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Motivated by the R ) anomalies, we investigate an SO(10) grand unification scenario where a charge
—1/3 scalar leptoquark (S;) remains as the only new physics candidate at the TeV scale. This leptoquark
along with the Standard Model (SM) Higgs doublet originates from the same ten-dimensional real scalar
multiplet in the SO(10) grand unification framework taking its mass close to the electroweak scale. We
explicitly show how the gauge coupling unification is achieved with only one intermediate symmetry-
breaking scale at which the Pati-Salam gauge group is broken into the SM group. We investigate the
phenomenological implications of our scenario and show that an S; with a specific Yukawa texture can
explain the R, anomalies. We perform a multiparameter scan considering the relevant flavor constraints
on Ry, Fr.(D*), P.(D*) and R%, as well as the constraint coming from the Z — 77 decay and the latest

77 resonance search data at the LHC. Our analysis shows that a single leptoquark solution to the observed

R anomalies with Sy is still a viable solution.

DOI: 10.1103/PhysRevD.101.015011

I. INTRODUCTION

During the past few years, several disagreements
between experiments and the Standard Model (SM) pre-
dictions in the rare B decays have been reported by the
BABAR [1,2], LHCb [3-7] and Belle [8—11] collaborations.
So far, these anomalies have been quite persistent. The
most significant ones have been observed in the Ry, and
Ry observables, defined as,

BR(B—)D) V)

Ry and
P9 T BR(B — DMw)
BR(B — K* ,u ,u )
R]((*)
BR(B —» KMete™)’

Here, ¢ = {eor u} and BR stands for branching ratio. The
experimental values of R;, and Rp- are in excess of their
SM predictions [12—-15] by 1.46 and 2.50, respectively,
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(combined excess of 3.08¢ in R) based on the world
averages as of spring 2019, according to the Heavy Flavor
Averaging Group [16], whereas, the observed Ry and Rg-
are both suppressed compared to their SM predictions
[17,18] by ~2.60.

One of the possible explanations for the B-decay
anomalies is the existence of scalar leptoquarks whose
masses are in the few-TeV range [19—53]).] Leptoquarks,
which posses both lepton and quark couplings, often exist
in the grand unified theories (GUTs) or in the Pati-Salam-
type models. Considering that the LHC searches, except for
these anomalies, have so far returned empty handed, if the
leptoquarks indeed turn out to be behind these anomalies, it
is likely that there will only be a small number of particles
to be discovered. However, their existence in small num-
bers at the TeV scale would be curious in terms of its
implications regarding physics beyond the Standard Model.
Scalars in these models mostly come in large multiplets and
it would be peculiar that only one or a few of the
components become light at the TeV scale while others
remain heavy. Mass splitting is actually a well-speculated
subject in the literature in the context of the infamous
doublet-triplet splitting problem in supersymmetric theo-
ries and GUTs. From this point of view, even the SM Higgs

'See Refs. [54-61] for the vector-leptoquark solutions pro-
posed to explain the B-decay anomalies.
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in a GUT framework is troublesome if it turns out to be the
only scalar at the electroweak (EW) scale.

In this paper, we consider a single scalar leptoquark,
S1(3,1,-1/3), at the TeV scale, in the SO(10) GUT
framework [62-75]. This particular leptoquark was dis-
cussed in the literature to be responsible for one (or
possibly both) of the R,w» and Ry anomalies
[21,22,25,32]. (Later, however, it was shown in
Ref. [45] that a single S; leptoquark can only alleviate
the Ry« discrepancy, but cannot fully resolve it.)
Furthermore, it is contained in a relatively small multiplet
that resides in the fundamental representation of the SO(10)
group, a real 10, together with a scalar doublet with the
quantum numbers that allow it to be identified as the SM
Higgs. Therefore, S| being the only light scalar entity other
than the SM Higgs doublet is justified in this scenario. A
future discovery of such a leptoquark at the TeV scale could
be interpreted as evidence in favor of an SO(10) GUT.

It has been argued in the literature that a real 104 in the
minimal SO(10) setup (even together with a real 120, or a
complex 1204) is not favored in terms of a realistic Yukawa
sector [68]. On the other hand, it has been recently
discussed in Ref. [75] that a Yukawa sector consisting of
areal 10, areal 1205 and a complex 126, can establish a
realistic Yukawa sector due to the contributions from the
scalars whose quantum numbers are the same as the SM
Higgs doublet. Thus, this is the scalar content we assign in
our model for the Yukawa sector.

The inclusion of §; in the particle content of the model at
the TeV scale does not improve the status of the SM in
terms of gauge coupling unification, which cannot be
realized by the particle content in question. Fortunately,
in the SO(10) framework, there are other ways to unify the
gauge coupling constants, in contrast to models based on
the SU(5) group which also contains such a leptoquark
within the same multiplet as the SM Higgs. As we illustrate
in this paper, inserting a single intermediate phase where
the active gauge group is the Pati-Salam group, SU(4), ®
SU(2), ® SU(2)g, which appears to be the favored
route of symmetry breaking by various phenomenological
bounds [71], establishes coupling unification as desired. In
our model, the Pati-Salam group is broken into the SM
gauge group at an intermediate energy scale M-, while SO
(10) is broken into the Pati-Salam group at the unification
scale M. We consider two versions of this scenario,
depending on whether the left-right symmetry, so-called
D parity, is broken together with SO(10) at M, or it is
broken at a later stage, at M., where the Pati-Salam
symmetry is broken into the SM gauge symmetry.

Light color triplets, similar to the one we consider in this
paper, are often dismissed for the sake of proton stability
since these particles in general have the right quantum
numbers for them to couple potentially dangerous opera-
tors that mediate proton decay. On the other hand, the
proton stability could possibly be ensured through various

symmetry mechanisms such as the utilization of Peccei-
Quinn (PQ) symmetry [68,76], other U(1) symmetries such
as the one discussed in Ref. [77], or a discrete symmetry
similar to the one considered in Ref. [22]. Operators
leading to proton decay could also be suppressed by a
specific mechanism such as the one discussed in Ref. [78]
or they could be completely forbidden by geometrical
reasons [38]. In this paper, we adopt a discrete symmetry as
suggested in Ref. [22], assumed to operate below the
intermediate symmetry-breaking scale even though it is
not manifest at higher energies.

Motivated by the possible existence of a single TeV-scale
S, in the SO(10) GUT framework, we move on to
investigate the phenomenological implications of our
model. In Ref. [22], it was shown that a TeV-scale S,
leptoquark can explain the R anomalies while simulta-
neously inducing the desired suppression in Ry, through
box diagrams. Since the most significant anomalies are
seen in the R, observables, in this paper, we concentrate
mostly on scenarios that can accommodate these observ-
ables. Generally, a TeV-scale §; requires one Yukawa
coupling to be large to accommodate the R,y anomalies
[32,45]. This, however, could create a problem for the b —
st transition rate measured in the R observable. In the
SM, this decay proceeds through a loop whereas S; can
contribute at the tree level in this transition. Therefore, the
measurement of R¥ is very important to restrict the
parameter space of 51.2 Some specific Yukawa couplings
of §; are also severely constrained from the Z — 7z decay
[47] and the LHC 77 resonance search data [48]. Therefore,
it is evident that in order to find the R . -favored parameter
space while successfully accommodating other relevant
constraints, one has to introduce new d.o.f. in terms of new
couplings and/or new particles. Here, we consider a
specific Yukawa texture with three free couplings to show
that a TeV-scale S, consistent with relevant measurements,
can still explain the R, anomalies.

The rest of the paper is organized as follows. In Sec. II,
we introduce our model. In Sec. III, we display the
unification of the couplings for two versions of our model.
In Sec. IV, we present the related LHC phenomenology
with a single extra leptoquark S;. We display the exclusion
limits from the LHC data and discuss related future
prospects. We also study the renormalization group (RG)
running of the Yukawa couplings. Finally in Sec. V, we end
our paper with a discussion and conclusions.

II. THE SO(10) MODEL

In our SO(10) model, we entertain the idea that the SM
Higgs doublet is not the only scalar multiplet at the TeV

One can avoid this conflict by introducing some additional
degrees of freedom (d.o.f.), as shown in Ref. [30]. There, the authors
introduced an S5 leptoquark in addition to the S to concomitantly
explain Ry, and Ry, while being consistent with RY.
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scale, but it is accompanied by a leptoquark §; =
(3,1,—1/3), both of which reside in a real ten-dimensional
representation, 10, of SO(10) group. The peculiar mass
splitting among the components of this multiplet does not
occur, leading to a naturally light scalar leptoquark at the
TeV scale.

We start with a real 10 of SO(10) whose Pati-Salam and
SM decompositions are given as

10 = (172’ 2)422 7] (6, L, 1)422

1 1 1
=(12;) o (1,2,——> @ (3,1,——)
( 2)321 2 321 3 321

H H* S,

= 1
@ <3’1’_> ) (1)
3 321
—_——

5

where subscripts denote the corresponding gauge group
and we set Q =13+ Y.

The scalar content we assign for the Yukawa sector
consists of a real 10y, a real 1204, and a complex 126,
which establishes a realistic Yukawa sector through mixing
between the scalars whose quantum numbers are the same
as the SM Higgs doublet, as shown in Ref. [75]. Note that

16 ® 16 = 10, @ 120, & 126,, (2)

where 16 is the spinor representation in which each family
of fermions, including the right-handed neutrino, resides in.
The subscripts s and a denote the symmetric and anti-
symmetric components. The Pati-Salam decompositions of
120 and 126 are given as

120 = (1.2.2) 45, @ (1, 1,10) 40, @ (1, 1’1_0)422
@ (6.3, 1)42 @ (6,1.3)43, @ (15.2.2) 425,
126 = (10,3, 1) 4, & (10,1,3) 45, & (15,2,2) 4,
® (6,1, 1) 1. (3)

The Yukawa terms are then given as

L:y = 16F(Y1010H —+ Y120120H + Y126m[.1)161: + H.C.,
(4)

where Y, and Y ,4 are complex Yukawa matrices, sym-
metric in the generation space, and Y|,y is a complex
antisymmetric one.

The SM doublet contained in ¢(1, 2, 2),,, of 10 is mixed
with other doublets accommodated in ¢(1,2,2),,, and
%(15,2,2),,, of the real multiplet 120 and (15, 2, 2),,, of
126, yielding a Yukawa sector consistent with the observed
fermion masses [75]. The fermion mass matrices for the up
quark, down quark, charged leptons, Dirac neutrinos and
Majorana neutrinos are given as [75]

)Y1207

Mp = v10Y 10+ v Y 126 + (9120 + ”120) 120
15

My =vioY10+ vixYi26 + (”120 + ”1

Mg = v19Y 19— 3v%6Y 126 + (Ulzo - 3”120 )Y 120,
M,, = v10Y10 = 305V 126 + (”120 3’”120 )Y 1205
M, =vriY1i2, (5)

where v%(v¢) are the presumed vacuum expectation values
of the neutral components of the corresponding bidoublets,
contributing to the masses of the up quarks and the Dirac
neutrinos (the down quarks and the charged leptons), and
where

— U d
1]10:7]10—7_)10,

1 _ w1 _ d(1)
V2o = V120 = V120 >

(15) _ u(15) d.(15)

Voo = V2o = Vi20 > (6)

due to the reality condition of 10 and 120. The superscripts
(1) and (15) denote the doublets residing in ¢(1,2,2),,,
and %(15,2,2)4,, of 120, respectively. vy in the Majorana
mass matrices given in Eq. (5) is the vacuum expectation
value of the SM singlet contained in (10, 1,3),,, and is
responsible for the heavy masses of the right-handed
neutrinos (type-I seesaw), and v, ~ vrviy/M%y,r is
induced by the potential term 10%,120% and is responsible
for the left-handed Majorana neutrino masses (type-II
seesaw) [75].

For the symmetry-breaking pattern, we consider a
scenario in which the intermediate phase has the gauge
symmetry of the Pati-Salam group SU(4), ® SU(2), ®
SU(2)g- Note that this specific route of symmetry breaking
appears to be favored by various phenomenological bounds
[71]. We consider two versions of this scenario depending
on whether or not the Pati-Salam gauge symmetry is
accompanied by the D-parity invariance, a Z, symmetry
that maintains the complete equivalence of the left and right
sectors [65,66,79], after the SO(10) breaking. The sym-
metry-breaking sequence is schematically given as

so(10) 24 ¢ e, Gy (SM) 24 G
N —_— —_—
(210) (or (54) 422 (or 422D) 126, 321 o) 315
(7)
where, we use the notation,
Guoop =SU(4) @ SU(2), ® SU(2)z ® D,
G = SU(4), ® SU(2), ® SU(2);.
G31 =SU(3)c ® SU(2), ® U(1)y,
G31 =SU(3)c ® U(1),. (8)
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The first stage of the spontaneous symmetry breaking
occurs through the Pati-Salam singlet in the SO(10)
multiplet 210, acquiring a vacuum expectation value
(VEV) at the unification scale My,. This singlet is odd
under D parity and, therefore, the resulting symmetry group
is Gy, in the first stage of the symmetry breaking. In the
second step, the breaking of G4y, into the SM gauge group
Gs,; is realized through the SM singlet contained in
Ag(10,1,3)4, of 126, acquiring a VEV at the energy
scale M-, which also yields a Majorana mass for the right-
handed neutrino. The last stage of the symmetry breaking is
realized predominantly through the SM doublet contained
in ¢(1,2,2)4,, of 10. The mass scale of these Pati-Salam
multiplets is set as M, the energy scale at which the Pati-
Salam symmetry is broken into the SM, while the rest of the
fields are assumed to be heavy at the unification scale M.
The only d.o.f., assumed to survive down to the electro-
weak scale, are the SM Higgs doublet and the color triplet,
Si. We call this model A;.

In the second scenario, which we call model A,, the first
stage of the symmetry breaking is realized through the Pati-
Salam singlet contained in 54, which acquires a VEV. This
singlet is even under D parity, and therefore, D parity is not
broken at this stage with the SO(10) symmetry, and the
resulting symmetry group valid down to M is G4y,. The
rest of the symmetry breaking continues in the same way as
in model A;. Consequently in model A,, we include one
more Pati-Salam multiplet at M, A; (10,3, 1), in order to
maintain a complete left-right symmetry down to M. The
scalar content and, for later use, the corresponding RG
coefficients in each energy interval are given in Table 1.

Finally, the relevant Lagrangian for phenomenological
analysis at low energy is given by

L5 (D,S;)"(D"S)) = M5, |S1]> = AIS,[*|HP?
+ (ALQCit L + ARGer)S + Hec. (9)

where Q and L are the SM quark and lepton doublets (for
each family), A/® are coupling matrices in flavor space
and y¢ = Cig" are charge-conjugate spinors. Notice the
absence of dangerous diquark couplings of S; that would
lead to proton decay. One way to forbid these couplings
is to impose a Z, symmetry [22] that emerges below the

TABLE L.

Pati-Salam breaking scale under which quarks and leptons
transform with opposite parities whereas the leptoquark is
assigned odd parity, i.e., (¢,1,S;) = (+q, FI,—S;). Note
also that the inclusion of §; can affect the stability of the
electroweak vacuum via loop effects. The relevant dis-
cussion can be found in Ref. [80].

Evidently, the Lagrangian given in Eq. (9) together with
the SM Lagrangian should be understood in the effective
field theory context. The new and SM Yukawa couplings in
the TeV-scale Lagrangian are induced from the original SO
(10) Yukawa couplings each of which is generated by a
linear combination of unification-scale operators and gets
modified due to the mixing effects induced by the scalar
fields that have Yukawa couplings to three chiral families
of 16. It is indeed this rich structure that enables the
realization of a fermion mass spectrum consistent with the
expected fermion masses of the SM model at the unification
scale, as shown in Ref. [75]. As we will discuss later in
Sec. IV G, the modification to the SM RG running of the
Yukawa couplings due to the inclusion of AX/R does not
register strong changes in the fermionic mass spectrum and
hence the main message of Ref. [75] is valid in our case,
as well.

III. GAUGE COUPLING UNIFICATION

In this section, after we lay out the preliminaries for one-
loop RG running and show that the new particle content at
the TeV scale does not lead to the unification of the SM
gauge couplings directly, we illustrate gauge coupling
unification with a single intermediate step of symmetry
breaking. Once the particle content at low energies is
determined, there may be numerous ways to unify the
gauge couplings, depending on the selection of the scalar
content in SO(10) representations. In the literature, the
canonical way to make this selection is through adopting a
minimalistic approach, allowed by the observational con-
straints. In the following, we pursue the same strategy while
taking into account the analysis made in Ref. [75] for a
realistic Yukawa sector.

A. One-loop RG running

For a given particle content, the gauge couplings in an
energy interval [M,,Mp] evolve under one-loop RG
running as

The scalar content and the RG coefficients in the energy intervals for model A ;. Note that the ¢ fields,

the @ field, and one of the X fields originate from real SO(10) multiplets and thus the # = 1/2 condition should be
employed when necessary while determining the RG coefficients in Eq. (11).

Interval Scalar content for model A; (A,) RG coefficients
i #(1,2.2) x 2. ©(6. 1.1, (as.ar.ag] = £33, G
2(15,2,2) x 2, Ag(10,1,3),
(and A; (10,3, 1) for model A,)
! H(l’z’%)’ S1(3’l’_%) 613,612,&1}:[_741,_?19,%]

015011-4



ADDRESSING THE R, ANOMALIES WITH AN ...

PHYS. REV. D 101, 015011 (2020)
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60F
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(a)

FIG. 1.

the SM + S
70 T

60

50F

4r/g?ul

40F

30F

a'[u]

logo[u/GeV]

(b)

Running of the gauge couplings with the particle content of the SM and with the inclusion of §;. The vertical dotted line

-1 —

corresponds to the electroweak scale M ;. Fora; !, we plot the redefined quantity &' = % al‘l asrequired by the SO(10) boundary conditions.
Including the leptoquark in the particle content does not provide a significant modification to the SM RG running in favor of unification.

1 1 a; MB
2 3 =g 2 (10)
g:(My)  g;i(Mp) 8n° M,
where the RG coefficients a; are given by [81,82]
11 2
a; __?CZ(Gt)"i_gRZth(Rf) dl(Rf) dn(Rf)
n
+§2Ti(RY) dl(Rf) "dn(Rs)7 (11)

and the full gauge group is given as G =G; ® G| ®
... ® G,.. The summation in Eq. (11) is over irreducible
chiral representations of fermions (R;) and irreducible
representations of scalars (R,) in the second and third
terms, respectively. The coefficient # is either 1 or 1/2,
depending on whether the corresponding representation is
complex or (pseudo)real, respectively. d;(R) is the dimen-
sion of the representation R under the group G ;. C5(G;) is
the quadratic Casimir for the adjoint representation of the
group G, and T'; is the Dynkin index of each representation
(see Table II). For the U(1) group, C,(G) = 0 and

TABLE II. Dynkin index T; for various irreducible representa-
tions of SU(2), SU(3), and SU(4). Our normalization convention
in this paper follows the one adopted in Ref. [82]. Notice that
there are two inequivalent 15-dimensional irreducible represen-
tations for SU(3).

Representation SUR) SUQ3) SU#4)
2 % T —

3 2 1 T

‘ : : :
6 3 2 1

8 42 3 -
10 % % 3
15 280 10,3

Yr=>1 (12)
.8 f.s

where Y is the U(1), charge.

The addition of §; to the particle content of the SM does
not help in unifying the gauge couplings as displayed in
Fig. 1, where the RG running is performed with the
modified RG coefficients given in Table I in interval I,
while interval II is irrelevant to this particular case.
Unification of the gauge couplings can be established
through intermediate symmetry breaking between the
electroweak scale and unification scale, as we illustrate
in the next subsection with a single intermediate step of
symmetry breaking.

B. Unification with a single intermediate scale

We start by labeling the energy intervals in between
symmetry-breaking scales [M,, M| and [Mc, M| with
Roman numerals as

I: [MZﬂMCL
IL: (M, My),

G213(SM)a

Gy or  Gpyp. (13)

The boundary/matching conditions we impose on the
couplings at the symmetry-breaking scales are

My: g.(My) = gr(My) = g4(My),

Mc: g3(M¢) = gs(M¢), 9 (Mc) = g.(Mc),
1 1 2 1

- + A ’
GiMc)  gr(Mc)  3gi(Mc)
91.(M¢) = gr(M() (absent in the G,y case),

N 1
Mzt 20a,) = 7ony) T gony) (14)
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TABLE III. The predictions of models A; and A,.

Model Al A2
logo(My/GeV) 17.1 15.6
logo(M¢/GeV) 10.9 13.7
ay! 29.6 354

We use the central values of the low-energy data as the
boundary conditions in the RG running (in the MS scheme)
[83,84]: a! =127.95, a, = 0.118, sin?> Ay = 0.2312 at
M7 =91.2 GeV, which translate to g, = 0.357, ¢, =
0.652, g3 = 1.219. The coupling constants are all required
to remain in the perturbative regime during the evolution
from M, to My.

The RG coefficients, a;, differ depending on the particle
content in each energy interval, changing every time
symmetry breaking occurs. Together with the matching
and boundary conditions, one-loop RG running leads to the
following conditions on the symmetry-breaking scales M,
and M:

— 8sin20y (M )] i
”[3 8sin’Oy (M) = (3a; — 5a;) In—¢
a(My) ] Mz

M
+ (—SaL + 3aR + 2a4) ln—U s
MC

3 8
> L(Mz) " (M)

M
=(3 3a, — 8az) In—
(3a, + 3a, — 8az) an

M
+ (3a; + 3ai — 6ay) lnM—U,

(15)

where the notation on a; is self-evident. The unified gauge
coupling ay; at the scale My; is then obtained from

70 Model A,
. |

of M
= S0F
Ni.' 50 \
S0
T 40F -
<~ L _aamm
L ae=m=—T
= 30F e
=
s 20F

"'T‘""""""

logolu/GeV]

(a)

2 2 M M
T <a4 n—Y + a, 1n—C>. (16)
ay  a,(My) Mc My

Thus, once the RG coefficients in each interval are
specified, the scales M and M., and the value of ay
are uniquely determined. The results are given in Table III,
and unification of the couplings is displayed in Fig. 2 for
each model.

As mentioned previously, we assume in this paper that
the proton-decay-mediating couplings of §; are suppressed.
On the other hand, we do not make any assumptions
regarding the other potentially dangerous operators which
could lead to proton decay. Thus, it is necessary to inspect
whether the predictions of our models displayed in Table IIT
are compatible with the current bounds coming from the
proton decay searches or not. The most recent and stringent
bound on the lifetime of the proton comes from the mode
p— et and is 7, > 1.6 x 10** years [85]. As for the
proton decay modes that are mediated by the super-heavy
gauge bosons, which reside in the adjoint representation
of SO(10) 45, considering that 7, ~ M{,/mya3, [86], we
obtain M, = 10'3° GeV, which is consistent with predic-
tions of both model A; and model A,, within an order of
magnitude of the latter. Additionally, since M is the scale
at which the Pati-Salam symmetry breaks into the SM, it
determines the expected mass values for the proton-decay-
mediating color triplets. From a naive analysis [71], it can
be shown that the current bounds on the proton lifetime
require M > 10" GeV, again consistent with the predic-
tions of both model A; and model A,, within an order of
magnitude of the former. Note that these bounds should
be taken as order-of-magnitude estimates since, while
obtaining them, we approximate the anticipated masses
of the super-heavy gauge bosons and the color triplets as
My ~ My and M = M, while it would not be unreason-
able to expect that these mass values could differ from the
corresponding energy scales within an order of magnitude.

Model A,
70 -

60 F

S50F

40F

o [u] = 4n/g* [u]

v
[sS]
(=)

S
‘

0 5 10 15
logo[u/GeV]

(b)

3

FIG.2. Running of the gauge couplings for models A; and A,. Note that 5:1‘1 =z al‘l. The discontinuity at M in each plot is due to the

boundary conditions given in Eq. (14).
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(b) ()

FIG. 3. Leading-order parton-level Feynman diagrams responsible for the B — D¥zu decay (a) in the SM, and (b) in the S; model.
The parton-level process in the presence of S; that would contribute to B — Kvv is shown in diagram (c).

IV. LOW-ENERGY PHENOMENOLOGY

The existence of a TeV-scale charge —1/3 scalar lep-
toquark in a GUT framework is quite interesting from a
phenomenological perspective mainly for two reasons.
First, its existence is testable at the LHC. The direct-
detection searches for scalar leptoquarks have been putting
exclusion bounds on §; with different decay hypotheses
[87,88]. Second, as mentioned earlier, such a leptoquark
can offer an explanation of some persistent flavor anoma-
lies observed in several experiments. For example, if we
consider the anomalies observed in the B-meson semi-
leptonic decays via charged currents (collectively these
show the most significant departure from the SM expect-
ations), S| can provide an explanation if it couples with 7
and neutrino(s) and b and ¢ quarks. The direct LHC bounds
on such a leptoquark are not very severe but as it has been
pointed out in Ref. [48], the present LHC data in the pp —
7r/tv channels have actually put constraints on the S,
parameter space relevant for explaining the observed R,
anomalies. Here, using flavor data and LHC constraints, we
obtain the allowed parameter space in our model. We also
point out some possible new search channels at the LHC.
On the flavor side, our primary focus is on the charged-
current anomalies observed in the semileptonic B decays in
the Rj- observables. Hence, as in Ref. [48], we focus
on the interaction terms of S; that could play a role to
address the Ry anomalies for simplicity.

A. The S; model

The single TeV-scale S; leptoquark that originates from
the GUT model discussed in Sec. II transforms under
the SM gauge group as (3,1,—1/3). The low-energy
interactions of §; with the SM fields are shown in a
compact manner in Eq. (9). Below, we display the relevant
interaction terms required for our phenomenological
analysis,

L2 2505 (it))L; + AR tr;)S) + He.,  (17)
where Q; and L; denote the ith-generation quark and lepton
doublets, respectively and /15 represents the coupling of S

with a charge-conjugate quark of the ith generation and a
lepton of the jth generation with chirality H. Without
any loss of generality, we assume all A’s are real in our
collider analysis since the LHC data that we consider
are insensitive to their complex nature. Also, we only
consider mixing among quarks [Cabibbo-Kobayashi-
Maskawa (CKM) mixing] and ignore neutrino mixing
(Pontecorvo-Maki-Nakagawa-Sakata mixing) completely
as all neutrino flavors contribute to the missing energy
and hence are not distinguishable at the LHC. The
couplings of §; to the first-generation SM fermions are
heavily constrained [32]. Hence, we assume 4;,4;; = 0 in
our anallysis.3

The parton-level Feynman diagrams for the b — ctv
decay (responsible for the B — D*)zv decay) are shown in
Fig. 3. In order to have a nonzero contribution in the R ¢
observables from S|, we need the bvS; and czS; couplings
to be nonzero simultaneously. Minimally, one can start with
just a single free coupling: either A%, or A4;. The coupling
255 (A%) directly generates the ¢z (buS)) interaction and
the other one, i.e., the buS; (¢zS;) can be generated through
the CKM mixing among quarks. These two minimal
scenarios were discussed in detail in Ref. [48]. For these
two cases, the Lagrangian in Eq. (17) can be written
explicitly as,

Cl t LD Aé3[ECTL - (vchc + Vcsgc + Vcdac)y}SI +H.c.

(/%3 =0). (18)
Cy: LD M[(VE, it + Vi, e 4+ Vi 1)z, — bu]S| + He.
(43 = 0). (19)

In Ref. [48], it was shown that for C;, the R -favored
parameter space is already ruled out by the latest LHC data.
On the other hand, C, is not seriously constrained by the
LHC data since this scenario is insensitive to the coupling
2%;. Only the pair-production searches, which are largely

*However, these couplings can be generated through the CKM
mixing. We refer the interested readers to Ref. [32] for various
important flavor constraints in this regard.
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insensitive to A3, in the ¢z and bbrr modes exclude My,
up to 900 GeV [87] and 1100 GeV [88], respectively for
a 100% BR in each decay mode. However, Ref. [47]
showed that the R -favored parameter space in C, is
also ruled out by the electroweak precision data on the
Z — 77 decay.

The above two minimal cases, C; and C,, are the two
extremes. One can, however, consider a next-to-minimal
situation, where both A%, and A%; are nonzero to explain
Ry anomalies being within the LHC bounds [48].
However, B — K)uv decay results severely constrain
such a scenario due to the tree-level leptoquark contribution
[see Fig. 3(c)]. References [32,45] indicated that a large ﬂ§3
might help explain various flavor anomalies simultaneously
while being consistent with other relevant experimental
results.

In this paper, we allow A%;, A%, and A%, to be nonzero and
perform a parameter scan for a single S; solution of the
R anomalies. We locate the R -favored parameter
space that satisfies the limits from B — K*)yv and Z — ¢
decays and is still allowed by the latest LHC data. A S| can
also provide new final states at the LHC like 77 + jets and
7 + Er + jets in which leptoquarks have not been searched
for before.

B. RD(*) with Sl

In the SM, the semitauonic B decay is mediated by the
left-handed charged currents and the corresponding four-
Fermi interactions are given by the following effective
Lagrangian:

4Gp

Loy =——F+

SM \/j

In the presence of new physics, there are a total of five four-

Fermi operators that appear in the effective Lagrangian for
the B — D™ v decay [89],

Vcb {EyMPLb] [%yMPLI/T]‘ (20)

4G
L3 -"2Ey.[(14Cy )0y +Cyp.Oy +Cs O
\/z b[( VL) Vi Ve~ Ve S~ Sk

+ Cs,Os, + Cr,Or, ], (21)

where the Cy’s are the Wilson coefficients associated with
the effective operators:
(1) Vector operators:

Oy, = [ey*Pb][zy, PV,
OVR == [Z'yﬂPRb} [%y”PLl/].

(2) Scalar operators:

Oy, = [cPD][zP 1],
Os, = [cPrD][ZP1].

(3) Tensor operator:
OTL == [EG#UPLb] [%O'!WPLU}.

The operator Oy, is SM-like and the other four operators
introduce new Lorentz structures into the Lagrangian. Note
that the operator (’)TR is identically zero, i.e.,

OTR = [E'O'”DPRb] [%O'”,/PLU} =0. (22)

The S, leptoquark that we consider can generate only
Oy, s, .1, - Hence, the coefficients of the other two oper-
ators, namely, Cy, and Cg, remain zero in our model. In
terms of the S, parameters the Wilson coefficients can be
expressed as,

AL gL
C, = 1 23433
Vi ™ 2V2GrV,, 2M5
C — _ 1 ’1,%3153 (23)
St 226V, 2M3,
—_1
Cr, = —1Cs,.

These relations are obtained at the mass scale Mg,.
However, running of the strong coupling constant down
to my ~4.2 GeV changes these coefficients substantially
except for Cy, which is protected by the QCD Ward
identity. As a result, the ratio Cg, /Cy, becomes,

C C
i — p(mb’MSI )i = _4p(mvaSI)' (24)
CT,‘ my CTL My,

The modification factor p can be obtained from Ref. [32],
and we display it in Fig. 4. In terms of the nonzero Wilson
coefficients we can express the ratios rpe = RDM/R%I}’})
as [49],

2041

202

200

p(mp,Ms,)

1.98 |

1.96 f

194

1000 1200 1400 1600 1800 2000
Ms

1

FIG. 4. The ratio defined in Eq. (24), p(m, My )=
g% (u = mb)/g% (4 = Mg,), obtained from Ref. [32].
L L
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TABLE IV. Summary of the R

pe related inputs for our parameter scan.

Observable Experimental average SM expectation Ratio Value

Rp 0.340 £0.027 £ 0.013 [16] 0.299 £ 0.003 [12] p 1.137£0.101
Rp 0.295 £0.011 £ 0.008 [16] 0.258 £ 0.005 [16] rp- 1.144 £ 0.057
F, (DY) 0.60 £ 0.08 4 0.035 [10,11] 0.46 £0.04 [92] fL(D) 1.313£0.198
P.(D*) -0.38 £ 0.51502 [90] —0.497 £ 0.013 [89] p.(D¥) 0.766 £+ 1.093

rDER

R
—r & |1+ Cy, 2+ 1.02|Cs, [> + 0.9]Cr, [2
D

+ 149Re](1 + Cy, )C3, ]
+ L14Re[(1 +Cy, )C3, ], (25)

Ry
o = g ~[1+Cy, |* +0.04/Cs, |* + 16.07|Cr, |

—0.11Re[(1 +Cy, )C5, ]
—5.12Re[(1 + Cy, )C5, . (26)

With Eq. (24) one can simplify the above equations as,
2 0 2
rD:|1+CVL| + 102+ |CSL|

+ <1.49 —%)Re[(l te)e] @)

16.07
——)%P

rpe = [1+Cy, [*+ <o.o4 + 16,°

5.12 .
(o 11 —$> Re[(1+Cy,)C5, ], (28)

where p = p(m,,, M, ). There are two other observables
related to the Rp-—the longitudinal D* polarization
F;(D*) and the longitudinal 7z polarization asymmetry
P.(D*)—which have recently been measured by the Belle
Collaboration [10,11,90]. In terms of the nonzero Wilson
coefficients in our model, F;(D*) and P.(D*) are
expressed as [49],

fL(D¥) = % & r; + Cy, |* +0.08|Cg, |?
+7.02(Cr, |> = 0.24Re[(1 + Cy, )Cs, |
—4.37Re[(1+Cy,)Cy, 1}, (29)
PeD") = sty = {11+ Gy P - 0.071Cs,
— 1.86 x [Cr, [* + 0.22Re[(1 + Cy, )C5 |
—3.37Re[(1 +Cy, )C, ]} (30)

These equations can further be simplified as,

1 7.02
FuD) = {11 ey, P (008 +105 ) e P
.
4.37
- <O.24—)Re[(1 +Cy,)C ]}, (31)
4p oL
1 1.86
pe0) = {1 P = (007 + 120 e P
.

+ (0.22 + %) Re[(1 +Cy, )C5, | } (32)

These two observables have the power to discriminate
between new physics models with different Lorentz struc-
tures (see e.g., Ref. [91]). In Table IV, we list the bounds on
the R related observables that we include in our
parameter scan.

C. Constraint from RK"(*

The SM flavor-changing neutral-current b — st tran-
sition proceeds through a loop and is suppressed by the
Glashow-Iliopoulos-Maiani mechanism, whereas in our
model, §; can mediate this transition at the tree level
[see Fig. 3(c)]. Therefore, this neutral-current decay can
heavily constrain the parameter space of our model. We
define the following ratio:

W T(B—>KYw)
K I(B— K" w)gy

(33)

The current experimental 90% confidence limit (C.L.)
upper limits on the above quantities are RY < 3.9 and
RY. < 2.7 [93]. In terms of our model parameters, R;”M is

given by the following expression:

R¥Y =1-— 2a Re<]’§;/{§3> + aZ 15;1%3 2 (34)
K 3M3, VVi)  3ME | Vi

where a = v27%/(e*Gp|C3M|) with CM ~ —6.38 [32].
We use this constraint in our analysis and find that it
significantly restricts our parameter space. Note that this
constraint applies on A%; and 445 but not on 4%;. In Fig. 5,
we show the regions in the 5, — 4%, plane with RY. < 2.7

for two different values of M, .
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FIG. 5. The region where R¥. < 2.7 for Mg =1 and 2 TeV.

D. Constraint from Z — 7z decay

Another important constraint comes from the Zrz
coupling measurements. The Z — zr decay is affected
by the S; loops as shown in Ref. [47]. The contribution
of S, to the Zzz coupling shift (Ax,,,) comes from a loop
with an up-type quark (¢) and an S;. The shift scales as the
square of the S;¢r coupling (/11[;3/R) and mé. Hence, the
dominant contribution comes from when ¢ is the top quark
implying that the Zzz coupling measurements can restrict
only 44 but not A5, or A%, For instance, we see from
Ref. [47] that 2%; % 1.4 can be excluded for Mg ~ 1 TeV
with 26 confidence. We incorporate this bound into our
parameter scan.

E. LHC phenomenology and constraints

We now make a quick survey of the relevant LHC
phenomenology of a TeV-range S; that couples with 7z, v
and s and ¢ quarks. For this discussion we compute all the
necessary cross sections using the universal FeynRules

Symmetric modes:
tttrt =1t + 171,

S8, = crer=11+ 2,

Asymmetric modes:

S8, = ctsv=1+2j + Fr.

S151 —).Sf;Jbﬁl/Eb‘f']"_ET,

&I;UET—i-b—I—j—l-ET,

Svit=t+714 j+ Fr.

output [94] model files from Ref. [48] in MADGRAPHS5 [95].
We use the NNPDF23LO [96] parton distribution func-
tions. Wherever required, we include the next-to-leading-
order QCD K-factor of ~1.3 for the pair production in our
analysis [97].

1. Decay modes of S;

For nonzero A%;, 4, and A%;, S| can decay to cz, sv, 1t
and bv states. CKM mixing among quarks enables decays
to ut and dv but we neglect them in our analysis as the off-
diagonal CKM elements are small. The BRs of §; to
various decay modes vary depending on the coupling
strengths. If A%, > 2%, 2%, the dominant decay mode is
S, — cz, whereas for A4 > K 2L BR(S| - c7)~
BR(S; = sv) #50%. On the other hand, when A% >
255, 2%, the dominant decay modes are S; — 77 and §; —
bv with about a 50% BR in each mode. Since partial decay
widths depend linearly on M , BRs are insensitive to the
mass of Sy.

2. Production of S,

At the LHC, S| can be produced resonantly in pairs
or singly and nonresonantly through indirect production
(t-channel S; exchange process).

Pair production: The pair production of S; is dominated
by the strong coupling and, therefore, it is almost model
independent. The mild model dependence enters in the
pair production through the f-channel lepton or neutrino
exchange processes. However, the amplitudes of those
diagrams are proportional to 4> and generally suppressed
for small 4 values (for bigger M and large A values, this
part could be comparable to the model-independent part of
the pair production). Pair production is heavily phase-space
suppressed for large Mg, and we find that its contribution is
very small in our recast analysis. Pair production can be
categorized into two types depending on the final states:
symmetric, where both leptoquarks decay to the same
modes, and asymmetric, where the two leptoquarks decay
via two different modes. These two types give rise to
various novel final states.

svsv=2j + Fr, bhul;yEZb%—ET.

crir=tr+ 1+ j,

guﬂ'zt+r+b+ET,
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where the curved connection over a pair of particles indicates that the pair is coming from a decay of S;. Searches for
leptoquarks in some of the symmetric modes were already done at the LHC [87,88]. Leptoquark searches in some of the
symmetric and most of the asymmetric modes are yet to be performed at the LHC.

Single production: The single productions of S}, where S is produced in association with a SM particle, are fully model
dependent as they depend on the leptoquark-quark-lepton couplings. These are important production modes for large
couplings and heavier masses (since single productions receive less phase-space suppression than the pair production).
Depending on the final states, single productions can be categorized as follows.

Symmetric modes:

S11X — tet + 1) (Fretjj + - - -) = 17 + jets,

Ser—>;z‘1—|—rntrj(—|—;trjj—|—~~-) = 17 + 1 + jets,

SiwX = Usv+ vsuj (+usvjj+ ) = Fr + jets,

SivX — vby + vmbvj (—H/?wjj + )= FEr+ b+ jets.

Asymmetric modes:

SitX — 17sr—|—17srj(—|—z§2wjj+--~) = Fr + 7 + jets,

S\wX = tev + tevj (+revjj+ ) = Fr + 7 + jets,

SytX = vbt + vbtj (+vbtjj + ) = Er + 7+ b + jets,

SivX — '?tu—l—;tvj(—l-;tvjj—lm--) = Fr + 7+t + jets.

Here j stands for an untagged jet and “jets” means any
number (>1) of untagged jets. These extra jets can be
either radiation or hard (genuine three-body single pro-
duction processes can have sizeable cross sections; see
Refs. [98-100] for how one can systematically compute
them). As single production is model dependent, the
relative strengths of these modes depend on the relative
strengths of the coupling involved in the production as well
as the BR of the decay mode involved.

Indirect production: Indirect production is the nonreso-
nant process where a leptoquark is exchanged in the ¢
channel. With leptoquark couplings to 7 and v, this
basically gives rise to three possible final states:
tz(z7 + jets), ww(Fr + 7+ jets) and wuv(Er + jets). The
amplitudes of these processes are proportional to A>. So
the cross section grows as J*. Hence, for an order-one A,
indirect production has a larger cross section than other
production processes for large Mg (see Fig. 2 of Ref. [48]).
However, the indirect production substantially interferes
with the SM background process pp — V) — 27
(¢ = 7/v). Though the interference is O(4?), its contribu-
tion can be significant for a TeV-scale S| because of the
large SM contribution (larger than both the direct produc-
tion modes and the A* indirect contribution, assuming
Az 1). In general, the interference could be either con-
structive or destructive depending on the nature of the
leptoquark species and its mass [101]. For Sy, we find that
the interference is destructive in nature [48]. Hence, for a

TeV-scale S; if 4 is large, this destructive interference
becomes its dominant signature in the leptonic final states.

3. Constraints from the LHC

The mass exclusion limits from the pair-production
searches for §; at the LHC are as follows. Assuming a
100% BR in the S — #r mode, a recent search at the CMS
detector has excluded masses below 900 GeV [87].
Similarly, for a leptoquark that decays exclusively to bv
or sv(=,v) final states, the exclusion limits are at 1100 and
980 GeV [88], respectively. However, going beyond simple
mass exclusions, we make use of the analysis done in
Ref. [48] for the LHC constraints. It contains the inde-
pendent LHC limits on the three couplings shown in
Eq. (17) as functions of Mg as well as a summery of
the direct-detection exclusion limits.

Apart from the processes with Et + jets final states, all
other production processes can have either zz + jets final
states or £t + 7 + jets final states. Hence, the latest pp —
Z' -1 and pp - W' — v searches at the ATLAS
detector [102,103] were used to derive the constraints in
Ref. [48]. There we notice that the limits on 445 from the 7/
data are weaker that the ones obtained from the z7 data. The
77 data also constrain /153. From the earlier discussion, it is
clear that the interference contribution plays the dominant
role in determining these limits. However, its destructive
nature means that in the signal region one would expect less
events than in the SM-only predictions. Hence, the limits
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FIG. 6. Two-sigma exclusion limits on 25/ % = | /(25,)2+ (i%;)?

as a function of Mg, as obtained in Ref. [48] from the ATLAS
pp — vt data [102]. The colored region is excluded.

were obtained assuming that either A%; or A%, is nonzero at a
time or by performing a y? test of the transverse mass ()
distributions of the data. As, for heavy S, the limits on A%,
and A%, are dominantly determined by the interference of
the indirect production, they are very similar. We can
translate these limits from the 7z data on any combination
of 24 and A& in a simple manner assuming A%/% =
2+ (4%)% In Fig. 6 we display the limits on
/153/ K as a function of M s A
The LHC data is insensitive to 44, as it was shown in
Ref. [48]. This can be understood from the following
argument. First, the pair production is insensitive to this
coupling as we have already mentioned. Second, the single-
production process pp — trv via an §; has too small a
cross section (~2 fb for 245 ~ 1 and Mg, = 1 TeV) to make
any difference at the present luminosity. Finally, there is no
interference contribution in the zz and 7 + Er channels as
there is no 7 quark in the initial state. Hence, 4%; remains
unbounded from these searches.

F. Parameter scan

To find the R, -favored regions in the S; parameter
space that are not in conflict with the limits on F; (D*),
P.(D*), R;(”(*) , Z — 7t decay and the bounds from the LHC,
we consider two benchmark leptoquark masses: Mg = 1
and 2 TeV. We allow all three free couplings, A5;, 4%, and
2% to vary. For every benchmark mass, we perform a
random scan over the three couplings in the perturbative

*Actually, for M s, between 1 and 2 TeV, the limits on 155 are
slightly stronger than those on 1%, because in the SM the Z boson
couples differently to left- and right-handed z’s. However, we
ignore this minor difference and take the stronger limits on A4, as

L. L/R . .
the limits on /123/ to remain conservative.

range —/4x to \/4z (i.e., |A|>/4x < 1). We do not consider
complex values for the couplings. In Fig. 7, we show the
outcome of our scan with different two-dimensional pro-
jections. In every plot we show two couplings and allow the
third coupling to vary. In each of these plots we show the
following.

(1) The flavor U EW (FEW) regions: The orange dots
mark the regions favored by the R, observables
within 95% C.L. while satisfying the available
bounds on the F(D*), P,(D*) and R* observ-
ables (flavor bounds). In addition, these points also
satisfy the bound on Af; coming from the Z — 7z
decay within 95% C.L. [47] (electroweak bound).

(2) The flavor U EW U LHC (FEWL) regions: As we
take into account the limits on /153/ K from the ATLAS
pp — 7t data from the 13 TeV LHC [48] along with
the previous constraints we obtain the regions
marked by the green points. These are the points
that survive all the limits considered in this paper.

From the plots we see that substantial portions of parameter
regions survive after all the constraints. This implies that
the S| model can successfully explain the R,.) anomalies.
If one looks only at the R, anomalies, in principle, one
can just set Ak; and/or 145 to be large. But coupling values
that make Cy, [see Eq. (23)] big come into conflict with the
R, bound [see Eq. (34)]. This is why we do not see any

point where both 445 and 44, are large in the first column of

Fig. 7. In addition, the LHC puts bounds on ﬂ%R [48]
whereas the Z — 77 data puts a complimentary bound on
445 [47]. The restriction on 445 from the Z — 77 data can be
seen in Figs. 7(a) and 7(c) for Mg = 1 TeV and Figs. 7(d)
and 7(f) for Mg =2 TeV, whereas from the middle
column [i.e., Figs. 7(b) and 7(e)] it is clear that the LHC
prevents both A%; and A%; from taking large values simulta-
neously. From the A%, vs A%, plots [Figs. 7(c) and 7(f)] we
see that these two couplings take opposite signs mainly
because both R and F; (D*) prefer a positive Cs, [see
Eqgs. (28) and (31)].

G. RG running of the Yukawa couplings
and perturbativity

One of the questions raised by the introduction of new
Yukawa couplings is whether the new model remains
perturbative up to high-enough energies. This is particu-
larly important in the GUT framework since the RG
running of the gauge couplings is performed under the
assumption of perturbativity. Fortunately, with the latest
LHC data, we have quite a large available parameter space
in the deep perturbative region, as can be seen in Fig. 7.
While this suggests that the model is safe in terms of
perturbativity as long as the new Yukawa couplings are
small enough at the electroweak scale, it is still informative
to investigate the RG running in detail, especially the case
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FIG.7. Two-dimensional projections of the regions in the S| parameter space allowed by the bounds on the R ), F (D*), P.(D*) and
R?(”m observables and the Z — 77 decay, i.e., the FEW regions (orange) (see Sec. IV F), and the LHC constraints in addition to all these

constraints, i.e., the FEWL regions (green) for Mg = 1 TeV (upper panel) and Mg, =2 TeV (lower panel). We assume all the

couplings are real.

in which the Yukawa couplings take larger initial values.
We address this issue in this part of the paper.5

The equations for the RG running of the Yukawa
couplings are given in the Appendix. Results for various
benchmark cases are displayed in Fig. 8. Among the $;
mass values we have considered in this paper, the most
constrained parameter space is that of Mg =2 TeV.
Therefore, we choose our benchmark values from the
parameter space for this mass value, displayed in Fig. 7.
Note that 24;(M) and A%;(M,) cannot both be large and
that 24, (M ;) and A%, (M ;) must have opposite signs, as can
be seen in Fig. 7. When A5,(M) is taken in the interval
[-0.2,0.1], the system remains perturbative up to the grand
unification scale, ~10°-10'7 GeV, even when |1k (My)],
|AR.(M )| ~ 1, as displayed in the first six plots in Fig. 8.
However, it deteriorates quickly for larger values of
[24(M5)| and | (M) [Fig. 8(2)). When |5(My)] is
large, the parameter space is quite limited for |Ak;(My)],
which is in the [0.10, 0.15] band (Fig. 7). In this case as
well, the system is well behaved up to |A%(M,)],
|A%.(Mz)| ~ 1 [e.g., Fig. 8(h)], and the situation declines
for the values above in that the perturbativity bound is
reached below the unification scale [e.g., Fig. 8(1)].

’A perturbativity analysis for the case of the Standard Model
augmented by a leptoquark S; was done in Ref. [80], as well.
Note that their Yukawa matrix is flavor diagonal, and hence
different from the one in this paper.

Note that although we perform the Yukawa RG running
based on the SM augmented with a TeV-scale leptoquark S
all the way up to the UV, these equations are prone to
changes above the intermediate symmetry-breaking scale
provided that there is one (as in the examples studied in
Sec. III), mainly due to contributions from the running of
the scalars whose masses are around the intermediate scale.
However, these effects are expected to be minor due to the
corresponding beta-function coefficients not being large
enough to significantly change the logarithmic RG running
[71]. This is even more likely to be the case especially if
this symmetry-breaking scale, for instance the scale in our
scenario where the Pati-Salam symmetry is spontaneously
broken to the symmetry of the SM, is considerably close to
the scale of the SO(10) symmetry-breaking scale (as in the
second case in Sec. III, namely model A,), suggesting that
the supposed modification in the Yukawa running is indeed
not an issue of concern since the slow logarithmic running
would most likely not significantly alter the outcome in this
small interval. Threshold corrections due to the intermedi-
ate scale are also known to be subleading to the one-loop
running [75].

Furthermore, although we have studied some specific
examples for gauge coupling unification, there are no
restrictions on the choice of the mass values of the high-
energy field content regarding which fields remain heavy
at the unification scale and which ones slide through
the intermediate scale, as long as the gauge coupling

015011-13



AYDEMIR, MANDAL, and MITRA

PHYS. REV. D 101, 015011 (2020)

(AS5(Mz), A, (Mz), Aky(M2)) = (0.5, -0.4,0.1)

(A53(Mz), AR, (M), AL;(Mz)) = (0.8, -0.9, 0.1)
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FIG. 8. Behavior of Yukawa couplings with various benchmark values at the EW scale. The labels of the couplings are given in the
first plot. The dashed horizontal lines denote the values of the assumed perturbativity bound, +v/4z. The dashed vertical line denotes the

energy scale at which this bound is first reached.

unification is realized (and as long as the intermediate scale
is high enough to evade the proton-decay constraints for the
terms not forbidden by any symmetry in the Lagrangian).
The main point of our case that we emphasize is that if a
SO(10) theory is indeed the UV completion of the SM,
then one may naturally anticipate a TeV-scale leptoquark
accompanying the SM Higgs field, and this could define
the field content up to very high energies. Beyond that, one
has the freedom to choose the high-energy particle content
and the corresponding potential terms in the Lagrangian
that lead to an appropriate symmetry-breaking sequence in
which the Yukawa couplings remain in the perturbative
realm above the intermediate symmetry-breaking scale.
With this in mind, even the other cases, displayed in
Figs. 8(g) and 8(i), that suffer from the perturbativity
problem at relatively low energies could arguably get a

pass, as long as the high-energy content of the theory is
chosen such that the intermediate symmetry breaking
occurs before the perturbativity bound is reached and such
that the couplings remain in the perturbative realm up to the
unification scale.

We comment in passing on the unification-scale impli-
cations of our model regarding the fermion mass spectrum.
It has been known in the literature that obtaining a realistic
Yukawa sector in the SO(10) framework is not trivial. None
of the single- and dual-field combinations of the scalar
fields 104, 1204, and 126 yields GUT-scale relations
between fermion masses consistent with the SM values
[68,75]. On the other hand, it was concluded in Ref. [75]
that a Higgs sector consisting of a real 10y, areal 120, and
a complex 1265 can provide a fermion mass spectrum
at the unification scale that matches the expected values
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TABLE V. Fermion masses at the unification scale M, = 2 x 10'® GeV that are selected for the sake of argument
as the exponential midpoint of the unification scales of the high-energy scenarios discussed in Sec. IIl. Clearly,
inclusion of S; in the low-energy particle spectrum does not lead to significant changes in the fermion mass values at
the unification scale compared to the SM predictions, especially in the deep perturbative region in the (A4;, A%;, 2%;)

parameter space.

(453, 423 423)

Fermion masses/ratios (0,0,0); SM (0.5,-0.4,0.1) (0.8,-0.9,0.1) (0.1,-1.0,1.0)
m,/my, 75.57 75.66 76.37 75.36
m,/m, 1.63 1.74 231 428
m,/mg 441 4.46 4.46 3.94
m,/my 0.400 0.401 0.401 0.401
m,/GeV 79.32 79.52 83.46 78.14
m./GeV 0.254 0.254 0.275 0.344
mﬂ/(l(f3 GeV) 100.505 100.576 101.518 100.175
me/(1073 GeV) 0.476 0.476 0.481 0.475
m”/(lO_3 GeV) 0.469 0.464 0.469 0.462

obtained by the RG running of the SM with small threshold
corrections at the intermediate scale. Since this is the scalar
sector we adopt in this paper, it is informative to inspect
whether the light leptoquark S| can register significant
changes to the expected fermion mass values at the
unification scale obtained via the SM RG running.

The results, obtained by using the equations given in the
Appendix and the same values for the input parameters at
M, as in Ref. [75], are given in Table V, some of which
are displayed in terms of mass ratios relevant in the
SO(10) framework. The unification scale is selected as
M =2 x10' GeV, which is around the exponential
midpoint of the unification scales of our models A; and
A, discussed in Sec. III; small numerical differences
depending on the M, value in that range are not relevant
to our discussion here. Our values for the fermion masses at
My in the SM case differ from the ones in Ref. [75] by
1-5%, which might be due to a combination of effects
coming from the running of the right-handed neutrinos
above the intermediate scale and the threshold corrections,
both of which are ignored in our estimation.® The results for
the leptoquark case are given for three benchmark points
in the (143, 2%, AL,) parameter space that are consistent with
the perturbativity analysis above. As expected, when all
three of the new Yukawa couplings are in the deep
perturbative region, the differences from the SM values
remain insignificant. When the couplings get larger close to
unity, some deviations are observed yet they do not become
substantial. Therefore, we conclude that the addition of S,
to the particle content up to the TeV scale does not lead to

®We do not discuss neutrino masses in this paper but have no
reason to suspect that the outcome would be different than that in
Ref. [75] particularly because their intermediate symmetry-
breaking scales at which the generation of neutrino masses
through the seesaw mechanism occurs are quite close to the
ones in our models A; and A,.

significant changes regarding the expected fermion masses
at the unification scale and therefore the analysis of
Ref. [75], based on using the extrapolated SM values at
the unification scale as input data in order to numerically fit
them to the parameters of the Yukawa sector of their SO
(10) model, can be applied in our case as well.

V. SUMMARY AND DISCUSSIONS

In this paper, we considered the scenario that there is a
single scalar leptoquark, S, at the TeV scale, and it is the
color-triplet component of a real 10 of SO(10), which
also contains a SU(2) doublet which is identified as the
SM Higgs. In this scenario, the leptoquark being the only
scalar entity other than the SM Higgs is natural; a
peculiar mass splitting between the components of 10
does not occur and the leptoquark picks up an electro-
weak-scale mass together with the SM Higgs, as
expected. This is appealing because this leptoquark by
itself can potentially explain the B-decay anomalies at the
LHC [21,22,25,32].

The SO(10) grand unification framework is an appealing
scenario, which has been heavily studied in the literature
[62,64—75]. It unifies the three forces in the SM, explains
the quantization of electric charge, provides numerous dark
matter candidates, accommodates a seesaw mechanism for
small neutrino masses, and justifies the remarkable can-
cellation of anomalies through the anomaly-free nature of
the SO(10) gauge group. Moreover, the fermionic content
of the SM fits elegantly in 165, including a right-handed
neutrino for each family. The particles in the SM (except
probably the neutrinos) acquire masses up to the electro-
weak scale through interacting with the electroweak-scale
Higgs field, which is generally assigned to a real 10.
Considering that the leptoquark S; is the only other
component in 10, a TeV-scale S, from this perspective,
is consistent with the idea that it is the last piece of the
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puzzle regarding the particle content up to the electroweak
scale (modulo the right-handed neutrinos). Therefore, the
possible detection of S;, in the absence of any other new
particles, at the TeV scale could be interpreted as evidence
in favor of SO(10) grand unification.

One obvious issue of concern is proton decay since the
leptoquark S, possesses the right quantum numbers for it
to couple to potentially dangerous diquark operators. On
the other hand, the proton stability could possibly be
ensured through various mechanisms [22,38,68,76-78].
In this paper, we ensured the proton stability by assuming
a discrete symmetry that is imposed in an ad hoc manner
below the Pati-Salam breaking scale. It would certainly
be more compelling to realize a similar mechanism at the
fundamental level although it seems unlikely that it
would interfere with the bottom line of this work.

Having a single S; leptoquark at the TeV scale as the
only new physics remnant from our SO(10) GUT model,
we investigated how competent this S; is at addressing
the R, anomalies while simultaneously satisfying other
relevant constraints from flavor, electroweak and direct
LHC searches. We adopted a specific Yukawa coupling
texture with only three free (real) nonzero couplings viz.
25, 24 and 2K, We have found that this minimal
consideration can alleviate the potential tension between
the R, -favored region and the R’;;’(*) measurements. The

Z — 7t decay constrains A4, whereas the 7z resonance
search at the LHC puts complimentary bounds on 44; and
2%, By combining these constraints with all the relevant
flavor constraints coming from the latest data on R,
Fr(D), P.(D"), RY., we have found that a substantial

region of the R, -favored parameter space is allowed.
Our multiparameter analysis clearly shows that contrary
to the common perception, a single leptoquark solution to
the observed R anomalies with §; is still a viable
solution.

Evidently, by introducing new d.o.f. into our frame-
work, one can, a priori, enlarge the allowed parameter
region. For example, by considering some of the cou-
plings as complex or by choosing a complex (instead of a
real) 10 representation of SO(10), which will introduce
an additional S; and another complex scalar doublet at
the TeV scale, one can relax our obtained bounds. We
also pointed out search strategies for S; at the LHC using
symmetric and asymmetric pair- and single-production
channels. Systematic studies of these channels are dis-
cussed elsewhere [104].
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APPENDIX: RENORMALIZATION GROUP
RUNNING OF THE YUKAWA COUPLINGS

The new Yukawa matrices in the Lagrangian given in
Eq. (9) are taken in our setup as

0 0 O 0 0 O
A= 10 0 a5 and AR—> |0 0 A&
0 0 24 0 0 O

(A1)

Following Ref. [105] (or implementing the model in
SARAH [106]), the corresponding one-loop RG equations
can be found as

3 1
+ 228,((25)* + (45)?).

13
167° B = 3(155)° — 4, <— g+ 49%)

(A2)

2
yi 5 9
1672, = 4(4)* — Al <—3’ SRR 49%)
+ A5((25,)7 + 4(45)%), (A3)
2 L (22,9, >
16n°f = 4(43;)° — 133 g1 Tt 493
+ 25;((25;)* + 4(25:)2). (A4)
3 17 9
167°f,, = 3y; +y, (Ey? —p % 89%)
1
e (a5
17 9
16726, = y. <3y? —pR 1% 89%)
1
+ 5)@((,1%)2 + (45)%), (A6)
17 9
167°B,, = v, <3y? —R 1% 89§>, (A7)
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3 5 9 1
167°f,, = v, (—y? - - 89%) + 52545 )%,

27" T 121
(A8)
5 9 1
167f, =y, <3y? - Eg% - Zg% - 89%) +3% (253)%,
(A9)
5 9
162, = a3 - 5738 -34). (10
15, 9
167°f, =y, <3)’% - Zg% - ZQ%)y (A11)

15 9
16ﬂ2ﬁy” = yﬂ <3y% - Ig% - Zg%> s (Alz)
15 9
16”2ﬂy, =V (3y12 _Zg% - Zg%>

V() (2 + (),

(A13)
where f, = u % and the RG running of the gauge couplings
are performed in the usual way according to Eq. (10). In the
Yukawa running above, only the dominant terms are taken
into account since the subleading ones are significantly
suppressed and have no noticeable effects on our analysis.
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