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Baryon Number and Lepton Universality Violation in Leptoquark and Diquark Models

Nima Assad, Bartosz Fornal, and Benjamı́n Grinstein
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA

(Dated: August 23, 2017)

We perform a systematic study of models involving leptoquarks and diquarks with masses well below the
grand unification scale and demonstrate that a large class of them is excluded due to rapid proton decay. Af-
ter singling out the few phenomenologically viable color triplet and sextet scenarios, we show that there exist
only two leptoquark models which do not suffer from tree-level proton decay and which have the potential for
explaining the recently discovered anomalies in B meson decays. Both of those models, however, contain di-
mension five operators contributing to proton decay and require a new symmetry forbidding them to emerge
at a higher scale. This has a particularly nice realization for the model with the vector leptoquark (3, 1)2/3,
which points to a specific extension of the Standard Model, namely the Pati-Salam unification model, where this
leptoquark naturally arises as the new gauge boson. We explore this possibility in light of recentB physics mea-
surements. Finally, we analyze also a vector diquark model, discussing its LHC phenomenology and showing
that it has nontrivial predictions for neutron-antineutron oscillation experiments.

I. INTRODUCTION

Protons have never been observed to decay. Minimal grand
unified theories (GUTs) [1, 2] predict proton decay at a rate
which should have already been measured. The only four-
dimensional GUTs constructed so far based on a single unify-
ing gauge group with a stable proton require either imposing
specific gauge conditions [3] or introducing new particle rep-
resentations [4]. A detailed review of the subject can be found
in [5]. Lack of experimental evidence for proton decay [6]
imposes severe constraints on the form of new physics, es-
pecially on theories involving new bosons with masses well
below the GUT scale. For phenomenologically viable models
of physics beyond the Standard Model (SM) the new particle
content cannot trigger fast proton decay, which seems like an
obvious requirement, but is often ignored in the model build-
ing literature.

Simplified models with additional scalar leptoquarks and
diquarks not triggering tree-level proton decay were discussed
in detail in [7], where a complete list of color singlet, triplet
and sextet scalars coupled to fermion bilinears was presented.
An interesting point of that analysis is that there exists only
one scalar leptoquark, namely (3, 2) 7

6
(a color triplet elec-

troweak doublet with hypercharge 7/6) that does not cause
tree-level proton decay. In this model dimension five opera-
tors that mediate proton decay can be forbidden by imposing
an additional symmetry [8].

In this paper we collect the results of [7] and extend the
analysis to vector particles. This scenario might be regarded
as more appealing than the scalar case, since the new fields
do not contribute to the hierarchy problem. We do not assume
any global symmetries, but we do comment on how imposing
a larger symmetry can remove proton decay that is introduced
through nonrenormalizable operators, as in the scalar case.

Since many models for the recently discovered B meson
decay anomalies [9, 10] rely on the existence of new scalar
or vector leptoquarks, it is interesting to investigate which of
the new particle explanations proposed in the literature do not
trigger rapid proton decay. Surprisingly, the requirement of no

proton decay at tree level singles out only a few models, two of
which involve the vector leptoquarks (3, 1) 2

3
and (3, 3) 2

3
, re-

spectively. Remarkably, these very same representations have
been singled out as giving better fits toB meson decay anoma-
lies data [11]. An interesting question we consider is whether
there exists a UV complete extension of the SM containing
such leptoquarks in its particle spectrum.

Finally, although the phenomenology of leptoquarks has
been analyzed in great detail, there still remains a gap in
the discussion of diquarks. In particular, neutron-antineutron
(n − n̄) oscillations have not been considered in the context
of vector diquark models. We fill this gap by deriving an esti-
mate for the n − n̄ oscillation rate in a simple vector diquark
model and discuss its implications for present and future ex-
periments.

The paper is organized as follows. In Sec. II we study the
order at which proton decay first appears in models includ-
ing new color triplet and sextet representations and briefly
comment on their experimental status. In Sec. III we focus
on the unique vector leptoquark model which does not suffer
from tree-level proton decay, can account for the anomalies
in B meson decays, and has an appealing UV completion. In
Sec. IV we analyze a model with a single vector color sextet,
discussing its LHC phenomenology and implications for n−n̄
oscillations. Section V contains conclusions.

Field SU(3)c × SU(2)L ×U(1)Y reps.

Scalar leptoquark (3, 2)′7
6

Scalar diquark (3, 1) 2
3

, (6, 1)− 2
3

, (6, 1) 1
3

, (6, 1) 4
3

, (6, 3) 1
3

Vector leptoquark (3, 1)′2
3

, (3, 1) 5
3

, (3, 3)′2
3

Vector diquark (6, 2)− 1
6

, (6, 2) 5
6

TABLE I. The only leptoquark and diquark models with a triplet or
sextet color structure that do not suffer from tree-level proton decay.
The primes indicate the existence of dim 5 proton decay channels.
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II. VIABLE LEPTOQUARK AND DIQUARK MODELS

For clarity, we first summarize the combined results of [7]
and this work in Table I, which shows the only color triplet
and color sextet models that do not exhibit tree-level proton
decay. The scalar case was investigated in [7], whereas in this
paper we concentrate on vector particles. As explained below,
the representations denoted by primes exhibit proton decay
through dimension five operators (see also [8]). We note that
although the renormalizable proton decay channels involving
leptoquarks are well-known in the literature, to our knowl-
edge the nonrenormalizable channels have not been consid-
ered anywhere apart from the scalar case in [8].

A. Proton decay in vector models

We first enumerate all possible dimension four interactions
of the new vector color triplets and sextets with fermion bi-
linears respecting gauge and Lorentz invariance. A complete
set of those operators is listed in Table II [12]. For the vec-
tor case there are two sources of proton decay. The first one
comes from tree-level diagrams involving a vector color triplet
exchange, as shown in Fig. 1. This excludes the representa-
tions (3, 2) 1

6
and (3, 2)− 5

6
, since they would require unnatu-

rally small couplings to SM fermions or very large masses to
remain consistent with proton decay limits. The second source
comes from dimension five operators involving the vector lep-
toquark representations (3, 1) 2

3
and (3, 3) 2

3
:

1

Λ
(Q

c

LH
†)γµdRVµ ,

1

Λ
(Q

c

Lτ
AH†)γµdRV

A
µ , (1)

respectively. Those operators can be constructed if no addi-
tional global symmetry forbidding them is imposed and allow
for the proton decay channel shown in Fig. 2, resulting in a
lepton (rather than an antilepton) in the final state. The corre-
sponding proton lifetime estimate is:

τp ≈
(
2.5× 1032 years

)( M

104 TeV

)4(
Λ

MPl

)2

, (2)

where the leptoquark tree-level coupling and the coefficient of
the dimension five operator were both set to unity. The numer-
ical factor in front of Eq. (2) is the current limit on the proton
lifetime from the search for p → K+π+e− [13]. Even in the
most optimistic scenario of the largest suppression of proton
decay, i.e., when the new physics behind the dimension five
operator does not appear below the Planck scale, those op-
erators are still problematic for M . 104 TeV, which well
includes the region of interest for the B meson decay anoma-
lies.

The dimension five operators can be removed by embed-
ding the vector leptoquarks into UV complete models. As
argued in [8] for the scalar case, it is sufficient to impose a
discrete subgroup Z3 of a global U(1)B−L to forbid the prob-
lematic dimension five operators. They are also naturally ab-

Operator SU(3)c SU(2)L U(1)Y p decay

Q
c

Lγ
µuRVµ

3 2 − 5/6 tree-level

6̄ 2 − 5/6 –

Q
c

Lγ
µdRVµ

3 2 1/6 tree-level

6̄ 2 1/6 –

QLγ
µLLVµ 3 1, 3 2/3 dim 5

Q
c

Lγ
µeRV

∗
µ 3 2 − 5/6 tree-level

L
c
Lγ

µuRV
∗
µ 3 2 1/6 tree-level

L
c
Lγ

µdRV
∗
µ 3 2 −5/6 tree-level

uRγ
µeRVµ 3 1 5/3 dim 7

dRγ
µeRVµ 3 1 2/3 dim 5

TABLE II. Possible vector color triplet and sextet representations.

FIG. 1. Tree-level vector exchange triggering proton decay for
V = (3, 2) 1

6
and V = (3, 2)− 5

6
.

FIG. 2. Proton decay through a dimension five interaction for
V = (3, 1) 2

3
and V = (3, 3) 2

3
.

sent in models with gauged U(1)B−L.1

Ultimately, as shown in Table I, there are only five color
triplet or sextet vector representations that are free from tree-
level proton decay, two of which produce dimension five pro-
ton decay operators. In the scalar case, as shown in [7], there
are six possible representations with only one suffering from
dimension five proton decay.

1 We note that the dimension five operators (1) provide a baryon number
violating channel which may be used to generate a cosmological baryon
number asymmetry.
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B. Leptoquark phenomenology

The phenomenology of scalar and vector leptoquarks has
been extensively discussed in the literature [14–16] and we do
not attempt to provide a complete list of all relevant papers
here. For an excellent review and many references see [12],
which is focused primarily on light leptoquarks.

Low-scale leptoquarks have recently become a very active
area of research due to their potential for explaining the ex-
perimental hints of new physics in B meson decays, in par-
ticular B+ → K+`+`− and B0 → K∗0`+`−, for which a
deficit in the ratios RK(∗) = Br(B → K(∗)µ+µ−)/Br(B →
K(∗)e+e−) with respect to the SM expectations has been re-
ported [9, 10]. A detailed analysis of the anomalies can be
found in [17–22]. Several leptoquark models have been pro-
posed to alleviate this tension and are favored by a global fit to
RK(∗) , RD(∗) and other flavor observables. Surprisingly, not
all of those models remain free from tree-level proton decay.

The leptoquark models providing the best fit to data with
just a single new representation are: scalar (3, 2) 1

6
[23], vector

(3, 1) 2
3

[11, 24] and vector (3, 3) 2
3

[25]. Among those, only
the models with the vector leptoquarks (3, 1) 2

3
and (3, 3) 2

3

are naturally free from any tree-level proton decay, since for
the scalar leptoquark (3, 2) 1

6
there exists a dangerous quartic

coupling involving three leptoquarks and the SM Higgs [7]
which triggers tree-level proton decay.

Interestingly, as indicated in Table II, both vector models
(3, 1) 2

3
and (3, 3) 2

3
suffer from dimension five proton decay

and require imposing an additional symmetry to eliminate it.
An elegant way to do it would be to extend the SM symmetry
by a gauged U(1)B−L. Actually, such an extended symmetry
would eliminate also the tree-level proton decay in the model
with the scalar leptoquark (3, 2) 1

6
. However, as we will see in

Sec. III, only in the case of the:

I vector leptoquark (3, 1) 2
3

there exists a very appealing SM extension which intrinsically
contains such a state in its spectrum, simultaneously forbid-
ding dimension five proton decay.

C. Diquark phenomenology

The literature on the phenomenology of diquarks is much
more limited. It focuses on scalar diquarks [26] and predomi-
nantly looks at three aspects: LHC discovery reach for scalar
diquarks [27–40], n − n̄ oscillations mediated by scalar di-
quarks [7, 34, 41–46] and baryogenesis [7, 34, 42, 44–46].
Studies of vector diquarks investigate only their LHC phe-
nomenology [35, 47–51], concentrating on their interactions
with quarks.

In Sec. IV we close the gap in diquark phenomenology by
discussing the implications of a vector diquark model for n−n̄
oscillation experiments.

III. VECTOR LEPTOQUARK MODEL

As emphasized in Sec. II B, the SM extended by just the
vector leptoquark (3, 1) 2

3
alone can explain the recently dis-

covered anomalies in B meson decays, in agreement with all
other experimental data [11, 24]. This model is unique, since
apart from being free from tree-level proton decay, it has a
very simple and attractive UV completion, which automati-
cally forbids the dimension five proton decay operators.

A priori, any of the leptoquarks can originate from an ex-
tra GUT irrep, either scalar or vector. In particular, the vector
leptoquark (3, 1) 2

3
could be a component of the vector 40 ir-

rep of SU(5). Nevertheless, this generic explanation does not
seem to be strongly motivated or predictive. The only other
suggestion in the literature regarding the origin of the vector
(3, 1) 2

3
state arises in composite models [52–54].

The third, perhaps most desirable option, that the vector
leptoquark (3, 1) 2

3
is the gauge boson of a unified theory. In-

deed, this scenario is realized if one considers partial unifica-
tion based on the Pati-Salam gauge group:

I SU(4)× SU(2)L × SU(2)R

at higher energies [55].2 In this case the vector leptoquark
(3, 1) 2

3
emerges naturally as the new gauge boson of the bro-

ken symmetry, and is completely independent of the symme-
try breaking pattern. It is interesting that the Pati-Salam partial
unification model can be fully unified into an SO(10) GUT.

The fermion irreps of the Pati-Salam model, along with
their decomposition into SM fields, are

(4, 2, 1) = (3, 2) 1
6
⊕ (1, 2)− 1

2

(4̄, 1, 2) = (3̄, 1) 1
3
⊕ (3̄, 1)− 2

3
⊕ (1, 1)1 ⊕ (1, 1)0 .

(3)

Interestingly, the theory is free from tree-level proton decay
via gauge interactions. The explanation for this is straight-
forward. Since SU(4) ⊃ SU(3)c × U(1)B−L, this implies
that B−L is conserved. However, after the Pati-Salam group
breaks down to the SM, the interactions of the leptoquark
(3, 1) 2

3
with quarks and leptons have an accidental B +L

global symmetry. Those two symmetries combined result in
both baryon and lepton number being conserved in gauge in-
teractions, thus no proton decay can occur via a tree-level ex-
change of (3, 1) 2

3
.

In addition, there are no gauge-invariant dimension five
proton decay operators in the Pati-Salam model involving the
vector leptoquark (3, 1) 2

3
. This was actually expected from

the fact that SU(4) ⊃ SU(3)c × U(1)B−L and, as discussed
in Sec. II B, a U(1)B−L symmetry is sufficient to forbid such
operators.

2 Similar unification models have recently been constructed based on the
gauge group SU(4) × SU(2)L × U(1) [56, 57], in which the new gauge
bosons also coincide with the vector leptoquark (3, 1)2/3.
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The quark and lepton mass eigenstates are related to the
gauge eigenstates through nf × nf unitary matrices, with
nf = 3 the number of families of quarks and leptons. Ex-
pressing the interactions that couple the (3, 1) 2

3
vector lepto-

quark to the quark and the lepton in each irrep of Eqs. (3)
in terms of mass eigenstates, one must include unitary matri-
ces, similar to the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix for the quarks in the SM, that measure the misalignment
of the lepton and quark mass eigenstates:

L ⊃ g4√
2
Vµ

[
Luij (ūiγµPLν

j) + Ldij (d̄iγµPLe
j)

+ Rij (d̄iγµPR e
j)
]

+ h.c. . (4)

The SU(4) gauge coupling constant, g4, is not an indepen-
dent paramter but fixed by the QCD coupling constant at the
scale M of the masses of the vector bosons of SU(4); to
leading order g4(M) =

√
4παs(M) ≈ 1.03 at M = 2 TeV.

The unitary matrices Lu and Ld, and CKM matrix V and the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U sat-
isfy Lu = V LdU .

In the SM flavor-changing neutral currents with ∆B =
−∆S = 1 are described by the effective Lagrangian [58, 59]:

L = −4GF√
2
VtbV

∗
ts

( 10∑
k=7

CkOk +
∑
i,j

Cijν Oijν + ...

)
, (5)

where the ellipsis denote four-quark operators, O7 and O8

are electro- and chromo-magnetic-moment-transition opera-
tors, and O9, O10 and Oν are semi-leptonic operators involv-
ing either charged leptons or neutrinos:3

O9(10) =
e2

(4π)2

[
s̄γµPLb

][
µ̄γµ(γ5)µ

]
, (6)

Oijν =
2e2

(4π)2

[
s̄γµPLb

][
ν̄iγµPLν

j
]
. (7)

Chirally-flipped (bL(R)→ bR(L)) versions of all these opera-
tors are denoted by primes and are negligible in the SM. New
physics (NP) can generate modifications to the Wilson coeffi-
cients of the above operators, and, moreover, it can generate
additional terms in the effective Lagrangian,

∆L = −4GF√
2
VtbV

∗
ts (CSOS + CPOP + C ′SO′S + C ′PO′P )

(8)

in the form of scalar operators:

O(′)
S =

e2

(4π)2

[
s̄PR(L)b

][
µ̄µ
]
, (9)

O(′)
P =

e2

(4π)2

[
s̄PR(L)b

][
µ̄γ5µ

]
. (10)

3 We have assumed the B anomalies in RK(∗) arise from a suppression in
the µ channel relative to the SM. The Pati-Salam (3, 1)2/3 vector lepto-
quark model can equally well accommodate an enhancement in the electron
channel, but a suppression in the muon channel is preferred by global fits to
data that include angular moments in B → K∗µµ and various branching
fractions in addition to RK(∗) .

Tensor operators cannot arise from short distance NP with the
SM linearly realized and, moreover, under this assumption
CP = −CS and C ′P = C ′S [60].

Exchange of the (3, 1) 2
3

vector leptoquark gives tree level
contributions to the Wilson coefficients at its mass scale, M :

∆C9(M) = −∆C10(M)=− 2π2

√
2GFM2

g2
4

e2

Ld∗bµL
d
sµ

VtbV
∗
ts

, (11)

∆C ′9(M) = ∆C ′10(M) = − 2π2

√
2GFM2

g2
4

e2

R∗bµRsµ

VtbV
∗
ts

, (12)

∆CS(M) = − 4π2

√
2GFM2

g2
4

e2

Ld∗bµRsµ

VtbV
∗
ts

, (13)

∆C ′S(M) = − 4π2

√
2GFM2

g2
4

e2

R∗bµL
d
sµ

VtbV
∗
ts

, (14)

∆Cijν (M) = 0 . (15)

Experimental bounds on RK(∗)ν = Br(B → K(∗)νν̄)/
Br(B → K(∗)νν̄)SM = 1

3

∑
ij |δij + Cijν /C

SM
ν |2, where

CSM
ν ' −6.35 [61], severely constrain models of B anoma-

lies. As seen above, the (3, 1) 2
3

vector leptoquark evades
this constraint by giving no correction at all to Cν ; the re-
sult holds generally for this type of NP mediator at tree level
[11, 62]. It has been pointed out that generally the condition
∆Cν(M) = 0 is not preserved by renormalization group run-
ning of the Wilson coefficients [63]. Because of the flavor
structure of the interaction in Eq. (4) there are no “penguin”
or wave function renormalization contributions to the running
of ∆Cν down to the electroweak scale. The only contribution
comes from the renormalization by exchange of SU(2) gauge
bosons that mixes the singlet operator (q̄γµPLe)(ēγµPLq)
into the triplet, (q̄ τaγµPLe)(ē τ

aγµPLq), resulting in

∆Cijν (MW ) = − 3

4
√

2GFM2

g2
4

sin2 θw
ln

(
M

MW

)
SsjS

∗
bi

VtbV
∗
ts

,

(16)

where S = V †Lu =LdU . The vector contribution to the rate
does not interfere with the SM, which implies RK(∗)ν − 1 =
1
3

∑
ij |Cijν /CSM

ν |2; using RK(∗)ν < 4.3 [64], we obtain the
condition M > 0.8 TeV. Since ln(M/MW ) is not large for
M ≈ 2 TeV, the leading log term is subject to sizable (≈
100%) corrections. However, a complete one-loop calculation
is beyond the scope of this work.

We pause to comment on the remarkable cancellation of
the interference term between the SM and NP contributions
to the rate for B → K(∗)νν̄ and the absence of a sum over
generations in the pure NP contribution to the rate. These
observations hold generally for any vector leptoquark model
that couples universally to quark and lepton generations. This
can be easily seen by not rotating to the neutrino mass eigen-
state basis, a good approximation for the nearly massless
neutrinos. Vector leptoquark exchange leads to an effective
interaction with flavor structure (s̄Lγ

µν2
L)(ν̄3

Lγ
µbL), while

the SM always involves a sum over same neutrino flavors
∼
∑
j ν̄

j
Lγ

µνjL. There are never common final states to the
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SM and the NP mediated interactions and therefore no inter-
ference. Moreover, there is a single flavor configuration in the
final state of the NP mediated interaction (ν̄3ν2) while there
are three configurations in the SM case ( ν̄jνj , j = 1, 2, 3).

Bounds on ∆C ′9,10 and ∆C
(′)
S can be accommodated by

adjusting Rsµ and Rbµ. B-anomalies are best fit by ∆C9 =
−∆C10 ≈ −0.6 which requires (g2

4/M
2)Ld∗bµL

d
sµ ≈ 1.8 ×

10−3 TeV−2, or Ld∗bµL
d
sµ ≈ 7.2× 10−3 for a leptoquark mass

of M = 2 TeV.
It has been suggested that the vector leptoquark may

also account for the anomaly in semileptonic decays to τ -
leptons [11, 65]. Defining, as is customary, RD(∗) = Br(B →
D(∗)τν)/Br(B → D(∗)`ν), the SM predicts [66] (see also
[67–70]) RD = 0.299(3) and RD∗ = 0.257(3). These
branching fractions have been measured by Belle [71–73],
BaBar [74, 75] and LHCb [76], and the average gives [77]
RD = 0.403(47) and RD∗ = 0.310(17). The effect of lep-
toquarks on B semileptonic decays to τ is described by the
following terms of the effective Lagrangian for charged cur-
rent interactions [78, 79]:

L ⊃ −4GF√
2
Vcb

[
(Uτj + εjL) (c̄γµPLb)(τ̄ γµPLν

j)

+ εjsR (c̄ PR b)(τ̄ PL ν
j)
]

+ h.c. (17)

with

εjL=
g2

4

4
√

2GFM2

LucjL
d∗
bτ

Vcb
, εjsR =− g2

4

2
√

2GFM2

LucjR
∗
bτ

Vcb
.

(18)

The Bc lifetime [80] and Bc → τν branching fraction [81]
impose severe constraints on εsR ; these are accommodated by
abating Rbτ . Hence,

RD(∗)

R SM
D(∗)

≈ 1+2 Re
[∑

j

ε LucjL
d∗
bτ

]
≈ 1+2 Re

[
ε (V Ld)cτL

d∗
bτ

]
≈ 1 + 2 Re

[
ε LdsτL

d∗
bτ

]
≤ 1 + ε , (19)

where,

ε =
g2

4

4
√

2GFVcbM2
≈ 0.1

(
2 TeV

M

)2

. (20)

IV. VECTOR DIQUARK MODEL

In this section we discuss the properties of a model with
just one additional representation – the vector color sextet:

Vµ =

(
Vu
Vd

)αβ
µ

= (6, 2)− 1
6
, (21)

which is obviously free from proton decay. Although in the
SM all fundamental vector particles are gauge bosons, we can
still imagine that such a vector diquark arises from a vector

FIG. 3. Processes contributing to pair production of vector diquarks.

GUT representation, for instance from a vector 40 irrep of
SU(5) [82]. The Lagrangian for the model is given by:

LV =− 1
4 (D[µVν])

†D[µV ν] +M2V †µV
µ

−
[
λij (Q

c

L)iαγ
µ(dR)jβ(V †)αβµ + h.c.

]
,

(22)

whereα, β = 1, 2, 3 are SU(3)c indices, i, j = 1, 2, 3 are fam-
ily indices and there is an implicit contraction of the SU(2)L
indices. We assume that the mass term arises from a consistent
UV completion.

Among the allowed higher dimensional operators, n − n̄
oscillations, as we discuss in Sec. IV B, are mediated by the
dimension five terms:

O1 =
c1
Λ
V αα

′

µ ε V ββ
′

ν (ūcR)δσµνdδ
′

R εαβδ εα′β′δ′ ,

O2 =
c2
Λ

[
∂µ(V µ)αα

′
ε V ββ

′

ν

][
(V ν)δδ

′
εH
]
εαβδ εα′β′δ′ .

(23)

A. LHC phenomenology

Several studies of constraints and prospects for discover-
ing vector diquarks at the LHC can be found in the literature.
Most of the analysis have focused on the case of a sizable di-
quark coupling to quarks [47–49], although an LHC four-jet
search that is essentially independent of the strength of the
diquark coupling to quarks has also been considered [35].

There are severe limits on vector diquark masses arising
from LHC searches for non-SM dijet signals [83, 84]. For a
coupling λij ≈ 1 (i, j = 1, 2) those searches result in a bound
on the vector diquark mass

Mλ≈1 & 8 TeV . (24)

Lowering the value of the coupling to λij ≈ 0.01 com-
pletely removes the LHC constraints from dijet searches and,
at the same time, does not affect the strength of the four-jet
signal arising from gluon fusion (see Fig. 3). Using the re-
sults of the analysis of four-jet events at the LHC presented
in [35], the currently collected 37 fb−1 of data by the ATLAS
experiment [84] with no evident excess above the SM back-
ground constrains the vector diquark mass to be

Mλ�1 & 2.5 TeV . (25)
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FIG. 4. Process mediating n−n̄ oscillations via the vector diquark
V = (6, 2)− 1

6
.

B. Neutron-antineutron oscillations

In the light of null results from proton decay searches [6],
the possibility of discovering n − n̄ oscillations has recently
gained increased interest [85]. The most important reason for
this is that the matter-antimatter asymmetry of the Universe
requires baryon number to be violated at some point during its
evolution. If processes with ∆B = 1 are indeed suppressed
or do not occur in Nature at all, the next simplest case in-
volves ∆B = 2, a baryon number breaking pattern that may
result in n − n̄ oscillations without proton decay. Moreover,
the SM augmented only by right-handed neutrinos can have
an additional U(1)B−L gauge symmetry without introducing
any gauge anomalies. Through this symmetry, processes with
∆B = 2 would be accompanied by ∆L = 2 lepton num-
ber violating ones, which in turn are intrinsically connected
to the seesaw mechanism generating naturally small neutrino
masses [86].

Models constructed so far propose n − n̄ oscillations me-
diated by scalar diquarks, as mentioned in Sec. II C. Those
oscillations proceed through a triple scalar vertex, so that the
process is described at low energies by a local operator of di-
mension nine. Below we show that n− n̄ oscillations can also
be mediated by vector diquarks, in particular within the model
with just one new representation discussed in this section.

The least suppressed channel is via a dimension five gauge
invariant quartic interaction O1 in Eq. (22) involving two
vector diquarks (6, 2)− 1

6
and the SM up and down quarks,

as shown in Fig. 4, ultimately leading to n − n̄ oscillations
through a low energy effective interaction local operator of
dimension nine, as in the case of scalar diquarks.

With the simplifying assumption that c1≈1 and neglecting
other operators contributing to the signal we now estimate the
rate of n− n̄ oscillations in this model. The effective Hamil-
tonian corresponding to the operator O1 is,

Heff ≈ −
λ2

11

M4Λ
(d
c

L)αγµd
α′

R (ucL)βγνd
β′

R (ucL)δσµνdδ
′

R

× (εαβδ εα′β′δ′ + εα′βδ εαβ′δ′ + εαβ′δ εα′βδ′ + εαβδ′ εα′β′δ)

+ h.c. . (26)

Combining this with the results of [7, 87], we obtain an esti-

mate for the n− n̄ transition matrix element,4∣∣〈n̄|Heff |n〉
∣∣ ≈ 10−4 |λ11|2

M4Λ
GeV6 , (28)

where |n〉 is the neutron state at zero momentum. Current
experimental limit [88] implies, assuming λ11 ≈ 0.01 (which
is well below the LHC bound from dijet searches, as discussed
earlier), that

M & 2.5 TeV

(
108 TeV

Λ

)1/4

. (29)

An interesting limit on the vector diquark mass is derived
if we assume that the physics behind the triple diquark inter-
action with the SM Higgs is related to the physics responsible
for providing the diquark its mass, i.e., for Λ ≈ M . In such
case the n− n̄ oscillation search provides the bound:

M & 90 TeV , (30)

much stronger than the LHC limit. If there is new physics
around that energy scale, it should be discovered by future
n− n̄ oscillation experiments with increased sensitivity [85],
which are going to probe the vector diquark mass scale up to
∼ 175 TeV. This is especially interesting since models with
TeV-scale diquarks tend to improve gauge coupling unifica-
tion [45, 46].

C. Flavor constraints

Apart from LHC bounds on the diquark coupling to first and
second generation quarks λij (i, j = 1, 2) coming from dijet
searches, as discussed in Sec. IV A, other stringent constraints
arise from the absence of experimental evidence for flavor
changing neutral currents. In particular, for the vector diquark
model studied here, this includes constraints from neutral me-
son mixing and radiative B meson decays. Similar bounds
were calculated for scalar diquark models in [7, 89, 90]. In
the vector diquark case the electric dipole moment constraints
do not arise, since there is only one term in the Lagragian cou-
pling the vector diquark to quarks.

To derive the bounds from neutral meson mixing, it is useful
to integrate out the vector diquark and analyze the relevant
effective Hamiltonian terms:

Heff ⊃
1

M2

[
λ11λ

∗
22

(
sR γ

µdR
)2

+ λ11λ
∗
33

(
bR γ

µdR
)2

+ λ22λ
∗
33

(
bR γ

µsR
)2]

+ h.c. , (31)

where a Fierz transformation has been performed. Comparing
this with the current K0−K0, Bd−Bd and Bs−Bs mixing

4 The single particle state normalization adopted here is:

〈n(~p )|n(~p ′)〉 =
E

m
(2π)3δ(3)(~p− ~p ′) . (27)
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constraints [91], we obtain for M ≈ 2.5 TeV:∣∣Re [λ11λ
∗
22]
∣∣ . 5.6× 10−6 ,

∣∣Im [λ11λ
∗
22]
∣∣ . 2.1× 10−8,∣∣Re [λ11λ

∗
33]
∣∣ . 2.1× 10−5 ,

∣∣Im [λ11λ
∗
33]
∣∣ . 6.3× 10−6,∣∣Re [λ22λ

∗
33]
∣∣ . 4.8× 10−4 ,

∣∣Im [λ22λ
∗
33]
∣∣ . 4.8× 10−4,

(32)
with all the numbers in Eq. (32) scaling like M2.

The radiative B meson decay bounds come mainly from
B → K∗γ measurements and apply to the product of cou-
plings λ33λ

∗
23. A detailed analysis for scalar diquarks was

performed in [90] and it is very similar in the vector diquark
case. However, if one assumes a hierarchical structure of the
(λij) matrix, the bound on λ33 from Eq. (32) is strong enough
such that λ23 is hardly constrained at all. A careful determi-
nation of B decay constraints on other λij couplings requires
analyzing various decay channels, as described in [92], and is
beyond the scope of this paper.

V. CONCLUSIONS

We have shown that lack of experimental evidence for pro-
ton decay singles out only a handful of phenomenologically
viable leptoquark models. In addition, even leptoquark mod-
els with tree-level proton stability contain dangerous dimen-
sion five proton decay mediating operators and require an ap-
propriate UV completion to remain consistent with experi-
ments. This is especially relevant for the Standard Model ex-
tension involving the vector leptoquarks (3, 1) 2

3
or (3, 3) 2

3
,

since those are the only two models with a single new repre-

sentation that do not suffer from tree-level proton decay and
can explain the recently discovered anomalies inB meson de-
cays.

The property which makes the vector leptoquark (3, 1) 2
3

even more appealing is that it fits perfectly into the simplest
Pati-Salam unification model, where it can be identified as the
new gauge boson. If such an exciting scenario is indeed re-
alized in nature, the B physics experiments can be used to
actually probe the scale and various properties of grand unifi-
cation!

In the second part of the paper we focused on a model with a
vector diquark (6, 2)− 1

6
and showed that neutron-antineutron

oscillations can be mediated by such a vector particle. The
model is somewhat constrained by LHC dijet searches; how-
ever, it can still yield a sizable neutron-antineutron oscillation
signal, that can be probed in current and upcoming experi-
ments. It can also give rise to significant four-jet event rates
testable at the LHC.

It would be interesting to explore whether a vector diquark
with a mass at the TeV scale can improve gauge coupling uni-
fication in non-supersymmetric grand unified theories, simi-
larly to the scalar case [93], providing even more motivation
for upgrading the neutron-antineutron oscillation experimen-
tal sensitivity.
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