution of charm re-scattering in the other intervals of ¢?, the role of which
has been pointed out long ago [39], has theoretical uncertainties difficult to evaluate. A
possibility to account for it is to replace Cy with C§T = Cy + Y (¢?) [40-44], introducing
a function Y (¢?) which comprises the terms described in [45]. This could obscure genuine
new short-distance contributions to Cy. Charm re-scattering contributions can be described
through non-local form factors determined, e.g., by dispersion relations employing information
from the nonleptonic modes B — K*(J/¢,1(2S)) [45-48], with an uncertainty difficult to



estimate [49]. In the comparison with measurements it is customary to exclude the ¢ region
corresponding to the resonances J/v, 1(2S5), which are cut in the experimental analyses
to isolate the short-distance part of the ¢ spectrum [50]. Since charm re-scattering does
not affect the LFV processes with ¢ # {5, of prime interest in our study, for the ¢T/~
mode we also cut the resonance region and omit to include charm rescattering effects in
the remaining ¢? interval.

Summarizing, we only consider the operators O7, Og 19 and 05710 in the effective Hamil-
tonian (3.1) to analyse the exclusive modes By — ({ {3, B — K*({ ¢ and By — ¢l (5.
In SM the Wilson coefficients are flavour universal, in the ABCD extension they depend
on the lepton flavour.

3.1.1 B, — £765

For the decay Bs(p) — ¢1 (k1)l3 (k2), with p and kj o the particle four-momenta, a single
hadronic quantity is required, the decay constant fp, defined by

(0157, 7501 Bs(p)) = i [B. Py - (3.11)

The branching fraction is given by

2 2 2 £2
8, Gpo I\ fBS A1/2

B(Bs, — (763) = 2 my, ms)
12 (1—-ys) 64m3my

(mBs ) m€1 ’ mfg

X {‘09 - CS/)P(m& - mf2)2 [m2B5 - (mfl + mf2)2]

+[Cro = Clol*(me, +me) [, — (mey —mp,)?},  (3.12)

with A5, = Vi Vi, Mz, v, 2) = 22 + y? + 22 — 22y — 222 — 2y2 the Killen function, 7p, the
average By lifetime. The notation B indicates that the effects of the By — By oscillations are
taken into account through the factor 1/(1 — y) [51], with ys = 0.061 £ 0.009 [52]. In SM
with ¢ = l9 eq. (3.12) shows that only the operator Ojg contributes to this decay.

3.1.2 B® — K*°¢7 45 and B, — ¢£1 45

Let us consider B°(p) — K*O(p/, €)¢ (k1)¢3 (k2) (the description of By — ¢¢1 4 is analogous).
€ is the K* polarization four-vector, ¢ = k1 + ko. The local form factors parametrising the
matrix elements of the operators in (3.1) are defined in appendix A. Considering the subsequent
K* — K transition and the kinematics in figure 1, the fully differential decay distribution
in ¢ and in the angles 6y, Ok, ¢ has the expression

d'T(B° » KO(Km)tt3) 9
= 391 “ ). 1
dq? d cos 0y d cos O~ dp 327 (@, 0, O, ¢) (3.13)
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Figure 1. Kinematics of the decay B® — K**(Kr)l; (5.

The function 1(q?, 0y, 0+, ¢) can be written in terms of angular coefficient functions Ii(a)(q2)
using the decomposition [§]

I(q%, 00,0k ,0) = I} (¢%) sin? O+ I§(q*) cos® Oxcx + [I5(q*) sin? O e« +15(q?) cos? O ¢+ cos 20,
+13(¢?) sin® O ¢+ sin® 0y cos 20+ I4(q?) sin 20 g+ sin 26, cos ¢
+15(¢?) sin 20« sin B cos ¢ (3.14)
+ I (q*) sin® O +I§(g) cos® e+ ] cos g+ I7(q*) sin 20+ sin O sin ¢
+Ig(q?) sin 20« sin 20, sin ¢+ I9 (¢*) sin® O+ sin” B sin 26

Ii(a) depend on the Wilson coefficients in (3.1), hence they probe the SM. They also depend
on the hadronic form factors. Their expressions in terms of amplitudes for the various K*
polarizations and lepton chiralities are in appendix B. Integration over the three angles ¢, 6,
and O provides the ¢? spectrum:

S0z = 1 [B1T) + 3IE(@) - 2836 — ()] (3.15)
further integration over the physical range ¢ € [(my, + me,)?, (mp — mg+)?] gives the
decay width.

The hadronic uncertainties can obscure the sensitivity to NP, therefore it is convenient
to define observables in which such uncertainties to a large extent cancel out. A possibility
is to consider the distribution analogous to (3.14) for the CP conjugate decay mode, with
angular coefficient functions I, -(a), and define CP-even and CP-odd quantities:

$\a*) = (1”(¢*) + " (a?) / (dT/dg? + dT /dg?) , (3.16)
D(g?) = (11(¢%) — ["(a") / (dU/dg? + dT' /dg?) . (3.17)

dl'/dq? is the distribution analogous to (3.15) for the CP conjugated mode. Starting from
such expressions, several observables can be built. In SM, S, Sg and Sg are tiny.

o

We focus on the forward-backward asymmetry with respect to the direction of the
emitted lepton

Arn(a?) = SRS + S (3.18)
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on the fraction of longitudinally and transversely polarized K*
Fr(¢®) = =55(¢%),  Fr(¢®)=1-FL(¢*), (3.19)

and on the angular P-observables [53]

PUP) = o Sild). Poe) = Sl Pa(e) = ~ i So(e).
Pise(d®) = FL(q21)FT(q2)S4’5’7(qQ)' (3.20)

The forward-backward asymmetry is recognised to be sensitive to NP, in particular because
in SM it changes sign in the physical ¢ range [44, 54-57], with the zero ¢¢ determined by

my 71 (g5) To(q3) | _
Re[Cg] + ?8Re[07] (mB + mK*) V(qé)) + (mB — mK*)Al(q%) =0. (3.21)

A model independent prediction for ¢3 is obtained in the large energy limit of K*, due to
spin symmetry relations among the form factors [58]
Tl(E) mp TQ(E) (mB +mK*)

= , = , 3.22
V(E) mp + Mg+ A1(E) mp ( )

where E is the K* energy in the B rest frame.” Since m%. < m%, egs. (3.21), (3.22) give
Re [Cylg2 + 2mpmpRe[Cr] = 0. (3.23)

Deviations from this result would signal non SM operators in the effective Hamiltonian or/and
modified values of the Wilson coefficients. Another observable

255(q?
AP (g2) = 3(q%)

TR (3.24)

is sensitive to the virtual photon polarization [60, 61], which in SM is mainly left-handed, the
right-handed polarization being suppressed by ms/my,. Deviations are expected in scenarios
where the photon can also be right-handed, an effect encoded in the operator O%, which is
not generated in the scenario A of the ABCD model.

3.2 LFYV lepton decays

In this section we examine the contribution of Z’ to LFV leptonic modes. We begin with the
processes 1~ — e 7y, 7~ — u ptpu” and pT — e~ ete”. In absence of neutrino oscillations
such processes do not occur in SM. In a minimal extension allowing for neutrino masses and
mixing, they can occur at rates much smaller than the present experimental upper bounds
discussed below. We then turn to the u~ — e~ conversion in nuclei.

"The relations (3.22) are broken by hard gluon corrections to the weak vertex and by hard spectator
interactions [59].
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U —ey
In a version of the SM extended with the seesaw mechanism to describe massive
neutrinos this process can occur through a penguin diagram with internal W and
oscillating neutrinos. The photon is emitted by W. If there is a Z’ with LF'V couplings,
other penguin diagrams contribute, with Z’ and a charged lepton in the loop. The
branching fraction is [62]

3(4m)3a

Blu—ey) = = o [[AN + 1AL (3.25)
F
where
1 m m
A= AEAI (1 =320 ) Al adr (1437 2
ep 967T2M%, f%ﬁ[ |4 \% 3mﬂ + A A +3mu ) (3 6)
AE - L AlATr (1 23 ) L ATerade (4 3T 3.27
Rl e () ER N (B | R
and A@ and AZ defined as
AP=AY+A7, A =AY -AY. (3.28)

The sum in (3.26), (3.27) is over the charged leptons in the loop.

. Kj — &Z[ﬁk

In the seesaw extended SM these modes are also described by loop diagrams, either
penguins or boxes. In the ABCD model a tree-level diagram contributes with Z’ as
mediator. The generated operators and their Wilson coefficients are

y _ _ o A AR
[Ovxyly = Wiy Px;) by Pyabr) [Cvxyly = A)}%/Y ; (3.29)
with X,Y = L, R. The branching fraction of 7= — p~pu*u™ is given by [1]:
B(r~ =y ptp”) = _m [2|C'VLL\2 +2|Cvrrl* + |Cvirl” + \CVRLH#T
1536731, M(L ’ )
3.30

with I'; the 7 full decay width and a 1/2 factor due to the identical leptons in the final
state. Analogous expressions hold for 7= — e~ ete™ and u~ — e"eTe™.
e 1~ — e~ conversion in nuclei

The 4~ — e~ conversion in a nucleus of atomic number Z and mass number A is the
process
p+(AZ)—=e +(A2). (3.31)

The transition rate I'(u — ) in the ABCD model is obtained considering the dominant
tree-level Z’ contributions inducing four-fermion operators, and assuming that the
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conversion leaves the nucleus in its ground state [63, 64]:

_ _ ad Z4
P =) =152y

< |2z + M)A + (2 + 2N)Af( 2]

5

m € e

Fo)l* o7 [|AL(2)P + |5 (2)P]
Zl

(3.32)

Ag(Z’) are in (3.28). N = A — Z is the number of neutrons in the nucleus, Z.g is an
effective parameter and F(q¢?) the nuclear form factor. The observable to investigate is
the branching fraction defined as
'y~ —e”
B~ — e )= LU =€) (3.33)
Fv:aupt

which involves the muon capture rate I'capt in the nucleus. The upper bound for
B(p — ) in 55Ti established by the SINDRUM II experiment at PSI [65] is

B(p~ —e ) <43x107'% (at 90% C.L.). (3.34)

For 35Ti the values of the relevant parameters are Zog = 17.6 and F(¢* ~ —mi) ~
0.54 [66], with the muon capture rate Deapt =~ (2.590 £ 0.012) x 10% s~ [67]. This
is the case considered in our analysis. An upper bound has been established by the
SINDRUM II Collaboration also for the gold target: B(u~Au — e~Au) < 7x 10713 [68].
Its analysis requires a different set of nuclear input parameters, that can be inferred
from [64, 67]. The results of our study do not change if the experimental bound and
the parameters for the gold target are used.

3.3 (9—2)ep

(9—2)

The Z' contribution to the muon anomalous magnetic moment a, = 2 has been

obtained in [1] using the general formulae in [62]:

1 mi 2 (2 _my (2 ms
s it © (|87 (5 p) o (5 50)] - e
fie7l’l‘77-
Aiﬁ( ) are defined in (3.28), and the sum is over internal charged leptons in the loop. For

the electron, Aa, is obtained replacing p by e in (3.35).

4 Numerical analysis, results and correlations

As mentioned in section 2, in the ABCD model various scenarios have been considered
for the Z’ couplings to fermions [1]. One of them, the scenario A, consists in assuming
flavour violating couplings of Z’ only with left-handed fermions, obtained setting to zero the
parameters in (2.36)—(2.37). The present study is based on this minimal scenario.

The list of the parameters consists of the four entries in (2.35) and of the parameters
of the CKM and PMNS matrices. The coupling gz is varied in the range gz € [0.01, 0.1],
and two cases are considered for the Z’ mass, Mz = 1TeV and Mz = 3TeV. The four
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Figure 2. Allowed region in the (€1, €2) plane after imposing AF = 2 constraints, for Mz = 1TeV
(left panel) and Mz = 3TeV (right panel).
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Figure 3. Allowed region in the |V, |Vus| plane after imposing the AF = 2 constraints (dark blue
points) for Mz = 1TeV and 3 TeV. The light shaded area corresponds to the ranges (4.1).

independent parameters of the CKM matrix are taken as Vs, 7, |Vep| and |Vyp|, see appendix C.
The strategy adopted in the present study consists in varying |V,| and |V,;| in the ranges
determined by the exclusive and inclusive measurements,

‘V::b| € HV::b|exca |V::b|inc]v |Vub| € [|Vub|exC7 |Vub|inc]a (41)

instead of choosing some preferred value. All values are quoted in the appendix C, together
with the parameters of the PMNS matrix. The parameter space (€1, €2) is constrained using
AF = 2 observables, modifying the SM expressions to account for the Z’ contribution. Such
observables are the mass differences AM,;, AM,, AMg between the neutral mesons By, B
and kaons, the CP asymmetries Sy, , Sys and the CP violating parameter in the kaon sector
ex. All quantities are related to the neutral meson M — M mixing (M = K°, Bg,s), which in
SM only appears at the one-loop level due to box diagrams mediated by internal up-type
quark exchanges [2]. In the By and By cases the dominant contribution is by the intermediate
top quark, for kaon the charm exchange must also be taken into account. The SM result
depends on the Inami-Lim function So(x¢) for By, and on So(x., z¢) for kaon. Moreover,
the GIM mechanism allows to get rid of mass independent terms. In the ABCD model,
neutral meson mixings receive a tree-level contribution from the Z’ exchange. This leads to a
modification of the Inami-Lim function, S(M) = So+AS(M) for M = K, By 5, with AS(M)
given in [69]. The ABCD parameters enter in AS(M) through the Z’ couplings to fermions,
which allows to effectively constrain the parameter space by the precise experimental values
for such observables. We proceed as in [1]: AMy, AM, and the CP asymmetries Sy, Sep
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are required to stay in a range around 5% of the central value of the experimental datum,
A M is required to lie within 25% of the SM value, accounting for possible long-distance
contributions, and ek in the range ex € [2.0, 2.5] x 1073.

The allowed regions in the (€1, €2) plane are displayed in figure 2 for the two values of
My, The regions are broader than those found in [1], a consequence of scanning |V,;| and
|Vup| in the exclusive-inclusive ranges instead of choosing a preferred value.

A remarkable result, shown in figure 3, is that the scan over the parameter space subject
to the AF = 2 constraints does not yield any configuration with |V,;;| equal to the inclusive
determination. The largest obtained value is | V| = 3.92 x 1072 (within the resolution set
by the scan step), which indicates a preference for smaller values. This agrees with the
conclusions of the discussion in [70] on the sensitivity of AF = 2 observables to the precise
values of the CKM parameters.

After having imposed the AF = 2 constraints, we first look for deviations in lepton-
flavour-conserving (LFC) B and By decays and for the correlations with the corresponding
lepton-flavour-violating (LFV) modes. The LFC processes provide non-trivial constraints
on the LFV ones.

We then study the correlations with purely leptonic LFV processes, in particular with
T = ptuT, uT = ey, um — e ete” and p~ — e~ conversion in nuclei, obtaining that
the experimental upper bounds on such purely leptonic channels play a hierarchical role in
constraining the branching ratios of LE'V B and B; decays. The bound on 7= — pu~p™pu~
does not impose significant restrictions, whereas the other three channels set progressively
more stringent limits. The correlations with 7= — p~u™pu~, = — e~y allow branching ratios
for the LFV beauty meson decays of O(107Y). Including constraints from p~ — e~ ete™
and u~ — e~ conversion in nuclei, the branching fractions are pushed down to O(10~!!)
and O(10713), as discussed below.

4.1 b— stiey

In SM where only ¢1 = {5 is allowed, the values of the Wilson coefficients of the operators
O7 and Og 1 in the low-energy Hamiltonian (3.1) read [71]:

O (my) = —0.450, Co(my) = 4.273, Cio(mpy) = —4.166, (4.2)

with C'?H defined in section 3.1. Efforts have been spent in global analyses to identify the
coefficients deviating from the SM value, and to which extent, to reproduce the experimental
data [72-75]. In the scenario A of the ABCD model there are no contributions to the
coefficients of the primed operators in (3.1). The Z’ contribution to C7 is negligible with
respect to SM [69]. The contributions to Cg and Cyg for Mz = 1TeV and 3 TeV are displayed
in figures 4 and 5, where each point corresponds to a pair real/imaginary part of the coefficients
computed for the same values of the parameters. The contributions to the real parts can be
sizeable, up to £10% of the SM values. Imaginary parts of O(10™%) are generated, originating
from the phases of the CKM and PMNS matrices. The correlations between the real parts of
the coefficients are displayed in the plots in figure 6 for Mz = 1 and 3 TeV.

The values of C¥ and Cf}j¥ obtained for the lepton flavour violating modes b — sy~ 77,

together with their correlation, are displayed in the same figures 4, 5 and 6. The anticorrelation
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between (C{T),; and (CHF),, is a feature of the scenario A of the ABCD model. Indeed,
the expressions of the coefficients are

1 * A L0 NP 1 bs\* A 10
(CO Ve, = — —(Aap)yap®, (O ue = - —(AT) AL,
T g S Y T R, ) A
4.3
9 AGp € 0o -
with gy = Wm’ sw the sine of the Weinberg angle, and A‘}(j) defined in (3.28).

In the scenario A where the Z’' flavour violating couplings to right-handed fermions vanish,
we have Af}b = —AZA}EQ for 41 # (5.

4.1.1 Exclusive lepton flavour conserving b — s£7¢~ modes

The simplest process induced by b — s¢/*¢~ is the purely leptonic By decay, that we analyse
using fp, = 230.3 + 1.3 MeV [5]. Figure 7 shows the branching fractions B(Bs; — utp~) and
B(Bs — 7777) for Mz =1 TeV and 3TeV. In SM we find B(Bs — utp~) = (3.6540.10) x
1079 (|Az,]/0.04)? and B(Bs — 7777) = (7.70 £ 0.10) x 1077 (|A%,]/0.04)%. The experimental
world average B(Bs — put ™ )exp = (3.34 £ 0.27) x 1079 [30] is indicated in figure 7. The
results in the ABCD model encompass the experimental range. Moreover, requiring that
B(Bs — ptp~) agrees with experiment, B(Bs — 7777) = (8.2 4 0.5) x 1077 is predicted for
Mgz =1TeV, and B(Bs — 7777) = (8.2 4 0.8) x 1077 for Mz = 3TeV. The correlation
between the two purely leptonic modes is shown in the figure, where each point corresponds
to the branching fractions of By — pu*u~ and By — 777~ computed with the same set of
parameters. Figure 7 shows that when B(B,; — putp™) is predicted within its experimental
range, the branching ratio B(Bs — 7777) is also constrained. This feature emerges from
the numerical scan, and can be understood from the analytic structure of the amplitudes in
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Figure 7. Correlation between B(B, — utp~) and B(B, — 7777) for Mz = 1TeV (left) and
Mgz = 3TeV (right panel). The shaded region corresponds to the experimental world average for

B(Bs — p*pu~) [30].

scenario A. Indeed, eq. (3.12) shows that both branching ratios are proportional to |Cyg|?,
_ 2
B(B, — +07) = K¢ x |Crof? = Ko x |CR + (CP)al| (4.4)

with K, a numerical factor different for £ = p and ¢ = 7. From eq. (4.3) one observes
that (C{)F),, and (CHYF),, differ for the term A’ that depends on the scanned parameters.
Using eq. (2.28) one finds

(O )rr = (CT ) + F(92, €1, €2) (4.5)

where f depends on the scanned parameters. Hence, one writes

BB, - r+r) N e )

o )\1/2(m235,m3, m2)

[B(BS — T uT) + fgz, e, 62)} ; (4.6)

where f(gz, €1, €2) denotes the terms taking into account the function f in eq. (4.5). This
relation shows that the experimental bound on B(Bs — utp™) also limits B(Bs — 7777).

For the lepton flavour conserving modes B — K*{T¢~, with ¢ = p, 7, we use the local
form factors determined in [76] and described in appendix A. Figure 8 shows the correlation
between the branching fractions B(B° — K*Ou*p~) and B(B® — K*r+77). The vertical
band corresponds to the measurement B(BY — K*ut 1™ )exp = (9.4 £0.5) x 1077 [30]. In
the case of B — K*7t7~ only an upper limit is known: B(B® — K*%7%77) < 3.1 x1073. In
the ABCD model the result for B(B® — K*0u* ™) encompasses the experimental interval.
Requiring that it lies in the measured range, the predictions B(BY — K*07+77) = (8.6 +
1.3) x 1078 and B(B® — K*97F77) = (8.6 4 0.9) x 1078 are obtained for Mz =1 and 3 TeV,
respectively. For the SM we have: B(B? — K*0utu~) = (9.6 £2.0) x 1077 (JA%,|/0.04)* and
B(BY — K*9rt77) = (9.2 4+ 2.0) x 1078 (]A%]/0.04)2.

The B — K*(Km)u"p~ angular distribution has been experimentally studied in de-
tails [77-84], finding a deviation from SM predictions in some angular P-observables defined
in (3.20) [50, 85-90]. In the analysis of the ABCD model predictions, to make the comparison
with SM more transparent, we define the rescaled angular coefficient functions I; = I; /| A5, |2,
with ¢ = 1s,...6s, and display them in figures 9, 10 for £ = p and £ = 7, setting Mz = 1TeV
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Figure 9. Angular coefficient functions fi(a)(qZ) for B® — K*O(K7)u* pu~. The continuous line is the
SM result for the central value of the form factor parameters, the light shaded region the result in the
ABCD model varying the parameters in the allowed ranges, with Mz = 1TeV.

(for Mz = 3TeV the results do not change sensibly). The functions Ig. 7,89 vanish in SM;
in the ABCD model they are about 107% times smaller than all others, therefore we do not
display them. In the figures, the dark continuous line is the SM result for the central values
of the form factor parameters, the light shaded band the ABCD result. Modest deviations
with respect to SM are possible, they are more pronounced in the case of 7.

For the forward-backward asymmetry and the fraction Fj, of longitudinally polarized
K*, eqgs. (3.18), (3.19), the results are displayed in figure 11 for g and 7. No measurement
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Figure 10. Angular coefficient functions for B® — K*°(K7)7+7~. The continuous line is the SM
result for the central value of the form factor parameters, the light shaded region the result in the
ABCD model varying the parameters in the allowed ranges, with Mz = 1TeV.

is available for 7. The largest deviation from SM is found in F;, at high ¢ in the 7 mode.
For the P-observables in (3.20) where tensions emerged [50, 85-90], we display the most
significant results in figure 12. The effects obtained in the ABCD model are more pronounced
for 7, namely for low ¢? the observable P} can differ from SM.

For Bs — ¢pu~p™, using the form factors in [76] with parameters in table 3, we find in SM:
B(Bs — ¢p~put) = (11.842.3) x 1077 (|A%,]/0.04)?, confirming that a higher value is foreseen
for this rate with respect to the measured B(Bs — ¢p~ puH)exp = (8.4 4+ 0.4) x 1077 [30].
Measurements are not available for the 7 mode: we find B(Bs — ¢7—77) = (1.02 4 0.20) x
1077 (J]A%]/0.04)% in SM. Figure 13 shows the correlation between the two LFC decays
in the ABCD model: the plot for Mz = 1TeV shows that the range for the 7 mode is
B(Bs — ¢7~7F) = (0.9 £0.25) x 1077, for Mz = 3TeV the range is B(Bs — ¢ 7F) =
(0.9£0.2) x 10~7. However, since B(Bs — ¢~ )exp i not reproduced, a puzzle remains
unsolved for this mode. If the measurement is confirmed, the first issue to scrutinise is the
uncertainty of the By — ¢ form factors.

4.1.2 Exclusive lepton flavour violating modes b — sfy €3 (£1 # £2)

A feature of the ABCD model is that correlations are generated between lepton flavour
conserving and lepton flavour violating modes. In table 1 we quote the predictions for a
set of LF'V modes, for Mz = 1TeV and 3 TeV. The predictions can be further constrained
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continuous line is the SM result, the shaded region the ABCD result for Mz = 1TeV. The black dots
in the top panels correspond to the LHCb measurement [88].
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Figure 12. Angular P-observables in eq. (3.20) for B — K*O(Km)utu~ (top panels) and

BY — K**(Knm)rtr~ (bottom panels). The black dots in the top panels correspond to LHCb
measurement [88]. Same color code as in figure 11.

requiring agreement of the rates of corresponding LFC modes with experiment. In the table
we quote the unconstrained result and the one constrained by the corresponding LFC process.
The current experimental upper bounds for the LF'V modes are also included in the table,
they are expected to be sensibly improved in the near future.®

Figure 14 shows the correlation between the branching ratios of the LFC By — ptpu~
and LFV By — 77~ modes for the two values of M. The experimental upper bound for

B(Bs — 7t p17) is quoted in table 1. In the ABCD model the branching ratio of the LFV
7~ mode can be comparable to that of the LFC p*u~ mode. Indeed, the decay to same

8Recent experimental investigations of B® — K*°r7 ™ are described in [92, 93].
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LFV mode BW x10° | B® x10° | B® x 101 | B x 1013 experiment
By — 1t~ 0.00 = 2.10 | 0.00 = 1.60 | 0.00 = 1.20 | 0.00 = 9.20 | < 4.2 x 10> [30]
BY — K07+~ | 0.00 +2.90 | 0.00 +1.15 | 0.00 = 1.60 | 0.00 = 5.10 | < 1.0 x 107° [30]
By — ¢~ 0.00 + 3.43 | 0.00 +2.60 | 0.00 +1.95 | 0.00 +6.10 | < 1.0 x 107° [91]
By — 1t~ 0.00 +2.30 | 0.00 +0.14 | 0.00 = 1.10 | 0.00 = 1.05 | < 4.2 x 10~ [30]
BY — K7+~ | 0.00 +3.10 | 0.00 +0.20 | 0.00 + 1.53 | 0.00 + 1.42 | < 1.0 x 107° [30]
By — ¢t 0.00 +3.70 | 0.00 +0.25 | 0.00 = 1.80 | 0.00 = 1.70 | < 1.0 x 107° [91]

Table 1. Ranges of branching fractions of LFV B, B, decays in the scenario A of the ABCD model.
The first three rows correspond to Mz = 1TeV, the last three rows to Mz = 3 TeV. The four quoted
ranges are obtained after imposing the constraints from the upper bounds on LFV charged lepton
decay modes specified in table 2: BM from 7= — p~ptp~, B from B(p~ — e~ v), B®) from
- —e"ete, B®W from 1~ — e~ conversion in titanium. The experimental upper bounds (at 90%
C.L.) are quoted in the last column.

My =1TeV Mz =3 TeV
25 25
S 20) S 20
X X
15 150
\; ﬁ;
1 10} T 10
o o
R 03 Q03
0.0 0.0

2.5 2.5

BB, — ) x10° BB, - ptp) x10°

Figure 14. Correlation between the branching fractions B(Bs — ptp~) and B(B, — 7Fu~) for
Mz =1TeV (left panel) and Mz = 3TeV (right panel). The shaded vertical band corresponds to
the experimental world average [30].
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Figure 16. Correlation between B(By — ¢putpu~) and B(B, — ¢ut77) for My = 1TeV (left panel)
and Mz = 3TeV (right panel). Same color code as in figure 13.

flavour leptons is determined only by the Cig term, while for ¢1 # ¢4 also Cg contributes.
Moreover, the helicity suppression in the /; = ¢35 = p mode is lifted in the 77 x~ mode
producing a sizable enhancement.

While for the LFC modes the results do not sensibly change varying My from 1TeV to
3 TeV, this is not true for the LFV modes, since ABCD does not predict large deviations
from SM: increasing the Z’ mass, the SM results are approached. For modes allowed in
SM, the deviations are small even for small values of Mz,. On the other hand, for modes
forbidden in SM, increasing Mz results in a sensible decrease of the branching fractions. The
same observation holds for B® — K*97%,,~: the branching fraction predicted in the ABCD
model is quoted in table 1 both without and with the constraint given by the measured
B(B® — K*%u*pu™). As we discuss below, constraints provided by LFV leptonic decays
further reduce the range for this rate. Predictions for By — ¢7" ™ are presented in table 1
and in figure 16.

4.2 Correlations among lepton flavour violating processes in the quark and
lepton sectors

Since the Z’ couplings to leptons and quarks involve the same pair of parameters, €¢; and
€2, correlations can be established among observables in the different sectors. Particularly
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LFV mode B experiment
T =t < 2.1 x 1078 [30]
woo— ey < 1.5 x 10713 [94]
p~ — e ete < 1.0 x 10712 [30, 95]
p~ — e~ conversion in 35Ti < 4.3 x 10712 [65, 96]

Table 2. Experimental upper bounds (at 90 % C.L.) for LFV charged lepton modes. The branching
fraction for the 4~ — e~ conversion is defined in eq. (3.33).
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Figure 17. Correlation between B(B, — 7+u~) and B(u~ — e™7) for Mz = 1TeV (left panel)
and Mz = 3TeV (right panel). The vertical line indicates the experimental upper bound B(u~ —
e”v) < 1.5 x 10713 (at 90% CL) [94]. The light yellow points are selected requiring that the LFC
B(B, — ptp~) agrees within 1o with experiment.

relevant are the correlations between the LFV b — sﬁfﬁg modes and the LFV leptonic
decays = — ey, 77 — pu putpT, p= — eete, and the u~ — e~ conversion in nuclei.
As we shall see, in the scenario A of the ABCD model the upper bounds on the last four
channels play a hierarchical role in constraining the branching ratios of LFV B and B
decays. Their combined effect prevents the branching fractions of LF'V B and B; decays
from exceeding O(10712).

It is useful to analyse the individual constraints from the four leptonic processes, which
in scenarios different from scenario A depend on distinct parameters. This provides us with
a guidance on possible modifications of the scenario. For instance, since 7= — p~pu™p~
provides the weakest constraint, one may consider assigning a different role to the third
lepton family compared to the other two: we defer such an investigation to future work. In
the following we analyze the impact of 7= — p~ptu~™ and u= — e+, then we consider the
most stringent channels u= — e“ete™ and p~ — e~ conversion in nuclei.

4.2.1 Rare B, decays versus 7~ — pptp” and p= — e v

The correlations involving 7= — pu~ptp~, with the experimental upper bound B(7~ —
pptpT) < 2.1 x 1078 [30] do not provide significant constraints for Bs and B modes.
Accounting for the measurement of the width of By — u* ™, the largest value for B(r~ —
p-ptpT) is about 1.2 x 1078,
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p~ — e~ puts more stringent limits. Figure 17 shows the correlation between B(Bs —
7tu~) and B(u~ — e ) for My = 1TeV and 3 TeV. The dark points show the results
without imposing constraints from LFC mode, the light points the results obtained imposing
that the measured B(Bs; — ptu~) is recovered. The upper bound is displayed B(u~ —
e”y) < 1.5 x 10713 (at 90% CL) recently established by the MEG II Collaboration [94] which
has improved the previous limit B(u~ — e™7) < 4.2 x 10~ (at 90% CL) [97]. The bound
reduces the room for B(Bs — 77 ~). This provides us with a clear example of the most
peculiar feature of the ABCD model, the interplay between quark and lepton observables.
Within the model, quite large values of B(u~ — e~ ) could be obtained, however, the
requirement that the rate of By — u™u~ agrees with experiment suppresses B(u~ — e 7).
The correlation between B(BY — K*07tu~) and B(u~ — e~ 7) is displayed in figure 18,
and similar remarks hold: the bound on B(u~ — e~ ) [94] reduces the allowed range for
B(B — K*ttu™), see table 1. The same occurs for B — ¢71u

4.2.2 Rare B, decays versus p~ — e"ete” and p~ — e~ conversion in nuclei

The processes =~ — e“ete™ and pu~ — e~ conversion in nuclei play the major role in
constraining LEV rare By, decays. Figure 19 shows that the upper limit B(u~ — e"ete”) <
1 x 1072 (at 90% CL) [30, 95] significantly reduces B(Bs — 77 p~) and B(BY — K*0r+ ™)
both for Mz = 1TeV and for My = 3TeV. After imposing this bound their largest allowed
values are O(107!1), see table 2. Muon conversion in nuclei provides the most stringent
constraint, as displayed in figure 20. The largest allowed value for B(B, — 7+ u~) and
B(BY — K*97% ) are reduced to O(10713), see table 2

A summary of the impact of the lepton decays on B(Bs — 77 p~) and B(B — K*07+ ™)
is in figure 22, where we plot their correlation when subsequent constraints from LFV
charged lepton decay modes are imposed. It is instructive to examine the mutual impact of
different LF'V lepton decays. As an example, figure 21 shows the constraints imposed by
the experimental upper bound for B(u~ — e“eTe™) on B(u~ — e~ ) and B(t~ — p~pp™):
in both cases the allowed ranges are substantially reduced.
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10-12 (at 90% CL) [30, 95].

The scrutiny of =~ — e“eTe™ and u~ — e~ conversion will be the focus of future
experimental programs, in particular at the COMET [98], Mu2e [99] and Mu3e [100] facilities
that aim at an unprecedented sensitivity. The experimental bounds used in our study are
based on measurements performed more than two decades ago, and have been obtained
relying on theoretical formulae and approximations that need to be reconsidered. For example,
for 4= — e~ eTe” the quoted upper bound has been obtained assuming a constant decay
amplitude over the entire phase space. Such assumptions will be refined in the future studies.

4.2.3 Rare B, decays versus Aa,

As for the Z' contribution to the muon anomalous magnetic moment, Aa, vs B(B® —
K*97F17) is shown in figure 23. Aa,, turns out to be negative, it reaches at most Aa, ~

—107'2, a size similar to subleading hadron contributions such as the hadronic light-by-light
contribution [13].

5 Conclusions

The search for BSM is facing the evidence that tensions with the SM predictions are spotted,
but they are small. For example, the flavour anomalies are below the level of significance to
claim the evidence of new physics. Being confident on NP, we have attempted to justify the
absence of large deviations: we have scrutinised channels where anomalies have been detected
together with processes strictly forbidden in SM, the charged lepton flavour violating modes,
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and the correlations among them. In a simple extension of the SM, the ABCD model, the new
gauge boson Z’ has flavour conserving and flavour violating generation-dependent couplings
to fermions. The model is based on a special solution of the gauge anomaly cancellation
equations which relates the quark and lepton couplings to Z’. The flavour observables in
the two sectors are intertwined, producing nontrivial correlations.

As noticed when the model has been formulated [1], quark and lepton sectors mutually
act to prevent large deviations from SM, a welcome feature considering the small discrepancies
with respect to SM emerged by measurements of flavour observables. Moreover, the possibility
of having lepton flavour violation implies that modes such as those induced by b — sf7 {3
with ¢ # £9, can occur and are correlated both to purely leptonic LF'V processes, u=~ — e~ 7,
T = pu ptuT, pm — e ete” and u~ — e conversion in nuclei, as well as to the LFC
b — s{~{T transitions.

To summarize our main findings, we remark that:

« Imposing AF = 2 constraints, the NP contributions to the Wilson coefficients Re(Cy'™F)
and Re(CNY)e, ¢ = u, 7, are found to be at the ~ 10% level of the corresponding
SM coefficients. The analogous LFV coefficients Re(C9") .- and Re(CL}),r are of the
comparable size to Re(ngo)) s See figures 4-6.

o The LFV B, decays are constrained by LFC modes and by purely leptonic LFV
processes in a hierarchical way; the weakest bounds arise from the LFC decays, see
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(left panel) and Mz = 3TeV (right panel).

figures 14-16, then by 7= — - p~, p~ — e yand by p~ — e"eTe” and u= — e~
conversion in nuclei, figures 17-18.

e The role of quark and lepton observables to mutually constrain each other is visible in
the results in table 1 and in figure 22.

The above results are relevant for the NP searches at the new facilities planned within the
future strategy for particle physics.
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A B, — V local form factors

We use the standard parametrization of the By = V' (¢ =d, s, V = K*, ¢) matrix elements
of local currents in terms of form factors:

3 ww 2V q2
(V) 591 — 15)bBy (1)) = epae™p*p® —L T

mp, +my
2
e, ) - @) 2O
- (€05 (Aale) ~ Aol )a (A1)
V(0,500 (1 + )bl Bo(p) = icuape™p™” 2 Ti(@?)
+ [enm3, = md) — (€ )+ )] Tola)
2
+ (€ q) [qu - m2q7_m2(p+p/)u T3(¢%) (A.2)
By v

with ¢ = p — p/ and € the V polarization vector. The form factors are not all independent:

Asz is given by

mp, +my
va

As(g?) = M)~ T () (A3)
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B — K* | mgr(GeV) o fa%1 a2
|4 5.415 0.34+£0.04 | —1.05£0.24 2.37+1.39
A 5.829 0.27 £0.03 0.30 £0.19 —0.11 +£0.48
Ao 5.366 0.36 £0.05 | —1.04 £0.27 1.124+1.35
A1z 5.829 0.26 = 0.03 0.60 £0.20 0.124+0.84
T 5.415 0.28 £0.03 —0.89 £0.19 1.95+1.10
15 5.829 0.28 £0.03 0.40 £0.18 0.36 £0.51
Tha 5.829 0.67 £ 0.08 1.48 +0.49 1.924+1.96
Bs — ¢ mp (GeV) ag a1 o)
\% 5.415 0.39 £0.03 —1.03+0.25 3.50 £ 1.55
Ay 5.829 0.30 £0.03 0.48 £0.19 0.29 £0.65
Ap 5.366 0.39 £0.05 —0.78 £ 0.26 2.41 £1.48
A1 5.829 0.25 £0.03 0.76 = 0.20 0.71 £0.96
Ty 5.415 0.31 £0.03 —0.87+0.19 2.75+£1.19
Ts 5.829 0.31 £0.03 0.58 £0.19 0.89 £0.71
Tos 5.829 0.68 = 0.07 2.11 £0.46 4.94 4+ 2.25

Table 3. Parameters of the B,y — V form factors in eq. (A.5) determined in [76].
with A3(0) = Ap(0). T1(0) = T>(0) follows from the identity 0,75 = —%ewagaaﬁ (with
€o123 = +1).
In our analysis we use the determination in [76] based on light-cone QCD sum rules

(see also [101]). Defining the “conformal” variable

VAR VT
Vi TV o

with {3 = (mp, & my)? and tg =t (1 — /1= i—;), a generic form factor F; is written as
the sum of the first three terms of the z-expansion

2(t) (A4)

1 20 k
File") = -~ Y ai[#la) —20)]
- k=0

2
MR

(A.5)

with parameters a%€ and mpg;. The value of mpg; is close to the mass of the lightest t-channel
resonance involved in the various terms in (A.1), (A.2). The parameters are determined
for ‘/, Al, Ao, A12 and Tl, Tg, T23 in [76], deﬁning

(mp, +my)*(my, —mi —¢*)Ai(¢®) — Mm3p,, mir, ¢*) A2(q?)

16m3qm%/(m3q +my)

Ap(¢?) =

(m, —mi)(my, +3mi — ¢*)Ta(q”) — MmE,, mi;, ¢*)T5(q°)

Smqu%/(mBq —my)

(A.6)

Tos(q?) =

To make easier to reproduce our results, we quote the values of the parameters in table 3,

while their correlation matrix is in [76].
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B  Angular coefficient functions for B — K*(Km)¢; €5
(a)

The coefficient functions I;", for i =1,...9 and a = s, ¢ in (3.14), can be written in terms

of the transversity amplitudes

A11r(¢%) = N(q )\f/\l/z[ {( +C5") F (Cho + Ceﬂr/)} n%

2(mb+m8) (C +Ceffl) ( 2):|7

2
AIL,R(qZ)——N(qQ)\/i(sz—m%{*)“(cg _ Cem) £ (oot CeH/)}M

mp — Mg~
+ A2 ot ooty
2
Aornl?) = ~5 0 {5t - 5 5 (3 - )| (B.1)
X {(m% — m%(* — q2)(mB + mK*)Al(qz) — )\HW}
mp + m e

+ 2(my — my) (C5T — C5™) [(m% +3mi — ) Ta(q”) — 2_2T3<q2)] }
N(q*)
V¢t

The factor N(q?) reads

A (@) = == M [(CsT — C5™) 7 (CFF — O3] Ao(?).

. G2a? 1/2.1/2 2
N(q%) = Aj, [MAJ A/ : (B.2)

with Ay = AM¢?,m%,m%.) and A\, = A(¢?, m?,m3). The expressions of the coefficient

functions are:

. ALH2[gt—(m2—m3)? dmim
11: L [ 4((14 1 2) ] [|ALL|2+|AHL|2+(L_>R)} 1 2Re {ALLALR—FAHLAHR}
c 4 (m?—m3)? gmim
=1 / 2 (1400 4140 )+ X2 Re Aoy Al A i)
20 2\2_ 2(2 2
o (mi—m3) qf (mi+m3) [’AtL‘Q‘i"AtR’z}v

Y 2 2

Ii= 1 A PHARL P R)),
IS = )‘L[A 2

§=—2F [l AorP+(L— R)]

A
Iy=g o7 [[ ALl = AP+~ R,

A
14:\/52 |:Re(A0LAHL) (L—>R):|,
)\1/2 2 .2
Iy = f [Re[AOLALL (L= R)} =" 32 Rel Aup Al + (L= R))|,
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1/2

. 2) .
I==[Re(A),A1,)~ (L= R
AN 2 —m2 N
I§= qé %[RG(AOLAMH(L%R)L
2)\1/2 2 2
17:\2; [Im[AOLAﬁL—(L—>R)]+mlq2mQIm[ALLA2‘L+(L—>R)} ,
Ts= L [Im(Agr A% 1)+ (L— R
8 W[m( oL A1) +(L—=R)],
AL )
jgzg{lm(A||LALL)+(L—>R)]. (B.3)

The above expressions are modified if other BSM operators are included in the low-energy
Hamiltonian, besides the ones in (3.1).

C Parametrization of the CKM and PMNS matrices

We use the standard parametrization of the CKM matrix

iy

c12€13 $12€13 s13€
_ 6 6

Vokm = | —$12¢23 — c12523513€"  c12c23 — 512523513€"°  s23¢13 | - (C.1)

)

. s
512823 — C12C23513€"0  —S23C12 — S12C23513€"  €23C13

As four independent parameters we choose Vi, |Vepl, |Vip| and the phase v, so that

V, Vep
s13= V|, s12=—2, S93= u?
€13 €13

Cz‘j = 1-— S?j . (02)

d=r,

Vus and v are set to Vs = 0.2253 and v = 64.6°. |V| and |V,;| are varied in the ranges

spanned by the exclusive-inclusive measurements (4.1), with |Vep|exe = (39.1 & 0.5) x 1073,

Vipline = (42.1940.78) x 1073, [Vigplexe = (3.51£0.12) x 103, [Vip|ime = (4.1940.17) x 103 [5].
The standard parametrization is also used for the PMNS matrix

k12k13 x12k13 x13e10PMNS
_ 5 i6
UpmMnNs = | —x12ko3 — k12223713 PMNS  koko3 — 122237136 PMNS x23k13 , (C.3)
219723 — k12kogz13€0PMNS  —po3kio—10ko3 w13 PMNS  koskys

where z;; = sin 6;; and k;; = cos ;. A global fit of the parameters in (C.3) gives values which
depend on the assumed hierarchy among the neutrino masses [102]: for normal ordering

sin® 010 = 0.30870017,  sin®fag = 0.47070017,  sin? 013 = 0.02215779005¢ ,

Spuns = (212739)°, (C.4)
for inverted ordering

sin® 012 = 0.30870:017,  sin®fa3 = 0.55070012, sin® 013 = 0.0223179 90058 ,

SpMns = (274732)°. (C.5)

The global fit in [103] gives consistent results. In the numerical analysis we use the parameters
for normal ordering (C.4).
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