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ABSTRACT: We analyze the class of models with an extra U(1)x gauge symmetry that
can account for the b — sff anomalies by modifying the Wilson coefficients Co. and Cy,
of the operators Oy = (by,Prs)(¢y*f) from their standard model values. At the same
time, these models generate appropriate quark mixing, and give rise to neutrino mixing
via the Type-I seesaw mechanism. Apart from the gauge boson Z’, these frugal models
only have three right-handed neutrinos for the seesaw mechanism, an additional SU(2),
scalar doublet for quark mixing, and a SM-singlet scalar that breaks the U(1)x symmetry.
This set-up identifies a class of leptonic symmetries, and necessitates non-zero but equal
charges for the first two quark generations. If the quark mixing beyond the standard model
were CKM-like, all these symmetries would be ruled out by the latest flavor constraints
on Wilson coefficients and collider constraints on Z’ parameters. However, we identify a
single-parameter source of non-minimal flavor violation that allows a wider class of U(1)x
symmetries to be compatible with all data. We show that the viable leptonic symmetries
have to be of the form L.+ 3L, — L; or L. — 3L, + L., and determine the (M, gz)
parameter space that may be probed by the high-luminosity data at the LHC.
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1 Introduction

The flavor anomalies in the neutral-current transitions of several b — s processes have per-
sisted for a long time [1]. Among them, the observables falling under the class of generic “ra-
tio” observables, i.e. Ry = B(B — Hup)/B(B — Hee) where H = K, K*, Xg, ..., serve
as gold standards for pointing to the existence of lepton flavor universality violating (LFUV)
new physics (NP) [2], owing to their small theoretical uncertainties. The values of these
observables are close to unity in the standard model (SM), for the carefully chosen di-lepton
invariant mass-squared (g?) bins. These values are known to a great accuracy since the
dominant theoretical uncertainties from QCD largely cancel out in the ratio, while the QED
uncertainties lead to only O(1%) error in R (. predictions [3]. In the SM, lepton flavor uni-
versality (LFU) is violated only by the Higgs interactions, but since the relevant couplings
are proportional to lepton masses, the effect is too minuscule to make any difference to Ry;.

The recent update on Rx = 0.846f8:8§g(stat)f8:81?2’ (syst), measured in the g2-bin
[1.1,6] GeV?2 by the LHCb collaboration [4], is 3.1c away from the SM expectation R3M =
1.04+0.01 [3], and has strengthened the case for LFU violation. This latest measurement is
consistent with the previous measurements of Rx [5, 6]. The LHCb measurements of an-
other closely related ratio observable, Ry, show a deviation from the SM predictions in the



low-¢2 ([0.04, 1.1] GeV?) and central-¢? ([1.1, 6.0] GeV?) bins [7]. There is expected to be a
strong correlation between the NP contribution to Rg and the central-g® bin value of Ry-.

There are also other b — spu measurements which deviate from their SM expecta-
tions at the 20 — 2.50 level accuracy, for example, the angular observable P, in B —
K*u*tp~ [8-10] and BT — K**ptpu~ [11] channels, and the branching ratio of By —
¢ptp~ [12] which is smaller than the SM expectation. Note that these measurements
are not entirely free from hadronic uncertainties, like the form factor uncertainties in the
branching ratio observables, and the non-factorizable contributions [13, 14] due to charm
loops in both branching ratio observables and P;. However, all these neutral current anoma-
lies in combination point towards LEUV new physics with more than 40 significance. The
exact quantification of the deviation of SM depends on the method of combining data from
different observations, and assumptions on the power corrections [15-23]. In the coming
years, the combined measurements from both Belle2 and LHC are expected to shed more
light on these anomalies [24].

The effective field theory approach allows incorporating NP in b — s/ transitions in a
model-independent manner, in the language of effective higher-dimensional operators and
their Wilson coefficients (WCs) [25]. Global fits to the radiative, semileptonic, and leptonic
b — s data [16, 18-21] indicate the extent of NP contributions to relevant combinations
of WCs, needed to account for the above neutral-current flavor anomalies. It is observed
that most of these anomalies may be explained by the NP contributions to the vector and
axial-vector b — slf effective operators
(95()2 = Z—; {E’YMPL(R)b} [E’y“ﬁ} and Og,o)z = Z—; [EVMPL(R)I)} {67“754 , (1.1)
whose WCs are denoted by Cé/) and Cﬂ)), respectively. NP contributions to scalar/ pseu-
doscalar and tensor operators, though possible in principle, do not lead to simultaneous
explanations of multiple anomalies in one-dimensional fits [26, 27]. The former also get
stringent constraints from the By — p*pu~ measurements which are in good agreement
with the SM [27].

Most of the anomalies discussed above involve muons, with the LEUV ratios Ry«
involving electrons in addition. In order to keep the NP parameters to a minimum, most of
the global fits have been performed with the assumption of NP only in the muon sector [16,
18, 19], i.e., in terms of operators (’)5(,2 and (’)ggu in the language of eq. (1.1). Since R+ is
observed to be less than its SM expectation, the NP effects are expected to be destructively
interfering with the SM. While one-dimensional fits [15, 16, 18-21] prefer NP contributions
to the WC combinations C’é\ﬂj, Cé\LP = —0%1;, or C’SLP = —C} /107 the two-dimensional

fits [15, 16, 18—-21] favour new physics effects in the planes of the WC-pairs (C’&P, C%ﬁ),

(C&P, Cy u) and (C’}Lp, C{OM). Note that for the WCs where the SM contribution is nonzero,
viz. Cyy and Cigr, we denote the NP contribution as C&P and C%Pé, respectively. For the
primed operators, there is no SM contribution, and hence no need to distinguish the NP
contribution from the total one.

Although the involvement of NP in the muon sector is necessary to explain the anoma-

lies, it is quite possible that NP affects the electron sector also. Recent global fits that take



Figure 1. The values in the (C%P,CSI,\IEP) plane, preferred at 20 from global fits. The blue contours

correspond to the fits in [20, 22], and the green contours to the fits in [21, 23]. The filled contours
correspond to the fits based on the updates in Moriond 2021 [20, 21], while the unfilled ones
correspond to the older results based on data available after Moriond 2019 [22, 23]. The black
solid and dashed lines correspond to fixed ratios of C3F’ and CE;LP. The ratios corresponding to the
dashed lines are disfavoured from the b — s global fits.

this into account [20, 21] indicate that the scenario with NP affecting (Cé\lep, C’é\f’) can also
explain the neutral-current flavor anomalies and other b — s measurements reasonably
well. These fits are shown in figure 1. The best-fit solution necessitates a negative value
for C&,\LP in order to achieve a destructive interference with SM, since C5)!(my) = 4.2 [28].
As can be seen from the figure, the fits do not determine the sign of CJ', however they
indicate |C&F| < |CgF].

In an earlier paper [29], we had identified a class of minimal models that explain the
flavor anomalies through the NP contributions to C},\LP and C})\LP, in a bottom-up approach.
These models augmented SM by a U(1)x symmetry, which was instrumental in generating
the LFUV needed, and was broken spontaneously at the low scale by an SM-singlet scalar S.
Three right-handed neutrinos helped generate neutrino masses through the Type-I seesaw
mechanism, with the same scalar S instrumental in obtaining the appropriate texture zeros
that give rise to the observed neutrino mixing pattern. The number of particles beyond the
SM was minimal — apart from the Z’ gauge boson associated with the U(1)x, one only
needed the scalar S and an additional Higgs doublet to generate quark mixing. Appropriate
X-charges were given to all particles such that the models are anomaly-free, fermions
charges are vector-like, and experimental constraints from flavor physics — in particular
the negative sign of CgLP needed for explaining the Ry (.) anomaly — were satisfied. This
class of models was consistent with all the experimental measurements available at that
time [5, 30, 31]. Indeed, even with the current data, the specific one-dimensional scenario
in ref. [29] predicting C’é\f}j = SC’S’IE is quite close to the best fit, while that with C’é\f}j =



—36’3{5 also provides a very good fit [20], as can also be seen from figure 1. Such scenarios
correspond to the leptonic symmetry combinations L. &= 3L, with unconstrained L.

In this article, we show that recent strong constraints on the mass and coupling of
the Z’' boson from collider experiments [32, 33] make the above models unviable, if they
are minimal flavor violation (MFV)-like, i.e. if the mixing parameters involved in the By
and By sector are CKM-like. However, if this requirement, imposed implicitly on the class
of models in [29], is relaxed by a single parameter, a broader class of non-MFV models
emerges, which retains all the desirable properties of the above models. Among them the
scenarios with non-zero NP contributions to Cg. survive the strong collider constraints,
while the scenarios with only NP contributions to Cy, stay disallowed. This new class of
non-MFV models thus offers the most preferred candidates for the solutions of the neutral-
current flavor anomalies through a U(1)x symmetry. We term these as “frugal” models,
since the number of particles beyond SM needed to complete these models are minimal.
Note that the number of additional particles in this model stays the same as that in ref. [29].

Several papers [29, 34-52] have focused on U(1) x models as the solutions to the b — s¢/
anomalies, either in isolation or by combining them with some other well-motivated SM
problems, like neutrino masses, dark matter, fermion mass heirarchy, etc. With the current
stringent colliders constraints [32, 33, 53, 54], the models have increasingly focused their
attention on the scenarios where the collider constraints can be minimized. Examples of
these include the models with only third generation of quarks charged under the new gauge
symmetry [38, 44, 45, 50], and models with vector-like additional quarks charged under
the new symmetry [35, 38]. Some of the recent works have combined U(1)x symmetry
and leptoquarks for simultaneously explaning b — sf¢ anomalies and the muon g — 2
discrepancy [55]. In this manuscript, we follow the principle of frugality in adding new
particles to the SM, and identify a class of symmetries which can simultaneosuly explain
the b — sf¢ anomalies and neutrino mixing.

The paper is organized as follows. In section 2, we recap the bottom-up construction
of the class of U(1)y models that address the b — s¢¢ anomalies, quark mixing, and neu-
trino mixing pattern. In particular, we describe the algorithm for assigning appropriate
X-charges to particles, while obeying the theoretical and experimental constraints. In sec-
tion 3, we discuss the constraints on the mass and coupling of Z’ boson in these models
from neutral meson mixing and collider data. In section 4.1, we show that the after incor-
porating the experimental constraints, the “MFV-like” models do not survive. Section 4.2
shows that the introduction of a single non-MFV parameter allows a larger class of models
to account for the flavor anomalies, while being consistent with all available constraints.
Section 5 summarizes our results, and concludes.

2 Constructing U(1)x models in a bottom-up approach

In this section, we recap our bottom-up approach [29] to identify models with a vector-like
U(1)x symmetry that can explain the b — sf¢ anomalies through the NP WCs C’&P and
C’é\lep. We denote the generic form of this symmetry as

X =By +asBy + a3Bs + aeLe + o Ly + a7 Ly (2.1)



Fields | u,d c, S t,b | eve | vy | T,Ur

X a1/3 | as/3 | as/3 | ae ay o

Table 1. The (vector-like) X-charges of quarks and leptons.

where B; denotes the i*" generation baryon number and L; denotes the lepton number for
j-type lepton. The corresponding X-charges of fermions are listed in table 1. Note that in
addition to the SM fermions, we also have three right-handed neutrinos.

The SU(2); gauge symmetry of the SM forces the X-charges of particles belonging
to the same doublet to be identical. The fermion X-charges are vector-like, which helps
in anomaly cancellation, and also ensures that the contribution from the NP axial-vector
currents vanishes, i.e. C’%}Z = C}yy = 0. The anomaly cancellation in this case is simple

and further leads to only one condition
ar+oatazt+acta,+o,=0. (2.2)

Before analyzing the detailed quantitative constraints on the a parameters, desirable
conditions on these parameters may be obtained using the following considerations:

e The NP should not significantly affect the observables in neutral meson mixing, which
have been found to match the SM predictions to a great precision.

e The mass matrices of up-type and down-type quarks should be able to give rise to
the appropriate Cabibbo-Kobayashi-Maskawa (CKM) matrix.

e There should not be any massless Goldstone bosons produced from symmetry break-
ing, since no such particles have been observed experimentally.

e The Type-I seesaw mechanism should yield the observed pattern of neutrino masses
and mixing,.

e As indicated by global fits to the flavor anomaly data, the magnitude of NP coupling
of electron should be smaller than that of muon.

e The NP contribution C})\LP must have a negative sign.
We shall apply these conditions successively in the following subsections.

2.1 X-charges of quarks and the CKM matrix

The origin of the CKM matrix is in the diagonalization of up-type quark mass matrix M,
and the down-type quark matrix My by the bi-unitary transformations

Mg = v M Vg, M8 =V MyVag . (2.3)

The CKM matrix is then given by Vexy = VJLVdL.

In the presence of a new U(1) x gauge symmetry, the flavor-changing neutral currents
(FCNC) induced by the new gauge boson Z' would affect the neutral meson mixings by
giving additional tree-level contributions to the box diagram in the SM. We focus on the



constraints from CP violation in K — K mixing (ex), and the mass splitting as well CP-
violation in By — By as well as B, — By mixing. We ignore constraints from Amp, since
its value is dominated by long distance effects [56]. We also do not incorporate constraints
from D — D mixing for the same reason. The NP contribution may be calculated by writing
down the Lagrangian for left-handed d-type quarks Dy, = (dr, sr,br)” in their mass basis:

Ly = gZ/EL[VdTL D VdL]’y“DLZL , (2.4)

where X = diag(X,, X, X¢) = diag(a1/3, a2/3, a3/3). As shown in ref. [29], the mixing in
the right-handed d-quark sector may be chosen to be small, so that the contributions due
to right-handed currents stay subdominant. The relevant matrix elements that control the
dominant NP contributions in the K, B; and B, systems may be written as

K [V Xg Vahe = (Xu — Xo)[VarlialVaclus + (Xe — Xo) [VarlialVacles . (2.5)
Ba: [V} Xy Vahis = (Xu — Xo) VarlialVar)w + (Xe — Xo) Varlia[Vacls »
Byt [V}, X Varlas = (Xu — Xo)Var i [Varlw + (Xe — Xo)[Varlfu[Varlw . (2.7)

where the unitarity of Vy has been used. The choice X,, = X, and the small values
of [Varlta and [Vyp]ts, allow us to minimize the strong constraints from the K sector and
somewhat weaker constraints from the B; and By sectors. The condition X, = X, also
implies an underlying U(2)? flavor symmetry present in the Lagrangian, which is broken
only by the Yukawa interactions [57]. This has also been referred to as “less-minimal flavor
violation” [47, 58]. The additional choice V,;, = I (or equivalently, Vy;, = Viogar) made
in ref. [29] makes the scenario “MFV-like”, wherein the combinations of CKM elements
contributing to the mixing in the By and B sectors are the same as those in the SM. It
also ensures that the NP contribution from the second term to K — K mixing is suppressed
by |[Voxmlia[Vermlis| ~ O(023), where 6 ~ 0.2 is the Cabibbo angle.

We continue to use the condition X,, = X, in this paper. Later, for non-minimal
scenarios, we will relax the condition Vi, = Vokwm, however the smallness of [Vyp]ig will
still be valid, keeping in mind the stringent constraints from kaon oscillation data.

The condition X, = X, (i.e. a1 = a3) also impacts the structure of the Yukawa
matrices. Since in our framework, the SM Higgs doublet is uncharged under U(1)x, the
only nonzero elements in the SM Yukawa matrix can be the three diagonal elements and
the off-diagonal elements in the first two generations. This would force the 2-3 and 1-
3 mixings in the CKM matrix to be zero. In order to prevent this, the SM needs to be
augmented with an additional doublet ®np whose X-charge equals X,, — X}, or equivalently,
(a1 — aeg)/3. This would result in the NP contribution to the Yukawa matrices of up-type
and down-type quarks in the form

000 00 x
Y —1fooo0l|, VWP=]oox], (2.8)
x x 0 000

where x denotes nonzero elements. These off-diagonal elements give rise to the required
mixing in the 2-3 and 1-3 sector, to reproduce the CKM matrix [29]. These Yukawa



Fields | u,d | ¢,s t,b | eve | v, | T,vr | Psm Pnp S
X a1/3 | a1/3 | a3/3 | ae ay o 0 | (aq—a3)/3 | (a1 —a3)/3

Table 2. The X-charges of particles in U(1)x model.

matrices can now give rise to the mass matrices

Y (:)J}:IP cos B + yEM sinﬁ) , My = v

V2 V2

where (vgpr) = vsin 8 and (vyp) = vcos S are the vacuum expectation values of the SM

M, = (VAP cos g+ Y§Msing) . (29)

Higgs &g\ and the NP Higgs ®np, respectively. The matrices M, and M, are diagonalized
by the unitary matrices Vyr, Vyr, Vur and Vg, as shown in eq. (2.3). Note that the
requirement of X, = X, is instrumental in generating the CKM matrix with only one
additional Higgs doublet.

2.2 X-charges of scalars

Among the two Higgs doublets ®gy; and ®np, the former is a singlet under U(1)y, to
ensure nonzero diagonal elements in the flavor basis. The latter has an X-charge equal to
(a1 — a3)/3, as seen above.

The absence of a massless pseudoscalar,’ which would be created due to the breaking
of a global U(1)4 symmetry in the Lagrangian, necessitates the introduction of an extra
scalar S, which has the same X-charge as ®xp [29]. It allows a term S@LP‘I)SM in the
scalar sector, which yields a mass for the pseudoscalar after the breaking of U(1)x where
S gets a vacuum expectation value. The X-charge of S also needs to be Xg = (o —as3)/3.
Below in table 2, we show the X-charges of all particles in our U(1)y model in terms of
the five charge parameters a1, a3, o, ay, and ;.

2.3 X-charges of leptons and neutrino mixing

The global fits to neutral-current flavor anomalies and other b — s data in the (C&,\LP, C};LP)
plane strongly indicate |COF| < |C’§I)\LP|, which indicate |ae| < |ay,| as seen in figure 1. We
therefore take this to be one of the conditions on our model. The value of o, remains
unconstrained from the current measurements.

We determine the X-charges of the leptons which can explain the patterns of neutrino
mixing well. In particular, we desire that the leptonic mixing arises completely in the
neutrino sector, where the neutrino mass is generated by the Type-1 seesaw mechanism.
However, since the X-charges of the three lepton generations are, in general, different, it
would not be possible to generate off-diagonal elements in the neutrino mass matrix, which
are needed for the large neutrino mixing observed. In our model, this can be achieved
without the need for any additional particle, but by using the interactions of the neutrinos
with the scalar S that is already present [29]. The terms contributing to neutrino mass are:

ﬁy,mass =VL; [mVD]ijVRj + %@ [mVR]z‘jVRj =+ %z [ylya]ijl/RjS(T) + h.c. R (2.10)

'Massless particles that couple to SM would be detectable at experiments. Since no massless Goldstone
bosons beyond the SM have been observed, all viable models should ensure that they are not predicted.



where [mY)] is the Dirac matrix, [mY] is the Majorana mass matrix of right-handed neu-
trinos, and 4, are flavor indices. Whether S or ST appears in the third term above is
determined by the X-charges of neutrinos and the invariance of the term under U(1)x.
The effective Majorana mass matrix after the symmetry breaking becomes

[M]i5 = [mig)s; + %[yﬁ]ijvs , (2.11)

where vg is the vacuum expectation value of S. Thus the mass matrix M}, gets off-diagonal
elements, which further lead to the mixing of left-handed neutrinos, through Type-I seesaw
formula

[my] = —[mp] - [ME)™" - [mp]" . (2.12)

In order for the above neutrino mass matrix [m,] to reproduce the observed neutrino
mixing pattern, only certain texture-zero patterns of [M}] are allowed [59, 60]. A subset
of these patterns may be created by appropriate choices of the values of a.,a,a;, and
Xs [29]. A further subset satisfies the requirement |oe| < |ay,|. The leptonic symmetries
(aeLe + oy Ly, + o Ly) that satisfy all these criteria are:

e a(L,—L;)oral,, with Xg = =+a,
e a(Le—3L,+L;)ora(Le+3L,— L;), with Xg = +2a.
Here a is the overall multiplicative factor.

2.4 Scenarios indicated by the bottom-up construction

Inferring the X-charges of leptons from the allowed leptonic symmetries, and using the
conditions ay = a9 and Xg = (a1 — ag)/3, the X-charges of all the other particles are
fixed automatically by demanding the theory to be anomaly free. The X-charges of all
leptons, in turn, are fixed up to an overall multiplying factor a as seen in the last section.
We fix the normalization by choosing a so as to make o, = 1. All the U(1)x scenarios thus
determined are listed in table 3. We further categorize them depending on their values
of Xg and «,. This ensures that flavor constraints for scenarios belonging to the same
category are identical. Note that the categories A, B and C listed in table 3, with negative
X values, are the same as given in [29]. The category D from ref. [29] is not present in the
current version because of the imposition of || < |a,|. In addition, have also included
the categories AA, BB and CC with positive Xg values. This inclusion completes the set
of scenarios allowed by conditions in sections 2.1, 2.2, 2.3. Note that for the categories in
each pair (A, AA), (B, BB), and (C, CC), the leptonic symmetries are identical, but the
sign of Xg is different.

2.5 The sign of CSLP and the sign of Xg

The NP in our class of models influences R (., primarily through the Wilson coefficients

Cy¢. The contributions to C§, are small due to the small mixing angles in Vyp (see ref. [29]

and section 4.2). The tree-level contributions to C&))e operators are zero. They may arise



Category | Scenario | Xg | Leptonic symmetry | a1 | «g asg ae | o | ar
A Al -1 L,— L. —1| -1/ 2 1| -1
A2 -1 Ly -21-3] 3 110

B Bl —2| Le—3L,+L. |-I|-Z| ¥ |-+|1]|-3
B2 ~2 Le—3L,— L, —1|-1| 1 |=3| 1] 3

C C1 ~2 Le+3L,— L, —1{ -1 1 1] -3
AA AA1 1 L,— L. 1|1 ] -2]01]1]-1
AA2 | 1 Ly 2zl -2]o0o]1]0

BB BB1 2 Le—3L,+ Ly Sl s -3 1|3
BB2 2 Le—3L,— Ly 33| -3|-3]1]34%

CC CC1 2 Le+3L,— Ly i -2 %3

Table 3. The scenarios indicated by our bottom-up construction, categorized by the charge Xg
and .. Categories A, B and C, with negative Xg values are the same as given in ref. [29], while
we include the categories AA, BB and CC here, which have positive Xg values.

due the Z — Z' mixing, and vanish in the small Z — Z’ mixing limit. The effective Hamil-
tonian relevant for the process B — K™ ¢/ is

V2 (4w

B (Xs g%
M2,

Het = — (MQQ)Q[VCKM]tb[VCKM]?S Ce" ) (527"br) (ng)
[VdL}tb[VdL]?s> Y1) (Pl - (2.13)

Since Cyy = Cg{}\/{ + C’gl\ép, the above equation is equivalent to
[Varlw[Vaclis

4\/571'2 g%/
L2 I Xeap- . 2.14
Gp M2, e? Vermln [Vermlfs (214)

NP __
Cor =

Note that the WCs have scale dependence, however the qualitative inferences in this section
do not change while running from the scale Mz to mp. From eq. (2.14), the two relevant
Wilson coefficients are related by Ci\F (m;) = aeCé\LP (my).

From the global fits, we have seen that the sign of Cé\LP needed to explain the observed
b — s anomalies has to be negative, for the NP to destructively interfere with the SM,
where C&b\/[ is positive [28]. This leads to

Xs - WVarlw Vil _ 7 (2.15)

Verm]w[Vexmlfs

i.e., either the charge Xg is negative, or the ratio

[Varlw[Virlts
[Verm]w[ VoMl

Romix = (2.16)



is negative. In ref. [29], the assumption of V,,;, = I led to Vi, = Vokwm, so that Ryix was
always unity. As a result, only those symmetry combinations where Xg < 0 had been
selected. These are the categories A, B, C shown in table 3. In this paper, we follow
a generalized approach, without the assumption V,; = I. This allows three additional
categories, viz. AA, BB and CC, as shown in table. 3, where the sign of Xg is positive.

3 Experimental constraints

We work in the limit where all additional NP particles apart from Z’ are decoupled, and
determine constraints in the plane of (Mz/, gz/). The global fits already provide constraints
on these parameters from radiative, semileptonic, and leptonic B decays. These parameters
can be further constrained by collider searches and the neutral meson mixing data, which
we describe in the following subsections. The constraints from neutrino trident production
are sub-leading for the relevant mass-coupling range of Z’ [50], and electroweak precision
constraints can be evaded when Z — Z’ mixing? is taken to be small [61] and the other NP
particles are decoupled; these constraints are not included in our analysis.

3.1 Collider constraints

The large amount of data being collected at the LHC strongly constrains any new physics
that couples to light quarks. Our scenarios in table 3 necessarily have non-zero couplings
of Z' to the first two generations of quarks. Therefore, the Z’ particle will be produced
at the LHC for low Mz and high enough gz values. Furthermore, even a Z’ that couples
dominantly to the third generations may be produced in a pp collision, albeit with a smaller
cross section due to the smaller parton fraction in the proton. The non-observation of any
such particle so far puts severe constraints on model parameters. The main observations
that would constrain our class of models are:

o Top-quark pair production limits from pp — Z’ — tt [62-64]
« Dijet limits from pp — Z' — ¢q, including bb [65]

e Dilepton limit from pp — Z' — ete™, ptp~ [32, 33] (including the non-resonant
shape of the m,,, distribution tail [66, 67])

As we show below, the most stringent limits come from dimuon searches. A comparison of
the limits from all above observables can be seen in figure 2.

For tt searches, currently there is a measurement of ¢¢ pair production cross section
with 35.9fb~! data from CMS [62] and 139fb~! data from ATLAS [63]. Limits can be
calculated either by using the total cross section or the invariant mass spectrum shape in
addition. The best measurement for the total cross section is currently 830 &+ 39 pb [63],
and is completely consistent with the calculated SM cross section. We therefore require
that the contribution from NP to the total tt cross section keeps the prediction less than

*The kinetic mixing between the U(1)x and U(1)y gauge bosons arises from the B, By, term at the
tree level, as well as from loop corrections. The net magnitude of this term is severely constrained by
electroweak precision observables. In our model, we work in the limit where this net mixing is negligible.
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Figure 2. Comparison of sensitivities of ¢¢ [63], dijet [65] and dimuon [33] resonance searches for
the scenario A1 (which is likely to lead to the strongest ¢t bounds). The limits from dimuon channel
are much stronger than the other searches. The dimuon limits are extrapolated in the range 5.5 GeV
< M7, < 10TeV (dashed) using the shape of the dimuon invariant mass spectrum, and can be seen
to match those from the available dimuon CMS search [33] in the interval 3.5 GeV < M7, < 5.5TeV.

two sigma away from the measured value. Further incorporating the ¢t spectral shape, a
lower bound Mz 2 3.2 TeV is obtained for gz = 1, as can be seen in figure 2.

For My < 3TeV, the background for dijet searches is high as compared to that for
the tt searches, and hence the sensitivity of ¢t searches is better. However, at higher Z’
masses, the dijet searches give slightly stronger constraints. For example, Mz 2> 4.5 TeV
for gz = 1, as seen in figure 2.

Our condition |a.| < |a,| implies that the constraints from the di-electron searches
would always be weaker than those from the dimuon searches. Hence, we focus on the
dimuon channel. Experiments provide measurements of the invariant mass spectrum in
the dimuon final state. Due to the simplicity of the final state, this may be interpreted in
terms of a 95% upper limit on the production cross-section of Z’' (with minimal fiducial
cuts). The parameter space (Mys,gz/) can then be constrained in any given scenario by
comparing the theoretical production cross-section with the experimental 95% confidence
limits. Such upper limits are available from the ATLAS experiment [32] for My < 6 TeV,
and from the CMS experiment [33] for Mz < 5.5 TeV. We use the constraints from CMS,
which are slightly stronger than those from ATLAS, to represent the dimuon limits. As we
see from figure 2, dimuon constraints are much stronger than either ¢t or dijet constraints
for the scenario Al (or equivalently, AA1). This observation remain true for all scenarios
listed in table 3.

Using the number of observed events with high invariant mass, we can extend the
dimuon limits to higher values of My for which the calculated limits have not been pub-

lished by the experimental analyses (see figure 2). The details of our calculations are ex-
plained in appendix A. The published bounds from CMS are available for M, < 5.5 TeV.
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Our calculated limits agree with these limits in the region 3.5 TeV < Mz < 5.5TeV,
thereby justifying the method used for extrapolation. For the rest of this study, we use
the published CMS dimuon limits upto Mz < 5.5TeV, and our extrapolation for masses
5.5 TeV < Mz < 10TeV.

Note that a 10 TeV Z’ can be excluded for high-enough coupling for all of our scenarios.
On the other hand, requiring at least three events as a threshold for detection puts the
LHC reach for the discovery of Z’ to Mz ~ 4—6TeV, depending on the scenario in table 3.

3.2 Neutral meson mixing constraints

Apart from mediating tree-level b — sf¢ transitions, the additional Z’ particle would also
be responsible for generating tree-level mixing in By — By, Bs — Bs and K — K sectors.
These new physics contributions are heavily constrained from data [30]. Since the mixing
constraints are not taken into consideration in global fits [20-23], one has to incorporate
them separately. Additionally, the new physics contributions generated by Z’ only affect
the operators with left handed quark currents, as the right handed mixing is smaller in
comparison to the left handed mixing (see ref. [29] and section 4.2). Hence Z’ contributes
to the same operators as in the SM. We get

CPM (1) = CF () = CBM () + CB () (3.1)
where Cgp at the My scale are given as

_ 27‘(‘2 X% g%/ ([VdL]td[VdLBks)Z

CRF (M
M) MEGEAG,
CNP(My) = 27 X3 g% (Varlw[Varlsa)* .
’ M3, GEM, ([Vormlw[Vexulig)
212 X2 42, *\2
CNP(My) = — 2T 2597 (Varlw[Varis) (3.2)

M2,G2M2, ([VoxmltaVormlss)®

Here P generically refers to one of the By, Bs or K meson. Note that while the CKM
factors explicitly appear for B — B mixings, they are conventionally absorbed in C[S(M ().
After incorporating the running of the effective operators at one-loop order in QCD at My
scale [25], the WCs are obtained as

2

"N (M) (3.3)

as(mt))} & [as(MZ’)

Cp (M) = L«MW s (me)

where P stands for K, By, or Bs. Note that the running of SM and NP is identical after the
My scale, hence we have taken the running here only upto W-mass scale. These additional
contributions to P — P mixing get constrained from the measurements. The constraints
on Am and CP-violating phases are parameterized [30] in terms of

Im {<KO|HE?E’KO>}
Im [<K0’H§fl}d|f€o>} ’

B tot B
@2i¢3q _ < q’Heff| Q> (34)

Cor = = (BB,

By
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Figure 3. The constraints in the (Myz/, gz ) plane for scenarios from categories A, B and C, with
Var, = Vekm. While the light pink bands represent the combined 2¢-allowed parameter space
from the meson mixing data [68] and b — s global-fit [69] in 2016, the darker bands include the
2018 constraints from the meson mixing data [30] and the 2021 updates to the b — s global
fits [21]. The regions above the dotted (solid) lines are excluded at 95% C.L., with 13.3 (140) fb~1
total integrated luminosity, using dimuon searches [31, 33]. The gray bands indicate the current
exclusion for scenarios Al, B1 and CI.

which can be studied in the plane of (Mg, gz/) for a given symmetry and a given Vyr.
Note that as mentioned in section 2, we do not consider the constraint from Ampg as it
is dominated by long distance corrections [30]. For constraining our model parameter, we
shall require that the allowed parameter space lies within 20 uncertainties for all these five
observables, viz. C¢,., Cp,, Cp,, ¢B,, and ¢p,.

4 Testing the scenarios against experimental constraints

In any given scenario, the flavor constraints crucially depend on V. Indeed, as can be
seen in eq. (2.14), the value of C&P is related to Xg through Ry ix, which depends on V.
In ref. [29], we had chosen the MFV-like scenario Vy;, = Vekm and X, = X, which gave
rise to Rmix = 1 for By — Bg and By — B, mixing. In this paper, we will also allow more
general scenarios for Vyy,.

4.1 “MFV-like” scenarios with Vg, = Veokm

When Vy, = Vekwu, the CKM factors in eq. (2.14) cancel, and the Cgl\Lp Wilson coefficient
simplifies to
132X s g,

Cé\L'P (MZ/) = GFM2 e2
Vi

(4.1)
The desired negative value of C’é\f is obtained if Xg < 0. This points towards the scenarios
belonging to the categories A, B and C listed in table 3.

We now subject these scenarios to the experimental constraints discussed in section 3.
The results are presented in figure 3. Note that for scenarios belonging to the same category,
the global-fit constraints are identical, and so are the neutral meson mixings constraints.
However collider constraints are different for sub-scenarios (like A1 and A2) which have
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different X-charge assignments for quarks. We can clearly see that, on one hand, the
allowed 20 bands from global-fit have started to become narrower, while on the other hand,
the constraints from LHC are becoming considerably more stringent. The current data with
140 fb~! total integrated luminosity [33] has essentially ruled out all the parameter space
for these MFV-like models.

The freedom of choice of Vy;, allows us to find scenarios that survive the stringent
collider and meson-mixing constraints above. This will be shown in the next subsection.

4.2 Non-minimal flavor violating (non-MFV) scenarios

Transition from MFV-like mixing, i.e. Vg, = VokwMm, to non-MFV mixing with Vy;, # Vokwu
would be severely constrained by measurements in the X — K sector, where the value of
€x as given in eq. (3.4) is very well measured. However, these constraints can be evaded if
Vg1, is chosen to be real. In the rest of the paper, we shall continue with real Vyj,.

As seen in section 2.5, the resolution of Ry () anomalies needs XgRmix < 0. Writing
the real Vjy, in terms of three mixing angles 612, 023, 013 (similar to the CKM parameteri-
zation), Rpyix in eq. (2.16) can be written as

[cos 012 cos 013 sin 209347,
Rmix =

[COS 912 COS 913 sin 2923(1 + 6_“s tan 012 sin 013 cot 923)](}}(1\/{
[cos 012 cos 013 sin 2023] 41,

~ . 4.2
[cos 012 cos 013 sin 2023]cxm (4.2)

Note that, since Rupix can have either sign, the sign of Xg can now be positive as
well as negative. This allows the categories AA, BB and CC from table 3 to be viable
candidates, in addition to the categories A, B and C considered earlier. Moreover, if the
magnitude of Rpyx is large, the required values of C’é\ﬂ) may become possible even with
lower values of gz /My, as can be seen from eq. (2.14). However, the parameter Rpix
cannot be too large, otherwise the simultaneous explanation of b — sff anomalies along
with neutral meson mixing constraints from By, — By /s mixing would be difficult. Thus,
a modest enhancement of Ry is required to make these scenarios compatible with the
global fits, neutral meson mixing data, and collider constraints.

Since [cos 612 cosbi3lckm =~ 1, one would need [sin26093]45;, 2 [sin 20a3]ckm for the
enhancement in Rpyix. In a simplified scenario, we can take 612 4r ~ 0 and 6341 ~ 0,

which leads to .
[sm 2023]d L

[sin 2023]0}(1\/{ '
The choice of small 012 47, and 013 47, would also limit the severity of collider constraints.

Rmix ~ (43)

Note that our choice of Vyy, is the same as that in ref. [50]. This choice of Vy;, makes the
constraints from Bs; — By mixing to be very crucial. From eq. (2.3), one can then obtain
the corresponding matrix in Vg as

_ m
elg’dR ~0, 913,dR ~0, 923,dR = tan 1 (Tle[tan 923]dL> . (44)

It can be seen from this equation, that the mixing induced due to Vg remains small unless
we are close the limit where 633 47, — nn/2. We will stay away from these limits in this
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paper. Our approximation of ignoring the right handed currents, used in egs. (2.4), (2.13)
and section 3.2, is thus justified.
The introduction of non-minimal flavor violation in its frugal form has allowed us an

extra parameter 63 47, The sign of C’é\ﬁj

dictates that the symmetries in categories A, B
and C will work if 023 41, is in the first quadrant, and categories AA, BB and CC will work
if 093 1, lies in the second quadrant.

In figure 4, we present the main results of this section in the plane of (My/, gz/), for a

few selected values of 023 47,. From the figure, the following observations may be made:

e For a given category, the combined constraints from the b — s global fit and neutral
meson mixing with a given 63 47, value are identical to those with 90° — 023 4r..

o As the flavor constraints depend on X gRmix, they can be identical for the scenarios
that have the same value of |Xg| but opposite sign, with 623 q;, values differing by
90°. For example, compare A(fa3qr, = 5°) with AA(623 4 = 95°). The collider
constraints for these pairs are, however, different.

e The constraints for B2 and C1 are almost identical, and so are the constraints for
BB2 and CC1. This is because the scenarios in these pairs carry identical X charges
for quarks and muons. They differ only in the sign of X., however the global fit [21]
is nearly symmetric in C})\LP, as can be seen in figure 1.

 In the categories A, B, C, smaller 3 47, values ~= 5°—10° satisfy the flavor constraints,
neutrino mixing, and collider constraints simultaneously. However, this is not possible
for larger 023 41, values, as may be seen from the thinning of the colored bands with

an increase in 63 47,. This happens because C’gep is proportional to Ruyix, while the
2

Bs — B mixing is sensitive to R2,., and does not allow it to take a larger value.
A similar comment applies to the categories AA, BB, CC, where the allowed 623 41,

values are ~ 95° — 100°.

e The symmetries belonging to categories A and AA, where new physics contributes
only in the muon (and/or) tau sector, stay ruled out from the current constraints on
the dimuon resonance search at LHC [33]. At higher luminosities of 3000 fb~! at the
LHC, the parameter space relevant for scenarios B1l, B2, C1 and BB1 may also be
completely probed by the collider searches, for Mz < 10 TeV.

e The scenarios BB2 and CC1 will be the most difficult to rule out even with the high
luminosity run of the LHC. This is expected since they have the smallest X-charges
for quarks among all the categories (see table 3). These scenarios correspond to the
leptonic symmetry combinations L. &= 3L, + L., with positive Xg values.

In figure 5, we show the incompatibility of the B;— B, constraints with the b — s global
fit at large [sin 26234, values, for categories B and BB as representative examples. All our
findings from figure 4 may be reconfirmed here. The neutral-meson mixing constraints for
the pairs of categories (B, BB) are identical and the global fit constraints are mirror images
of one another around 90°. Only the tiny narrow regions, shaded in dark blue, survive both
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Figure 4. The constraints in the (M, gz) plane for the non-MFV scenarios, for fixed values of
023 4. The pink, green, and blue coloured bands indicate the combined 2c0-allowed regions from
the b — s global fit [21] and neutral meson mixing data [30]. The regions above the solid lines are
excluded to 95% C.L., with 140fb~! total integrated luminosity, using dimuon searches [33]. The
gray bands indicate the current 95% C.L. exclusion regions for scenarios Al, B1, C1, AA1, BB1
and CCl1, in the respective plots. The dashed lines represent the reach of collider constraints with

3000fb~? total integrated luminosity.
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Figure 5. The constraints in the plane of (62345, Mz/) for a fixed value of gz, for categories
B and BB. The pink and blue bands show the 2c-allowed regions from the b — s global fit [21]
and neutral meson mixing data [30], respectively. The thin dark blue region satisfies the two
constraints simultaneously. The regions below the solid (dashed) horizontal lines for scenarios in
category B (BB) are excluded to 95% C.L., with 140fb~! total integrated luminosity, using dimuon
searches [33]. The gray band shows the current exclusion for the BB2 scenario.

these simultaneously. It can also be noted that the collider constraint is the weakest for
the scenario BB2. Hence, this scenario is expected to be the most difficult to rule out even
with the higher luminosity runs of LHC.

Indeed, for the scenarios with first two generations of quarks charged under U(1)x,
it is difficult to simultaneously explain the b — sf¢ anomalies along with neutrino mixing
and neutral meson mixing, while staying compatible with the collider constraints. In this
section, we identified a suitable simple choice of Vj;, that can circumvent the otherwise strin-
gent collider constraints for some of the scenarios, without the addition of any new particle
in our construction. Even with this non-minimal flavor violation, the scenarios with leptonic
symmetry combinations L, — L; and L, stay ruled out. The leptonic symmetry combina-
tions Lo+3L,—L; and L.—3L,+ L. emerge as the viable ones with the current data, though
they will be further probed with the high-luminosity data at the LHC, with 3000 fb~! of in-
tegrated luminosity. Thus in our frugal setup, the data seems to hint towards the possibility
of new physics in the electron as well as tau sector, in addition to the muon sector.

Note that at high values of Z’ mass, the renormalization group running of the U(1)x
gauge coupling may give rise to a Landau pole much below the Planck scale [52, 70],
resulting in a loss of perturbativity in our models. The scale at which this happens may
be pushed to a high value with My as small as possible (in our case, ~ 4TeV), and with

a larger non-minimal mixing angle 6a3 41
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5 Summary and concluding remarks

In our present work, we identify a class of U(1) x models which can simultaneously explain
the b — s$f¢ anomalies and neutrino mixing patterns. We identify the X-charges using
hints from the previous measurements and global fits in a bottom-up approach. We follow
the principle of frugality, i.e., try to minimize the number of additional fields beyond SM.
The only fields added are three right-handed neutrinos, an additional SM doublet Higgs,
and a SM-singlet scalar. The methodology followed here is similar to the one considered
in ref. [29].

We focus on the construction of scenarios where the NP contributes primarily to Oy,
as well as Og.. The global fits [20, 21] imply the sign of C’gLP has to be necessarily negative,
and the magnitude of new physics contributions in electron has to be smaller than muon.
The sign of CJF is not constrained by the global fits. The choice of vector-like X-charges
ensures vanishing Cf'o), and helps make the theory anomaly-free. Note that contributions
due to Oéw also remain negligible in our analysis.

The stringent constraint from K — K implies equal charges for the first two quark
generations. The requirement of generating by, PrsZ'" interaction through tree-level ex-
change of Z’ dictates that the X-charge of the third generation quarks must be necessarily
different from the first two. The additional Higgs doublet with an appropriate X-charge
then generates the desired quark mixing.

The singlet scalar S breaks the U(1)x symmetry spontaneously and helps generate the
neutrino masses and their mixing pattern. The choice of equal X-charges of .S and ®np
prevents the emergence of a massless Goldstone boson in the spectrum. This also relates
the X-charges of quarks with the leptons, which can be uniquely determined using the
requirement of anomaly cancellation.

The observed neutrino mixing patterns restrict the possible leptonic symmetries in
our frugal set-up, where the scalar singlet S is sufficient to generate the neutrino masses
and mixing patterns. This also leads to an important consequence that all the identified
scenarios necessarily have non-zero X-charges for all generations of quarks. This may
be contrasted with the scenarios where only third generation of quarks are charged, e.g.
B3 — L, symmetry. Such scenarios would require more particles than those that are already
present in our frugal set-up, for simultaneous explanations of neutrino mixing patterns and
b — sfl flavor anomalies.

To generate the correct (negative) sign of C&P, we find that the combination XgRmix
should be negative. In ref. [29], where the MFV-like mixing Vy;, = Vogwm was chosen, we
had Ruix = 1, which implied that only the scenarios with Xg < 0 can explain the flavor
anomalies well. However, allowing the departure of V;;, from Vegy enables us to select a
broader set of scenarios with both positive and negative signs of Xg. In our analysis, we
work in the limit where all additional NP particles apart from Z’ are decoupled, so that
the relevant parameter space is that of the mass and coupling of Z', viz. (Mg, gz) for
different choices of Vyy,.

Experimental limits from the collider searches and neutral meson mixing give the
dominant constraints on (Mzs,gz/). The neutral meson mixing constraints are evaluated
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for K — K and By /s — By /s oscillations. We compare the exclusion limits from resonance
searches in dijet, ¢t and dilepton channels, and find that the CMS dimuon search gives
the most stringent constraints for all scenarios. We find that, after taking into account
the recent full run-2 data from the LHC, no MFV-like scenario compatible with the flavor
anomalies remains allowed. The stringent collider constraints arise because of the non-zero
X-charge assignment of the first two quark generations, necessitated in our frugal set-up.

By relaxing the assumption of the CKM-like mixing for Vj;, the collider constraints
can be made compatible with the flavor anomalies for scenarios with leptonic symmetries of
the form L, £3L, — L, and L, — 3L, + L;. We demonstrate this with a simple non-MFV
scenario where V7, only involves mixing between the second and the third generations,
parameterized by 023 47, In order to generate the desired sign of cyP

I
623 a1, necessarily lies in the first (second) quadrant for scenarios with negative (positive)

the new mixing angle

Xg. Note that scenarios with NP contributions present only in muon (and/or tau), stay
ruled out even when the mixing is allowed to be non-MFV.

We extrapolate the resonant dimuon search limits to My values upto 10 TeV, to in-
vestigate future prospects for a Z’ discovery. While the scenarios with leptonic symmetry
L.+3L,— L; and negative Xg, as well as L, —3L,+ L, with either sign of Xg, will be com-
pletely probed with 3000 fb~! total integrated luminosity, the scenarios with L, + 3L, — L
and positive Xg will be difficult to rule out even with the high luminosity run at the LHC.

To conclude, our class of frugal U(1)x models, that employ a minimal number of
particles beyond the SM, can account for b — s anomalies as well as the neutrino mixing
pattern. The recent stringent collider constraints can be overcome by a one-parameter
choice of Vyy,, without any additional particles, for a set of scenarios where Z’ couples to
all three lepton generations.
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A Extrapolation of exclusion limits from dimuon searches

Here we describe the procedure for extrapolating the exclusion limits from collider searches,
using the ATLAS dimuon search [32] as an example. In general, experiments provide the
observed invariant mass spectrum in each final state. This final shape depends on the
production cross section, branching fraction for the relevant decay mode, as well as the
detector acceptances and efficiencies. For a more complicated observable, it would be
difficult for a phenomenological study to use this information without detailed description
of the efficiencies. However, in the dimuon case, once the basic fiducial cuts (described in
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Figure 6. Our calculated dimuon limits for scenario A1l in the (Mz, gz ) plane, using the procedure
described in the text. The comparison with the published results of ATLAS [32] and CMS [33]
collaboration shows that our extrapolated results (dashed) agree with the published limits (solid)
for high values of Mz/. The matching for Mz, 2 3.5 TeV for other scenarios in table 3 is at a similar
level. The gray shaded band in the figure highlights the full constraint used, i.e. published limits
from [33] upto Mz < 5.5 TeV and the extrapolated limits in the range 5.5 TeV < Mz < 10 TeV.

ref. [32]) are taken into account, we find that we can reproduce the published experimental
limits accurately.

The total number of events expected from a signal hypothesis (choice of charges, mr,
and gz/) can be obtained by

Nsig = Ogen X €fid X Lin , (Al)

where 0gep is the production cross section into the dimuon final state, egq is the efficiency
of the fiducial cuts, and Ly is the integrated luminosity.

A simple Poisson likelihood can be constructed using binned data. In our case, since
we are only interested in the extrapolation to high masses, we simplify the problem by
looking at only the last bin, which collects all observations with the dilepton invariant
mass My > 2TeV for the ATLAS dilepton search [32]. For a single bin, Poisson likelihood
(L) for observed number of events n and expected number of events p is given as

e Hu™

L, = , (A.2)

n!

leading to
X2 = —2log <£8+b> =-2 [—s + nlog (1 + S)} . (A.3)
Ly b
Here s and b are the expected number of signal and background events, respectively. In
order to get 95% confidence limits, the above equation is solved for s for x? = 3.841, which
corresponds to one-sided p-value of 0.05 for one degree of freedom.
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The choice of only one bin for the high mass tail of the resonance mass distribution
implies that our upper limits are conservative, since we do not use the information on the
modification of the shape of the distribution due to non-resonant contribution. Figure 6
shows that this prescription matches the high-end (Myz > 3.5 TeV) official limits very well,
and therefore can be used reliably. This simple formulation thus allows us to extrapolate
the limits for Mz up to 10 TeV, as well as to calculate expected sensitivities from future
runs at the LHC (assuming that all events scale with integrated luminosity).

A similar exercise may be carried out with the CMS data as well. However, we find
that a flat overall efficiency factor of 0.4 is needed to reliably get the same upper limits
as published by CMS [33] where the last bin collects all events with dimuon invariant
mass greater than 1.8 TeV. The comparison of our calculation with published ATLAS and
CMS are shown in figure 6. Even though our calculated CMS limits deviate from the ones
published with full shape analysis for low My as expected, they match very well for all
values of Mz > 3.5 TeV, and can be used for extrapolation to high masses with confidence.
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