Zurich Open Repository and
Archive

University of Zurich

Main Library

Strickhofstrasse 39

CH-8057 Zurich

www.zora.uzh.ch

Year: 2018

A three-site gauge model for flavor hierarchies and flavor anomalies

Bordone, Marzia; Cornella, Claudia; Fuentes-Martin, Javier; Isidori, Gino

Abstract: We present a three-site Pati-Salam gauge model able to explain the Standard Model flavor
hierarchies while, at the same time, accommodating the recent experimental hints of lepton-flavor non-
universality in B decays. The model is consistent with low- and high-energy bounds, and predicts a rich
spectrum of new states at the TeV scale that could be probed in the near future by the high- experiments
at the LHC.

DOI: https://doi.org/10.1016/j.physletb.2018.02.011

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167 /uzh-159693

Journal Article

Published Version

(CHoH

The following work is licensed under a Creative Commons: Attribution 4.0 International (CC BY 4.0)
License.

Originally published at:

Bordone, Marzia; Cornella, Claudia; Fuentes-Martin, Javier; Isidori, Gino (2018). A three-site gauge
model for flavor hierarchies and flavor anomalies. Physics Letters B, 779:317-323.

DOI: https://doi.org/10.1016/j.physletb.2018.02.011


https://doi.org/10.1016/j.physletb.2018.02.011
https://doi.org/10.5167/uzh-159693
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2018.02.011

Physics Letters B 779 (2018) 317-323

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

A three-site gauge model for flavor hierarchies and flavor anomalies

Check for
updates

Marzia Bordone, Claudia Cornella, Javier Fuentes-Martin, Gino Isidori *

Physik-Institut, Universitt Ziirich, CH-8057 Ziirich, Switzerland

ARTICLE INFO ABSTRACT

Article history:

Received 27 December 2017

Received in revised form 30 January 2018
Accepted 8 February 2018

Available online 13 February 2018

Editor: G.F. Giudice LHC.
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1. Introduction

Recent data on semileptonic B decays indicate anomalous vio-
lations of Lepton Flavor Universality (LFU) of short-distance origin.
The statistical significance of each anomaly does not exceed the
30 level, but the overall set of deviations from the Standard Model
(SM) predictions is very consistent. The evidences collected so far
can naturally be grouped into two categories, according to the un-
derlying quark-level transition: i) deviations from 7/u (and t/e)
universality in b — c£v charged currents [1-4]; ii) deviations from
/e universality in b — s¢€ neutral currents [5,6]. The latter turn
out to be consistent [7,8] with the anomalies reported in the an-
gular distributions of the B — K*0pt 1~ decay [9,10].

A common origin of the two set of anomalies is not obvious,
but is very appealing from the theoretical point of view. Sever-
als attempts to provide a combined explanation of the two effects
have been presented in the recent literature [11-29]. Among them,
a class of particularly motivated models are those based on TeV-
scale new physics (NP) coupled mainly to the third generation
of SM fermions, with subleading effects on the light generations
controlled by an approximate U(2)q x U(2). flavor symmetry [30].
As recently shown in [31] (see also [13,17,26]), an Effective Field
Theory (EFT) based on this flavor symmetry allows us to account
for the observed semileptonic LFU anomalies taking into account
the tight constraints from other low-energy data [32,33]. More-
over, the EFT fit singles out the case of a vector leptoquark (LQ)
field U, ~ (3,1)2/3, originally proposed in [17], as the simplest
and most successful framework with a single TeV-scale media-
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tor (taking into account also the direct bounds from high-energy
searches [34]).

While the results of Ref. [31] are quite encouraging, the EFT
solution and the simplified models require an appropriate UV com-
pletion. In particular, the vector LQ mediator could be a composite
state of a new strongly interacting sector, as proposed in [17,25],
or a massive gauge boson of a spontaneously broken gauge theory,
as proposed in [35-37]. In this paper we follow the latter direction.

Ultraviolet completions for the vector LQ mediator U, natu-
rally point toward variations of the Pati-Salam (PS) gauge group,
PS = SU(4) x SU(2)L x SU(2)g [38], that contains a massive gauge
field with these quantum numbers. The original PS model does not
work since the (flavor-blind) LQ field has to be very heavy in order
to satisfy the tight bounds from the coupling to the light genera-
tions. An interesting proposal to overcome this problem has been
put forward in Ref. [36], with an extension of the PS gauge group
and the introduction of heavy vector-like fermions, such that the
LQ boson couples to SM fermions only as a result of a specific
mass mixing between exotic and SM fermions.

A weakness of most of the explicit SM extensions proposed so
far to address the B-physics anomalies, including the proposal of
Ref. [36], is the fact that the flavor structure of the models is some-
how ad hoc. This should be contrasted with the EFT solution of
Ref. [31], which seems to point toward a common origin between
flavor anomalies and the hierarchies of the SM Yukawa couplings.
In this paper we try to address these problems together, proposing
a model that is not only able to address the anomalies, but is also
able to explain in a natural way the observed flavor hierarchies.

The model we propose is a three-site version of the original PS
model. At high energies, the gauge group is PS? = PS; x PS; x PSs,
where each PS group acts on a single fermion family. The spon-
taneous symmetry breaking (SSB) down to the SM group occurs
in a series of steps characterized by different energy scales, which
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Fig. 1. Moose diagram of the model (up) and symmetry breaking sequence.

allow us to decouple the heavy exotic fields coupled to the first
two generations at very high energies. As a result, the gauge group
controlling TeV-scale dynamics contains a LQ field that is coupled
mainly to the third generation (see Fig. 1). A key aspect of this
construction is the hypothesis that electroweak symmetry breaking
(EWSB) occurs via a Higgs field sitting only on the third-generation
site: this assumption allows us to derive the hierarchical structure
of the Yukawa couplings as a consequence of the hierarchies of the
vacuum expectation values (VEVs) controlling the breaking of the
initial gauge group down to the SM. In particular, the U(2)q x U(2);,
global flavor symmetry appears as a subgroup of an approximate
flavor symmetry of the system emerging at low energies [U(2)°].
Last but not least, the localization of the Higgs field on the third-
generation site provides a natural screening mechanism for the
Higgs mass term against the heavy energy scales related to the
symmetry breaking of the heavy fields coupled to the light gener-
ations.

2. The model

The gauge symmetry of the model holding at high energies is
PS3 = PS; x PS, x PS3, where

PS; =SU(4); x [SU2)L]; x [SU@)r]; - (1)

The fermion content is the same as in the SM plus three right-
handed neutrinos, such that each fermion family is embedded in
left- and right-handed multiplets of a given PS; subgroup:

v~ @21, W ~@1,2);. 2)

The subindex i =1, 2, 3 denotes the site that, before any symmetry
breaking, can be identified with the generation index.

The SM gauge group is a subgroup of the diagonal group,
PSdiag = PS14243, which corresponds to the original PS gauge
group. The SSB breaking PS> — SM occurs in a series of steps at
different energy scales (see Fig. 1) with appropriate scalar fields
acquiring non-vanishing VEVs, as described below.

I. High-scale vertical breaking [PS; — SM1].
At some heavy scale, A1 > 10° TeV, the PS; group is broken to
SM1, where

SM; =SU@3); x [SU@)L]; x [U(T)yl; (3)

by the VEV of a scalar field X1 ~ (4,1, 2)1, charged only under PS;
(or localized on the first site). Via this breaking 9 gauge fields with

exotic quantum numbers (6 LQ fields, a Wi, anda 7, all coupled
only to the first generation) acquire a heavy mass and decouple.

II. Horizontal breaking 1-2 [SM1 x PSy; — SM142].

Gauge fields on different sites are broken to their diagonal sub-
group via appropriate link fields, or scalar bilinears. On both links
(1-2 and 2-3) we introduce the following set of link fields

®f~(1,2,1)i x (1,2, 1)},

OF ~ (1,1,2); x (1,1,2); @
Qij~(4,2,1)i x 4,2,1);,

such that

(@F) #0 = [SUR)L; x [SU@)L]j — [SUR)L]ij »

(@) #0 = [SUQR)R]; x [SUQ@)R]j = [SUR)Rij »

) SUM); x SU(4); — SU@)i4.j
<Qﬂ¢oz>{BUQhLXBUth—>BW2dHy

At a scale A1y < A1 the 1-2 link fields acquire a VEV. As a result,
the vertical breaking occurring on the first site is mediated also to
the second site, and the gauge symmetry is reduced to SMy4, x
PSs.

Thanks to this second breaking, 9 exotic gauge fields coupled
mainly to the second generation, and 12 SM-like gauge fields
coupled in a non-universal way to the first two families acquire
a heavy mass and can be integrated out. Below the scale A1z
the residual dynamical gauge sector is invariant under a global
U(2)° flavor symmetry acting on the first two generations of SM
fermions.!

At this stage there is still no local coupling between the
fermions of the first two generations and the scalar fields sitting
on the third site (H3 and ﬁ3) that contain the SM Higgs. In other
words, we have not yet generated an effective Yukawa coupling for
the light generations.

The hierarchy between A1, A1z, and the VEVs of the 1-2 link
fields does not need to be specified. The lower bound on the
lowest of such scales, that we fix to be 103 TeV, is set by the
tight limits on flavor-changing neutral currents involving the first
two generations (most notably K-K and D-D mixing [39], and
K — pe [40]). With this choice, we can ignore the effect of d > 6
effective operators generated at this scale.

IIl. Horizontal breaking 2-3 [SM14, x PS3 — SM].

The scale characterizing the dynamics of the 2-3 link fields is
A3 ~ 102 TeV. We assume a specific hierarchy among this scale
and the VEVs of the link fields:

A3 > (D5F) > (Q3) = A3~ 1Tev. (5)

This hierarchy is a key ingredient to generate the correct pattern
for the Yukawa couplings (discussed in detail below) and, at the
same time, address the flavor anomalies.

At energies (<I>§’3R) > E > A3 we can decouple a Wi, a W,f,
and two Z’ fields with mass of O (10 TeV), that are too heavy to be
probed at colliders and have no impact on flavor physics because
of the U(2)> flavor symmetry.

Below Aj3, the dynamical gauge group is reduced to
G =SU(4); x SUB)142 x SU@)L x U(1)' . (6)
T At E < Aq; mass terms for the right-handed neutrinos of the first two gener-

ations are allowed. We thus integrate out also vﬁ , remaining with 5 independent
species of massless fermions charged under SMy .
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This symmetry group is structurally similar to the one proposed
in [36], but its action on SM fermions is different: with the excep-
tion of SU(2)L, all the other subgroups are flavor non-universal. In
particular, the action of U(1)’ coincides with the SM hypercharge
on the first two families and with T]% on the third family. The final
breaking G — SM gives rise to 15 massive gauge bosons with mass
of O(1 TeV): 6 LQ fields, 8 colorons (i.e. a color octet), and a Z'.
By construction, the LQ is coupled only to the third generation, as
desired in order to address the flavor anomalies.

IV. Low-scale vertical breaking [EWSB].

The electroweak symmetry breaking is achieved by an effective
SU(2). scalar doublet, emerging as a light component from the fol-
lowing two set of fields

H3;~(15,2,2)3, H3~(1,2,2)3, (7)

localized on the third site.

In the absence of Yukawa couplings, the full Lagrangian of
the proposed model is invariant under the accidental global
[U(1)3p4.]i symmetries, corresponding to the individual fermion
number for each family. The Yukawas explicitly break these sym-
metries, leaving the diagonal combination U(1)3p,; unbroken. Af-
ter the SSB of the PS group to the SM one, this accidental symme-
try combines with the [U(1)g_;]; generators in SU(4);, leaving two
unbroken global U(1) symmetries, U(1)g: B = X3p11 + 1/+/6 T3
and U(1);: L = X3ppp — 3/V/6T™ (with TP =T]% + 15 + T1).
These two symmetries correspond to baryon and lepton numbers
and are responsible of keeping the proton stable.

2.1. Yukawa structure

The flavor structure observed at low energies emerges as a con-
sequence of the localization of fermions and scalars on different
sites. Given the Higgs fields in (7), the only renormalizable (un-
suppressed) Yukawa interaction at high energies is

=y [ Hs W+ T T {9 Fs 0 | e

and similarly for the conjugate fields H§ and ﬁg. The EWSB break-
ing induced by (Hs) and (Hs), with (H3) aligned along the T15
generator of SU(4), allows us to generate four independent SM-like
Yukawa couplings for the third generation fermions with different
SM quantum numbers.

As anticipated, below the scale A1> the dynamical gauge sector
is invariant under a global U(2)° flavor symmetry acting on the
first two generations of SM fermions:

vl = (v w)

with F; = Qy, L; and Fg = Ug, Dg, Eg. Effective Yukawa couplings
for these fields are generated below the scale A3 (see discussion
in Section 2.2). At dimension-five, the following effective operators
are generated

F ={FL, Fg}. (8)

~F
_ —( ~
£33 =j:—32‘; Tr [‘I’(FL) Q3 H3 \Ilg)} +h.c. (9)

Note that, while the U(2)® flavor symmetry is exact in the gauge
sector, this is not the case for the scalar sector. In particular, the
Q23 link field is expected to acquire a non-negligible mixing with
Q1 of order €12 = (212)/A12 < 1 (and similarly for the other link
fields). This is why we denote 2,3 (rather than 233) its dynamical
component for E < A1y. Strictly speaking, at this stage we should
also treat separately the components of 2,3 along the SM14, sub-
groups of PSq42; however, we leave this tacitly implied.

As a result of [Zﬁjlf, at low energies two spurions of the
UR2)q x U2 € U(2)° flavor symmetry appear. These spurions
(transforming as 2¢ and 2, respectively) control the left-handed
mixing between third- and light-generations. Up to O(1) parame-
ters, the size of the 2¢ spurion can be deduced from the size of

the 3-2 mixing in the CKM matrix [30], implying

(Q3)/A23 ~ |Vis| ~ 4 x 1072, (10)

Masses and mixing for the first two generations are obtained from
subleading spurions appearing at the dimension-six level,

~F
= y (0 3 {4
L= 4T [T ok iz 0% v +hc. (11)
23

Adding these symmetry breaking terms to the ones in (9), we get
the following Yukawa pattern

f(®p)(@F,) yf (Q¢3)
Y=t 4% 3t ?23 , (12)
0 V3

where the y£3&3 are obtained by ys, ¥3, and 3723@, normalizing
the components of (H3) and (Hs3) to v. This structure leads to
a very good description of the SM Yukawa couplings in terms of
O(1) parameters and VEV ratios. The natural scale for the d =6
terms is

me(v)

ye(v) = ~5x1073. (13)

A detailed discussion of the scalar sector of the model is be-
yond the scope of this paper. However, it is worth stressing that
the various scale hierarchies are partially stabilized by the differ-
ent localization of the fields (or by the initial gauge symmetry).
In particular, because of (10), corrections to the Higgs mass term
proportional to A§3 are suppressed by |V;s|2, hence they are effec-
tively of O(1 TeV?).

2.2. Origin of the effective Yukawa operators

The effective Yukawa operators in Section 2.1 cannot be gen-
erated using only the link fields so far introduced, assuming a
renormalizable structure at high energies, but can be generated in-
tegrating out additional heavy fermions or heavy scalar fields with
vanishing VEV. In particular, we envisage the following three main
options:

i) New link fields. Adding the following set of (scalar) link fields,

Ajj~(4,2,1); x (4,1,2) (14)

IE
with vanishing VEV, we can generate all the effective Yukawa
operators at the tree-level via appropriate triple and quartic
scalar couplings with the other link fields, and (renormaliz-
able) Yukawa-type interactions with the chiral fermions.
Vector-like fermions. The following set of vector-like fermions,

—_
=:
=

XLR~ (4,2,1)3,
xR~ @1,1);x(1,2,1)3, (15)
X[/R ~ (4,1,1)i X (1, 1,2)3 s

is sufficient to induce the desired operators at the tree-level
via appropriate new Yukawa-type interactions with the link
fields and the chiral fermions.
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iii) Mixed solution. An interesting mixed solution consists on hav-
ing a single extra vector-like fermion and a single additional
link field,

A~ (4.2,1); x (4,1,2),
XLR~ (4,2, 1)3 .

This way the vector-like fermion is responsible of generating
the operator in (9), while the operator in (11) is induced inte-
grating out the new link field.

(16)

Other possibilities to generate these operators, in particular via
loops of extra scalars and fermions, are also possible. Similarly to
the case of the scalar potential, a detailed discussion of the dy-
namics of these heavy fields is beyond the scope of this paper. On
the other hand, it is important discuss in general terms the nature
of the higher-dimensional operators, bilinear in the SM fermion
fields, generated below the A3 scale upon integration of generic
heavy dynamics. The only two hypotheses we need to assume are
that: i) this dynamics respect the U(2)° flavor symmetry; ii) only
the link fields in (4) break this symmetry via their VEV. These two
hypotheses are sufficient to ensure a constrained structure for the
corresponding EFT, leading to a well-defined pattern of NP effects
at low energies.

The higher dimensional operators can be divided into two main
classes:

i) U(2) preserving operators. A large set of operators in this cate-
gory are those containing SM fields only, belonging to the so-
called SMEFT [41]. Other operators contain U(2)’-conserving
contractions of the link fields, or field-strength tensors of the
TeV-scale exotic gauge fields. In both cases, the U(2)> pro-
tection and the large effective scale (A3 ~ 102 TeV) imply
marginal effects in low-energy phenomenology.

U(2) breaking operators. Contrary to the previous case, these
operators necessarily involve link fields, namely g3, d>§3
and <I>f3. Restricting the attention to the fermion bilinears, it is
easy to show that dimension-5 operators involve only heavy-
light fermions and a single Q3 field. These are the Yukawa
operators in (9), and operators that reduce to these ones after
using the equations of motion.

At dimension six we find operators involving light fermions
only and two link fields. The chirally-violating ones are the
Yukawa terms in (11). The chirally-preserving ones necessarily
involve two powers of the same link field. Terms bilinear in
®L, and ®F, modify the couplings of the heavy Wi, Wg,
Z' with mass of O(10 TeV). Given the heavy masses of these
fields, and the smallness of the U(2) breaking, these terms are
irrelevant for low-energy phenomenology. We thus conclude
that, beside the Yukawa couplings, the only additional effective
fermion bilinears generated by integrating out heavy dynamics
at the scale A3 are operators of the type

i ~(0)

=

C _

Q T I

A, Tr(Qy3 D* Qe3} (W, YuVg,)) » (17)

. (4

iCq ot e u (O ®

—oo TR T D Qes) (r, Ty V) (18)
23

and analogous terms where T is replaced by a SU(2). gen-
erator or a combination of SU(2). and SU(4) generators, and
finally terms obtained substituting \I/(Fl;) with \D(FZR)

After SSB, the operators (17)-(18) induce small modifications
to the couplings among the TeV-scale gauge bosons and first- and

second-generation fermions. As we discuss in Section 3, this effect
plays a fundamental role in the explanation of the (subleading)
b — st anomalies. On the contrary, the effect of the analogous
operators with right-handed fermions are severely constrained by
Bs — €£ (€ =e, ). It is quite natural to find heavy dynamics that,
in first approximation, induces only the left-handed operators and
not the right-handed counterparts. This is for instance the case
of the vector-like fermions in (15) and (16). In what follows we
include the operators (17)-(18) in our analysis and neglect the
right-handed ones.

2.3. Gauge boson spectrum at the TeV scale

In what follows we focus on the last step of the breaking chain
discussed above, namely the G — SM breaking, that controls low-
energy phenomenology and high-pr physics. We denote the gauge
couplings respectively by g™, g:’, g1, and g and the gauge fields
by Hg‘ﬂ, Hfﬂ, W;L and B/, with o =1,...,15, a=1,...,8, and
i=1,2,3. As discussed above, this symmetry breaking is trig-
gered by the VEV of 3, which can be decomposed as Q3 g
(4.3.3),,0(4.1.3) ,,®(4.3.1),®(4.1.1)_, ,. We assume
that the scalar potential is such that Q3 only takes a VEV along
the SU(2).-preserving directions, denoted as Q3 = (4,3,1), . and

1/6
Q= (4_1,1,1)_1/2, while the SU(2)_-triplet components become
heavy and decouple. We have:
w3 0 O 0
1[0 ws 0 1]o0
Q3) = — s Q)= — R 19
(Q3) Ao 0 o (1) AR (19)
0 0 0 wq

with w; 3 assumed to be of O(TeV). These scalar fields can be
decomposed under the unbroken SM subgroup as Q3 ~ (8,1)¢ &
1,1 ® (3,1)2/3 and Q1 ~ 3, 1)_2,3 ® (1, 1)o. So, after removing
the Goldstones, we end up with a real color octect, one real and
one complex singlet, and a complex leptoquark.

The resulting gauge spectrum is the same as in the model
proposed in Ref. [36]. The massive gauge bosons are a vector
leptoquark, a color octect, and a neutral gauge boson, transform-
ing under the SM subgroup as: U ~ (3,1)2/3, G' ~ (8,1)o, and
Z' ~ (1, 1)o. These are given by the following combinations of the
original gauge fields:

1
123_ 1 (91113 . 101214
UL = — (32 = ini0 ) |

H NG
o 3)
8c 8c
G*'=2=2H! — H% ., 20
S A (20)
3
7 — g 15 _ E&B/
2 g/z 3u 3 g/z n>

with g/ = /(g2 + "2 gy = /()2 +2(gp?2 and their

masses read

3)

8c 1,
My = =—/— —g.w3,
U ) ﬁgc 3

3 w?
Mz = —=gh|w?+ 2. 21
z 2\/6gz 1 3 (21)

For the phenomenological analysis, it is useful to define the fol-
lowing combination, Cy = v? (g§3))2/4Mf]3 = v?/(w? + ®3), which
quantifies the overall strength of the NP effects mediated by the
vectors at low energies.

0!+ w3, Mg =
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The combinations orthogonal to G;f and ZL are the (massless)
SM gauge fields Gft and B, with couplings

0 3) 3)
8c'8 gp8
ge=2"C  gy=2B>C_ (22)

/

8c gz

At the matching scale, © ~ 1 TeV, we have g =1.02 and gy =

0.363. From these relations it is clear that g@,gﬁl) > g. and

gf),gB > gy, with one of the NP couplings approaching the SM
value from above in the limit when the other becomes large.
Hence, it follows that g§3), gé’) > gp.

A key difference between the model presented here and the
one in Ref. [36] is found in the couplings of the extra gauge bosons
to fermions. In the SU(4) eigenstate basis (denoted by primed

fields) these are given by

€)
ELD%U“qLNUyMEL—i-h.C.
+8Gq Ney"Tq]
8y i Wyl = Lot
+%th<3£LNZ/y G -TNzy"ay),
€)

Lk D % U (TN i vi + deNE i ek) + e

+8:G)? (H’R Ng y* T9ul +dy Ng T“d’R)
+ 8 7 [31} Dy + 38 NS yHe]
«/_ " R Z’ Rz R
—UpNSPy  uf E;QN(ZT)V’“‘d}z] , (23)
where we have defined the following matrices in flavor space
(Ne =3 (1) for quarks (leptons))

[OI0)] (3)

8 & 8c
2g, 2gh  2g; (3))
B B B &c

B N.1, Ny =diag| =25 6 =28 _
3¢ 3g” 3P &

R = diag (0,0, 1),

NS =Ny +

which encode the non-universality of the couplings. The effective
operators in (17)-(18) generate small additional couplings to the
left-handed components of the light families, almost aligned to the
second generation. This effect is particular relevant for the U* cou-
plings, where

Ni — NL ~diag (0, €,1) , (24)

with e =-1/2 C(4) w1a)3/A23, while N5 remains unchanged.

For phenomenologlcal applications we need to rewrite these in-
teractions in the fermion mass-eigenstate basis. This is achieved
by rotating the fermion fields with the unitary matrices Vg, .,

defined by Yy = V}Ldiag(Yf)VfR. As a result of the Yukawa struc-
ture in (12), flavor-mixing terms in the right-handed currents can
be neglected (the corresponding diagonalization matrices become
identity matrices in the limit of vanishing light-fermion masses).
However, due to the arbitrariness in the normalization of quark
and lepton fields inside the SU(4) spinors in (2), a freedom remains
in the relative phase between left- and right-handed charged cur-
rents. Assuming no other sources of CP violation beside the CKM
matrix, we restrict this phase (6;g) to assume the discrete values
{0, r}.

The left-handed flavor rotations can be written as
T
q =VaqL="Vq (Vafj]\fm) ,

.
6 =Vely =V, (UPNéNS "L) ,
L

(25)

where V4. are unitary matrices. As a result of these rotations,
flavor-changing terms appear in the couplings of Us, G’ and Z’
to left-handed fermions. Because of the approximate U(2)> flavor
symmetry, we expect both Vg4 and V. to be close to the identity
matrix; for simplicity, we assume them to be real and set to zero
the rotations involving the first family:

1 0 0 1 0 0
Vag=|0 cosbps sinfys |, Ve=|0 cosfr, sinbr, |. (26)

0 —sinfps CoSbh 0 —sinfr, cosbry

Because of (10), both 6y and 6, are naively expected to be
of O(|V¢s]). However, in order to avoid the strong bounds from
Bg-mixing, we assume y3,/y4 <« 1, such that fps < | Vsl

3. Phenomenological analysis

Low-energy constraints. The low-energy phenomenology of the
model can be described in terms of {Cy, €, 6z,, 6y} and the dis-
crete parameter 6;g. The list of relevant low-energy observables,
with their explicit expression in terms of four-fermion effective op-
erators, is given in Table II of Ref. [31]. An important difference is
the appearance of effective charged-current scalar operators from
the right-handed terms in (23). These have a negligible impact in
B — D*tv, but are non-negligible in B — Dtv. Using the results
in Ref. [42] for the matrix-elements of the (bre) (DLTR) operator,
we obtain in the limit 6z, 6ps — 0

ARE. =RE. —1~2[1—0.12cos(01r)ICy ,

27
ARY = RE — 12 2[1—1.5c0s(618)1Cy , (27)

with erfw defined as in Ref. [31]. In order to maximize the cor-
rection to RTD(*) we set 6 g = mr. This implies the relation ARE‘Z ~

5/2 x ARD*, that is well consistent with present data [1-4].

Having fixed 0 g, we determine the remaining four parameters
from a global fit. At the best fit point we obtain X%m ~ 9, which
gives a very good fit compared to the SM, for which stM ~ 46.
A typical set of parameters providing a good fit to data is given
by Cy =0.03, € = —0.02, 67, = —0.05 and 6ps = 0.05 V¢,. This can
be obtained for instance from the benchmark point: g£3) =3 and
My, ~ 2 TeV, with Mg and My ranging between 1.5 and 3 TeV
(depending on the wq /w3 ratio).

The potential of the model to explain the anomalies in b —
sel (that we express as deviations in the Wilson coefficients Cg 10,
defined as in [7,8]) and in RE(*) (for which we adopt the updated
SM prediction in [43-45]) is depicted in Fig. 2. A good fit to b —
s¢f data can only be achieved when considering the dimension-six
operator (17), whose effect is encoded in €. Interestingly, the best
fit value for € is perfectly consistent with that of the dimension-six
contributions in the Yukawa couplings.

While the model significantly reduces the tension with data,
predicting a non-trivial correlation between R” and R”Z (see cap-
tion of Fig. 2), the central value of these two observables cannot
be achieved due to the constraints from LFU tests in T physics
and B(B¢, — tv). The LFU tests yield per-mille constraints on
the modifications of W and Z couplings to T leptons ((Sgé’v and
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Fig. 2. Model prediction for AC) = —ACly, ARE:, and ARE for the Ax? <
2.3 (1o0) fit region: in blue including only the logarithmic contribution in (28),
and in green including also the non-logarithmic corrections. The 10 experimental
data are shown by the two crosses. Predictions and results for AREﬁ (red cross)
are scaled by 5/2 compared to ARBZ (orange cross), since our model predicts
ARE‘ ~5/2 x ARE&. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

Sgi’vr )2 These quantities arise in our model from one-loop dia-
grams involving SM fermions and LQ fields,> whose (leading) result
at O(y?) is

3 y? 1 m?2
sgWyglV = 2L cy = +log—L ),
& /8 = Jg2 ”<2+ Ve o8

28

3 yZ m2

sgl /gl = ﬁ Cy (1 + log M—%) .
These expressions agree in the logarithmic part with the EFT re-
sults in [32,33,46]. However, having a complete model, we have
been able to compute also the non-logarithmic terms which are
non-negligible and partially alleviate the tensions with LFU tests
in T physics (see Fig. 2). As far as B(B.y, — tVv) are concerned, at
the best fit point we predict a ~ 60% enhancement over the SM,
which is perfectly consistent with present data.

Another important constraint is obtained from B4 mixing.
Contributions to these observables arise in our model from the
tree-level exchange of the coloron and the Z’, as well as from
one-loop box diagrams involving the vector leptoquark. All these
contributions are proportional to the down-type rotation angle
|6ps|. Allowing for (U(2)° preserving) deviations of up to O(10%)
in Bs 4 mixing leads to the bound |0ps| < 0.1 |V, forcing a flavor-
alignment in the down-quark sector. As a result of this alignment,
contributions to D — D mixing from coloron and Z’ exchange turn
out to be below the present limits and do not give any relevant
bound.

The vector leptoquark does not contribute significantly to B —
K®vpb nor to T — 3u, while the approximate down-alignment
in the quark sector required from B mixing renders the Z’ con-
tribution to B — K® v negligibly small. The Z’ contributes at

2 The dominant constrain arises from the bound on |g}" /g}Y |, for which we use
the value reported in Y. Amhis et al., [arXiv:1612.07233].

3 An additional contribution to ngl_vr arises in our model from the mixing of
the lowest-lying Z’ and the SM Z; however, this receives a parametric suppression
of O(s3, gg/gf) M2/M2,) and turns out to be negligible.

tree-level to T — 3. However, since its coupling to muons is sup-
pressed, the constraints from these processes only become relevant
when the leptonic mixing angle 6, becomes large, effectively set-
ting the bound |67, $0.1.

High-pr searches. The masses of the lightest exotic vector
bosons predicted by the model are expected to lie around the TeV
scale, and are therefore constrained by direct searches at LHC. The
phenomenology for these searches is very similar to the one dis-
cussed in the model of Ref. [36], so we only highlight the main
aspects.

e U. The vector LQ is subject to the bounds coming from QCD
pair production and from tau pair production at high-energies
(i.e. pp — ©T + X), generated by t-channel exchange [34]. As
in Ref. [36], the most stringent constraint is set by leptoquark
pair production, which implies My 2 1.3 TeV. This expression
is obtained by recasting [47] the CMS search in Ref. [48] and
translates to Cy < 0.08 for g?) =3.

e G’. Given the large couplings and relatively low mass of the
coloron, di-jet searches at LHC can offer an important test of
the validity of the model. However, current limits [49] rely on
bump searches that become less sensitive when the coloron
width is large. This is the case in our model, where we find
I'¢'/Mg = 0.22 for gEB) =3, if we assume that the only avail-
able decay channels are those to SM quarks. For large widths,
the coloron signal is diluted into the QCD background allowing
the model to avoid current bounds [50].

e Z'. As already mentioned, the Z’ couplings to light generations
appear strongly suppressed compared to the third-generation
ones. This renders the Z’ Drell-Yan production at LHC suffi-
ciently small to evade the strong bounds from di-lepton reso-
nance searches [51].

e Heavy scalars. The minimal model discussed in Section 2.3
presents a rich scalar sector, whose phenomenological analy-
sis depends significantly on the details of the scalar potential
and is beyond the scope of the present letter. Nevertheless, we
do not expect it to yield tensions with data in large areas of
the parameter space.

4. Summary and conclusions

If unambiguously confirmed as beyond-the-SM signals, the re-
cent B-physics anomalies would lead to a significant shift in our
understanding of fundamental interactions. They could imply aban-
doning the assumption of flavor universality of gauge interactions,
which implicitly holds in the SM and in its most popular exten-
sions. In this paper we have presented a model where the idea
of flavor non-universal gauge interactions is pushed to its extreme
consequences, with an independent gauge group for each fermion
family.

The idea of the (flavor-blind) SM gauge group being the result
of a suitable breaking of a flavor non-universal gauge symme-
try, holding at high energies, has already been proposed in the
past as a possible explanation for the observed flavor hierarchies
(see e.g. [30,52]). Interestingly, constructions of this type naturally
arise in higher-dimensional models (see e.g. [53]) with fermion
fields localized on different four-dimensional branes, the multi-site
gauge group being the deconstructed version of a single higher-
dimensional gauge symmetry [54].

As we have shown in this paper, a three-site Pati-Salam gauge
symmetry, with a suitable symmetry breaking sector, could de-
scribe in a natural way the observed Yukawa hierarchies and ex-
plain at the same time the recent B-physics anomalies, while being
consistent with the tight constraints from other low- and high-
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energy measurements. The model we present exhibits a rich TeV-
scale phenomenology that can be probed in the near future by
high-pr experiments at the LHC.
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