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We discuss the minimal theory for quark-lepton unification at the low scale. In this context, the quarks
and leptons are unified in the same representations and neutrino masses are generated through the inverse
seesaw mechanism. The properties of the leptoquarks predicted in this theory are discussed in detail, and
we investigate the predictions for the leptonic and semileptonic decays of mesons. We study the possibility
to explain the current value of Ry reported by the LHCb Collaboration and the value of the muon

anomalous magnetic moment reported by the Muon g — 2 experiment at Fermilab.
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I. INTRODUCTION

The idea of quark-lepton unification by Pati and Salam
[1] provides a simple and elegant approach to think about
unification of matter and interactions in nature. The
minimal theory of Pati-Salam is very predictive because
it predicts, at the scale where matter unifies, that the masses
of the charged leptons and down quarks are equal, and the
masses for the up-quarks are equal to the Dirac masses for
neutrinos. Moreover, the SU(4) . gauge symmetry must be
broken around the canonical seesaw scale, 10'* GeV, in
order to achieve small neutrino masses, via the seesaw
mechanism [2-5], in agreement with experiments.

The simplest quark-lepton unification theory that can
be realized at the tera-electron-volt (TeV) scale was
proposed in Ref. [6]. This theory is based on the SU(4) ®
SU(2), ® U(1); gauge group, and in order to have a
consistent theory for fermion masses at the low scale,
neutrino masses are generated through the inverse seesaw
mechanism [7,8]. This theory for quark-lepton unification
predicts, among the new fields required for its consistency,
the existence of mediators that interact simultaneously with
both leptons and quarks. Particularly, this theory predicts
a vector leptoquark, X, ~(3,1,2/3)gy, and two scalar

leptoquarks, ®; ~ (3,2, —1/6)gy and @4 ~ (3,2,7/6)sy»
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which mediate exotic processes that could otherwise not
be seen in the context of the Standard Model (SM).1
For a review about the phenomenology of leptoquarks
see Ref. [9].

Recently, the LHCb Collaboration has reported results
for the ratio Ry defined as

Br(Bt - Kutu™)
Br(B" - Ktete™)’

RK:

which is predicted to be 1 in the SM. The measurement
reported by LHCb [10] using data from Run 2 is

RYP(1.1 < ¢* < 6.0 GeV?) = 0.846 301210013 (1)

which is in tension with the SM prediction at 3.1¢. This
observable, together with Rg- and the leptonic decays
Br(B, — ¢1¢7), where £ = e, u, are usually classified as
clean observables; in the former the hadronic and the long
distance effects cancel almost exactly. These experimental
results have motivated many studies in the particle physics
community; see e.g., [11-35].

There are also new results reported by the Fermilab
Muon ¢g—2 experiment on the anomalous magnetic
moment of the muon a,, from their Run 1 [36]. The com-
bined result with the one from the E821 experiment at BNL
[37] deviates from the SM prediction2 by 4.2¢,

'We label with the subscript SM the quantum numbers of
the corresponding field under the Standard Model gauge
group SU(3)c ® SU(2), ® U(1)y.

There are results from lattice QCD that are compatible with
the experimental value [38].
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Aa, = a;* —aiM = (251 £59) x 1071 (2)

There have been different proposals of theories beyond
the SM to explain this anomaly; see e.g., Refs. [39-54].
These results for Rg and (g—2),, which are naturally
expected if new physics is around the multi-TeV scale,
could help us find a new direction for physics beyond the
Standard Model.

In this article, we investigate the possibility to explain
the experimental value of R in two main scenarios. In the
first scenario the scalar leptoquark @5~ (3,2,—1/6)gy
gives the main contribution to the relevant meson decays,
while in the second scenario the scalar leptoquark @®4 ~
(3,2,7/6)gy plays the main role to explain the value of
R - In the second scenario, @, couples mostly to electrons
as required by constraints from lepton flavor violation.

We also show that the component gbi/ 3 of @,, due to the
enhancement by the factor m,/m,,, can explain the reported
value of the anomalous magnetic moment of the muon by
the Muon g — 2 Collaboration. Moreover, we show that the
theory of minimal quark and lepton unification can address
simultaneously the anomaly in R4 and the experimental
value of (g — 2),. In these scenarios, @3 and @, explain the
flavor anomalies while ®, addresses the (g —2), through
its couplings mainly to muons, so that the predictions are
consistent with constraints from lepton flavor violation.

This article is organized as follows: in Sec. II we discuss
the minimal theory for quark-lepton unification at the low
scale, in Sec. III we investigate the predictions for meson
decays and discuss the different leptoquark candidates to
explain the experimental value of Rg. In Sec. IV we
discuss the possibility to explain the recent experimental
results for the g — 2 of the muon and demonstrate that the
theory can address the anomalies in the clean observables
involving b — s transitions and the muon g — 2. Finally, in
Sec. V we summarize our main findings.

II. MINIMAL THEORY FOR QUARK-LEPTON
UNIFICATION

The minimal theory for quark-lepton unification that can
describe physics at the TeV scale was proposed in Ref. [6].
This theory is based on the gauge symmetry,

Yo = SU(4)c ® SU(2), ® U(1)g,

and the SM matter fields are unified as
u v
F = ~ 4, 2, 0 )
a=(y 1)~u20
F,=(u¢ 1°)~(4,1,-1/2), (3)

and F,=(d° e°)~(4,1,1/2). (4)

Here all the SM fields and 1 are in the left-handed
representation, and the unification for quarks and leptons
is for each SM family. This theory can be seen as a
low energy limit of the Pati-Salam model based on
SU4)- ® SU(2), ® SU(2)g, when the SU(2), symmetry
is broken to U(1)g. One can also obtain the gauge
symmetry Gqy. from a unified theory based on SU(6).
In this theory the gauge fields live in

G, X,/V2
A, = < g Z ) +T4B, ~(15,1,0), (5)
X:/V2 0
where G, ~ (8,1,0)g, are the gluons, X, ~ (3,1,2/3)gy
are vector leptoquarks, and B, ~ (1,1,0)gy. The Higgs
sector is composed of three scalar representations:

H] =(H" H°)~(1.2,1/2),

¥ = &)~ (41,1/2), and

(o}

®= ( ’

@,

Here H, ~(1,2,1/2)qy is a second Higgs doublet,
Dg ~ (8,2,1/2)gy, and the scalar leptoquarks @3 ~
(3,2,-1/6)gy and @, ~ (3,2,7/6)gy. The T, generator

of SU(4). in the above equation is normalized as
T, = #gdiag(l, 1,1,-3). The Gq. gauge group is sponta-

q:f) + V2T, Hy ~(15.2,1/2).  (6)

neously broken to the SM gauge group by the vacuum
expectation value (VEV) of the scalar field (y%) = v,/v/2,
which gives mass to the vector leptoquark X, defining the
scale of matter unification.

The Yukawa interactions in this theory are given by

—L, =Y \FoUF ,H 4+ Y,FoLF,® + Y3H|FoLF,
+ Y, ®'Fo F,+He., (7)

and the mass matrices for the SM fermions read as

U 1 (%) D U1 \/§ Uy
My=Y, v v, mp—y ZL_VIy 2
vTNV2 3 V2 'V2 22
(8)

U 1 Uy (28] \/§ Uy
Mp=villis —y, 2 My=y, LYy "2
D 3\/§ 2\/§ 4\/§ E 3\/§ B 4 3
9)

Here the VEVs of the Higgs doublets are defined as (H?) =
v/ v/2 and <H(2)> =1,/ /2. Notice that without the scalar
field ® one cannot generate a consistent relation for
charged fermion masses. Now, in order to generate small
neutrino masses at the low scale one needs to go beyond the
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canonical seesaw mechanism. We can generate small
Majorana masses for the light neutrinos if we add three
new singlet left-handed fermionic fields S ~ (1,1,0) and
use the following interaction terms [6], which emerge in the
Lagrangian once the fermion singlets are included,

1
L4, = YsF xS + E,uSS + H.c. (10)

In this case the mass matrix for neutrinos in the basis
(v, 14, S) reads as

0 MP 0 v

M)t 0 My (v) (11)

0 M)" wu)> s

(LeS)

Here MP? is given by Eq. (8) and M? = Y5v,/\/2. The
light neutrino mass is given by

m, ~ p(M7)*/(M7)?, (12)

if M2 > MP > y holds. Such a hierarchy is motivated by
the different scales of the theory: Mf x v, which deter-
mines the scale of matter unification, M? « v, ,, which
defines the electroweak scale, and y is instead protected by
a fermion symmetry, so that it is technically natural to
assume it is small. Notice that neutrinos would be massless
in the limit 4 — 0, which is the usual relation in the inverse
seesaw mechanism.

The vector leptoquarks, X, ~(3.1,2/3)gy, have the
following interactions:

L D QL}/ﬂfL + lle}’”I/R + HR}/ﬂeR) + H.C., (13)

9a
vl
where the gauge coupling g, is equal to the strong coupling
constant evaluated at the quark-lepton unification scale and
(vg)¢ = (v°);. See Appendix A for details of the inter-
actions in the physical basis.

The Yukawa interactions in Eq. (7), other than generat-
ing the mass of the fermions, contain new Yukawa inter-
actions with respect to the Standard Model. Particularly, the
predicted scalar leptoquarks, ®;~ (3,2,—1/6)gy and
D, ~(3,2,7/6)g\, have the following interactions with
quarks and leptons:

—LG D Y20,D3(1) + Yol 1 Py(uc), + Y, 6L ®5(d°),
+ Y40, @} (e¢), + Hec. (14)

We note that neutrino masses can be small even when
Y, — 0, due to the inverse seesaw mechanism, but the
entries in Y, cannot be arbitrarily small because one needs a
realistic relation between down quarks and charged lepton
masses,

Y4:\/§i(MD_ME)- (15)

21)2

The scalar leptoquarks @5 and @, can be written in SU(2),
components as

1/3 5/3
o 3 o 4
(I)3 = < _2/3> and (I)4 = <¢2/3>, (16)
3 4

where the numbers in the superscript denote the electric
charge. In Appendix A we present the interactions of the
leptoquarks in the physical basis, where the fermions are
mass eigenstates. For some phenomenological studies of
this theory see, for example, Refs. [25,55].

III. MESON DECAYS: Ry AND Ry-

The theory predicts the existence of a vector leptoquark,
X, and two scalar leptoquarks, ®; and ®,, among other
fields. The interactions of the X, leptoquark are determined
by several unknown unitary mixing matrices; see
Appendix A for details. Unfortunately, one cannot explain
easily the values of Ry and satisfy the bounds from the
experimental constraints on K; — e*u¥ when the mixing
matrix is unitary. See the studies in Refs. [25,33] for details.
Consequently, we focus this study on the scalar leptoquarks
that the theory predicts.

The interactions of the scalar leptoquarks with the
Standard Model fermions are needed to render the fermion
masses realistic, and therefore cannot be assumed small. In
particular, in Egs. (8) and (9) one can see that Y, can be
neglected, but Y, must be nonzero in order to have a
consistent relation between the charged leptons and down
quark masses. For simplicity, in this section we will study
scenarios where we take the limit Y, — 0, and hence, the
interactions of the scalar leptoquarks with the SM fermions
are given by

ab(Th a1 /3N% a1 Tb =23\ a | =b/45/3\%. a
—Ly = Y4b(d}1}e( 3/ %3 +d117e(¢3 / )ef +e}1)e( 4/ ) uf
+eb(42)"d%) + Hee., (17)

which in the basis where the fermions are mass eigenstates
read

~Ly = Ve (") vy
+ A% (K3 Vs Va) (9577 ef + 23Vl () ug
+ &b (K, VEuK i Vﬁ)“b@ﬁ”)*di +H.c. (18)

To determine the parameters quantifying the leptoquark
interaction with fermions, i.e., the corresponding coupling
and the leptoquark mass, the predictions of the theory
should be contrasted with experimental measurements.
Strikingly, both scalar leptoquarks contribute to b — s
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transitions through their coupling between the charged

leptons and down quarks, via the ¢3_2/ 3 and qﬁi/ ? fields.
Therefore, in light of recent deviations reported by the
LHCb on such transitions, we should ask the theory to
accommodate the experimental results, being the largest
deviation 3.1¢ in the clean observable R. In the following
phenomenological analysis we are only considering the
|

o2 4Gp
L D—=V,Vi
eff \/E th 4

whose Wilson coefficients are determined after integrating ¢3_2/ 3

[C9ff(57uPRb) (r'e) +

clean observables; namely, the ratios R and the branch-
ing fraction of the leptonic decays Br(B = Te7).

A. Scalar leptoquark o5 2/3

The scalar leptoquark ¢3 3 contributes to the following
dimension six effective interactions:

105/(57’;4PRb)(;ﬂ}’”7’5fﬂ +Hec, (19)

out and are given by

(K§ V;MNS V4)f3 (K3 VPMNS Vj)fz

C e _< vz )
10¢¢ 9¢¢ GV, Via

(K3VinnsVa) " (K3 Venns Vi) 2

~ (36 TeV)?

o,

The fact that the theory predicts C',, =
of a single Wilson coefficient C),,,

Br(B, — £+¢7)

20
aM? (20)

3

—Cj,, allows us to write the leptonic branching ratio B, — £¢~ as a function

= Br(B, — ££)gy x (1 + 0.4875Re[C},,,] + 0.05940|C,,,[?). (21)

where for the Standard Model prediction we take Br(B; — u*pu~)gy = 3.66 x 10 [56] and Br(B; — eTe™)gy =
8.35 x 10714 [57,58]. The same applies to the rest of the clean observables we are considering,3

e 5040Re[C}(,,] 4 0.06359|C}g,,|* for & € 11.1.6] GeV2 2

_ C -1, ’
L ) 5040Re[C’10€e} +0.06359[Clo, 2 1 o -

1 +0.4335Re[C)y,,] + 0.07473|C),, |
Ry = REM M for ¢2 C [1.1,6] GeV2, 2
K K1 4+0.4325Re| 10ee] +0.07472|C},,. |7 oracl e )
y | +0.2363Re +0.03266/C"

RK [ 10;4/4] | 10””| for q2 - [0045, 11} GCVZ- (24)

For the contributions to the Wilson coefficients from the
SM we take C5M = —0.304, C3M =4.211, and C)! =
—4.103 [61].

In Fig. 1 we show the parameter space in the Br(B, —
utu™) vs Br(B; — ete™) plane that satisfies the exper-
imental value of R at the 1o level [10]; see Eq. (1). We
note that, due to the quadratic dependence of the observ-
ables on C',,, for a given Br(B; — u*u~) and Br(B; —
ete™) there exist four possible values of Ry allowed. In
this figure we present the solution that is also consistent
with the measured window for Rg. We also take into
account the existing experimental bounds on the leptonic

3For the calculation of the ratios Rk and Ry« we adopt the
form factors from Ref. [59] and Ref. [60], respectively.

& 1 + 0.2252Re[C)p,,] + 0.03127|C},,. >

decay to muons [62] and to electrons [63], which are
given by

Br(B, » putp™)™® =3.0+£0.6705 x 107, (25)

Br(B, — ete™)™ <28 x 1077, (26)

The region shaded in gray in Fig. 1 shows explicitly the
parameter space satisfying Br(B; — u*pu~ )P [62] at the
1o level. As the figure shows, we find that there is a region
of the parameter space that satisfies Ry" and Br(B, —
utu™)®*P at 16 which corresponds to the overlapping region
between the regions shaded in gray and in orange in
the plot.
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In Fig. 2 we plot the correlation between the semi-
leptonic ratios for the different ¢> ranges tested at

of RE" and Br(B; — ptu~)®P at the lo level. We note
that the theory predicts a window for Ry that is

experiment for the values of Br(B, — utu~) and  consistent with the experimental values of this
Br(B, — e"e™) consistent with the experimental values observable [64],
|
exp _ {0.66j3;571 (stat) £ 0.03(syst) for 0.045 < ¢* < 1.1 GeV?, o)
K 0.69101 (stat) £ 0.05(syst) for 1.1 < ¢ < 6.0 GeV?,

which deviate from the Standard Model prediction by 2.2¢
and 2.40, respectively. Since the main focus of our work is
to explain Rx and Br(B; — ppu~), we aim to reproduce

(I)B ~ (3727 _1/6) > ¢;2/3
| | R(Iifp:l:lo' '

e Br(By — ptpT )P+ 1o

2.5 3 3.5 4
Br(By — ptp~) x 1077

FIG. 1. The orange band gives the correlation between
Br(B; » e*e”) and Br(B; — utu~) that explains the Ry
experimental measurement within 1o. The gray band corresponds
to the measurement of Br(B, = p"p~) within lo. The black
dashed lines correspond to the SM predictions for each channel.

(I)3 ~ (:_)’7 27 _1/6) B ¢5_2/3

. Ry central value

0.6
Ry + 1o
REY +20
0.5 mm R £ 1o, Br(By — ppm )™ + 1o |]
0.80 0.82 0.84 0.86 0.88 0.90
w1
K

[

these observables within 1o, while for R g+ we consider the
20 ranges. As Fig. 2 shows, for Rg+ in the range 1.1 <
g* < 6 GeV? the full predicted window is in agreement
with the experimental measurement within 1o, while for
0.045 < ¢*> < 1.1 GeV?, the theory prefers higher values
still within 2o of its experimental value.

Figure 3 shows the parameter space in the plane of
the relevant Wilson coefficients Cj,, and Cj,, that

satisfies the experimental value of the clean observables

at the 1o level: Br(B; — p™ ™) in orange and Ry’ in

blue. For R[I(();o45,1.1] and R%;l’ﬁl we consider the 2o range

of the measurements which are shown in red and green,
respectively; between brackets we specify the window of
the integrated g*. As can be seen from the lower left part
of the plot, all observables can be explained by Wilson
coefficients C},, ~ =8 and Cjg,, ~ —9.

As we have shown in this subsection, the simplest theory
where one can understand unification of matter at the
TeV scale naturally accommodates the so-called flavor
anomalies in b — s transitions observed at experiment.
As one can read from the Wilson coefficients in Eq. (20),
such transitions particularly imply the presence of four
entries in the Yukawa matrix between the charged leptons
and the down quarks, which in the physical basis reads as

by ~ (3,2,-1/6) D ¢y /°

0.9
0.8

RY central value

R+ 1o
0.5 REP 420

mm R t1lo, Br(By = ptp )™ £ 1o
0.4
0.80 0.82 0.84 0.86 0.88 0.90
RILLY
K

FIG. 2. The purple band gives the prediction for Rg- in the window 0.045 < ¢*> < 1.1 GeV? (left panel) and 1.1 < g*> < 6 GeV?
(right panel) for the points satisfying Ry" and Br(B, — u"u~)®*P within lo. The region shaded in orange (light orange) corresponds to

the measurement of Ry at 1o (20).
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Oy~ (3,2, —1/6) D ¢y *

.-II
h

o e
_9}f ‘-' R,0.045.1.1J
ol D7

191098765432—101

CIO;LM

FIG. 3. Parameter space of the Wilson coefficients C,,, and
C/mW required to explain the flavor anomalies. The orange band
is in agreement with the measurement of Br(B, — u*u~) and the

blue band with Ry within lo. The red and green bands

correspond to the measurements of R[,(()*ms ") and R[l Ll

20, respectively.

within

V4 = K5Vins Va» as can be read from Eq. (18). However,
the rest of the couplings in this matrix may lead to other
flavor transitions, such as K; — u*e¥ and 7 decays to light
mesons and a charged lepton, which suffer from strong
experimental constraints. Requiring consistency with the
experiment allows us to infer the texture of the Yukawa
matrix V,. By adopting the following hierarchy in their
entries:

00
0 0 (8)

Vi =

where the squares denote large entries while the dots
denote small entries, the theory can accommodate the
experimental values of the clean observables involving

#°  AGp
‘Ceff - \/2

where the Wilson coefficients are given by

th Vts 4

b — s transitions while being consistent with all existing
flavor constraints. Notice that lepton flavor violation
processes such as the radiative decays y — ey or the muon
magnetic moment (g — 2),, do not offer relevant constraints
to the four matrix entries involved in b — s transitions
since they suffer from the muon mass suppression and a
near cancellation of the loop functions due to the lepto-
quark charge of |Q)q|=2/3. We refer the reader to
Appendix B for more details.

The leptoquark ¢3_2/ 3 can also induce the decays B —
Ku*eT and B, — u*eT; however, these decays depend on
a different combination of couplings than the ones that
enter in Ry, and hence, there exists enough freedom in
the Wilson coefficients for this decay to satisfy the
experimental constraint. Furthermore, C', will also modify
the B, — B, mass difference at one-loop that leads to the
constraint |C} 0|M o S <100 TeV [65]. Since we need

o=~—9 to explaln the flavor anomalies, the mass of
the leptoquark must satisfy M RS < 10 TeV.

On the other hand, we note that ¢3 which also belongs
to the SU(2), doublet in Eq. (18), shares the entries of V,
up to the effect of the Vpyg and some complex diagonal
phases. Knowing the texture of V, from the interactions

involving qb;z/ 3 the theory predicts a modification of
processes such as B — K*)up and B; — vi. The current
experimental bound on the former is given by Br(BT —
Ktwp) < 1.7 x 1073 [66], which is a factor of 3 larger than
the prediction in the SM Br(B* — K*ui)g, = 5.6 x 107°
[67], and Br(B" — K**vi) < 4 x 107 [68], still far from
the SM prediction Br(B* — K**uvi)gy = 9.6 x 1076 [67].
Because of this and the large uncertainties in the hadronic
form factors, it is hard to obtain constraints from these
observables.
B. Scalar leptoquark ¢2/ 3

The scalar leptoquark (;54 contributes to the following

dimension six effective interactions:

[C9L”f(snyL )(&7*€) + Cioze (37, PLb)(€7"ys¢)] + Hec., (29)

Cirr = Copp — — V2 (KZV(T:KMKlV6)3f(K§V(T:KMKTVE)2f (30)
T GV Via M
4
In this case the leptonic branching ratio is also given as a function of a single Wilson coefficient, Cyzp,
BI'(BS g f+l/ﬂ_) = BI'(BS - Z’ﬂ+l’&_)SM X (1 - 0487448Re[C10”] + 00594014|C10ff|2), (31)
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2/3
- ®y~ (3,2,7/6) D ¢} <I>4~(327/6)D¢52/3
L5t ] e —-— Br(B‘ — )™ £ 1o
1.0} i 516
0.5} L I X1
8 |
S 0.0f i p
Qo 05k e R004511] JTF 13

RENy S

—1.5F A 1.1
20957151005 0.0 05 L0 L5 2.0 3 35 1

Crop Br(B, — ptp) x 107

FIG. 4. Left panel: Parameter space of the Wilson coefficients C¢,, and C|,, required to explain the flavor anomalies. The orange

band is in agreement with the measurement of Br(B; — u"u~) and the blue band with Ry within lo. The red and green bands

correspond to the measurements of R 10045111 3nd R[,;;l’é] within 2o, respectively. Right panel: The orange band gives the correlation

between Br(B; — e"e™) and Br(B, — u" ™) that explains the R x experimental measurement within 1. The gray band corresponds to
the measurement of Br(B, — u*u~) within lo. In both panels, only the region where C)g,, is very close to zero is allowed by
the 4 — ey constraint. Therefore, the prediction for Br(B; — u*u™) is very close to the SM prediction; the latter is shown by a black
dashed line.

as well as the other clean observables we consider,

— 0.01812Re[C)qy,] + 0.06359|Cy(,,, |*

Rx = RM f 2 c[1.1,6] GeV?, 32
K 1—001781Re[C10€e] 006359/ Cgp P P4 € 1161 Ge (32)
—0.08301Re|C + 0.07473|C 2
Ry RK* Crow] | ‘0"”'2 for g2 C [1.1,6] GeV2, (33)
1 — 0.08428Re[Cg,e] + 0.07472|C 1o
1 — 0.04783Re[C},,] + 0.03266|C 10, |
Ry = RM s s for ¢g*> € [0.045,1.1] GeV2. 34
K = R T 0.08600Re[C oo, ] 7 0.03127[Con P ¥ €1 | Ge (34)
Oy~ (3,2,7/6) > ¢ Oy~ (3,2,7/6) > ¢
00 0.9
osf ____———
0.8
— / =
ERRR g, S S O S S —
& R 6
0.6
. REP central value ww. REY central value
RED £ 10 0.5 RED £ 10
0.5 R + 20 R + 20
080 082 084 086 088 0.0 Vo082 081 086 088 0.0
R[l.l,ﬁ] R[u,ﬁ]
K K

FIG. 5. The purple band gives the prediction for Rg- in the window 0.045 < ¢*> < 1.1 GeV? (left panel) and 1.1 < ¢*> < 6 GeV?
(right panel) for the points satisfying R?p within 1o. The region shaded in orange (light orange) corresponds to the measurement of R g+
at 1o (20). We show the solution with small Wilson coefficients.
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In the left panel in Fig. 4 we show our results in the plane
of the Wilson coefficients Cyg,, vs Cj,,. The orange band
reproduces the measured value for Br(B; — pu*u~) while

the blue band reproduces Ry within 1¢. The red and green

bands reproduce the measurements of ,R[I(();O45.1.1] and

R[;;lﬁ] within 20, respectively. In contrast to the ®;
leptoquark, @, can reproduce the observables with small
Wilson coefficients and coupling mainly to electrons;
namely, Cyp,, #0 and Cp,, ~ —1.3. Therefore they will
have a smaller impact on each separate channel. Note that

the component ¢Z/ 3 can give large contributions to u — ey
since the near cancellation on the loop functions that takes

place for (/)i/ 3 does not take place for ¢i/ 3 see Appendix B
for more details. Therefore, in order to be consistent with
the lepton flavor violation constraints, the following texture
in the Yukawa matrix Vg =K, VEuK1Ve must be
adopted,

where the leptoquark @, couples mostly to electrons.

In Fig. 5 we show the correlation predicted for the
ratios Rg- and Ry adopting the texture in Eq. (35). In
the left panel we give the predictions4 for Ry« in the
window 1.1 < ¢> < 6 GeV?, where the purple band is
in agreement with Ry within lo. In the right panel
we show the predictions for Ry« in the window
0.045 < ¢* < 1.1 GeV2.

IV. THE g -2 OF THE MUON

The Fermilab g — 2 experiment has recently reported
results on the anomalous magnetic moment of the muon
a, =(9—2),/2 from their Run 1 [36]. The combined
result with the one from the E821 experiment at BNL [37]
deviates from the SM prediction by 4.26, as Eq. (2)
manifests. In this section we show that in the most general
case, the theory gives a prediction for (g—2), that can
explain the reported deviation, involving the same lepto-
quarks in the theory that have been discussed so far.

In this theory, the main contribution to the muon g — 2 is

generated by the scalar leptoquark 452/ 3 with the top quark
running in the loop. In Fig. 6 we show the Feynman graphs
for the two different topologies. The relevant Yukawa

interactions for the ¢Z/ 3 field are given by

—L 22 (AP, + AP (¢3%) +He.,  (36)

*We note that the experimental value Br(B; — utu™)*P is
already consistent with the SM prediction at 1o.

v

Uj

’ ---573---
Uq 4

FIG. 6. Feynman diagrams for the topologies of the main

contributions from the scalar leptoquark gbi/ "o (9-2) . The

different colors in the vertices indicate opposite chiralities in the
leptoquark-muon coupling.

where the matrices A; p correspond to
)’R = Vg and /IL = _K3VPMNSV§7 (37)

and these matrices can be written in terms of the Yukawa
matrices in the Lagrangian as Vs = N'Y,U. and V¢ =
UTY,E as discussed in Appendix A. The new contribu-
tion to the muon g — 2 can be written as

2
Aa :__3&2 (Mij|2+|/112éi|2)
"6 M2 2
2 5
X <§F](x]) +§F2(x]))

where the loop functions are given by

1

Fi(x) :m(2+3x—6x2+x3+6xlnx), (39)
Fy(x) :ﬁ(l —6x +3x% +2x3 — 6x%Inx), (40)
F3(x) :(1_1x>3 (=3 +4x—x>-2Inx), (41)

Fy(x) = T (1 —x%+2xInx), (42)

with x; = (mu/_ /M ¢5/3)2. Therefore, the dominant contri-
. 4

bution will come from the top quark in the loop.
We present our results in Fig. 7 in the 12 vs M 43 plane.
4

The shaded bands are in agreement with the combined
result from the Muon g — 2 experiment at Fermilab and
E821 at BNL within 1¢ given in Eq. (2). The orange band

corresponds to fixing A% = —423/5, the blue band is for
23 = =23, while the green band is for 1% = —512°.

The contributions from ¢ 3 and (/)i/ 3 to the muon g — 2
have chiral suppression and although this can be lifted
through mixing, the latter is determined by the electroweak
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Oy~ (3,2,7/6) D60 Aag®
10°F
i /\\li’w 5)

313’4 1 -
~ 10— — >\ —
E" >\R B ]——

1072

2 3 4 5 6 7 8 9 10
M¢i/3[TeV}

FIG. 7. Parameter space in the 42> vs M s plane, the shaded
regions reproduce the combined result from the Muon g —2
experiment at Fermilab and E821 at BNL within 1. Different
colors correspond to different relations between the couplings
223 and 1%,

scale and generically it is very small; furthermore, the
constraints from the LHC rule out such a scenario as an
explanation for the (g —2), anomaly [44].

A. Connection between the flavor
and muon g — 2 anomalies

In this section we study the possibility to explain the Ry
and the (g —2) , anomalies simultaneously. For alternative
solutions to both of these anomalies see e.g., Refs. [69-74].
In the theory discussed in this work, the flavor and muon
g — 2 anomalies can be simultaneously explained when we
consider the contributions from both ®; and ®,. As we
have discussed, @, can explain the g — 2 of the muon,
and in order to avoid the strong experimental constraint on

Chop = —0.5Cl
- e Z
2ow‘----

B y N
o AI..I“E
o
8—8—7—6—5—4—3—2—1 0 1

ClOuu

FIG. 8.

Left panel: Same as Fig. 3; we also include a contribution from C,, =

u — ey we assume that @, couples mainly to muons by
adopting the following texture:

V= KoVhukiVe= | - O (43)

O

As we studied in Sec. III A, @5 can be used to explain the
flavor anomalies by being coupled to both electrons and
muons, and hence, we assume the following texture:

O O
O O

‘74 = K3*V1§MNSV4 = (44)

As given in Eq. (37) the coupling 47* is determined by the
matrix V5. Therefore, for the matrix V5 we only require the
entry V2 to be nonzero.

In the left panel in Fig. 8 we show the parameter space
of the Wilson coefficients Cjy,,, Cg,,» and Cig,, assum-
ing that ®, couples mainly to muons [i.e., adopting
the texture in Eq. (43)]. As can be seen in this plot, the
flavor observables can be reproduced with C),,, ~ —6,

o & —5, and for the contribution from ®, we take
Ciop = —0.5C}g,,,-

The entries in the Vs matrix can be written in terms of the
coefficient Cjg,, as follows:

GV, Via
- _4M;i/3 C]O/m (%) ) (45)

where we have assumed K,VxmK; ~ 1, for simplicity.
Notice that one of the couplings, A%’, needed to predict

vREY

(9—2), is 4g = =V, Then, assuming V3> = —V¢*, the
0.4 010652_6 C{Ouu=_5 Cwﬂﬂz_o's C{O,uu
0.3
0.2
S R
[ —-—_—_——
o 0 0 - 4
~< |
T ——
—0.2
0.3
—04

2 3 4 5 6 7 8 9 10
M¢4[T€V]

_0~5Cl10,m~ Right panel: The region shaded in blue is

in agreement with the combined result from the Muon g — 2 experiment at Fermilab and E821 at BNL within 1. We have also fixed the
Wilson coefficients that reproduce the experimental measurements of Br(B, — pp~) and Ry within 16 and Ry within 26.
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Ciop = 1.5 Cloy

A T 4
 rove |

5 T y
A N | 4
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2

1

0
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°5 4 -3-2-10 1 2 3 4 5

!
OlOmt

’ . 1 _ _1 &V
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0.4
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FIG. 9. Left panel: Same as Fig. 3; we also include a contribution from C,, = 1-5C/10W~ Right panel: The region shaded in blue is in
agreement with the combined result from the Muon g — 2 experiment at Fermilab and E821 at BNL within 16. We have also fixed the
Wilson coefficients that reproduce the experimental measurements of Br(B, — u*u~) and R within 16. The predicted values for R g+

are higher than the current central values as discussed in the text.

coupling A%* can be written as a function of M >3 using the
4

above equation. Neglecting the mass splitting between the
fields in ®,, we have M s =M g =Mo,. Therefore,
4 4

the predictions for g — 2 will depend only on two param-
eters, 47> and M, . In the right panel in Fig. 8 we show the
predictions for the Muon g — 2 after fixing the Wilson
coefficients to the values that reproduce the flavor anoma-
lies. The blue band is in agreement with the measured value
of (g—2), within lo. Consequently, there are consistent
scenarios that provide a simultaneous explanation of the
flavor and muon g — 2 anomalies.

There also exists a solution with smaller values for
the Wilson coefficients even though the measured values
for Ry cannot be reproduced. First of all, for qﬁi/ ? to
be able to explain (g—2), at the multi-TeV scale we
need the coefficient Cg,, to be order one, so we set
Cioyu = 1.5C',,, From the left panel in Fig. 9 we see that

10pu
for Cjg,, =0.3 and Cj,,, =0 we can reproduce the

measured values for Ry and Br(B; — u'u™); moreover,
in this scenario the new physics is only coupled to muons.
However, the predictions for Rg- turn out to be larger
than the current observed value. In the right panel of
Fig. 9 we assume that V3> = —V?2? and show the region in
the 4, vs Mg, plane that explains the g — 2 of the muon
within lo.

Focusing on the region that reproduces Br(B; — p*u™)
and R within 1o, in the left panel of Fig. 9, we obtain the

following predictions for R-: RQ;OA'S‘I'I] =1[0.98 — 1.34],

R = [1.08 — 1.85], both are much higher than the
current observed values given in Eq. (27). The values of
the Wilson coefficients on the right panel in Fig. 9
correspond to the lower end in these ranges.

V. SUMMARY

We have discussed the simplest quark-lepton unification
theory that can be realized at the TeV scale [6] and can be
seen as a low energy limit of the Pati-Salam theory.
This theory is based on the SU(4), ® SU(2), ® U(1),
gauge group and, in order to have a consistent theory for
fermion masses at the low scale, neutrino masses are
generated through the inverse seesaw mechanism. This
theory predicts the existence of a vector leptoquark,
X, ~ (3,1,2/3)gy» and two scalar leptoquarks, @3 ~
(3,2,-1/6)gy and @, ~ (3,2,7/6)gy, that can provide
a relevant contribution to meson decays.

We have studied the possibility to explain the exper-
imental values for the clean observables involving b — s
transitions, i.e., Rg, R+ and Br(B; — p' ™), in two main
scenarios. In the first scenario the scalar leptoquark ®;
gives the main contributions to explain the measured values
of the relevant meson decays through couplings to both
electrons and muons. In the second scenario the scalar
leptoquark @, plays the main role to explain the values for
the neutral flavor anomalies; in this scenario the new
physics is coupled mostly to electrons as it is required
by the experimental bound from y — ey. Furthermore, we
showed that @, can be used to explain the g — 2 of the
muon while being consistent with other experimental
bounds.

We found scenarios where we can address simultane-
ously the flavor and the (g — 2), anomalies, in which both
leptoquarks @5 and @, play a role. In these scenarios, the
recent experimental results for Ry and Ry~ are explained
by contributions from @5 and ®,, with Wilson coefficients
of the same order as in the SM, while the measured value of
(9 —2), can be addressed by coupling @, mostly to muons,
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so that the aforementioned anomalies can all be explained
in consistency with constraints from lepton flavor violation.
We hope that, in the near future, more experimental data
and an improvement of the theoretical predictions will
determine whether these anomalies represent final evidence
for new physics, and whether the minimal theory for quark-
lepton unification can be behind them by contrasting
alternative predictions with experimental results.
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APPENDIX A: LEPTOQUARK INTERACTIONS

In our convention the mass matrices are diagonalized as

UTMUUC - M(é/ivaga (Al)
D™MpDc = M3, (A2)
E"MyEc = M3, (A3)

The following matrices enter in the leptoquark inter-
actions below:

V, = Ni.U, V, = Ei-De, Vy=UTY,N, V,=NT"Y,Dc, Vs =NTY,Ue, and Vg = UTY,E;
VDE = DTE, UTD = K] VCKMKZ? and ETN = K3VPMNS'
K| and K5 are diagonal matrices containing three phases, ; ‘ 53
while K, has two phases. u CVe(e) (93"7)", (Al4)
(i) Vector leptoquark X, ~ (3,1,2/3)gy:
AT CKLVEeuK Vo) (¢37).  (A15)
g4 - L2 VegmB&iVele )@y
~—d; Vpgr*er X,, A4
/2 LYDEV €L (Ad)
94 Noti that wh Y 0 th tri 1% 0
74§ML(K1VCKMK2VDEK3VPMNS)}’”VLX . (AS) and (‘)/;Ci 0. abowen e ¢ matees ¥s =
94 7=
— ), Vir*(u°), X, A6
/2 Vi) X, (48) APPENDIX B: BOUNDS FROM p — ¢y
94 e In this Appendix we discuss the implications from the
ﬁ(e )L Vark(d€) X, (A7) experimental bounds on u — ey on the three scenarios
studied in this work: s
(ii) Scalar leptoquark @5 ~ (3,2, —1/6)g\: (i) @3 scenario: In this case only the field ¢; /
contributes to y — ey but its contribution is chiral
u{ CV4(vr), ¢;2/37 (A8) sug;/gressed. Furthermore, the contribution from
¢5”"" has a near cancellation in the loop functions
—dTCK VI K c 1/3 A due to the electric charge of —2/3; this is because in
di CKyVexmK1 Vs (v9) .95, (A9) the limit x — 0 the loop functions approach
. . 13y Fi(x) - 1/3 and F,(x) - 1/6, and hence, the
v CVa(de) (d57)", (A10) combination Q,F;(x) — Q1 oF>(x) # O(x) (ie., it
)3 almost vanishes).
el CKVinms Va(d€) (@5 / ). (All) (i) @, scenario: In this case two fields, qbﬁﬁ and ¢i/3,
contribute to u — ey. The contribution from gbi/ Y is
(iif) Scalar leptoquark ®; ~ (3.2.7/6)su: suppressed as in the case of ¢ 213 discussed above.
3 ill gi -
TV (uc), 23, Al However, the component ¢~ can still give a con
vLCVs ()¢ ( ) tribution to this observable larger than the current
Ty o 453 experimental bound. The decay width is given by
—e; CK3Vins Vs (u€) L3 (A13) [75,76]
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T(u — ey) % s Z‘ Z
5/2
2
x [Q,F(x;) + QroF2(x;)]| . (B1)
with x; = (mu_/M¢5/3)2, g = VL, and assuming
/ 4

Vekm ~1 we have that Vo ~ V. In Fig. 10 we
show the parameter space in the A vs M P plane.
4

The region shaded in red is excluded by the
experimental bound Br(u — ey) <4.2 x 10713
[77]. This is the motivation behind the texture
chosen in Eq. (35) with couplings mostly to elec-
trons. For the plot we have chosen the benchmark
values of 1z = A% = -2 = 152 /36 = 412/36, so
that we obtain Cig,, =107 and Cjp,, = —1.3,
which are able to explain the flavor anomalies.
We are also taking Mg, = M¢i/3 = Mq,)im since
the mass splitting cannot be large.

(iii)) D3 & D4 scenario: In Sec. IVA we discussed the
scenario where both fields, ®; and ®,, contribute to
the flavor anomalies and the connection between
the predictions for R and (g — 2),. In this case, the
bound from u — ey can be satisfied because the
coupling of @, to electrons is suppressed and the @5

<I>4~(3 2, 7/6)3¢>5/3 [ — ey

Br(p — ey) <4.2-10713

2 Ar=AF = —AZ = AIF/36 = A\}/36
=== Cloee =—13  Ciguu=1073
103
2 3 4 5 6 7 8 9 10
M©5/3 [Te\/]
4

FIG. 10. Parameter space in the Az vs M 312 plane, the region
shaded in red is excluded by the experlmental bound Br(y —
ey) < 4.2 x 10713 [77]. The other couplings have been fixed to

Ar =A% = =1 = A} /36 = 2}2/36 so that we obtain Cq,, =
1073 and C,p,, = —1.3 which are able to explain the flavor
anomalies.

contribution to such processes is also suppressed,
and therefore, this bound can be neglected as in the
first case discussed above.
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