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The 331 models constitute an extension of the Standard Model (SM) obtained by enlarging the SM
gauge group SU(3)c x SU(2) x U(1)y to the group SU(3)c x SU(3), x U(1)y. We investigate how a
nonminimal 331 model may embed lepton flavor universality violating contributions to b — s£¢

processes without introducing lepton flavor violation, as suggested by the recent LHCb measurements
of the ratios Rx and Rg-. We discuss the model-independent scenarios of new physics in b — s£¢
currently favored by the data that could be accommodated by this model and consider a few

phenomenological constraints on this model.
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I. INTRODUCTION

At the energies currently reached at the LHC, no direct
signals of new physics (NP) have arisen yet, in the sense
that only particles already in the Standard Model (SM) have
been observed directly. This has pushed the scale of many
NP models much above the electroweak scale, challenging
the earlier expectations that these two scales would be
similar for these models—supersymmetric models being
the most prominent ones.

On the other hand, recent disagreements with the SM
expectations have appeared in flavor physics and more
specifically in b-quark decays (for recent reviews see
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Refs. [1-4] and references therein). In particular, four
anomalies have appeared in ratios assessing lepton flavor
universality (LFU) in the decays B — K")¢*¢~ (corre-
sponding to the quark-level decay b — s£¢) and B —
D¢, (corresponding to the quark-level decay b — cv),
where ¢ stands for e, p, 7. The ratios of current interest are
defined as

B(B = Ku' 1) peigz. g

Klnndin] ~ B(B > Kete™) perp o2 1
€l Timax]

R

B(B — D%zi,)

B(B = DV ¢D,) =eu. (1)

RD(*) =

where R (. are measured over specific ranges for the squared
dilepton invariant mass ¢* (in GeV?), whereas R deals
with the total branching ratios. It is interesting to make a
comparison between the experimental and theoretical values
for these quantities:
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Ryfl g = 074550070 £0.036 5], R = 1.00£0.01 [2.8], 2.80,
R?*p[oms,l.l] = 066277 + 0.03 [6], R%*[o.o45.1.1] =0.9224+0.022 [2], 2.7e,
R 160 = 0691007 £0.05 [6].  RE.(p ¢ = 1.000 = 0.006 [2], 3.00,
R5P =0.407 +£0.039£0.024 [7],  RY% = 0.300 + 0.008 [9], 230,

RSP =0.304+0.013£0.007 [7],  RY%. =0.252+0.003 [10],  3.4o. (2)

In the experimental data the first errors are statistical and the
second ones systematic. Prominent contributions to these
ratio determinations have been given by BABAR, Belle, and
LHCb [5,6,11-15]. Although it is still not excluded that the
previous disagreements might be accounted to statistical
fluctuations of the data, or to a possible underestimate of
the theoretical errors, an interesting aspect of these anomalies
lies in the fact that they all seem to point in the direction of a
possible lepton flavor universality violation (LFUV) in the
interactions mediating the processes. Moreover, another LFU
ratio has been measured recently, corresponding again to the
quark decay b — cfv, [16],

o, _ BB~ /)
" B(B. — J/yub,)

(3)

around 26 above the SM predictions.

For what concerns the Rx and Rg+ anomaly, the situation
becomes even more intriguing for three reasons. First of all,
the process is mediated by a flavor changing neutral current
(FCNC). Since such a current cannot arise at tree level in
the SM, the suppression due to the loop structure implies
that the possible contribution of NP effects might arise in a
significant way in this process. Furthermore, it was noticed
in Ref. [17] that in the ratios R the hadronic uncertainties
cancel to a very large extent [8,18-24]," thus reducing
substantially the uncertainty on the theoretical expect-
ations. Finally, these deviations concerning the branching
ratios are only a part of the anomalies observed in b — suu
decays. Contrary to b — cZv transitions, there are many
other observables that have been measured, especially
concerning the angular distribution of the decay products
in the decays B - K*(— Kr)upu and B; — ¢(— KK)uu,
and some observables (the so-called P, and P% [25-27])
have featured deviations from SM expectations in addition
to the LFUV ratios quoted above [28-32]. Many model-
independent analyses of these anomalies in b — s£¢ have
already been performed in terms of effective field theories
corresponding to the SM at the b-quark mass scale,
supplemented with the additional lowest dimensional
non-SM  operators [19-24,33-40]. They are able to

"The same cancellation does not occur for R pw due to the
presence of the heavy lepton 7 in the final state.

accommodate all the deviations observed in b — s£7 in
terms of a significant shift of the short-distance Wilson
coefficient Cy, possibly together with shifts in other Wilson
coefficients such as Cj, or Cf,. Remarkably, the same shift
is needed to explain the anomalies in the angular observ-
ables in B — K*up and the LFUV ratios of branching
ratios Ry.

While model-independent analyses are powerful tools to
understand the pattern of the anomalies in terms of NP
contributions already felt at low energies, they are not able
to provide a dynamical explanation for these deviations.
This requires us to choose specific scenarios of physics
beyond the Standard Model and try to see if they allow for
such anomalies. Several models have been proposed to
account for Ry and Rj simultaneously. Most of the
successful candidates can be cast in two sets [41]. One set
includes models that try to reproduce the presence of LFUV
by assuming that the relevant processes are mediated by
leptoquark particles (see, e.g., Refs. [42-49]). In the other
set the process is mediated by heavy exotic gauge bosons,
whose couplings depend on the generation (see, e.g.,
Refs. [50-54]). In this article, we analyze a model falling
in the latter category and corresponding to a specific
version of the so-called 331 models [55,56].

The 331 models constitute one of the simplest extensions
of the SM [57-60]. The gauge group is extended from the
SM gauge group SU(3)c x SU(2); x U(1)y to the group
SU(3)c x SU(3),. x U(1)y. These models experience thus
two stages of breaking: at a heavier scale Ayp, the extended
group is broken down to the SM gauge group, for which
electroweak symmetry breaking occurs at the lower scale
Agw. Phenomenologically, these models feature heavy
gauge bosons (W', Z') as well as an extended Higgs sector
triggering the two spontaneous breakdowns, leading to
heavy scalar/pseudoscalar bosons (H, A), with electric
charges depending on the implementation of the model.

In the most studied version [61-69], one simply extends
each SU(2), doublet to one of the two fundamental
representations of SU(3),, namely either 3 or 3, without
introducing any additional family. Furthermore, this
assumption is taken together with the requirement of
cancellation of chiral anomalies, which prescribes that
the number of triplets is equal to the number of antitriplets.
The three lepton families are then forced to belong to the
same fundamental representation of the group, hence
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implying the family independence of the couplings with
gauge bosons. This in turn prevents any LFUV at the level
of the gauge couplings to the leptons.

Another version of the 331 model, partially analyzed in
Refs. [70,71], extends the lepton sector by introducing two
additional generations. With this assumption, one ends up
with a lepton generation that transforms differently com-
pared to the others, and hence presents different couplings
with the gauge bosons; this situation suffices to guarantee
the presence of LFUV. Two, rather than one, additional
lepton generations, are required to preserve anomaly
cancellation. We will focus on this version of the 331
model, and we will study if it can reproduce the anomalies
observed in b — s£¢ processes under simple assumptions:
LFUYV is present and dominated by neutral gauge boson
contributions, there is no significant LFV of the form
b — st¢,, and the model should not yield too large
contributions to BB, mixing. It turns out that the model
is then able to reproduce scenarios with large contributions
to (Cy. CY,) in good agreement with global fit analyses
of b — st¢.

The paper is organized as follows: in Sec. Il we review
the main features of our model and justify our choices
compared to the minimal 331 models more often studied in
the literature. In Sec. III we analyze the gauge boson-
mediated contributions arising for the process b — s£¢,
pointing out the arising of LFUV in the couplings. In
Sec. IV we compare these contributions with the global
analyses performed in Refs. [19,20]. In Sec. V, we examine
other simple phenomenological constraints on the model
for the gauge boson contributions considered here, in
particular BB, mixing. In Sec. VI we conclude and discuss
further extensions of the model, for instance concerning
LFUV in Rj. Finally, the appendixes are devoted to
various computations concerning the spectrum and cou-
plings of our model.

II. FEATURES OF THE 331 MODEL

Starting from the gauge group SU(3)- x SU(3). x
U(1)y (with gauge couplings gs, g, gx), the model will
undergo two spontaneous symmetry breakings (SSB). The
first one occurs at an energy scale Ayp and allows one to
recover the SM gauge group. The subsequent one, at energy
scale Agyw, reproduces the electroweak symmetry breaking
(EWSB) of the SM. We assume that Axp > Agyw, and we
introduce a parameter ¢ = Agw/Anp keeping track of the
order of magnitude of the NP contributions of the model.

When enlarging the SM gauge group, embedding it into
the broader SU(3). x SU(3), x U(1)y group, there are a
few general requirements to be obeyed:

(1) The model should contain representations consistent
with the SM quantum numbers and should have no
anomalies, which sets powerful constraints on the
choice of representations for the fermions [64].

(i1) It should exhibit a Higgs sector able to trigger
the two stages of spontaneous symmetry breaking
(breaking down to the SM group and electroweak
symmetry breaking) and to generate masses with a
hierarchy in agreement with the observations (no
light particles apart from the SM ones) [65].

For our particular purposes, we will also require that the
lepton generations are not embedded equally into SU(3),.
representation, in order to be able to generate LFUV at the
level of the interactions.

A. Choice of g

We start by discussing the generators of the SU(3),
group and its connection with the SM gauge group.
Leaving aside the case of SU(3)., which presents no
differences with respect to the SM, the generators of the
SU(3), gauge group are indicated with 7' ---7%. Since
the generator of the U(1)y group must commute with the
generators of SU(3),, it has to be proportional to the
identity in the space referred to as the representation
of SU(3).. The normalization of the generators is
Tr[T'77] = /2, and 1 = diag(1,1,1) is the identity
matrix. We define the U(1)y generator as 7° = 1//6,
since this definition implies the same normalization relation
as the other eight generators.

We can then identify the hypercharge operator ¥ in terms
of the generators of the new gauge group, by requiring that
¥ commutes with all the generators of SU(2);, which
forces it to have only terms proportional to 7% and to the
U(1)y generator. Naming X the quantum number associ-
ated with U(1)y, we define

= pT% + X1, (4)

|~

where 78 = 1/21% = 1/(2v/3)diag(1,1,-2). With ' we
indicate the Gell-Mann matrices. With this definition of the
hypercharge, the electric charge operator reads

R v

Q:aT3+2:a7"3+ﬁf"8+Xﬂ, (5)

where 73 =1/22° = 1/2diag(1,—1,0). The electric
charge is defined in general as a linear combination of
the diagonal generators of the group, where the value of the
proportionality constant a and S distinguishes different
331 models.

In order to obtain isospin doublets which embed
SU2), xU(1)y into SU(3), xU(1l)y, we set a = 1.
The way in which the SM electroweak gauge group is
embedded in SU(3); x U(1)y is encoded in the parameter
p, which controls the relation between the hypercharge and
the 7% generator of SU(3); . In order to restrict # we could
demand that no new particle introduced in the model has
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exotic charges (i.e., different from the SM ones). Let us see
how this condition operates when fermions belong to a
triplet or an antitriplet of SU(3),. After the first stage of
symmetry breaking at the scale Axp, the SU(3); x U(1)y
representations of the fermions are broken down to
SU(2); x U(1)y representations as follows:

(3,x) » <2,%+2x> + <1,—\2/—ﬂ§+2x>,

2 p 2p

(3,x) - (2, \/§+ 2x> + <1, \/§+ 2x>. (6)
As just shown in Eq. (6), both the triplet and the
antitriplet representations of SU(3), are broken down
to a doublet plus a singlet of SU(2), . Let us consider the
case of the quarks. We will choose to identify the first
two components of the triplet (or antitriplet) with the SM
doublet: their charges acquire the SM values only by
setting the U(1), hypercharges to the SM values, that is,
+8//3 +2x =1/3. The last entry of the triplet (or
antitriplet) will be an additional, massive, fermion (called
“exotic” in the following), with an electric charge
F V3/2p + 1/6, that becomes either 2/3 or —1/3 only
if we choose f=F 1/ v/3.2 One can easily check that the
same discussion also holds in the case of the leptons,
with a similar outcome [61].

In this work, we will pick the particular value

B=—1/V3. (7)

It can be related to the choice # = 1/+/3 by changing all the
representations for their conjugates and taking the opposite
sign for the Uy (1) charges. We will thus have the following
definition of the electric charge operator:

s (8)

_ 43

B. Fields and representations

In the following, we label the SM fermions with
lower cases and the exotic ones with upper cases, choosing
letters recalling their electric charge assignments. Using
the notation [SU(3)c, SU(3)., Ux(1)] while referring to
the representations of the particles, we introduce the
following fermionic content, which ensures the cancellation
of the anomalies but allows for different representations for the
three lepton generations, and thus potential LFUV effects (see
also Appendix A for a summary of the representations
chosen).

’Let us recall that other common values chosen in the
literature, f = ++/3, while maintaining the SM charge for the
SU(2),, doublet, introduce exotic electric charges for the SU(2),
singlets (5/3 and —4/3).

For the left-handed components, we introduce [66,67,70,71]
(i) three generations of quarks,

dL

2
L = L ~ -
1 vy ( 3>’

N
L 1
E4 ~ 1, 37__ )

P

(E;%)

(:g:) - (13%) (10)

The superscripts refer to the charge and the chirality of the
fields. No positively charged leptons have been introduced in
the triplets. Indeed, they would only appear in £%, but we
identify them with the charge conjugate of the right-handed
component of E; and e3. This identification avoids the
presence of charged exotic particles with masses of the order
of the electroweak scale, which have not been observed.’

For the right-handed components, we do not consider
right-handed partners for neutral particles, since they would
be pure singlets with respect to the whole gauge group and
of no relevance in our analysis (they should be added to
discuss the neutrino mass matrix, which is beyond the
scope of this article). We define

(i) the quark fields

SR
I

dfyy~ (3.1,-1/3).
~(3,1,-1/3), m=1,2,

”123 (3,1,2/3),
~(3,1,2/3); (11)

>We discuss the structure of the fermion masses derived
from the Yukawa interactions between scalar and fermions in
Appendix B and, in particular the masses of the charged leptons
in Appendix B 4.
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(ii) the charged lepton fields,

ei§~(1,1,—1), EfR~(1,1,-1). (12)
As already indicated, the right-handed parts of e5 and Ej
are not singlets, but belong to the lepton triplet £%.

This particle content enables the cancellation of chiral
anomalies. For instance, as discussed in Sec. I, it is easy
to see that the number of left-handed fermion triplets is
equal to the number of left-handed fermion antitriplets
(taking into account that the quark fields are counted
3 times more than the lepton ones due to color). Minimal
331 models also exhibit the anomaly cancellation by
having different SU(3); representations for the three
quark generations, but having the same representation
for the three lepton generations prevents these minimal
models from exhibiting LFUV. More details on the
requirements imposed by the cancellation of anomalies
can be found in Appendix C.

It proves easier to discuss the spectrum of the theory after
introducing the flavor vectors gathering fields with the
same electric charge (for simplicity, we leave out the
neutrino fields)

D=(dy d, dy By B),
U=(u; uy uy T3)",
fr=(er e e Ey E;). (13)

We also group the SU(3), gauge bosons as

W, = waTe
£ 1 ,
Wi+ z Wi V2W Wi —iw;
1 - .
=5 VWi Wit SWE Wi-iW]
Wi +iW,  Wi+iw,  —ZWp

(14)

and introduce

751

1 ) 1 .
W :%(W}, FiWl), Vg =—2(W2 F iW,),
s 1 .

vy >:%(W3 T iw3). (15)

The values of the charges of the V, and Y, bosons depend
on the value of § (indeed, in the case = 1/+/3, we would
have V2(0*> and Yff). Let us observe that for f = 1/1/3,

W43 are both eigenstates of the charge operator with
0 eigenvalue, which allows the choice to use them, rather
than Y°%) as independent degrees of freedom. We gather
the interactions between the gauge bosons and the charged
fermions in Appendix D.

Summarizing, we have chosen the particle content of the
model in a way that allows LFUYV, but otherwise departs
from the SM as little as possible. Fixing g = —1/1/3
ensures nonexotic charges for both SM and new fields
in the spectra. Accommodating left-handed quarks and left-
handed leptons in triplets or antitriplets of SU(3), repre-
sentations, while assuming anomaly cancellation and
LFUV simultaneously, forces an unequal number of quark
families and lepton families. We have allowed the new
degrees of freedom to be completely general, an exception
done for an identification in the fifth lepton generation and
the exclusion of right-handed partners for neutral particles,
as justified above. This last assumption implies that no
Dirac mass terms can be built for neutral particles (i.e.,
neutrinos).

C. Symmetry breakings and spectrum

We are now in a position to discuss the two stages of
symmetry breaking which will be assumed to be triggered
by [SU(3)c singlet] scalar fields acquiring nonvanishing
vacuum expectation values, in a way analogous to the SM.
On the other hand, we remain as general as possible for the
representations under SU(3);, thus allowing for several
scalar fields with different representations. The overall
pattern of SSB is the following:

"]aﬂasb‘c

SUB3)exSU3). x U(l)y — SUB3)e xSU3). xU(1)y — U(1)gy-

The SU(3), symmetry breaking is accomplished through a
triplet y and a sextet S;. The EWSB is accomplished by
means of two triplets 7, p and two sextets S}, .. Details on
the structure of the vacuum expectation values of these
fields and on their quantum numbers can be found in
Appendix B.

There are five gauge fields that acquire a mass of
the order of Ayp, whereas the three remaining gauge
fields will become massive at the electroweak scale.

EW

|
At the first SSB, the neutral and charged gauge
bosons, W*3 and V*, acquire a mass, whereas the
two neutral gauge bosons X,W? yield a massive
neutral gauge boson Z' and a massless one B, with

a mixing angle 633;:
—sind X
331 ) ( ) (16)
COS 9331 W8

(Z/ ) (COS 9331
B N sin 9331
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The angle 653, can be found by singling out the Z’
field in the sector of the Lagrangian including the
masses of the gauge bosons, which stems from the
covariant derivative in the Higgs Lagrangian. It yields

Sin933| :ng, C059331 :—i(z (17)
7R 7R

At the first stage of SSB, the mixing among neutral
gauge bosons only involves X and W8, but not W43
since these two classes of fields do not show the same
EW quantum numbers, which correspond then to the
unbroken part of the group. This can be seen for
instance acting on them with the generator 73. After
the EWSB, only the neutral gauge boson identified
with the photon remains massless, consisting of an
admixture of B and W? described by the weak angle
Ow. The two mixing angles obey the relation [61]

_ gxtanbss,

3V2

This is actually a very general feature of the 331
model, which can be written as cosf33; = ftan 8y,
with a deep relation with the pattern of EWSB [see for
instance Eq. (2.28) in Ref. [72] where the mixing
angle is shifted by 90° with respect to our notation]. In
particular, it is possible to write [61]

tan Oy, = —V/3 cos O35, g= (18)

2 ‘2

g 6sin-6

)2(: 2W~ 29 " (19)
g 1 = (14 p*)sin“@y,

As sin® @y, is close to 0.25, the perturbativity condition
imposes significant constraints on the range of validity
of the 331 models in the case of f = 4/3: the SU(3),
symmetry breaking must occur at most at a few TeV
[73]. This problem of perturbativity does not affect our
case f=—1/ V3, allowing our model to have room for
a higher scale of SU(3), symmetry breaking and
significantly heavier gauge bosons, and providing a
good justification to expansions in € = Agw/Anp-
While the photon consists of an admixture of the W3
and B fields only, the neutral gauge boson Z that
acquires mass from EWSB includes additional compo-
nents from the Z' and W* fields. Nevertheless, the
diagonalization of the neutral gauge boson mass matrix
after both stages of symmetry breaking shows that the
components along the exotic fields are suppressed by €?
or higher. We will see in the following that the Z
contribution to b — s£Z involves a b — s transition
already suppressed by €2, and we will neglect the
additionally e*-suppressed contributions to the transition
coming from the Z’' and W* components of the Z mass

eigenstate (which we will treat as consisting only of W3
and B at this order).

The most general Yukawa Lagrangian that can be built
with the scalar fields provides a (heavy) mass to all the
exotic particles after the SU(3), SSB, in agreement with
phenomenological expectations. The mass matrices arising
for the charged fermions after the two SSBs are discussed
in Appendices B 3 and B 4. Performing a singular value
decomposition of the up-type and down-type mass matrices
yields the definition of the unitary rotation matrices relating
(unprimed) interaction eigenstates and (primed) mass
eigenstates

UL — V(u) U/L,
UR = WU'R, (20)

DL — V(d)D/L,
DR = W(d)D/R,

Due to the presence of the exotic fermions, these flavor
matrices are 4 x 4 (for up-type quarks) or 5 x 5 (for down-
type quarks) unitary matrices. If we perform this diago-
nalization order by order in €, we observe the following
pattern for the mixing matrices V(% and W*4):
(i) atorder €°, the SM fields are massless and they only
mix among themselves; the massive exotic particles
mix also only among themselves;
(ii) at order €', there is only mixing between SM and
exotic particles;
(iii) the € correction yields a mixing among all the
particles of the same flavor vector.
This particular structure can be understood by diagonaliz-
ing the mass matrix using perturbation theory in powers of
€. Since the mass matrix for the SM particles is zero at
O(€"), all SM particles are massless and degenerate at this
order and they mix among themselves, whereas (heavy)
exotic particles also mix among themselves. The normali-
zation of the eigenvectors require, on the other hand, that
the O(e') correction to an eigenvector is orthogonal to its
O(e°) expression, leading to a O(e') correction to the
rotation matrix that mixes SM and exotic fields (but not SM
fields alone or exotic fields alone).

A remark is in order regarding the structure of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. This is given
by the W+ coupling with quarks, which can be written as
[see Eq. (D2)]

1 0000
I yrgtpypt = Lwioee| 0000 O p
V2 V2 001 00
00000
— VM Ty gt eyt 21
i Unir (21)
with the 4 x 5 equivalent of the CKM matrix
VERM — y)tpy(d), (22)
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Despite V("4 being unitary, the presence of V yields a
nonunitary VKM in the 331 model. If we want to
adequately reproduce the SM, we should, however, recover
a unitary CKM matrix if we remain at low energies (i.e.,
leading order in €) and consider only the flavor subspace of
the SM particles. As indicated above, at this order, the
diagonalization of the fermion mass terms occurs in a
block-diagonal way: the mixing matrices V(* and V(9
consist in two unitary blocks, one mixing the SM particles
among themselves, and the other one mixing the exotic
ones among themselves. Furthermore, V reduces to 15,5 in
the SM flavor subspace. Therefore, at leading order in ¢, the
3 x 3 SM block of VM will stem from the product of the
two unitary 3 x 3 SM subspaces of V() and V{9, ensuring
that it is unitary at this order (this obviously does not mean
that VM remains unitary at all orders in e, and this
331 model does indeed generate small deviations of
unitarity for VCKM),

A similar discussion could be held in the lepton
sector, with the singular value decomposition of the
charged lepton mass matrix leading to the definition of
5 x 5 unitary rotation matrices between interaction and
mass eigenstates

EL = VEL, ER = W ER, (23)

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
can be built by combining unitary rotation matrices V()
and V®. A discussion of the PMNS matrix would
require a discussion of the neutrino spectrum, which is
outside the scope of the present article.

III. NP CONTRIBUTION TO b - s¢¥¢
A. Setting the problem

Having introduced a nonminimal 331 model with a SSB
pattern leading to a phenomenologically viable spectrum,
we will now investigate the consequences of the different
representations for the lepton fields for LFUV in b — s£7.
We want to determine if this model is able to reproduce the
pattern of deviations indicated in the current global
analyses of this rare decay [33-37].

These analyses are performed in the framework of the
effective Hamiltonian at the b-mass scale, separating short-
and long-distance physics between Wilson coefficients and
local operators [74,75]:

4G
Hetr = — F Vi Vi Zco (24)

The main operators of interest for this discussion are the
following:

€ = v
07 :@mb(GMDPRb)Fﬂ s
€ — v
07/ :me(G”UPLb)F” s
2
05 167 2(s}/ﬂPL )(fyﬂf)’
0%y =5 (5y,Pub) (Zriye
10 = 16,2 CruPLo)(r're).
¢ e 7
Oy = 162 (51.Prb)(E7"0),
p e NI
O]O/ @(S]/”PRbe}/ 14 I/ﬁ)? (25)

where P; r = (1 F 75)/2 and the fields are understood as
mass eigenstates. In the SM, only O-, 09, and O10 are
significant, with values of the Wilson coefficients C9 ~4.1
and C10 ~ —4.3 at the scale 4 = m,;, whereas the primed
operators are m,/m,; suppressed due to the chirality of the
quarks involved.

The analyses of the b — sy and b — s£¢ observables
(both LFUV observables and angular observables for
b — sup and b — s£¢) point toward the fact that the
pattern of deviations observed is consistent with a large
NP short-distance contribution to Cyj (around 1/4 of the
SM contribution) [19,20,33]. More generally, scenarios
with NP contributions in C§ only, in (Cj, CY,), or in
(C§. Cy) are particularly favored. On the other hand, the
LFUV observables agree well with the absence of
significant NP contributions to any electronic Wilson
coefficients C¥¢.

For the other operators, a good agreement with the
SM is obtained: in other words, the fitted values of the
NP contributions are constrained to remain small and
these additional operators are not needed to improve the
accuracy of the fit to the data. This is true for the
operators suppressed in the SM, in particular scalar and
pseudoscalar operators, which are constrained especially
by the good agreement between the observed value for
the B, — uyu branching ratio and its SM prediction. The
same holds for the O; and Oy operators, which are
constrained in particular by the B — X,y branch-
ing ratio.

B. Gauge boson contributions

In view of these elements, we will focus on the vector/axial
contributions which will be assumed to be the larger ones. In
particular, we will assume that the complex pattern of EWSB
of our 331 model in the scalar potential ensures that the
scalar/pseudoscalar contributions to b — s£Z are small.
This would correspond to constraints on the couplings Y<,
vy, j4, YO £ vy g j K, k, ¢, the rotation matrices
vide) 'Ww(de) and the masses of the six heavy scalar fields.
In a similar way, we assume that the total NP contribution to
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b — sy is small: as there are no b — sy transitions at tree
level in our model, the NP contribution would correspond to a
sum of loops contributions involving a quark and either a
neutral or a charged gauge boson or heavy scalar bosons, i.e.,
involving the previous couplings, but also Y*, y*, j* and the
rotation matrices V(”), W) Let us mention that in both
cases, the structure of the rotation matrices V, W and the
presence of the heavy masses ensure already that these NP
contributions are somewhat suppressed. We could work out
the parameter space of couplings, mixing, and masses
allowed by both types of constraints in more detail, but at
this stage, we are more interested in checking the constraints
on the vector/axial sector, which are simpler and related to the
deviations seen in b — s£¢ transitions.

The vector/axial contributions can only come from the
neutral gauge bosons Z', Z,A, W*>. We will consider
contributions at the lowest order in € only, and we will
focus only on the non-SM contribution to the Wilson
coefficients (in other words, from now on C; = CIP).

Let us start with the interaction of Z' and Z with the
right-handed quarks. These interactions are proportional to

2
g% L @y (@) 47 L (o) (e)
> L vA LS vACO Rl O s VAR VACS
Heft354c0529331M§, kT3 o 2 1Tl +
1 )k (e 1- 6COS29331 e)x e
+ ViV W)

where the indices k, [ refer to the SM generations of the
quark mass eigenstates (assuming k # [), while i, j refer to
the SM lepton mass eigenstates (either from the same or
different generations). The effective operators 019‘1'110 are
defined exactly as in Eq. (25), corresponding to the
(qeq;)(¢:¢;) flavor structure. The fine-structure constant
is @ = ¢?/(4x). The V and W matrices provide the mixing
matrices arising from the diagonalization of the EWSB
mass terms in the subspace of left-handed and right-handed
SM fields. We stress that these rotations are related but
cannot be identified with the CKM or PMNS matrices and
they can be considered only at order €” for our purposes (we
have exploited their unitarity at that order for the &;;
contributions). We notice that the presence of the mixing
matrices yields LFUV couplings, and moreover a leptonic
i # j contribution might arise, corresponding to lepton-
flavor violating transitions b — s£Z+¢'~, with different
leptons in the final state, £ # ¢, which is a frequent
feature of models generating LFUV couplings [76].

1 + 3cos?033;

L, D gcosHWZﬂ{ >

7 (d)* o (d) 7
szlk> V,(u)D/lE?’”D/{“ +
2

-1 + 9C0$29331

—1 + 3c08%653,

the identity in flavor space [see Egs. (D5) and (D6)], so no
flavor change can arise, at any order in €. We conclude that
Z' and Z do mnot contribute to Cp,, in the process
b — s¢*¢~. Only contributions to Cg 1o are possible.

In the case of the heavy gauge boson Z/, a O(e?)
suppression compared to the SM contribution comes
from the heavy mass in the propagator of the gauge
boson. The restriction of the interaction matrix to the
SM particles is not proportional to the identity matrix
in the interaction eigenbasis, as it can be seen in
Sec. E. Therefore, the flavor-changing transition b —
s mediated by Z' arises already after reexpressing the
interaction in the mass eigenbasis using the leading
order €” rotation matrix. The overall suppression of the
7' contribution is thus O(e?). Following Sec. E, reex-
pressing the flavor eigenstates in the multiplets
Egs. (13) in terms of mass eigenstates and eliminating
the coupling g by means of Eq. (18), we can rewrite
the leading-order Z’' contribution in terms of effective
operators as

1- 6C0529331
2

) 1 + 300529331

1)
4

ww

e
i J
b

We can follow the same lines as the general analysis of
the NP corrections to the effective Hamiltonian induced by
neutral currents presented in Appendix E and specialized to
the case where the quarks have different flavors.

In the case of the SM gauge boson Z, there isno b — s
transition allowed at order €°, since the 3 x 3 unitary
rotation matrices restricted to the SM subspace cancel,
following the same arguments as the discussion of the
unitarity of the CKM matrix at the end of Sec. Il C. The
transition does not arise at order ¢! either, since there is no
correction to the mixing between SM particles at this order.
The mixing between SM particles, leading to potential
FCNC currents, starts only at order O(€?). Since there is no
suppression due to the mass of the intermediate gauge
boson here, we conclude that the NP contribution from the
SM gauge boson Z starts at O(e?), the same order as the Z’
contribution, although for different reasons. Indeed, start-
ing from the interaction eigenbasis and switching to the
mass eigenstates, we can express the part of interaction
relevant to the process as

klij
ij | O9

51,} o (26)

4

5 fEpr it + 300529331f/_R7”f/_R}’ (27)
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where V(@ represents the O(e') correction to the rotation
matrix V(@ between interaction and mass eigenstates for

the left-handed down sector. As stated earlier, VE,,), =0ifm
and n are both SM or both exotic, which means that the sum
over 4 is restricted to exotic components here (as k, [ are
SM components). Since the NP quark coupling to the Z
gauge boson is already of order O(e?), we need only the
O(€") coupling to the charged leptons. Due to the unitary
block structure of the mixing matrix at this order and the
structure of the Z coupling to SM leptons (proportional to
identify), we see that the rotation matrices cancel out,
leading to the diagonal structure indicated in the leptonic
sector of Eq. (27). In terms of effective operators and
adopting the same notation of Egs. (26), (27) can be
rewritten as

cos?Oy (1 + 3cos?033,) g 4z
Zv/lk Vs,

Hegs D
ftf ]

X {(—1 + 9COS29331)091U + (1 + 3cos 9331)0“”}
(28)

We observe that the coupling is the same for all the light
leptons, i.e., nonuniversality does not arise at order € in the
interaction with Z. By comparing Egs. (26) and (28), we
explicitly see that although the nonstandard coupling
originated from the Z boson is suppressed of order €’
with respect to the ones of the Z’' boson, the contributions
are the same order, due to the additional €? suppression due
to the Z’ propagator.

There are no further contributions to be considered from
the other neutral gauge bosons. Indeed, for the photon A,
we see from Eq. (D7) that the interaction with down-type
quarks is proportional to the identity matrix in flavor space,
so that there are no FCNC from the photon interaction.
Concerning W*>, we see from Egs. (D3) and (D4) that
these gauge bosons always couple a SM particle with an
exotic one in the interaction basis. In order to obtain a W*>-
mediated b — s, we need to consider the interaction with
one of the exotic interaction eigenstates, which will contain
a SM mass eigenstate due to the rotation matrix V(9. As
indicated earlier, this occurs only at order O(e).
Furthermore, the process is mediated by a heavy gauge
boson, adding a further O(e?) suppression. Therefore the
W*43 contributions to the process are of order O(e?) and can
be neglected compared to the O(e?) NP contributions from
Z and Z' gauge bosons.

C. Wilson coefficients and lepton-flavor violation

The joint effect of the two O(e?) contributions from Z’
and Z processes in our 331 model can be rewritten
introducing the quantities

, 1 4r 1 G (), (d)
7 _ _ fhiad —V Vi
P = T3V, a 3=y b5,
1 4r1 ¢
zZ - __ - @7 E plpd )
! 222GV, Vi a 8M% X Vi
L e )x e
A = vyl = wirwl, (29)

where 633, and gy have been expressed in terms of Oy, and g
by using Eq. (18). In order to focus on b — s transitions, let
us set the quark indices to k =2 and / = 3 and rename
coefficients and operators by removing the corresponding
labels. We get

Her D CHOY + CH 0, (30)

where the operators Of)j 1o denote operators with given

lepton flavors i, j, with the same normalization as in
Eq. (25). We obtain the following NP contributions to the
Wilson coefficients:

; o1 1 — 2tan’6
Cy =7 {—5'#) t— i

1 + tan?6
fwaij] + fA(=1 +3tan’0y)s;, (31
, 1 —2tan®0y, (r
10 = fZ { flfj)
—1 + 3tan?0
fwaw} + £2(1 + tan?0y)5,.  (32)

We see that LFUV contributions arise from the Z' con-
tribution, whereas the Z contribution does not depend on
the lepton flavor. In addition to the violation of lepton-
flavor universality, our model allows for lepton-flavor
violation, such as b — s’ "¢~ for #' # ¢. However, since
there have been no experimental indications of such
processes up to now, we will assume that these processes
are suppressed, and for simplicity, we will set these
coefficients to 0 when the two lepton indices are different,
for any i # j. Imposing this, we get the system

f# + (1 — 2tan?6 ,1( N -0
'[ B W)U | if i #j. (33)
F7I + (1 - 2tan?6y) AN = 0

The trivial solution f% =0 has to be discarded,
since it would remove the only source of LFUYV, i.e., the
coupling of the charged leptons to Z'. The alternative
solution is

(L) _ 4R) _
A =2 =0,

if i # ], (34)
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Due to the definitions of A(L’R>

ij
implies that Vﬁ? can be nonzero for a single index / among
1, 2, 3, and the same holds for a single J among 1, 2, 3 for

in Eq. (29), this solution

Wgej).“ In other words, we require that the left-handed
interaction eigenstate of the first generation and the right-
handed interaction eigenstate of the third generation are
also mass eigenstates. Due to the unitarity of these 5 x 5
matrices, we have then

L L e e e
A=A =P = 1= VISP - VISP, (3)

R R e e e
A =) = WG =1 = WP - Wiy

2 (36)

which means that they must both stay within the [0,1] range,
keeping in mind that V and W entries on the right-hand sides
of Egs. (35) and (36) are of order €. In the following, and for
simplicity of notation, repeated indices (such as /7 or ee) will
be denoted with a single index (I or e).

We now consider two different scenarios:

(i) Case A: the index [ for which the rotation matrix

(¢)

e) - . .
element V|, is nonzero is the same as the index J for

which the element Wge) is nonvanishing.
(ii) Case B: the two indices corresponding to non-

vanishing matrix elements are different.

1. Case A

If we denote with J the generation for which both entries
for the rotation matrices are nonzero, we get

01
Ch= 17|34 +

1 — 2tan?6
5 Wﬂ‘(IR> +

+ f#(=1+ 3tan®0y,),

1 + tan?@y,
4

1 1 — 2tan?6 —1 + 3tan%0

J _ g7 |1 ,(L) W, (R) w

Clo=f7 |34 + =54 - ]

+ fZ(1 + tan’Oy). (37)
|

We get identical Wilson coefficients for the other two
generations i # J, for which the entries in the rotation
matrices vanish,

. , 1 + tan0
Ci = f7 fw + fZ(=1 + 3tan26y),
4 ,—1 + 3tan20
Cip=f7 ————Y 1 fZ(1 + tan®y).  (38)

4

Inverting these relations we get

(14 tan®0y)Ch + (1 — 3tan’0y ) Ci,,
2tan?@y (1 — tan?Qyy)
. (1 = 3tan®0y)Ci + (1 + tan’0y)C!,
8tan’@y, (1 — tan’0y,) '
’#)fz/ = Cé - Clio - Cg + C{O’
€, + Co =}~ Cly
—1 + 2tan’8y,

7 =

’

ASR)fZ/ _

(39)

We now have to identify whether the electron corresponds
to the index J or not. As discussed in Sec. III A, we set to
zero the corresponding NP contributions to the effective
Hamiltonian, Cg,,, on the basis of phenomenological
constraints.
(1) If we identify the electron with another index i # J
(identifying the electron with a generation with van-
ishing entries), we must have Cj,,=0. From

Eq. (39), we obtain that fZ = 0, so that no LFUV
could be generated. We have thus to discard this
possibility.

(i1) If we identify the electron with the index J (identifying
the electron with the generation with a nonvanishing
entry), we set the corresponding NP Wilson coeftfi-
cients to zero. In this case, Eq. (39) yields constraints
on the possible values for the muon Wilson coeffi-
cients Cjy o = C§ |, (also equal to C§ ):

2tan?0y (tan20y — 1) + A% (tan20y, + 1)

"o
Cly = Cy x

2tan0y, (tan20y, — 1) + A% (Btan20y, — 1)
2tan0y, (tan?0y, — 1) + A% (2tan*0yy, + tan20y, — 1)

Ho_ _cH
Clp = —Cy x

Since 0 < AEL), ,12’” < 1, these expressions yield a wedge in
the (C}, C),) plane. The constraint from A(*) is the more
stringent one, imposing the ratio C'},/ C§ to remain between

“Assuming, e.g., I =1, that is, V{/ #0, Eq. (34) implies
ViVl = vi9ryl) — 0; that is, VI = 0 and V1 = 0.

2tan0y (tan20y, — 1) — A% (6tan*0y, — Stan20y, + 1)

(40)

|
—1.75 and —1 (we use sin® @y, ~ 0.235), as indicated as a
grey wedge on the top part of Fig. 1.

In summary, in case A, we find that the electron has to be
identified with the generation with a nonvanishing entry in
the rotation matrices V and W. Muons and taus give the
same NP contribution to the Wilson coefficients Cy and Cy
in Egs. (40), imposing that |C/,| > |Cy|.
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FIG. 1. Regions allowed for the Wilson coefficient C§ and C},
(abscissa and ordinate, respectively) in scenarios A (top) and B
(bottom). The thick black intervals correspond to the 1o interval
for one-dimensional scenarios from Ref. [33].

2. Case B
In case B, we have two different indices I # J such that

V{9 £ 0and W) # 0 (so that 1) # 0 and 2}®) # 0). The
system of equations defining the Wilson coefficients,
Egs. (31) and (32), becomes

Ch=f7 |44 +”49] + (=14 3an’gy)

lo_fz/ |:%/,{§L)+—l+3:‘an29w:| +fZ(1+tan29W>

-1—2 an’6) R
CJ :fZ t2 ng )

4 1+ta£129vv:| +fZ(_1 + 3tan29W)

C{() :fz’ |:l—2t;n29WASR) +—l+3:1an26'W:| +fZ(1 —|—tan29W)

(41)

Inverting with respect to fZ, f% ,/ISL) fZ, /I(JR) % we get

17— Cy+Cly . C§ = Cf
2tan’0y, 1 —tan?0y,’

Gt Cly, —CG+Cy
8tan’0y,  4(1 —tan’y)’

AEL)fZ, = —Cy+ Cjy + C5 = Cf,,

/ 1 — 2tan®0y, '

Moreover, if we denote K the remaining SM generation
(K # 1, J), we have the following relationships:

C§¥ ==[Cl+ Cly+ C) - Cly).

Clh =35 [Ch + Cly— C5 + C1p). (43)

NI*—*Nl*—‘

We still have not identified which of the 7, J, K indices
refers to the electron, muon, or tau leptons:
(i) If we identify the electron with J, we set
C) = C{, =0, and from the first and last relations
of Eq. (42) we get

(R) 2tan29W
AR — T W 44
4 1- 2tan29W = ( )

leading to an inconsistency, since the 4 must be non-
negative.

(i) If we identify the electron with K, we set
C§ = C%, =0, and from Eq. (43) we get

Gy = ~Clo = 272
Cl=c|,= Ele(l - 2tan29w)/1<JR)’ (45)

which can be used in Eq. (42) to show that

f% = f% =0, so that this solution can be discarded.
(iii) If we identify the electron with I, we set

C) = Cl, =0, and the solutions Eq. (42) become
fZ’ _ Cg - C{O
1 —tan?0y,’
fZ — _Cg + C{O

4(1 — tan’Qy)’
L d
oG-l
C)+ ¢,

S i 46
f 1- 2tan29 (46)

from which we can read the expressions for the 4,
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AH =1 - an20y € [0,1],
(R) Cé + C{O 1 — tan’@y,
A=A 29
Cy — Cyy 1 —2tan"Oy,

(47)

leading to the following conditions on the non-
vanishing NP Wilson coefficients:

1 — tan20y, + (2tan20y, — 1)

Cl,=—-Clx ,
O T —an®y, — (2tan?0y, — 1)AF
k=¥,
2
O tanéy, — 1 (48)

tan6?, — 1+ (2tan20y, — 1A%

We see that the value found for 1§” = A(ew lies in the
allowed interval [0, 1]. Furthermore, requiring that

AER) also remains in this interval yields a constraint
on the Wilson coefficients: if we identify the muon
with K, we have the exact equality C/,/Cy = —1,
and if we identify the muon with J, the slope C'{,/ C
is constrained between —1 and —-0.28 (using
sin @y, =~ 0.235). These constraints are indicated
in grey on the bottom part of Fig. 1.

In summary, in case B, we find that the electron
generation must be identified with the nonvanishing entry
I in the rotation matrices V. Two possibilities can be
considered concerning the nonvanishing entry J in the
rotation matrices W. If we identify J with the muon
generation, muons and taus have different NP contributions
for the corresponding Wilson coefficients Cy and Cj,
imposing that |C',| < |C%|, the NP contribution to C is
different from zero, and C§ = —C7j,. If we identify J with
the tau generation, one gets again different NP contribu-
tions for the Wilson coefficients Cy and C;, for muons and
taus, the roles played by muons and taus are reversed, and
thus one gets Cy = —C/,. Both cases yield thus NP
contributions given by Eq. (48).

IV. COMPARISON WITH GLOBAL ANALYSES

We perform a comparison between the 331 model con-
tributions to the process b — s£* £~ and the global analysis
of b — s£¢ anomalies performed in Refs. [19,20,33]
(similar results were obtained in recent works from other
groups; see Refs. [33-37]). In these works, the authors
pointed out scenarios in which NP contributions to the

Wilson coefficients C’;(,) 1o are favored, whereas no NP

contributions occur for other Wilson coefficients (including
all the electronic ones). In particular they identified three
specific one-dimensional scenarios as particularly favored:
(i) NP in Cj=-Cy, with the Ilo interval
[-1.18,—-0.84]: this scenario cannot be described
in the framework of our nonminimal 331 model,

where no FCNC arise for right-handed quarks,
meaning that C, = 0 (see Sec. III B).

(i) NP in Cj, within the lo interval [—1.27,-0.92].
From the discussion of the previous section and
Fig. 1, we observe that this scenario is allowed in
neither scenario A nor scenario B.

(iii) NP in C§=—C|,, within the Ilo interval
[-0.73, —0.48]. From the discussion of the previous
section and Fig. 1, we see that this scenario is
allowed in both scenarios A and B.

Our nonminimal 331 model appears to be able to account for
the b — s£¢ anomalies observed as far as we consider the
Cy = —C'|, case. More generally, it would be able to
reproduce other favored values for the two-dimensional
scenario (Cy, CY,) with negative NP contributions to Cj
and positive to CY, (see top-left plot in Fig. 1 in Ref. [33]).

For simplicity and illustration of the potential of our 331
model, we will focus here on the one-dimensional (1D)
scenario Cy = —C'|, considered in Refs. [19,33]. Imposing
this equality, we see that in both case A and case B we have

A =1-tan?0,° and

1= tan29W
s = ~Cly = 7 1700

1 1 - tan29w 4 M%V (d)* ¢ ,(d)
- — XV vy D] (49
VVi3—tnty o, % V0 HPL o (9)

so that the NP contribution to Cj is given by parameters of

the 331 model included in fZ, where the only unknown

quantities are M, and V;@Vé‘?. These can be further

constrained by other processes, and in particular B, meson
mixing, as explained in the next section.

V. PHENOMENOLOGICAL CONSTRAINTS
ON Z AND Z' COUPLINGS

We have built our 331 model in order to generate vector/
axial LFUV contributions to b — s£¢ transitions. This
has led us to assume that the dominant contributions
for these couplings (bs and pu) came from the gauge
bosons rather than the Higgs sector, and actually that the
dominant contributions came from anomalous couplings of
the Z gauge boson as well as tree-level exchanges of a Z’
gauge boson. Even in this restricted setting, there are
additional constraints to be considered on these couplings
from the phenomenological point of view, as discussed in
Refs. [61-63,77,78].

A first class of constraints for additional contributions
from neutral gauge bosons comes from the violation of

>According to Eq. (35), AEL) — 1 = O(€?), indicating that ¢
should be of the same order of magnitude as tan 8y in this scenario.

Nevertheless, this estimate can be relaxed by the magnitude of the

(L)

lepton Yukawa couplings, on which 4; depends.
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FIG. 2. Gauge contributions to the violation of unitarity of the
CKM matrix in the first row (for matrix elements determined
leptonic and semileptonic processes) and to B,B, mixing (see
Refs. [77,78]).

unitarity in the CKM matrix. One has to consider the
corrections to the decay u~ — e7y,i, (as it defines
the normalization for all decays through Gp) as well
as the decays b,s,d — ue b, (leading to |V,p|, |Vl
and |V,,| determinations assuming the SM). This
corresponds to box diagrams involving both W and Z
or Z' bosons, as shown in graphs (a) and (b) of Fig. 2.
One can expect the Z' contribution to be small, as the
diagrams require one to have a Z’ coupling to the first
generation, which is suppressed in our model. On the
other hand, the FCNC couplings of the Z to quarks
occur (in principle) between all down-type quarks,
meaning that we need a detailed understanding of the

O(e) mixing matrix V@ [see Eq. (27)] in order to
compute this correction in our model. Such detailed
knowledge might be obtained by a complete analysis of
all flavor constraints on our model, which is far beyond
the scope of the present article.

A second constraint comes from B; — B, mixing to
which both Z and Z' gauge bosons give a tree-level
contribution, as can be seen on Fig. 2. This constraint can
thus provide useful information in addition to the b —
s¢¢ decay. As before, we restrict our discussion to
contributions of order O(e?), borrowing from the results
in Sec. III B. At this order, Z gives no contributions to
the mixing. Indeed, the bsZ vertex has a suppression of
O(€?), due to the structure of the unitary matrices needed
to obtain physical states. The contribution to B — B,
mixing will have two such vertices, and hence be
suppressed by a factor O(e*). Concerning the Z' con-
tribution, we only need to take into account the O(e?)
suppression coming from the heavy gauge boson propa-
gator, since the bs vertex for this gauge boson is already
mediated at O(e?).

As discussed in Appendix E, the relevant part of the
interaction for B, — B, is thus (in the interaction eigenbasis)

) 5 0 0 0

COS U331 9x =7 L

Ly D ! D=y 0 0 0 |D*".
“ 9x K 3\/600526331 4 0 0 1

(50)

Expressing in terms of effective operators of eigenstates and
using Eq. (18), one obtains

2
Ix #(d) /()2 Ty ~
Hett D———5—(V5, 'V DD DD
ff 54M%,(:0520331( s V3 ) (Dir*Dy)(Diy*Dy)
8Gp M3

#(d) < (d)\r ~—

=36 —uayyaiz. V3 Vil V(Dir D) DD,
i1

(s1)

where we will focus as usual on the case k =2, [ = 3.
The SM contribution to the mixing reads [79]

7 2

* 2G_12” 2 5 e 5v*b, ) (57 v*
(ViVi) MyyiipS 72 (zr"bL)(5Ly"bL),

HSM —
eff 2
4 W

(52)

where § is the Inami-Lim function and 77, is the top quark
mass defined in the MS scheme. As in Ref. [79], we take

S(Z’f) ~2.35, for a top mass of about 165 GeV, and

71 = 0.8393 £ 0.0034, which comprises QCD corrections.
Considering the modulus of the ratio of the NP con-
tribution over the SM, one gets
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FIG. 3. Allowed points in the (Cf, 5 ) plane.
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In this expression, the only values that are not assigned are

Since d

d=ViPv¥ and M2 or, equivalently, Z—EV
b
consists of products of elements of unitary matrices, its
value must necessarily lie in the interval [—1, 1] (assuming
that it is real).

In order to get an impression of the values allowed, we
perform a scan varying d in [—1,1] and My /M, in the
range [0, 0.1], corresponding roughly to a NP scale at least
of the order of 10 times the electroweak scale. We allow the
NP contributions to the B, mixing to be at most 10% (i.e.,
rp, < 0.1), in agreement with recent global fits to NP in B,
and B, mixings where the constraint from AM is the main
limiting factor [80,81]. For those values, we evaluate
the NP contribution to the Wilson coefficient Cy = —CY,
in the one-dimensional scenario as expressed in Eq. (49).
The allowed values found in the scan are plotted in Fig. 3.

We see that values of Cy = —CY, can reach —0.6, in
agreement with the results of global analyses of b — s£7,
corresponding to rp =0.1, My/My =0.1, and
d ~ —0.005. The allowed region is limited by the fact that
we have numerically

M 2
rg ~347x 103 x (=% ) xd?<0.1,
K MZ/

M 2
C’;zll.3x103x<w> x d, ld| <1, (54)
M

Z/

using Refs. [3,82], which leads to the parabolic con-
straint  rp = (C§)? x 0.003/(My/Mz)* > 0.3 x (C5)?,
represented in Fig. 3.

As we saw in the previous sections, our 331 model
can accommodate various NP contributions to (Cg, C,).
In the simple one-dimensional scenario Cy = —C'j,, we can

accommodate both B,B, mixing and b — s£# data, with a
NP scale (and in particular a Z’) around the TeV scale.
Choosing different values for (Cy., C';) would extend the
parameter space for NP allowed, with the possibility to use
not only the value of fZ, but also f%, to accommodate
the data.

A third kind of constraints comes from the study of
contact interactions from the LEP data on eTe™ — ¢g or
£1¢~, as analyzed in Ref. [83] (Tables 3.14 and 3.15)
and the LHC data on pp collisions, for instance the
ATLAS data [84] and reanalyzed in Table I of Ref. [85].
These studies impose constraints on the couplings A
introduced in Eq. (E4) as NP O(e?) operators of the
effective Hamiltonian involving only light charged fer-
mions and being mediated by charged currents. This means
that the A couplings are generally of O(0.01) or less. A few
general statements can be made even before studying
these constraints in detail. Reference [83] uses Z-decays
in order to put constraints on various kinds of patterns for
the contact interactions, leading to NP ranging from 2 to
15 TeV, corresponding to upper bounds on the couplings A
ranging from 0.15 to 0.003. The tables in Ref. [85] lead to
bounds on the couplings A ranging from 0.01 (in most of
the case) down to 0.001 (for couplings concerning u- or
d-quarks together with muons. This means that the struc-
ture of the matrix V(“4¢) and W(¢) must be moderately
fine-tuned (at the 10% level) in order to accommodate both
LEP and LHC bounds in general. A more detailed study of
these constraints would require a thorough analysis of the
patterns of deviations for all four-fermion operators, which
is beyond the scope of this paper.

VI. CONCLUSIONS

Among many achievements, the LHC experiments
have been able to investigate many rare flavor processes,
with very interesting outcomes. In particular, the LHCb
experiment has identified several deviations from the
Standard Model in the b — s£7 transitions, with interest-
ing hints from violation of the lepton flavor universality.
These deviations can be elegantly explained within model-
independent effective approaches, where a few Wilson
coefficients receive significant NP contributions. This has
triggered a lot of theoretical work to identify viable models
explaining such deviations, among which Z' models and
leptoquark models have often been used.

In the present paper, we try to embed a Z’ model in a more
global extension, widely used in the literature, namely the
331 models where the gauge group SU(3)c x SU(3), x
U(1)y breaks down at a high scale into the SM gauge group,
before undergoing a second transition at the electroweak
scale. The minimal versions of such models do not feature
lepton flavor universality violation as they have to obey
anomaly cancellations. We thus investigated a nonminimal
331 model with five lepton triplets able to include LFUV. We
described the choices made to build this model in order to
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have all additional gauge bosons and fermions with heavy
masses [of the order of the scale of SU(3); breaking] and
electric charges similar to those present in the SM. We
worked out how this model could reproduce the deviations
observed in b — s£¢ transitions. This requires us to assume
that the deviations are dominated by neutral gauge boson
contributions (anomalous bsZ coupling due to fermion
mixing as well as flavor-changing neutral coupling to a
heavy Z’ boson). The absence of a significant contribution to
b — see and lepton-universality violating processes allowed
us to set constraints on the mixing matrices between
interaction and mass fermion eigenstates.

We identified two different cases for the mixing
matrices, with a rather simple outcome. Our model turns
out to have no right-handed currents, but it is able to
accommodate significant NP contributions to C§ (neg-
ative) and C’fo (positive), in agreement with NP scenarios
favored by global fits. In each case, we could make
predictions concerning the z Wilson coefficients (the
electron ones being assumed to receive no NP contribu-
tion). We considered additional phenomenological con-
straints on Z and Z' couplings in order to check the
viability of our model: if the unitarity of the first row of
the CKM matrix is not powerful in our case due to the
large number of parameters involved, B,B, mixing proves
much more powerful.

Considering these results, it would be interesting to
progress further in the study of this nonminimal 331 model.
Since we are able to predict in each case the values of
Wilson coefficients for b — sz from the electronic and
muonic ones, it would be interesting to predict the devia-
tions arising to related observables from our model,
whether in decays or in B,B, mixing [86-89].

Under our simplifying assumptions (no lepton-flavor
violation b — sZ;¢;, no contribution to b — see, opposite
contribution to Cy and C,), we saw that we are able to
accommodate both b — s£7 and BB, mixing observables
at the price of a NP scale of order 1 TeV. Considering
different values of NP contributions to Cj and C’, might
also enable one to increase the scale of NP allowed. It
would also be interesting to compare this constraint with
direct searches for Z' bosons, taking into account the
pattern of couplings specific to our model. A first look
at the constraints on contact interactions suggests that these
bounds could be accommodated through a moderate fine-
tuning of the unitary matrices connecting mass and
interaction eigenstates, but a more thorough analysis would
naturally be very useful.

Moreover, it would also be natural to consider the
other hints of LFUV currently present in flavor physics,
namely Rp and Rp-. Global model-independent analyses
show that the LFUV deviations seen in b — c£v branch-
ing ratios can be explained by vector/axial exchanges,
whereas scalar/pseudoscalar exchanges are disfavored
[90,91]. In our model, the situation is a bit different

compared to b — sZ¢ transitions. Indeed the heavy
charged bosons have no couplings with SM fields in
the interaction eigenbasis, which means that the SM
quark and lepton couplings will be induced again by
mixing [each counting at O(e)] and further suppressed by
the heavy gauge boson mass, leading to a contribution
O(e*). The light W* bosons have diagonal couplings in
the SM subspace in the interaction eigenbasis [see
Eq. (D2)], which means that LFUV will appear only
due to mixing effects in leptons.

This effect can in principle be of order O(e?) or lower,
depending on the structure of the mixing in the neutral
lepton sector. For this reason, the deviations observed in
b — ¢ transitions could also be explained in our model
through gauge boson contributions only. The discussion
requires an accurate analysis of the neutrino spectrum, and
we leave it for future work.

The additional requirements from R, and Rp- would
thus allow us to further refine our nonminimal 331 model,
and to determine if it constitutes a viable alternative to
explain the LFUV processes currently observed in
b-decays. If it passes these tests, it could provide an
interesting alternative to current NP models used to
explain the deviations in b-quark decays, with a potential
to be tested both through deviations in flavor processes
among other generations of quarks and leptons and through
direct production searches at LHC.
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APPENDIX A: FERMIONIC CONTENT
OF THE MODEL

We summarize the U(1) charges of the fermionic content
of our model (for the charged fermions) in Table 1. We
recall that the lowercase letters denote light fields corre-
sponding to the SM, whereas uppercase letters correspond
to heavy exotic fields. As discussed in Sec. II A, all fields
only have charges already present in the SM.
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TABLE I. Fermionic content of the model and associated U(1)
charges.

Fermion (0] X

Quarks ul, ub 2 0

dt, d -1 0

ul, uf 2 z

ot -} -}

4 % |

& -} %

uj 3 3

# - -}

BIL‘Z - % 0

B, -3 -3

rl |

" ;

Leptons ert -1 -2

erR - -1

vk 0 —%

E* -1 -3

E® -1 -1

ers -1 -3

xR -1 -1

Vi3 0 -3

M, 0 -

E;* -1 -3

- 0 -4

P 0 -

N 0 2

APPENDIX B: HIGGS FIELDS AND
YUKAWA LAGRANGIAN

We need to build gauge invariant terms for the coupling
between a Higgs field and two fermions, so that we obtain
appropriate mass terms after SSB. This constrains possible
representations for the scalar fields. Since the fermions
transform either as a 3 or as a 3 under SU(3);, we only have
a limited number of possibilities [65] for a scalar field @,
which can only be a singlet, a triplet, or a sextet.’

In the following, we will not analyze the possibility of a
singlet scalar. Electromagnetic invariance makes it a scalar
under U(1)y. Thus, after the two steps of SSB, its vacuum
expectation value will never give rise to a mass term for the

®We could have also considered antitriplets with opposite
charge under U(1)y with respect to the doublets, and analogous
Yukawa couplings. This would have led to a doubling of the
content in the Higgs triplet, but with no further impact on the
general discussion outlined here.

gauge bosons or the charged fermions, and, as indicated
before, neutral leptons are outside the scope of the
present work.

1. SU3), xU(1)y —» SU(2), xU(1)y

For the first transition 331 — 321, we can have triplet or
sextet scalar fields, denoted y, y*, and S, respectively.
In order to break neither SU(2); nor U(1)g,, invariances at
this stage, the following conditions for vacuum expectation
values (VEVs) of the Higgs fields hold:

T123(®)) = 0(®)) =0, ®, € {x.x". 5} (Bl
which sets the VEVs and U(1)y charges of the scalar fields
responsible for the first SSB. We have

00 0
sy=10 0 ol X:—g,
0 0 ag
0
We-lol] x=-1 (B2)
V2 . 3

The Yukawa terms that can be built with the sextet are then
of the form
2L L .
£rSi1(£7)°, i,j=2,3,4, (B3)
leading only to Majorana masses for the exotic leptons
N9, PY
23 T4
The Yukawa terms built with the triplet and antitriplet
contribute to both quarks and lepton mass terms. The up-
quarks mass terms are of the form
x*05D", (B4)
where D represents both df and BX, with i = 1, 2, 3 and
n, m = 1, 2. The down-quark mass terms are of the form
05y U*, (BS)
where UR represents both uf and TX. The equivalent form
in the lepton sector is
¥ LK, (B6)
where L~F represents any of e%,Ey®. The lepton
sector also allows combination of SU(3), triplets and
antitriplets, as

€ijk)(*i?5j(f§)0k’ (B7)
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where the label a can assume values 2,3,4 and i, j, k are
indices referred to SU(3); .

2.SU2);, xU(1)y - U(1)gy

The second, electroweak, transition 321 — 31 can
involve two triplets # and p, and sextets, denoted S;.
The electromagnetic gauge invariance still holds after this
SSB, which yields the following constraints on the VEVs:

0(@,) =0, @, €{n.p.S}. (B8)

In order to choose the right alignment for sextet and triplets,
we start from the most general ones, impose a zero charge,
and verify if we can build Yukawa terms involving these

scalar fields and are invariant under U(1)y. The VEVs of
the scalar fields responsible for EWSB are
by 0 bs 5
(S)y=10 0 0 [, X = ~3
bs 0 by
0 0 O
<Sc> =10 s X=7,
0 0 O
w1
1 1
== 0 ) X - %
(m) 7 3
w3
1 0 2
= , X==. B9
() 7 (v) 3 (B9)

2ES, (5. ij=2.3.4

£ES (£5)°,

CESE(EE)e, (B10)

and for the triplets, we have
(1) for quarks

0yn DX,
O5nU~,
_LpDR
0L UR; (B11)

(i1) for leptons

2%7]*L—R’
ZEpLk;
€ijk’7*ib_ﬂc€j(f§)Ck: (B12)

where we have used the same notation of the previous SSB.
Therefore, the Yukawa Lagrangian is
(i) for quarks

Ly = (Qnx' Yy,
+ (052 Yy +

-+ 0%pyd + Ok jé,) DF

Qmp ym/+Q3’7.]3]) ’ (B13)

where Y4 ydu jdu represent the Yukawa cou-

plings introduced, respectively, for y, p, and #;
(i1) for leptons

Ly = By + 2ipfly) + By Lk
+ €ijk<)(*>i(f§)0kfaz§j + e (1) (ZF)° jazéj
+ LS (E5) Ky + CES,(E5) ke
T esTES(CL) + Bk Siehy, (BL4)

where Y,y,K,k,f,c,J,j represent the Yukawa
couplings, with a, b =2, 3, 4 and L; = e75, E7¥,
and where the i, j, k indices are referred to the
SU(3) space.

3. Quark masses

After the two SSBs, the quark mass terms arising from
the Yukawa Lagrangian read

v - wy - Wy - .
£ | B ﬁdgygfﬁ(j'idfﬁjg%)mi}w
v
TLYL¢ -k +< ) :|UR
[ﬂ R W LR

(B15)

It is possible to rewrite these mass terms in the form of a
matrix product with the flavor vectors D, U, introduced in
Eq. (13) as

Mq:DLMdDR+ULMuUR7 (B16)

where
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u u u u
—ynv —Vt —Yi3v VgV
u u u u
M — 1 YV YU Y3V Y4V
u - . . . . )
V2 J5iwi J5w1 J33wi J3aW1
Jawar + Y50 jowa + Yu  jiwy +Y5u jgws + Yiu
d d d d d
J1uWi J12W1 J1izW1 J1aW1 J15W1
d d d d d
J2iWi J2aW1 J23W1 J2aW1 JasWi
M—L dv v 4 4 dov (B17)
d NG Y31 Y3 Y33 Y34 Y3s
d d d d d d d d d d
Juwa + Y Jiows +Yiou  Jizwy + Yisu o jigwy + Yigu o jiswa + Yisu

d d q d
Jaw2 +Y5u jowy + You

The diagonalization in the limit v =w; =w, =0
(before the EWSB) shows that the number of quarks
that remain massless after the SU(3); SSB is three
for up-type and three for down-type quarks (for a given
color). This is exactly equal to the number of SM
particles, meaning that all the new exotic particles acquire
a mass of the scale Ayp of the SU(3); SSB. This feature
of the model is required if we want to justify why such
particles have not yet been observed at the electro-
weak scale.

4. Charged lepton masses

In our model, we have identified the charged elements of
¢’5 with the charge conjugated right-handed components of
particles already introduced in other generations; to be
more precise, we have set

ES* o
fh=| NE | > | N (B18)
Fit (e5%)°

Apart from limiting the number of additional degrees of
freedom, the main reason for this identification is not clear
until we consider the charged exotic masses.

Without such identification, the introduction of the
right-handed degrees of freedom of the charged leptons
appearing in the fifth generation implies the additional
Yukawa term

£y 2 2L Gv ) +nv )P (B19)

where P*R represents the right-handed components
of the positively charged elements EI, F{ of ¢s.
Furthermore, the vector L, in (B14) now stands for

-d d
Jowa + YSu

d 4, d
Joawa + Youu - Joswa + Yosu

L; = e7% 5, ET% Introducing the flavor vector for negatively
charged leptons

T
(el €y €3 El E4 Eg Fg ) (BZO)

after the first SSB we get the following mass matrix:

0 0 0 0 0 0 0
0 0 0 0 0 J% 0
Josu*
0 0 0 0 0 - Zﬁ 0
YET) u* Y(];> u* YE? u* YE;) u* Y(];) u* 0 0
V2 V2 V2 V2 V2
Jasu*
0 0 0 0 0 - \;E 0
0 0 0 0 0 0
Pou ¥
0 0 0 0 0 v v

(B21)

One can check that the degeneracy of the 0 eigenvalue of this
matrix is greater than 3, implying that out of all the charged
leptons, not just the ones to be identified with the SM ones,
acquire mass at the EW scale.

As indicated in Sec. IIB, we avoid the presence of
charged exotic particles with masses of the order of the
EW scale, which have not been observed phenomeno-
logically, through the identification of the charged ele-
ments of £5 with the charge conjugates of the right-handed
components of particles already introduced for other
generations. With this assumption, the mass matrix of
charged leptons originating after the two stages of SSB
becomes [67]
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Ve, W1 Ye, W1

| ke, v kae,v

M, = 7§ k3o, v k3e,v
Yglu—l—yelwz Yezu—l—yezwz

kye,v kye,v

The diagonalization in the limit v =w; =w, =0
(before the EWSB) shows that the number of leptons
that remain massless after the SU(3); SSB is three.
This is exactly equal to the number of SM particles,
meaning that all the new exotic particles acquire a mass
of the scale Ayp of the SU(3); SSB. This feature of the
model is required if we want to justify why such
particles have not yet been observed at the electroweak
scale.

APPENDIX C: ANOMALY CANCELLATION

Particularly stringent constraints for 331 model building
arise from requiring that the theory is free from quantum
anomalies. We list here the relations among the fermion
charges that need to be satisfied. We denote with Q
the quark left-handed generations, g the corresponding
singlets, £ the leptonic multiplets, and s the corresponding
singlets. Imposing the vanishing of the triangular anomaly
coupling to the different gauge bosons of the theory leads
to [64]

[SUB) P @ Uy =3) Xb-> xF=0, (Cl)
Q q
SUG), P = equal numb.er of 3 and 3 fermionic ’ ()
representations

[SUB) P @ U1y =3 Xbh+> XL=0. (C3)
0 Z
[Grav]> @ U(1)x = 9 X543 XL
0 Z
=3 xk->"xF=o,
[U(1)y = 9 (XE)*+3) (x4)?
o] 4

=3 (XBP -3 (xF)P=0. (C3)

N

(C4)

It is clear from Eq. (C2) that we cannot generate LFUV
couplings for the gauge bosons unless we introduce

0 YEWI 0

je2W1 szIU —Je2“ - je2W2

je3W1 k3E1 v —Je3“ - je3W2 (B22)
0 Ypu+ygws 0

JEWI kap, v —Jgu— jgWr

additional lepton families. Indeed, if we call Ny (Ngp)

the number of quark generations transforming as a 3 (3),
with similar notation for the leptons £, the anomaly
cancellation in Eq. (C2) yields

Restricting to just three generations of quarks N, +
N 0= 3, we see that one has several possibilities. If we
assume that all three quark families transform in the
same way, one needs at least nine lepton generations
(three SM leptonics and six exotic ones), which would
then transform all in the same opposite way to get the
appropriate anomaly cancellation. Since all Ileptons
transform in the same way, there is no possibility to
generate different couplings between the leptons and the
gauge bosons, and thus no LFUV can arise from these
couplings.

The situation changes if one of the quark families
transforms differently compared to the others. Indeed, if
we assume only two quark families to transform as a 3, we
obtain

N,—N;=3. (C7)

Assuming three lepton generations implies that N, = 3,
N7 = 0. In this minimal model, often considered in the
literature, there is no possibility to generate LFUV from
the identical couplings of the gauge bosons to all lepton
families. We can increase the number of lepton gener-
ations. Assuming four generations, i.e., Ny + N; =4,
yields no integer solutions for Eq. (C7). The next
possibility is N,+ Nz =5 lepton families, so that
Ny,=4,N; =1, which provides LFUV in the gauge
couplings to leptons [64]. This is the nonminimal choice
that we adopt.

APPENDIX D: CURRENTS

We provide the expression of the couplings of the gauge
bosons with the fermions, the latter being expressed in the
interaction eigenbasis.
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For the non-SM charged gauge boson V* we get

DEyH

2

1. Charged currents

U 4 Nyt

S = O O O
- o O O O
S O O o O©
S O = O O
SO O O O o o o o

DL 4 NEy#

S o O O
o O o O
- O O O
S o o =
S O = O

For the SM charged gauge bosons W* we get

+_

V2

Wi
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ULyt
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In the previous relations the flavor vectors of charged fields D, U, and f~ have been introduced in Sec. II B, and the neutral
flavor vector is defined as N = (v, v,,v3, N3, N9, N9, N2, PY).

2. Neutral currents

First we provide the interactions with the non-SM neutral gauge bosons W*>, Z/,

0 0 0 0 00010
00 0 0 000 01
£4:gwﬁ O o o g |vED[ 0 0 0 0 oo
00 1 0 1 00 00
01 0 0 0
00 0O0O0O0O0O
00010000
00010 00 0 00
00001000
00 000 00 0 00
—}—Lyﬂ00000f—L+NLyﬂOIOOOOOONL—]—Ryﬂoooo1f—R,
001 00000
1 00 00 00 0 0 0
0000 O0O0O0 1
00000 001 00
000 0O0O0O0O
000 0O0T1O0O0
(D3)
000 0 000 -1 0
, 000 0 000 0 -1
Ls=22WS e I Ut+Dty 000 0 0 |DE
I 001 0 100 0 O
0100 O
0000 O 00 O
000-1 000 0
000 -10 00 000
000 0 -100 0
000 0 O 00 000
+j‘Lyﬂ00000f—L+NLyﬂ0100OOOO NE—fRprl OO 0 O1|f RS,
001 0 000 O
100 0 0 00 000
000 0 O 00 —1
000 0 O 00-100
0000 O 00 O
0000 O 10 0
(D4)
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VA R
_ 32
£2/2008633IZ/ Tyt 0 9 0 0 UL+\/§!]§( DRy UR
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36
—184%+g%
0 0 0 7%
—\/§92 o 0 0 0
0 —\/§g2 o 0 0 i
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+ DEy# 0P+ 2 D" ——=_D*y*D
0 0 R0 0 3v6
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0 0 0 0 V64
9gz+29i
L0 0 0 0
-9 +g%
0 7z 0 0 0
7L -9¢°+4% _L
7l 0 0 7 0 0 |f
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- 2_2
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9x
0 0 o X 0
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-9 +g%
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Moving to the SM neutral gauge bosons Z, A, we have
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1—CO;20331 O 0 O
_ 0 1—cos’6s3 0 0 _
Ly = cosOygZ,q U-y* 2 . UL —2c0s%055, URPHUR
0 0 ol 0
0 0 0 —2COS29331
_ 1+5025249331 0 0 0
0 — Lcos®tny 0 0 0
+ DLYM 0 0 _ 1+C02829331 0 0 DL + COS29331DR7MDR
0 0 0 C0520331 0
0 0 0 0 COS26331
—1+3020s2€33] 0 0 0 0
0 —1+3020329331 0 0
+ }‘—Lyll 0 0 —l+3c20329331 0 0 f—L
0 0 0 3c0s%653, 0
0 0 0 0 —1+302032933|
300520331 0 0 0 0
0 3C0529331 0 0 0
+ FRym 0 0 3c0s%653, 0 0 fR
0 0 0 3C0826331 0
0 0 0 0 —1+3020526'33]
1 000 0 0 0 O
01 00 0O O O
001 000 0 O
1 Beostfyy g, , | 00 00 0 0 0 0 -
2 000 O0O0O0O O O
00 0O0O0OT O O
00 0O0O0O0 -120
00 0O0O0OO0O O O
2. . o
L4 = V/3cos 033 cos OwgA, -3 Uy'U + gDy”D +frrf . (D7)

APPENDIX E: FOUR-FERMION OPERATORS INVOLVING LIGHT CHARGED
FERMIONS MEDIATED BY NEUTRAL CURRENTS

We want to determine the contributions for four-fermion operators up to and including O(e?) in the effective Hamiltonian
involving light charged fermions and mediated by neutral gauge bosons. It turns out that the only relevant couplings are the
ones between Z and Z’ to light charged fermions.
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In the case of the Z boson, it means that we have to determine the O(e?) corrections to the SM couplings O(e°). For each
chirality of each fermion type U, D, f, N, it proves useful to split the Z coupling Eq. (D6) between a contribution
proportional to the identity that is the only contribution for SM fermions and a contribution only for exotic fermions, e.g.,

1- C0529331

UL "
3 I4

L; = cosOygZ,

o o O =
S O = O
o = O O
- O O O

which can be expressed in terms of mass eigenstates using
the rotations V and W defined in Eq. (20). The first term,
proportional to identity, is unaffected by the rotations. The
second term can induce couplings to SM through mixing to
exotic fermions: this cannot come from O(e®) V and W as
they are block diagonal, connecting only SM fermions
among themselves and exotic fermions among themselves,
but it can occur from their O(e') contributions, denoted V
and W, which connect SM and exotic fermions. At O(e?) in
the couplings, one thus obtains the couplings for the Z
meson to SM fermions in the mass eigenbasis,

X —
L; D cosbygZ, > (a+ Bl wrwl,
weid.f~ X=L.R k=123

(E2)

where a and f correspond to SM O(e”) and NP O(e?)
couplings, respectively. Their values are collected in
Table II.

A similar analysis can be carried out for the interaction
with Z' starting from Eq. (D5). The propagation of the
heavy Z' boson already provides a O(e?) suppression for
the effective four-fermion operators, so we have only to
consider the O(e”) couplings of the Z' to light charged
fermions. We can determine these couplings by splitting
Eq. (D5) into a term proportional to the identity in flavor
space and a term that depends on the generation, and we
reexpress all the fermion fields in the mass eigenbasis using
Eq. (20). We have only to consider the O(e”) part of these

UL

1 + 3COS29331

0y
3 /4

o O O O
oS O O O
o O O O
- O O O

rotations, which connect only SM flavors among them-
selves and exotic flavors among themselves. As we are only
interested in the coupling of the Z’' to light charged
fermions, we can restrict the analysis to the SM sector,
leading to the following structure of couplings:

1 gX X
Lz25 7 Zo Y D > iyl
31/6 cos 033 w=u.d.f~ X=L.R k.]=123

(E3)

where y correspond to NP O(e”) couplings. Their values
are collected in Table II

There are no further contributions to be considered from
the other neutral gauge bosons for neutral currents. Indeed,
for photon A, we see from Eq. (D7) that the interaction with
down-type quarks is proportional to the identity matrix in
flavor space, so that there are no FCNC from the photon
interaction. Concerning W*3, we see from Egs. (D3) and
(D4) that these gauge bosons always couple a SM particle
with an exotic one in the interaction basis, which occurs
only at order O(¢). Furthermore, the process is mediated by
a heavy gauge boson, adding a further O(e?) suppression.
Therefore the W*3 contributions to the process are of order
O(€?) and can be neglected compared to the O(e?) NP
contributions from Z and Z’' gauge bosons.

The O(e?) NP corrections induced to the effective
Hamiltonian will be of the form

TABLE II.  Z and Z' couplings to light charged fermions up to O(e?). V and W unitary matrices can be considered at O(e”) only,

whereas V and W denote their O(e') components.

Akl Pu Ykl
ut 3 (1 = cos® 0331) 8y —3(1+3cos? 9331)‘72?*‘727) —1(1 = cos? 0331)5y + ng)*vgb;)
MR -2 COS2 93315/(1 0 2C082 93315k1
(@) o) | ol (@@
d* =3 (1 + cos® 0331)d L1+ 3c0s2 033 ) (Vi VLD 4 WL iy —3 (1 =cos®0331)8 + Vi V3
dr cos? 633,64 0 —c0s? 03316y
f*L %(—1 + 3 cos? 0331)01 %(1 — 3 cos? 033150 — V(li)* V(S)

f_R 3 COS2 933] 5/{1

% (1 —+ 3 COS2 9331)‘74(6()*‘7‘(6)
—%(1 + 3 COS2 9331) i ;?*Wg‘l))

3 cos? 03316y + (1 — 6 cos? 9331)W§?*W§7)
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Her D 4V/2G pcos*Oyy Z Z

X Y=L.RyY=udf~

= 4V2Gcos*Oy Z
X.Y=L.Ry¥Y=ud,f~

[aijﬁkl + Bija +

1 M2

4c0s20y, — 1 M—zz vigru | @y w ) (P, T )
Z’

Ayl L () (P, 9] ). (E4)

We see that the couplings Al , w, W[, Y]] are of O(e*) and combine Z and Z' couplings.
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