PHYSICAL REVIEW D 104, 035017 (2021)

Scalar leptoquarks, baryon number violation, and Pati-Salam symmetry

Clara Murgui

and Mark B. Wise

Walter Burke Institute for Theoretical Physics, California Institute of Technology,
Pasadena, California 91125, USA

™ (Received 28 June 2021; accepted 21 July 2021; published 19 August 2021)

One or more scalar leptoquarks with masses around a few TeV may provide a solution to some of the
flavor anomalies that have been observed. We discuss the impact of such new degrees on baryon number
violation when the theory is embedded in a Pati-Salam model. The Pati-Salam embedding can suppress
renormalizable and dimension-five baryon number violation in some cases. Our work extends the results of
Assad, Grinstein, and Fornal who considered the same issue for vector leptoquarks.
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I. INTRODUCTION

The Standard Model (SM) describes a wealth of laboratory
data' within an elegant framework based on the spontane-
ously broken gauge group SU(3) x SU(2), x U(1)y.
In the area of flavor physics there are a number of laboratory
measurements that point to discrepancies with the SM:
muon g—2 [1,2], Ry = Br(B — K¥yutu~)/Br(B -
K®ete™) [3-6], and Ry = Br(B — D™D,)/Br(B —
D(*)e(,u)ﬂe(ﬂ)) [7-15]. Adding leptoquarks (for a review see
Ref. [16]) with masses around a few TeV to the usual SM
degrees of freedom has been proposed as an explanation for
these discrepancies, see for example [17-41]. Vector and
scalar leptoquarks are predicted in Pati-Salam models [42].
They are attractive extensions of the SM which have quark-
lepton unification based on the SU(4) gauge group.

Treating the SM with minimal particle content as a low-
energy effective theory, baryon number violating operators
first occur at dimension six and in the Lagrangian these
operators are suppressed by a mass scale A squared [43,44].
The absence of observed baryon number violation in the
laboratory implies that A > 105 GeV (for a review in
baryon number violation in various models see Ref. [45]).
Adding TeV mass scalar leptoquarks and diquarks to the
SM content can give rise to unacceptably large baryon
number violation at the renormalizable and dimension-five

"There are a few phenomena where that is not true. One must
add degrees of freedom (or nonrenormalizable operators) to the
minimal SM to accommodate neutrino masses (either Majorana
or Dirac) and of course there are the well-known cosmological
failings.
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levels [46]. This paper discusses how the pattern of baryon
number violation changes if these new scalar degrees of
freedom are embedded in a Pati-Salam model. This issue
was considered at the renormalizable level in Ref. [47]. Our
work is an extension of the work of Assad, Grinstein, and
Fornal [48], where baryon number violation mediated by
the vector leptoquarks which are associated with the broken
generators of the SU(4) gauge group was considered. It is
worth noting also that in Ref. [49] an additional U(1) gauge
symmetry is used to prevent renormalizable baryon number
violation mediated by a TeV mass scalar leptoquark.

We consider both the case where the Pati-Salam gauge
group is spontaneously broken at a scale much higher than
the ~100-1000 TeV scale and when it is broken at the
~100-1000 TeV scale.” In the former case an awkward
tree-level tuning of parameters must be imposed to have
one (or more) of the leptoquarks mass much smaller than
the symmetry breaking scale. In both the former and latter
cases there is the fine-tuning of radiative corrections
associated with keeping scalar masses small compared
with the Planck scale. However, the same problem exists in
the minimal SM for the Higgs boson mass. We will not
comment further on these tuning issues in this paper.

In Sec. IT we discuss adding leptoquarks and diquarks to
the SM effective theory. We review the implications of this
for baryon number violation treating the SM as an effective
field theory and using naive dimensional analysis.

In Sec. Il we discuss embedding the SM in Pati-
Salam. We discuss the implications that additional light
leptoquark(s) have on the expected rates for baryon number
violation. Here we treat Pati-Salam as an effective theory
with a cutoff that suppresses higher dimension operators
invariant under the Pati-Salam gauge group. For Pati-Salam
symmetry breaking at a high scale we use the vacuum

“It is the limit on the rate for K . — uteT that forces the scale
to be this high.
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expectation value (vev) of a field that also gives the right-
handed neutrinos a large mass (i.e., type-I seesaw [50-53]).
We find that the scale of Pati-Salam symmetry breaking is
constrained, by limits on baryon number violation, to be
below ~10'> GeV. At the same time avoiding strong
coupling the scale suppressing higher dimension operators
in the Pati-Salam effective theory is constrained to be high,
i.e., above 10'® GeV. In the case of low-scale Pati-Salam
breaking we still need the cutoff scale suppressing the
higher dimension Pati-Salam invariant operators to be
above ~10'5 GeV. We follow Ref. [54] and generate
neutrino masses using the inverse seesaw mechanism
[55,56]. In this case we elucidate how the spontaneously
broken Pati-Salam symmetry protects the theory from the
light scalar leptoquarks giving rise to unacceptably large
baryon number violation.

II. LEPTOQUARKS, DIQUARKS AND BARYON
NUMBER VIOLATION

In the SM the renormalizable interactions conserve
baryon number (and lepton number) and the bosons do
not carry any baryon number (or lepton number) charge.
Operators that violate baryon number do not occur in the
Lagrangian for the SM effective field theory until dimen-
sion six. However, this is an accident of the gauge
symmetry and the matter content of the SM. Typically,
one expects a larger field content when embedding the SM
in another theory that is more complete at higher energies
(i.e., the UV). For instance, in SU(5) grand unified theory a
scalar boson that interacts with leptons and quarks at the
renormalizable level is predicted together with the SM
Higgs boson [57].

Leptoquark and diquark scalars can give rise to exotic
processes which could be observable in the laboratory. In
particular, order O(1-10) TeV scalar leptoquarks are
popular candidates for explaining the recent anomalies
reported in B meson decays that point to violations of
lepton flavor universality. Amongst the exotic processes,
however, leptoquarks and diquarks can lead to baryon
number violation, either at the renormalizable level or by
higher dimension operators. Baryon number violation is
strongly constrained by laboratory experiments, thereby
rendering scalar or vector leptoquarks and diquarks that
give rise to renormalizable and dimension-five baryon
number violation too heavy to be relevant for the flavor
anomalies.

In this paper we use both left- and right-handed two-
component fields and spinors denoted by subscripts L. and
R, respectively. We do not explicitly display Lorentz and
SU(2), gauge indices. We also do not explicitly display the
two-index antisymmetric tensors used to contract those
indices. In addition flavor indices are often not displayed
explicitly.

In Table I we list all possible leptoquark and diquark
scalars able to interact at the renormalizable level with

matter,’ according to Lorentz invariance and the SM gauge
symmetry, that carry a nonzero baryon number charge for
their individual Yukawa interactions to conserve baryon
number. In the second column we show the explicit
interactions with matter at the renormalizable level. In
the third column we classify the type of the scalar:

(i) Pure diquark (DQ): The scalar X has only renorma-
lizable interactions with a pair of quarks, i.e., X has a
nonzero baryon number charge.

(ii) Pure leptoquark (LQ): The scalar X only has
interactions where both quarks and leptons are
involved at the renormalizable level, i.e., X has
nonzero baryon and lepton number charges.

(iii) Mixed (M): The scalar X has interactions with a pair
of quarks as well as with both leptons and quarks.
No baryon or lepton number charge can be assigned
to the scalar in this case.

The mixed scalars violate baryon number at the renor-
malizable level due to the simultaneous presence of diquark
and leptoquark couplings. In general, they contribute to
|AB| =1 processes through tree-level X exchange.
Consistency with laboratory experiments requires (assum-
ing order one Yukawa couplings) that My > 10'> GeV.
Exceptions of this case are the mixed scalars whose diquark
coupling with up quarks is antisymmetric in the flavor
indices. For example, the scalar X ~ (3, 1, —4/3)gy Whose
renormalizable interactions with matter are

—L D Ypo(uhuy) X7 ey, + Yio(dieg)Xi+He.  (2.1)
Here and later in this section the Yukawa matrices are in the
mass eigenstate basis. In this case the proton can only decay
by an additional exchange of a W gauge boson [58—60] as the
diagram in the top-left panel of Fig. 1 shows. Following the
calculation in Ref. [60] for the decay rate of the proton via the
most experimentally constrained mode p — e+t implies

GeV) |1/2
My >3 x 102 GeV el yloyil (=27 )
X ~ (S ‘ZQ2,3 CKM* DQ”" LQ mQ

(2.2)

In the above expression the superscripts correspond to
the entries of the matrix in the flavor space. We will adopt
this convention in the equations where the flavor of fermion
fields is explicitly displayed. Assuming order one Yukawa
couplings, from the above equation one obtains that
My = 102 GeV, ruling out TeV scale mixed scalars.

*We are assuming one new boson at a time. If two or more are
present, new interactions could arise through the mixing terms in
the scalar potential.

“In Eq. (2.2) we have updated the proton lifetime to the recent
limit 7(p — %) > 2.4 x 10** years [61] by the Super-Kamio-
kande collaboration.
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TABLE L.

Scalar leptoquarks and diquarks. In the first column, their quantum numbers under the SM gauge group are listed. In the

second column, we list their renormalizable interactions with matter. Between parentheses right after the Yukawa interaction we
indicate, for those which enjoy some flavor symmetry, whether the flavor indices are symmetric (S) or antisymmetric (A). In the third
column we classify them as pure diquark (DQ), pure leptoquark (LQ) or mixed (M) scalars, as described in the text. In the last column
we specify at which dimension in the SM effective field theory baryon number violation occurs.

(SU(3) SU2),,U(1)y)sm Renormalizable interactions Type B violation
(3:3,=1/3)sm X§(Q77 07 Jeap, (A), X5((Q})ar*L]) M dim 4
( ’ 4/3)SM Xa((dll?)ael[?)’ Xa(uRuR)eaﬂy( ) M dim 4
(3.1.=1/3)sn XU QY Jeupy (), X ((Q])oL L), X (ulyd) ey X () k) M dim 4
(3, 2 7/6) X*((Q1)aer)» X*(Ly(ug),) LQ dim 5
(3.2.1/6)sm X(Ly(d}),) LQ dim 5
(3 1,2/3)sum X (dpdly)€ap, (A) DQ dim 5
(6.3.~1/3)gy X2,(057400)(s) DQ dim 5
(6.1, =1/3)sy X o (udly), X s(020%)(A) DQ dim 5
(6 1 2/3)sm X5 (ddh)(s) DQ dim 5
(6.1.-4/3)sy X o (4l (5) DQ > dim 6
Pure leptoquark scalars can be given a definite charge so Eapy O €apy ( a L (DDA (1
that baryon number is simultaneously conserved in A (dier)( ) v A (QLLL)(®3) (23,
all the allowed renormalizable interactions.” There are aﬁy( )(q)T)/} ((DT) (2.4)
only two scalars in Table I satisfying this property, A '

Dy~ (3,2,-1/6)gy and @, ~ (3,2,7/6)gy." However,
as the authors in Ref. [46] pointed out, baryon number
can still be violated by operators of dimension five, which
generate a diquark coupling as listed below:

€y o N €y . .
= () (@), = (07 0) (@) H

€y, o €q ”

U (djdy) (@YY H. <X (dydp) O H'. (23)

The top-right panel of Fig. 1 shows the diagram contrib-
uting to AB = —AL = —1 processes corresponding to the
first operator above. In Eq. (2.3) and elsewhere the
Hermitian conjugate partners are understood to also be
present. In Ref. [46] it is explicitly shown that experimental
bounds on nucleon decays rule out the two pure lepto-
quarks with TeV scale masses even when the cutoff A is
equal to the Planck scale [note that any coupling constants
are absorbed into A in Eq. (2.3)].

The following dimension-five operators also contribute
to nucleon decay:

*Naively one might have thought that the (3,2,1/6)gy
leptoquark gives rise to renormalizable baryon number violation
through the operator €,,€;; X' waxPIXTEH,. ' Here we have explicitly
displayed the SU(2), 1ndlces i,j,k Wthh take on values 1 and 2.
Expanding the SU(2), contractions the operator contains at least
two X’s with the same SU(2); index value and so it vanishes
because of the antisymmetry of the €,4, used to contract the X
color indices.

The nomenclature ®; and @, used for these scalar lepto-
quarks will be motivated in the following section.

afy

as displayed in the bottom-left panel of Fig. 1 for the first of
the above operators. However they give rise to rates that are
suppressed compared to those that follow from the oper-
ators in Eq. (2.3).

The same argument applies to the pure diquarks.
Although they seem harmless at the renormalizable level,
leptoquark couplings could arise in dimension-five oper-
ators leading to baryon number violating processes. For
instance, the pure diquark X ~ (3,1,2/3)qy, has the fol-
lowing leptoquark couplings at dimension five:

1
XHT (LL (d;‘%)a)xa’

1

CH((uf), L)X", and

((QL) RJHXY, (2.5)
which lead to AB = —AL = —1 processes similar to the
top-right panel of Fig. 1. Analogously to the pure lepto-
quark cases, these processes rule out a TeV scale X mass for
Yukawa couplings Ypg ~ O(1) even when the cutoff is
equal to the Planck mass [46].

The scalar diquarks that are in the symmetric 6 repre-
sentation of SU(3) do not give rise to baryon number
violating processes at the renormalizable level. At
dimension five |AB| = 1 processes do not occur, however
|AB| =2 processes can be present. To illustrate this
consider the pure diquark X ~ (6,1,—1/3)gy. Through
the dimension-five operator

(XT)aa’ (XT )ﬂﬁ/(dgd%)ea/}yelfﬁl ’y (26)

> =
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On the top panels, diagrams for AB = —AL = —1 processes. On the bottom panels, diagram for AB = —AL = —1 (bottom-

left panel) and diagram for AB = —2, AL = 0 (bottom-right panel) processes.

and the renormalizable diquark interactions listed in
Table I, the following term in the effective Hamiltonian
(amongst others’) is generated once the scalar X is
integrated out:

1

1
Hegr DKM—§((d G (dyidy ) (digdip)eap €y +Hee. (2.7)

CapyCa

This is illustrated in the bottom-right panel of Fig. 1. Such
an interaction leads to |[AB| = 2 transitions, for example
n — i oscillations. Following Ref. [59] the bound on the
mass of X coming from the experimental limit on n — 7
oscillations in this case is

M 1/4
My > 300 GeV (%) .

Therefore, these scalar diquarks in the symmetric repre-
sentation of SU(3) can be at the TeV scale and be consistent
with laboratory constraints on baryon number violation for
a cutoff in the allowed range 10 GeV < A < Mp, =
10" GeV.

Here we have assumed only one light scalar. Other
baryon number violating processes are possible if several
are light.

(2.8)

III. EMBEDDING IN PATI-SALAM

The take-home message from the previous section is that
TeV scale (color triplet) leptoquarks are generically ruled

"Other operators with AB = —2 are also generated due to the
two possible diquark couplings of X ~ (6,1,—1/3)qy. In the
above example we have not considered the interaction
(Q"LQ/Z)X,,/; because it is less constrained experimentally due
to the antisymmetry in the flavor indices.

out by laboratory constraints on baryon number violating
processes. In this section, we point out that this need not be
the case if the SM is embedded in a larger symmetry group.
We will show that embedding the SM in the minimal theory
for quark-lepton unification a /a Pati-Salam [42], based on
the gauge symmetry group [54,62],

U(4) ® SU(2), ® U(1)g

protects the Pati-Salam effective theory from unacceptably
large baryon number violation at the renormalizable level
and by higher dimension operators.

The matter content we use is as follows. Each family of
the SM fermions and a right-handed neutrino are collected
in three representations,8

F,= (dﬁ,dﬁ, d?ev eg) ~ (4.1, =1/2)ps,
(4,1,1/2)ps,

and Fo, = (07,07,07, L)~ (4,2,0)ps,

F, = (up, uf, ug, vg) ~

(3.1)

where the three colors of QCD [red (r), blue (b) and green
(g)] are explicitly displayed to illustrate that leptons are
treated as the fourth color in the matter representations.
Only the representations containing right-handed fields are
charged under U(1)g. As before, color indices which take
values r, b, g (or equivalently 1,2,3) will be represented by
indices a, 3,7, .... SU(4) indices that go over 1,2,3,4 will
be denoted by A, B, C, .... In this section we will denote
quantum numbers under the Pati-Salam gauge group,
[SU(4),SU(2),,U(1)g], with the subscript PS, and

*We have suppressed the lepton field in the subscript used for
the right-handed Pati-Salam representations to avoid confusion
with the field-strength tensor F,, in the F, case.
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quantum numbers under the SM gauge group, [SU(3),
SU(2),,U(1)y], with the subscript SM.

Apart from the matter content, the theory requires scalars
in order to reproduce the experimental observations. First, a
scalar nonsinglet SU(4) representation with a neutral
component under the SM gauge charges is needed to
break SU(4) down to SU(3). For instance, a scalar
representation with quantum numbers y ~ (4,1,1/2)pg
or A~(10,1,-1)pg can do the job with (y*) =
5A4vx/\/§ or (Aup) = 6446p4va/V/2, respectively. Each
of these vevs breaks SU(4) ® U(1), to SU(3) ® U(1),
and defines the hypercharge of the SM fields. The hyper-
charge is given by a combination of the charge R and the
nonsingular diagonal generator of SU(4), i.e.,

NG 1
Y=R+—T,, where T, =——=diag(1,1,1,-3).
3 14 4 26 g( )

(3.2)

Second, the SM Higgs field H ~ (1,2, 1/2)g is added to
spontaneously break the electroweak symmetry. At this
stage the theory predicts equal masses for down quarks and
charged leptons, as well as up quarks and neutrinos. A third
scalar field in the adjoint representation of SU(4) is added
to achieve realistic fermion masses,

Dy D;
(1)15 = +H2T4N(15’2’1/2)PS‘ (33)
o, 0

It contains a second Higgs doublet, H, ~ (1,2,1/2)gy,
whose coupling to matter distinguishes leptons from
quarks. The Yukawa couplings in the Lagrangian,

—L =Y H(Fj(Fl)s) + Y2(@15)5 (Fp(Fi) )
+ Y3H (Fh (F))a) + Ya( @R (FhL(F)p). (3.4)
generate the following mass matrices for the SM fermions

after the spontaneous symmetry breaking of the electro-
weak symmetry,

vy 1 Vo Vg 1 Vo
M,=Y —+——72Y,—, My=Y3;—=+——=V,—.
W2 Tave Ve YTV e e

. v 3 v v 3 v
MPre =y —L——— ¥, M, =Yi—ft———Y,—,
V2 26 V2 V2 2v6 V2
(3.5)

where (H/) = 6vy/v/2 and (H)) = 62v4/v/2. In
addition to the second Higgs doublet, a color octet
Higgs field @g ~ (8,2, 1/2)g, and the scalar leptoquarks
@3~ (3,2,-1/6)gy and @, ~ (3,2,7/6)gy are also con-
tained in the @5 representation. The interaction terms of
the leptoquarks with matter are

— LD Y5(Qvg) @4 + Yo Ly (up),) DS
+ Y4(QFep)(®)), + Ya(Ly(dy),)(@))* + He., (3.6)

which do not violate baryon (or lepton) number if baryon
(lepton) number charges Q(®3) = —1/3 and Qgz(P,) =
1/3(Q(®;3) = 1 and Q; (®4) = —1) are assigned to them.
Under these charge assignments, baryon and lepton number
are also conserved by the renormalizable interactions in the
scalar potential. Following the classification introduced in
Sec. II, @5 and ®, are the pure leptoquarks of Table I.

The gauge sector of this theory also does not violate
baryon number at the renormalizable level. The massive
gauge fields associated with the broken Pati-Salam
generators transform under the SM gauge group as
V ~(3,1,2/3)gu- As Assad, Fornal and Grinstein pointed
out in Ref. [48], adding this vector leptoquark to the SM
effective field theory gives rise to baryon number violation at
the dimension-five level and if it is embedded in Pati-Salam
this is absent. We shall see that in the Pati-Salam effective
theory the gauge bosons associated with the broken gen-
erators first give rise to baryon number violation at dimen-
sion seven. Broken gauge generators however do give rise to
meson leptonic decays such as K; — uTe™ which set a
bound on their mass of M, > 10° GeV [63,64], up to
possible suppressions coming from the unitary matrices
introduced to diagonalize the fermion mass matrices.

This is the field content composing the minimal theory
based on Pati-Salam symmetry. However this theory would
require a very awkward tree-level tuning of parameters to
get small neutrino masses. In this paper we will add fields
that give neutrino masses either by the type-I or inverse
seesaw mechanisms. Note from Eq. (3.5) that the Yukawa
couplings Y, and Y, are the ones that determine the
coupling of the leptoquarks to the fermions. Either the
Yukawa coupling Y or Y, (but not both) could be very
small and still reproduce the correct fermion masses. The
Yukawa couplings Y3 and Y, are constrained by the masses
of the down quarks and charged leptons. For simplicity in
this paper we assume that the matrices that diagonalize the
charged fermion mass matrices are close to the identity. For
example,

V3 V3

Y4:7(Md_Me)NTMjiag' (3.7)

In the above expression and later in this section we assume
that v = vy = vg = 246/v/2GeV.

Hereafter we distinguish two possible scenarios for the
breaking of SU(4): the case where v, ~ 100-1000 TeV,
and the case where the SU(4) breaking occurs well above
1000 TeV. We call these respectively low-scale Pati-Salam
breaking and high-scale Pati-Salam breaking. See Fig. 2 for
a summary of the different energy scales involved in these
scenarios.

035017-5



CLARA MURGUI and MARK B. WISE

PHYS. REV. D 104, 035017 (2021)

High-scale Pati-Salam breaking (A)

Energy

N

< Mpr

Aps

SUM4) ® SU(2)L ® U(1)r

vAa
> 1013 Gev (type-I seesaw)
SU(3) ® SU(2)z ® U(1)y
< 10 TeV (flavor anomalies)
few TeV

Leptoquark(s)

Low-scale Pati-Salam breaking (x)

Energy
A

S Mpr

Aps
> 1015 GeV (dim 6 AB=—1)

SU4) ®SU((2) ® U(1)r

Ux
> 103 Tev (K — pte¥)

SUB)®SU((2)L, ® U(l)y

few TeV
Leptoquark(s)

FIG. 2. Energy scales for the two breaking scenarios of the Pati-Salam gauge group. On the left panel is the high-scale Pati-Salam
breaking induced by the vev of A ~ (10, 1, —1)pg described in Sec. III A. Neutrinos acquire mass through the type-I seesaw mechanism
in this scenario. On the right panel is the low-scale Pati-Salam breaking induced by the vev of y ~ (4, 1,1/2)pg described in Sec. III B.
Neutrinos acquire mass through the inverse seesaw mechanism in this scenario.

In either the high- or low-scale Pati-Salam symmetry
breaking scenarios baryon number violation occurs at the
dimension-six level through the following terms in the
Pati-Salam effective field theory:

1
TeABCD(FgLFgL)(FSLFLQ)L)’
Aps

1
—5—€apcn(FaFE)(FCFD) + - -,

(3.8)
Ags

which set a lower bound on the -cutoff scale
Aps = 105 GeV.
We use the same cutoff Apg for all the nonrenormalizable

operators in the Pati-Salam effective field theory.

A. High-scale Pati-Salam breaking

When the Pati-Salam gauge group is broken at a high
scale the type-I seesaw mechanism is an attractive way to
generate large right-handed neutrino masses that then give
rise to small left-handed Majorana neutrino masses. This is
implemented by adding to the minimal particle content a
field A in the (10, 1, —1)pg representation. The interaction
term Y, F2FBA,p generates the Majorana right-handed
neutrino mass matrix M, when A gets a vev in its Ayy
component. The vev (A, 5) = 84465404 /+/2 is also respon-
sible for breaking the Pati-Salam gauge group down to
the SM.

The heaviest active (left-handed) neutrino mass is
~m}/m,,, where we assumed MD"~M, [see
Eq. (3.5)] and m,, is the magnitude of the typical element

in M, 2 Observations of neutrino oscillations provide a
lower bound on the heaviest active neutrino, which we take

to be \/AmZ,, = 0.05 eV [65], while an upper bound
arises from the cosmological limit on the sum of neutrino
masses, y_, m, < 0.12 eV [66]."° These upper and lower
bounds are not far apart and imply that m,, ~ 10'* GeV. To
avoid strong coupling of the right-handed neutrinos to A
this implies that v, > 10'3 GeV. See Ref. [67] for a related
discussion of neutrino masses.

In Sec. II it was noted that in the context of the SM
baryon number violating processes for ®; and ®, occur at
dimension five. We now turn to studying the analogous fact
when the SM is embedded in Pati-Salam. The leading
contribution to a diquark coupling for the scalar lepto-
quarks now occurs at dimension six through terms involv-
ing A. For example,

1 .

A2 ( 3Fg) (cb‘;s)gH' (AT)EDEABCD
PS

(a)  va

R
V2AGs

We note that the same diquark coupling for ®; can be
generated by either Higgs doublet (H or H,). The other

(i) (D])7 He,p,. (3.9)

*We assume that all the elements in the right-handed neutrino
masses are similar.

0This is a 95% C.L. combined bound for Planck including TT,
TE, EE, lowE, lensing, and baryonic acoustic oscillations, and it
depends on the other parameters in the fit. For example, larger
values of H( will give tighter constraints on this sum.
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case arises by replacing the H boson field by the @5 field
in the dimension-six Pati-Salam operator above as the
following example shows:

1
A2 (I[TEII'ﬂB)(‘I)T ) (q)TS)Ig(AT)FDeABCD
PS
<A> v o
\/_/A\ ( dﬂ)( )H2€aﬂy (310)

Either Eq. (3.9) or Eq. (3.10) lead to AB = —-AL = —1
interactions through the following effective Hamiltonian at
a scale much below Mg, :

Heff = G6(VZLS%)(dgu£>€aﬁy + H.C., (311)

where we have explicitly specified the flavor of quarks and
leptons that will lead to proton decay via the dominant
mode p - K *yﬂ. From Egs. (3.6) and (3.9) it follows, after
integrating out the ®;, that the dimensionful Fermi-like
parameter G4 is given by

UA”(Y?;Z)*
2A§SM§,3

N \/gvAms(MZ)
2A1%SM%D3 ’

G = (3.12)

where in the right-hand side of the above equation the
texture in Eq. (3.7) has been applied. We note that the
fermion masses entering in the texture are defined at
the quark-lepton unification scale. However there are other
renormalizable effects that we have not included and so, for
simplicity, we evaluate the fermion masses at the Z boson
mass. In this example we use m,(M,) = 55 MeV (see for
example Ref. [68]).

The decay width of proton through the mode p — K*v
is given by

m, m2,\ 2

p

Fp_)KJr

where fg+ = 0.139 GeV? [69] quantifies the hadronic
matrix element (K*[(du)gsg|p) = pg+Pgu,. Here u, is
the spinor of the proton. The experimental bound on the
lifetime for the proton decay mode 7(p — K'v) < 5.9 x
10 years [70] from the Super-Kamiokande collaboration

imposes a lower bound of
Ge < 1.9 x 1073! GeV~2. (3.14)

This implies through Eq. (3.12) that the vev of A satisfies

that
Mo, \2 /[ Aps \2
ASTIX105 GeV(——2 ) (255)
2TeV) \Mp,

Even for Apg = Mp; the above bound is barely large
enough to accommodate the right-handed neutrino masses

(3.15)

without strong coupling. Avoiding strong coupling for the
right-handed neutrino interactions with A together within
the above bound on v, gives

(3.16)

2 TeV
APS>1018GV( © )

D;

which is only 1 order of magnitude away from the
Planck scale.

The right-hand sides of Eqgs. (3.15) and (3.16) are
strongly impacted by the smallness of the Yukawa coupling
Y3 ~ 3 x 10~*. This factor arises because with the minimal
model we are considering this coupling is related to the
strange quark mass.

The bounds in Egs. (3.15) and (3.16) will be improved
by future data from the Hyper-Kamiokande [71] and
DUNE [72] collaborations.

With the minimal particle content the renormalizable
Pati-Salam couplings have a U(1) fermion number sym-
metry. This is broken down to a discrete Z, subgroup by the
nonrenormalizable four-fermion operators in Eq. (3.8).
This means that quantum corrections cannot generate from
these dimension-six operators the dimension-five baryon
number violating couplings of the leptoquark scalars
mentioned in Sec. II since they only respect a Z, subgroup
of this Z,. However this is no longer true when one adds
fields to the minimal Pati-Salam particle content that
generate neutrino masses.

As Fig. 3 shows, in this case the diquark coupling for the
leptoquark @5 can also be generated at the quantum level
through, for example, the one-loop diagrams displayed in
this figure. The contribution of these loop diagrams to the
diquark coupling of @5 is

CORERR oY

xlog< 25>eaﬂy my, (dguly) (@) HT, (3.17)

where we have assumed the heaviest quarks are in the loop.
The term on the left of the expression between squared
brackets in Eq. (3.17) refers to the contribution from the
loop process in the left panel of Fig. 3, while the term on the
right corresponds to the contribution from the loop process
displayed in the right panel of the same figure. The
logarithm indicates that this should be thought of as an
operator mixing effect. From the scale Apg to the scale of
Pati-Salam symmetry breaking it is mixing between Pati-
Salam invariant dimension-six operators and below the
scale of Pati-Salam breaking it is mixing between the
dimension-six baryon number violating four-fermion oper-
ators in the SM and the effectively dimension-six operator
EappyMy, (d%uﬁ) (CDD}’H T This mixing effect does not give a
stronger lower bound on Apg than Eq. (3.16).
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A
F, <.>
U .
F, Dug VR vr C F,
=»-= O3 C Dy5
F;odp dr QL C For,
v
n '
Fy H

A
P <.>
U :
F, Dugr VR vr C F,
-y-- H
FyDdp dR LLCFQL
V¥
oo
Fa P3 C Py

FIG. 3. Examples of one-loop contributions to the diquark coupling of ®; in Eq. (3.17).

B. Low-scale Pati-Salam breaking

For Pati-Salam breaking at the low scale, we use the
inverse seesaw mechanism to generate neutrino masses
[54]. The Pati-Salam gauge group is broken through the vev
of the field y ~ (4,1,1/2)pg, explicitly (y*) = §**v,/v/2.
The field A introduced earlier does not occur in the low-
scale breaking scenario.

In the Pati-Salam theory there are no dimension-five or
dimension-six operators whose tree-level matrix elements
give rise to the dimension-five diquark couplings of ®; and
@, discussed in Sec. II. Baryon number violation involving
these leptoquarks first occurs at dimension seven through
the following interactions, "

1
3 (F;‘Fg)(CDIS)()C){DHTeABCD

Apg
b vy .
A3 (d?? 'Z)( )H €a/3y’ (318)
PS
1 A f ,\C.,D gyt
AL (F LF L)(@isx) " H' €apcp
PS
W vy B (o
_)A—i’i:S(QzQ/L)(q)fi)yHTeaﬂy’ (319)
! FAFB)(f H W, Y (e dly (@l H
A13>s( a)( 15)())( eABCD_’A%S( ?)(P3) €apy
(3.20)
! FAFB)(® Dyt 0, vy ddh) @ HT
( a)( 1)() X €ABCD_’A3 ( ®) €apys
PS PS
(3.21)
and
"Note that analogous operators exist with the
H replaced by H, in ®;5. For example, in Eq. (3.18),

(Fng)(CDT ) (q)Ts)() X €ABCD/APS

AL (FAFB)((DEZ) (® TSJ()DGABCD
PS

) Uy

—= 5 (ufer) (@) (P1) €y (3.22)

(3.23)

1
F(FgFg)(cDTSX)C((DISX)DGABCD
Ps

A—3 ( %eR) (@Dﬂ@ﬁeaﬁr (324)
PS

Here for example (®]s)€ = (®]4)5y". Equations (3.18),
(3.19), (3.20), and (3.21) are analogous to the nonrenor-
malizable operators in Eq. (2.3), while Egs. (3.22), (3.23),
and (3.24) are analogous to those in Eq. (2.4). Note that the
leptoquark couplings above are proportional to vﬁ//\%s
Recall that an acceptable nucleon decay rate requires
Apg > 10" GeV. Therefore, since we are considering
low-scale breaking v, ~ 100-1000 TeV, the dimension-
seven operators above will not give rise to observable
baryon number violation.

Vector leptoquarks with the same SM quantum numbers
(3,1,2/3)qy as the broken generators of Pati-Salam give
rise to baryon number violation at dimension five in the SM
effective field theory [48]. However, in Pati-Salam models
their effects are much more suppressed. Baryon number
violation does not occur until dimension seven in the Pati-
Salam effective theory. See the operator below for an
example,

(Fiy o, FRCH (Dy)Pespep. (3.25)

3
APS

Similarly to the case of the leptoquarks ®; and @, the
gauge bosons associated with the broken generators of
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SU(4) will not give rise to unacceptably large baryon
number violation.

C. Additional particle content

In principle the theory could have a larger scalar content
than the minimal scenarios presented so far. Here we aim to
illustrate with a simple example how the symmetry of the
Pati-Salam theory can protect mixed scalars (with both
leptoquark and diquark couplings at the renormalizable
level) with masses at the TeV scale that would be naively
ruled out from the low-energy perspective. For example,
add to the minimal content a single scalar field with the
following quantum numbers:

SDQ SLQ —

This symmetric SU(4) representation contains a scalar
leptoquark S; o ~ (3,1,4/3)gy, a scalar diquark Spo~
(6,1,2/3)gq» and a doubly charged scalar 5T~
(1,1,2)gy- The new Yukawa interactions are given by

(3.26)

—L =Y o(FjF)(®ip)sp + He.

= Ylo(d%dfe)(SDQ)aﬂ +2Y10(d%er)(SLQ)q

+ Ylo(eRek)5++ + H.C., (327)

where Y, is symmetric in the flavor space. Already at the
renormalizable level we can see that, contrary to what we
expected from Sec. I, the scalar Sy  is a pure leptoquark in
this case. The SU(4) symmetry forbids the diquark cou-
pling of §;o with matter, which would be otherwise
allowed by the SM gauge symmetry and would rule out
a Spo lighter than 10'2 GeV (for order one Yukawa
couplings).

To proceed further we first consider the case of high-
scale breaking. We imagine that only the Sy scalar is
allowed to be at the TeV scale. A diquark coupling for Sy
can be generated at dimension six through the following
nonrenormalizable interaction:

1
Ajs

@) v
Ajs

(FAFB)((DIO)CFAFG(A )Pespep + Hec.

(u(l}éug)(SLQ) a/}y +H.c. (328)

Note that the above operator is antisymmetric in the flavor
indices and, as discussed in Sec. II, it can only mediate
proton decay by the exchange of a W gauge boson as the
top-left panel of Fig. 1 illustrates. Identifying the diquark
coupling in Eq. (2.2) as Ypq = vi/Ajg and the leptoquark
coupling as Y7o = 2Y}{, the bound from Eq. (2.2) can be

translated to the operator in the right-hand side of
Eq. (3.28), giving

v <1010 GeV Msig ) (Avs ,
2TevV ) \ My,

where Y]} ~ 1 has been assumed. This rules out the high-
scale breaking scenario under the assumption of an order
one Yukawa coupling for a TeV scale leptoquark Sy ¢ since
va 2 1013 GeV is required to accommodate the active
neutrino masses.

Next we consider low-scale breaking. In this case the
diquark coupling of Sy, arises from the following dimen-
sion-six Pati-Salam invariant operator:

(3.29)

AL (FAFS)(@or") xPeascp + Hee.
PS

N NI
- £ A2, (ugup) (S o) €qpy + Hoc.

(3.30)

Now Eq. (3.29) holds when one replaces the vev of A by
the vev of y. Note that if Apg~10" GeV and
M Sio & 2 TeV, the bound becomes v, < 1000 TeV which
is near the limit imposed by the decay K, — uteT.

With low scale breaking the scalars @3, @, and S are
all light. Baryon number violation occurs at dimension-five
through the operator12

1
ATDS((I) ) (‘1915) (‘I)T )E){)( €ABCD

) o
N P (S]JZQ) (1) (CI)\) €apy-

(3.31)

Such operator, together with the renormalizable inter-
actions of the scalar leptoquarks ®; and @, given in
Eq. (3.6), and the renormalizable interactions of the scalar
leptoquark S, given in Eq. (3.27) give rise to AB =
—AL = —1 processes such as n — vete~ through an
effective Hamiltonian:

2 11 2
vy Yiplvi
2 2 Ar2
Aps M3, M M5,

(uzeTR)(VL R)( ReR) aﬂy

Heff =

+---+Hec. (3.32)

Figure 4 shows the diagram for this process. Following
Ref. [73], the bound on the vev of y is given by

2Note that the left-hand side of Eq. (3.31) can also lead to
other |AB| =1 processes by contracting the SU(4) indices
differently. The bounds derived in those cases are very similar
to the example in the right-hand side of Eq. (3.31).
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FIG. 4. Diagram for AB = —AL = —1 processes.

b <35 1010 Gev [ Mo | (Mo, \ (Mo, \ (Aps "2
S 2TeV ) \2TeV ) \2TeV ) \Mp, ,

(3.33)

L4

L4
-<' .

where we used Y}'=~my(M;)/v~17x107, and
assumed that Y]} ~ 1. Here the bound on the lifetime
7(n — ve'e™) [74] from the IMB-3 experiment has been
used. The bound in Eq. (3.33) is influenced by the small-
ness of the Yukawa couplings for the leptoquarks @; and
@,. If they were taken to be order 1, the above bound would
be 5 orders of magnitude stronger.

Our results are strongly dependent on the field content
we have assumed. It is well known that renormalizable
baryon number violation is possible in Pati-Salam models
[75]. Consider for example adding to the minimal theory
based on Pati-Salam symmetry a scalar field,

b, = (e(lﬂy(¢DQ)y ¢KQ
6 — a
—Pio 0

where  ¢pg ~ (3.1,1/3)gy and o~ (3.1, -1/3)gy
According to Table I, ¢ and ¢pq are mixed scalars.
This is also true in Pati-Salam models as can be seen
explicitly in their Yukawa couplings,

) ~(6,1,0)ps,  (3.34)

—L= Y6F3F§(¢E)AB +Yieapep Fiy FEOLP
+ YgFéLFgL<q)£)AB + Y6"/€ABCDF6LF5L<D6CD +H.c.
(3.35)

= Youp Ui (dpo)! +2Ygulberdpoa+ -+ +He. (3.36)

This example shows that even after the embedding of ¢pq
and ¢y ( in a Pati-Salam model through ®, they give rise to
renormalizable baryon number violation.

IV. CONCLUDING REMARKS

Treating the SM as an effective theory it contains higher
dimension operators that give rise to baryon number
violation at dimension six. There are a number of flavor
anomalies that can be addressed by adding to the SM scalar

leptoquarks with masses around a few TeV. However,
adding such leptoquarks to the SM effective theory one
finds that baryon number violation can now occur at the
renormalizable and/or dimension-five levels. Experimental
limits on baryon number violating processes force the
leptoquarks mass to be too large to explain the flavor
anomalies even when the cutoff of the SM effective theory
is the Planck mass.

To address this issue, we have studied embedding the
SM in the minimal Pati-Salam model with one or more
leptoquark scalars with masses at the TeV scale. The
Pati-Salam model was treated as an effective theory with
a cutoff scale Apg < Mp; that suppresses higher dimension
operators.

When the Pati-Salam model is broken at a high scale and
the neutrino masses arise from the type-I seesaw mecha-
nism we found by using experimental constraints on baryon
number violation that Apg > 10'® GeV and the vev defin-
ing the Pati-Salam breaking is constrained to be in the
window 1013 <, <101 GeV.

When the Pati-Salam model (with minimal particle
content) is broken at the low scale, neutrinos get
mass through the inverse seesaw mechanism. In this case
in the Pati-Salam effective field theory baryon number
violating operators involving the leptoquarks first occur at
dimension seven. Baryon number violation arising
from dimension-six operators involving four fermions
will dominate in this case and provide a bound
Aps 2 1015 GeV.

We also studied a case where the Pati-Salam model had
nonminimal particle content. Adding a scalar to the SM
that has both leptoquark and diquark couplings gives rise
to renormalizable baryon number violation through the
tree-level exchange of that scalar. We showed in an
example that embedding the SM and such a scalar in
the Pati-Salam effective field theory can protect the
theory for having unacceptably large baryon number
violation.

It is worth emphasizing that our conclusions depend on
the field content of the model. Adding more degrees of
freedom, several of which are at the TeV scale, can lead to
unacceptably large baryon number violation.

An interesting extension of this work would be to study
how other embeddings of the SM with additional TeV scale
leptoquarks influence baryon number violation.
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