
Scalar leptoquarks in loop-induced proton decays

Svjetlana Fajfer

Physics Department, University of Ljubljana and 

Institute J. Stefan, Ljubljana,  Slovenia

in collaboration with Ilja Doršner, Olcyr Sumensari, Mitja Šadl

 

Baryon Number Violation: From Nuclear Matrix Elements to BSM Physics
January 13-17, 2025 1



Motivation
theories: GUTs,… 
experiments

Proton decays at tree-level 

Scalar Leptoquarks

Proton decays at loop-level

Effective lagrangian describing  baryon number violation
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Radiative ∆B = 1 nucleon decays



Proton Car is the national car brand of Malaysia. 
The brand was established in the early 1980's at 
the behest of the Malaysian government, ...

Motivation

The word proton is Greek for "first", and this name was given to the 
hydrogen nucleus by Ernest Rutherford in 1920.
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History – Baryon Number Violation

• Weyl first proposed in 1929 that both electron and 
proton are in Dirac equation (!?)

• Number of protons and number of electrons are             
constant (electric charge conservation);

• Positron was discovered by Carl D. Anderson (1932);
• Stükelberg suggestion: new conservation low in addition 

to the electric charge conservation
      (Schwere Ladung - heavy charge- today baryon number)
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According to the SM the proton, a type of baryon, is stable 

because baryon number (quark number) is conserved.

After 1965 Sakharov returned to fundamental science and 
began working on  particle physics and particle cosmology. 

He tried to explain the baryon asymmetry of the universe; in 
that regard,  he was the first to give a theoretical motivation 
for proton decay. 

Yamaguchi in 1959 suggested ”superweak” interaction leadng to
First experiment in 1960 (Backenstoss et al.  using Cherenkov counters)  

https://en.wikipedia.org/wiki/Baryon_asymmetry
https://en.wikipedia.org/wiki/Proton_decay


6

• Wigner: “It is conceivable, for instance, that a conservation law for the number of 
heavy  particles (protons and neutrons) is responsible for the stability of the protons 
in the same way  as the conservation law for charges is responsible for the stability of  
the electron.  Without the conservation law in question, the proton could 
disintegrate, under emission of a light quantum, into a positron, just as the electron 
could disintegrate,  were it not for the conservation law for the electric charge, into a 
light quantum and a neutrino." 

The first measurement gave bound 𝞽p > 1020    Years. 

Wigner suggested proton decay in1949

• 1974: Grand unified theories, Georgi & Glashow SU(5)



Future experiments
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Proton decays in effective Lagrangian  approach 

dimension 6  

Q, L  → SU(2)L quark, lepton doublets
u ,d, l  → SU(2)L u, d, charged lepton singlets
C  → charge conjugation 
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α, β, γ denote the colour, i, j, k, l the SU(2)L indices

Lattice QCD
Aoki et al,1705.01338,
hep-lat/9911026, 
hep-lat/0607002

See Aoki‘s talk
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The main goal of this  work is to determine Wilson coefficents ot the dimension-6 operators, 
or in some cases dimension-9 operators using a model which generates 

∆B = ±1 

Leptoquarks are a natural possibility for this transition as well as ∆L = 2 , ∆B = 2 

  

Goal 



Scalar and Vector Leptoquarks 

Scalar leptoquarks → Yukawa-like  couplings 

Vector leptoquarks → gauge bosons  (in GUTs their masses at 
GUT scale) Dorsner, SF, Greljo, Kamenik, Košnik, 1603.04993

Q = I3 +Y 

• In 1997, the H1 and ZEUS collaborations at HERA an excess 
of events, production of leptoquarks (electron-proton 
system, H1 mass 200 GeV).

a) LHC Searches
b) Flavour Anomalies
c) Neutrino Mass Models

• In 21st century

• Grand Unified Theories (GUTs),  Jogesh Pati and Abdus Salam in 1974
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X,Y gauge bosons  within GUT

e.g. Doršner, SF & Košnik, 1204.0674

Scalar LQ

Vector LQ

Important: scalar LQ should have di-quark couplings  that proton decays at the tree level
(dim-6, dim-9,…)

dim-6

MX,Y ~ MGUT



If proton decay is seen, can that be a result of a gauge boson, or a  scalar leptoquark?

proton decay p → K+ν suggests an exchange 
of a scalar leptoquark, raising a potential to detect the p → π0μ+ decay 

Proton decay signatures via gauge boson and scalar 
leptoquark mediations within M ≥ 1 TeV and M ≥ 10 
TeV scenarios. Black lines are current experimental 
limits, blue vertical bars are predictions for gauge 
boson mediation signatures, red vertical bars are 
predictions for the scalar leptoquark mediations, 
and gray dashed lines represent future experimental 
sensitivities after a ten-year period of data taking at 
90 % C.L.. 
Model: SU(5) GUT, representations of dimensions 5, 
10, 15, 24, and 35. 

I. Doršner and S. Saad, 1910.09008; 2100.0678

Doršner, Džaferovi-Mašić, SF, Saad, 2401.16907
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FIG. 9: Feynman diagram representing proton decay in model I.

Let’s first consider model I, in which X = (3, 2, 7/ 6). Al-
though it doesn’ t giveproton decay at tree level, one can con-
struct the following dimension fiveoperator,

OI =
1

⇤
gabda

R ↵ db
Rβ (H †X γ )✏↵ βγ . (25)

The coupling constant matrix g is antisymmetric in flavor
space. Because of the tree-level leptoquark couplings (see,
Table I), baryon number violating decay occurs here through
the process shown in Fig. 9, resulting in n ! e− K + and
p ! K +⌫. Setting the coupling constants to unity, we esti-
mate the baryon number violating nucleon decay rate caused
by this operator to be,

Γp ⇡ 2 ⇥ 10− 57

✓
50 TeV

mV

◆4 ✓
M PL

⇤

◆2

GeV . (26)

Since the current experimental limit is Γexp
p < 2.7 ⇥

10− 66 GeV [18], even if the scale of new physics ⇤ is equal
to the Planck mass M PL when the coupling constants are
unity, this operator causes too large a proton decay rate for
mV . 10000 TeV.

In the case of model II, where X = (3, 2, 1/ 6), there are
two dimension five baryon number violating operators,

O
(1)

I I =
1

⇤
gabua

R ↵ db
Rβ (H †X γ )✏↵ βγ ,

O
(2)

I I =
1

⇤
gabua

R ↵ eb
R (X β✏X γ )✏↵ βγ . (27)

The operator O
(1)

I I permits a nucleon decay pattern similar to
the previous case, e.g., n ! e− ⇡ + and p ! ⇡ +⌫. Proton

decay through the operator O
(2)

I I is much more suppressed.
In order to prevent proton decay through dimension fiveop-

erators, one could introduce a discrete gauge symmetry that
forbids the baryon number violating nonrenormalizable cou-
plings. Since B − L is the only anomaly free global sym-
metry in the standard model, we chose to impose a discrete
subgroup of B − L . In models I and II the leptoquark has
B − L = 4/ 3. The usual Z2, where the nontrivial transfor-

mation is (− 1)B − L , doesn’ t work, as the operators OI , O
(1)

I I ,

and O
(2)

I I areinvariant under this transformation. However, we
find that imposing aZ3 discrete symmetry, with elements that
are powers of exp[2⇡ i (B − L )/ 3], forbids these dimension
five operators and, thus, prevents the proton from decaying
in this class of models. Note that gauging B − L and spon-
taneously breaking the symmetry with a charge three scalar

(at some high scale) leaves this unbroken discrete Z3 gauge
symmetry. It is not possible to use any discrete subgroup of
B − L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the interac-
tions conserveB − L .

Finally, we would like to comment on the relation between
this work and that of [12], where renormalizable models that
have additional scalars and have baryon number violation at
tree level but not proton decay were enumerated and dis-
cussed. In these models none of the scalars were leptoquarks
(they could rather be called diquarks or dileptons). However,
if we permit higher dimension operators, then models 4 and 9
containing the scalar X = (3, 1, 2/ 3) (which has renormaliz-
able diquark couplings), have dimension five leptoquark-type
couplings,

OI I I =
1

⇤
gab(Q̄↵ a

L H )eb
R X ↵ . (28)

Thisoperator, combined with the renormalizable couplings of
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4 and 9 presented in [12] to theone in which either the
color triplet scalar X is very heavy or its Yukawa couplings
are small.

V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with the requirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of the branching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and L ū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into the several hundred TeV mass region.

Wehavecommented on theexistence of nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well as provided asimple mechanism for avoiding them.

Since there are only two scalar leptoquark models where at
the renormalizable level baryon number is automatically con-
served, it would be interesting to examine a more extensive
rangeof phenomena and address, over awiderangeof param-
eter space, how to distinguish experimentally between these
two models.

Di-quark coupling dimension-5 operator 
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FIG. 9: Feynman diagram representing proton decay in model I.
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struct the following dimension fiveoperator,
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Rβ (H †X γ )✏↵βγ . (25)

The coupling constant matrix g is antisymmetric in flavor
space. Because of the tree-level leptoquark couplings (see,
Table I), baryon number violating decay occurs here through
the process shown in Fig. 9, resulting in n ! e− K + and
p ! K +⌫. Setting the coupling constants to unity, we esti-
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by this operator to be,
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Since the current experimental limit is Γexp
p < 2.7 ⇥

10− 66 GeV [18], even if the scale of new physics ⇤ is equal
to the Planck mass M PL when the coupling constants are
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symmetry. It is not possible to use any discrete subgroup of
B − L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the interac-
tions conserveB − L .

Finally, wewould like to comment on the relation between
this work and that of [12], where renormalizable models that
have additional scalars and have baryon number violation at
tree level but not proton decay were enumerated and dis-
cussed. In these models none of the scalars were leptoquarks
(they could rather be called diquarks or dileptons). However,
if wepermit higher dimension operators, then models4 and 9
containing the scalar X = (3, 1, 2/ 3) (which has renormaliz-
able diquark couplings), havedimension five leptoquark-type
couplings,

OI I I =
1

⇤
gab(Q̄↵ a

L H )eb
R X ↵ . (28)

Thisoperator, combined with therenormalizable couplings of
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4 and 9 presented in [12] to theonein which either the
color triplet scalar X is very heavy or its Yukawa couplings
aresmall.

V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with the requirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of thebranching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and Lū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into theseveral hundred TeV mass region.

Wehavecommented on theexistenceof nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well asprovided asimple mechanism for avoiding them.

Since there areonly two scalar leptoquark models whereat
the renormalizable level baryon number isautomatically con-
served, it would be interesting to examine a more extensive
rangeof phenomenaand address, over awiderangeof param-
eter space, how to distinguish experimentally between these
two models.
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Table I), baryon number violating decay occurs here through
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tree level but not proton decay were enumerated and dis-
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(they could rather be called diquarks or dileptons). However,
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able diquark couplings), havedimension five leptoquark-type
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OI I I =
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⇤
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L H )eb
R X ↵ . (28)

Thisoperator, combined with therenormalizable couplingsof
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4 and 9 presented in [12] to theonein which either the
color triplet scalar X is very heavy or its Yukawa couplings
aresmall.

V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with therequirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of thebranching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and Lū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into theseveral hundred TeV mass region.

Wehavecommented on theexistenceof nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well asprovided asimple mechanism for avoiding them.

Since thereareonly two scalar leptoquark models whereat
therenormalizable level baryon number isautomatically con-
served, it would be interesting to examine a more extensive
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eter space, how to distinguish experimentally between these
two models.
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subgroup of B − L . In models I and II the leptoquark has
B − L = 4/ 3. The usual Z2, where the nontrivial transfor-

mation is (− 1)B − L , doesn’ t work, as the operators OI , O
(1)

I I ,

and O
(2)

I I areinvariant under thistransformation. However, we
find that imposing aZ3 discrete symmetry, with elements that
are powers of exp[2⇡ i (B − L )/ 3], forbids these dimension
five operators and, thus, prevents the proton from decaying
in this class of models. Note that gauging B − L and spon-
taneously breaking the symmetry with a charge three scalar

(at some high scale) leaves this unbroken discrete Z3 gauge
symmetry. It is not possible to use any discrete subgroup of
B − L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the interac-
tions conserveB − L .

Finally, we would like to comment on the relation between
this work and that of [12], where renormalizable models that
have additional scalars and have baryon number violation at
tree level but not proton decay were enumerated and dis-
cussed. In these models none of the scalars were leptoquarks
(they could rather be called diquarks or dileptons). However,
if wepermit higher dimension operators, then models 4 and 9
containing the scalar X = (3, 1, 2/ 3) (which has renormaliz-
able diquark couplings), have dimension five leptoquark-type
couplings,

OI I I =
1

⇤
gab(Q̄↵ a

L H )eb
R X ↵ . (28)

Thisoperator, combined with therenormalizable couplings of
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4 and 9 presented in [12] to theonein which either the
color triplet scalar X is very heavy or its Yukawa couplings
aresmall.

V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with the requirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of the branching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and Lū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into the several hundred TeV mass region.

Wehavecommented on theexistenceof nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well as provided asimple mechanism for avoiding them.

Since there are only two scalar leptoquark models where at
the renormalizable level baryon number is automatically con-
served, it would be interesting to examine a more extensive
rangeof phenomena and address, over awiderangeof param-
eter space, how to distinguish experimentally between these
two models.
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10− 66 GeV [18], even if the scale of new physics ⇤ is equal
to the Planck mass M PL when the coupling constants are
unity, this operator causes too large a proton decay rate for
mV . 10000 TeV.

In the case of model II, where X = (3, 2, 1/ 6), there are
two dimension fivebaryon number violating operators,

O
(1)

I I =
1

⇤
gabua

R ↵ db
Rβ (H †X γ )✏↵ βγ ,

O
(2)

I I =
1

⇤
gabua

R ↵ eb
R (X β✏X γ )✏↵ βγ . (27)

The operator O
(1)

I I permits a nucleon decay pattern similar to
the previous case, e.g., n ! e− ⇡ + and p ! ⇡ +⌫. Proton

decay through the operator O
(2)

I I is much moresuppressed.
In order to prevent proton decay through dimension fiveop-

erators, one could introduce a discrete gauge symmetry that
forbids the baryon number violating nonrenormalizable cou-
plings. Since B − L is the only anomaly free global sym-
metry in the standard model, we chose to impose a discrete
subgroup of B − L . In models I and II the leptoquark has
B − L = 4/ 3. The usual Z2, where the nontrivial transfor-

mation is (− 1)B − L , doesn’ t work, as the operators OI , O
(1)

I I ,

and O
(2)

I I areinvariant under thistransformation. However, we
find that imposing aZ3 discrete symmetry, with elements that
are powers of exp[2⇡ i (B − L )/ 3], forbids these dimension
five operators and, thus, prevents the proton from decaying
in this class of models. Note that gauging B − L and spon-
taneously breaking the symmetry with a charge three scalar

(at some high scale) leaves this unbroken discrete Z3 gauge
symmetry. It is not possible to use any discrete subgroup of
B − L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the interac-
tions conserveB − L .

Finally, we would like to comment on the relation between
this work and that of [12], where renormalizable models that
have additional scalars and have baryon number violation at
tree level but not proton decay were enumerated and dis-
cussed. In these models none of the scalars were leptoquarks
(they could rather be called diquarks or dileptons). However,
if wepermit higher dimension operators, then models 4 and 9
containing the scalar X = (3, 1, 2/ 3) (which has renormaliz-
able diquark couplings), have dimension five leptoquark-type
couplings,

OI I I =
1

⇤
gab(Q̄↵ a

L H )eb
R X ↵ . (28)

Thisoperator, combined with therenormalizable couplings of
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one particular model which gives an unusual top quark mass
enhancement of the branching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
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MEG, Mu2e, and the electron EDM experiments could place
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hundred TeV, whereas future experiments may push the sen-
sitivity into the several hundred TeV mass region.
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well as provided asimple mechanism for avoiding them.
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served, it would be interesting to examine a more extensive
rangeof phenomena and address, over awiderangeof param-
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space. Because of the tree-level leptoquark couplings (see,
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I I ismuch moresuppressed.
Inorder toprevent proton decay through dimension fiveop-

erators, one could introduce a discrete gauge symmetry that
forbids the baryon number violating nonrenormalizable cou-
plings. Since B − L is the only anomaly free global sym-
metry in the standard model, we chose to impose a discrete
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B − L = 4/ 3. The usual Z2, where the nontrivial transfor-
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five operators and, thus, prevents the proton from decaying
in this class of models. Note that gauging B − L and spon-
taneously breaking the symmetry with a charge three scalar

(at some high scale) leaves this unbroken discrete Z3 gauge
symmetry. It is not possible to use any discrete subgroup of
B − L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the interac-
tionsconserveB − L .

Finally, wewould like to comment on the relation between
this work and that of [12], where renormalizable models that
have additional scalars and have baryon number violation at
tree level but not proton decay were enumerated and dis-
cussed. In these models noneof the scalars were leptoquarks
(they could rather be called diquarks or dileptons). However,
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able diquark couplings), havedimension five leptoquark-type
couplings,
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1

⇤
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R X ↵ . (28)

Thisoperator, combined with therenormalizable couplingsof
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4 and9 presented in [12] to theoneinwhich either the
color triplet scalar X is very heavy or its Yukawa couplings
aresmall.

V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with therequirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of thebranching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and Lū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into theseveral hundred TeV massregion.

Wehavecommented on theexistenceof nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well asprovided asimplemechanism for avoiding them.

Since thereareonly two scalar leptoquark modelswhereat
therenormalizable level baryon number isautomatically con-
served, it would be interesting to examine a more extensive
rangeof phenomenaand address, over awiderangeof param-
eter space, how to distinguish experimentally between these
two models.
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though it doesn’t giveproton decay at tree level, onecan con-
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OI =
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Rβ (H †X γ )✏↵βγ . (25)

The coupling constant matrix g is antisymmetric in flavor
space. Because of the tree-level leptoquark couplings (see,
Table I), baryon number violating decay occurs here through
the process shown in Fig. 9, resulting in n ! e− K + and
p ! K +⌫. Setting the coupling constants to unity, we esti-
mate the baryon number violating nucleon decay rate caused
by thisoperator to be,
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Since the current experimental limit is Γexp
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10− 66 GeV [18], even if the scale of new physics ⇤ is equal
to the Planck mass MPL when the coupling constants are
unity, this operator causes too large a proton decay rate for
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Thisoperator, combined with therenormalizable couplingsof
X to two quarks, gives proton decay with the rate estimated
in Eq. (26). This observation restricts the parameter space of
models4and 9presented in [12] to theoneinwhich either the
color triplet scalar X is very heavy or its Yukawa couplings
aresmall.
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models in which a single scalar leptoquark is added to the
standard model with therequirement that proton decay not be
induced in perturbation theory. We have looked in detail at
one particular model which gives an unusual top quark mass
enhancement of thebranching ratio of µ ! eγ.

For this model, we have considered the µ ! eγ branch-
ing ratio, the µ ! e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, Mu2e, and the electron EDM experiments could place
on some of the couplings of the scalar leptoquark to the Q̄e
and Lū bilinears. We have explored the region of parameter
space for which the loop contribution to the charged lepton
mass matrix does not overwhelm the tree-level part. Given
this naturalness constraint, we have found that current exper-
iments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sen-
sitivity into theseveral hundred TeV massregion.

Wehavecommented on theexistenceof nonrenormalizable
operators in these minimal models which can give an unac-
ceptably large proton decay rate for mV . 10000 TeV, as
well asprovided asimplemechanism for avoiding them.

Since thereareonly two scalar leptoquark modelswhereat
therenormalizable level baryon number isautomatically con-
served, it would be interesting to examine a more extensive
rangeof phenomenaand address, over awiderangeof param-
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Imposing a Z3 discrete symmetry, with elements that are 
powers of exp[2πi(B − L)/3], one forbids these dimension 
five operators and, thus, prevents the proton from 
decaying in this class of models! 

mV <10000 TeV 

Arnold, Fornal & Wise, 1304.6119.
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Box-mediated  operator 

Doršner, SF & Košnik, 1204.0674

fully antisymmetric, 
only different quark flavors 
can couple.

Dimension-6 opertors from the loops
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Tree-level dimension-nine operator from 
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Proton decay to charged leptons 

Dimension-nine operators

3

O10
6 = (QQ)1 (``)1 ( ¯̀QH̄ )1 ,

O10
7 = (QQ)1 (LL )3 (L̄uH )3 ,

O10
8 = (QQ)1 (``)1 (L̄uH̄ )1 ,

O10
9 = (QQ)1 (u`)1 (L̄ `H̄ )1 ,

O10
10 = (QQ)1 (u`)1 ( ¯̀LH )1 ,

O10
11,12 = (QL )1,3 (QL )3,3 ( ¯̀QH )3,3 ,

O10
13,14 = (QL )1,3 (QL )3,3 (L̄uH )3,3 ,

O10
15,16 = (QL )1,3 (u`)1,1 ( ¯̀QH )1,3 ,

O10
17,18 = (QL )1,3 (d`)1,1 ( ¯̀QH̄ )1,3 , (5)

O10
19 = (QL )3 (u`)1 (L̄uH )3 ,

O10
20,21 = (QL )1,3 (d`)1,1 (L̄uH̄ )1,3 ,

O10
22,23 = (QL )1,3 (u`)1,1 (L̄dH̄ )1,3 ,

O10
24,25 = (QL )1,3 (ud)1,1 (L̄ `H̄ )1,3 ,

O10
26,27 = (QL )1,3 (ud)1,1 ( ¯̀LH )1,3 ,

O10
28 = (LL )3 (ud)1 ( ¯̀QH )3 ,

O10
29 = (ud)1 (``)1 ( ¯̀QH̄ )1 ,

O10
30 = (u`)1 (d`)1 ( ¯̀QH̄ )1 ,

O10
31 = (LL )3 (ud)1 (L̄uH )3 ,

O10
32 = (ud)1 (u`)1 (L̄ `H̄ )1 ,

O10
33 = (ud)1 (``)1 (L̄uH̄ )1 ,

O10
34 = (u`)1 (d`)1 (L̄uH̄ )1 ,

O10
35 = (ud)1 (u`)1 ( ¯̀LH )1 ,

O10
36,37 = (QL )1,3 (QL )1,3 ( ¯̀QH )1,1 ,

O10
38,39,40 = (QL )1,1,3 (QL )1,3,3 (L̄dH̄ )1,3,1 ,

O10
41 = (u`)1 (u`)1 ( l̄QH )1 ,

O10
42 = (u`)1 (u`)1 (L̄dH̄ )1 ,

where the last 7 operators are only relevant for the chan-

nels p ! e+ µ+ e− and p ! e+ µ+ µ− .

With the above operators O10
j / ⇤6 we can calculate the

induced PD rate, which for massless leptons issimply [14]

Γ(p ! `+
↵ `+

β `−γ ) ⇠
hH i 2β2

hm5
p

6144⇡ 3⇤12
'

(100TeV / ⇤)
12

1033 yrs
. (6)

Judging by the limits on other three-body PDs [16, 17],

a lifet ime of this order is in reach of SK, thus prob-

ing scales ⇠ 100TeV. The mediator masses in a UV-

complete model can be even lower than this scale, since

⇤ is also suppressed by couplings. SU(2)-related PDs

into less-visible modes such as p ! `+ ⌫̀0⌫̀00 have been

discussed in Ref. [18] but are of no interest here.

To reiterate, the PD channel p ! e+ e+ µ− (µ+ µ+ e− )

could be dominant over all commonly discussed modes,

as it is described by the lowest-dimensional operator that

conserves B − L , L ⌧, and L e + 2Lµ (L µ + 2Le). An

analogous symmetry argument can be used to forbid PD

operators up to d = 12, only allowing, for example, for

B )

S1 F S2

A)

S1

S2

S3

FIG. 1: Topologies relevant for nucleon decay into three

leptons. The external lines are labeled by three quarks and
three leptons, which fixes the SU(3) ⇥U(1)E M charges of the

internal scalars Sj and fermion F .

the PD operator uudeeeµ̄µ̄/ ⇤8. This leads to a PD scale

as low as ⇤⇠ 10TeV.

U V COM PL ET I ON

Nucleon decay into three leptons via the d = 9, 10 op-

erators discussed above can at tree-level proceed through

the exchange of heavy part icles along 2 di↵erent types of

topologies, see Fig. 1. Topology A involves new heavy

scalars, whereas B also involves a new heavy fermion.

Emission of a kaon involvesan extra spectator quark that

does not change the discussion. (We omit an analogous

discussion involving spin-1 mediators.) For the d = 10

operators there are various places in the diagram where

the SM doublet H can be inserted: on an external leg, on

an internal propagator or on the t rilinear scalar coupling

in the diagram with topology A, making it a quart ic cou-

pling. We will not list explicit ly all these possibilit ies,

but instead give the possible quantum numbers of the

heavy part icles for all these possibilit ies.

First , the scalars along both topologies always couple

to 2 SM fermions, and thus must have the corresponding

quantum numbers. Onefindsthat they areeither SU(2)L

singlet di-quarks (coupling to Q̄cQ, ūcd, d̄cd), di-leptons

(coupling to ¯̀c`, ¯̀L , L̄ cL ) or LQs[19, 20] (coupling to ¯̀dc,
¯̀uc, L̄Qc, ūL , Q̄`, d̄L ), see also [21]. For the processes

above involving a kaon, one of the Q or d quark field is

intended to be of second generat ion. The present LHC

lower bounds on the masses of these part icles typically

lie within 1–1.5TeV for LQs and around 6–7TeV for di-

quarks [22].

Asfor theheavy fermion appearing in thediagram with

topology B , it can be an SU(3)C singlet with elect ric

charge 0 or 1 or a t riplet with electric charge possibly

equal to any mult ipleof 1/ 3 between − 7/ 3 and 7/ 3 except

for 0, ± 1, and ± 2. Under SU(2)L all these part icles

can be singlet , doublet or t riplet , depending in part icular

for the d = 10 operators on where the Higgs doublet

insert ion is in the diagram. For more specific predict ions

we now turn to a UV complete example.
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31 = (LL )3 (ud)1 (L̄uH )3 ,

O10
32 = (ud)1 (u`)1 (L̄ `H̄ )1 ,

O10
33 = (ud)1 (``)1 (L̄uH̄ )1 ,

O10
34 = (u`)1 (d`)1 (L̄uH̄ )1 ,

O10
35 = (ud)1 (u`)1 ( ¯̀LH )1 ,

O10
36,37 = (QL )1,3 (QL )1,3 ( ¯̀QH )1,1 ,

O10
38,39,40 = (QL )1,1,3 (QL )1,3,3 (L̄dH̄ )1,3,1 ,

O10
41 = (u`)1 (u`)1 ( l̄QH )1 ,

O10
42 = (u`)1 (u`)1 (L̄dH̄ )1 ,

where the last 7 operators are only relevant for the chan-

nels p ! e+ µ+ e− and p ! e+ µ+ µ− .

With the above operators O10
j / ⇤6 we can calculate the

induced PD rate, which for massless leptons is simply [14]

Γ(p ! `+
↵ `+

β `−γ ) ⇠
hH i 2β2

hm5
p

6144⇡ 3⇤12
'

(100TeV / ⇤)
12

1033 yrs
. (6)

Judging by the limits on other three-body PDs [16, 17],

a lifet ime of this order is in reach of SK, thus prob-

ing scales ⇠ 100TeV. The mediator masses in a UV-

complete model can be even lower than this scale, since

⇤ is also suppressed by couplings. SU(2)-related PDs

into less-visible modes such as p ! `+ ⌫̀0⌫̀00 have been

discussed in Ref. [18] but are of no interest here.

To reiterate, the PD channel p ! e+ e+ µ− (µ+ µ+ e− )

could be dominant over all commonly discussed modes,

as it is described by the lowest-dimensional operator that

conserves B − L , L ⌧, and L e + 2L µ (L µ + 2L e). An

analogous symmetry argument can be used to forbid PD

operators up to d = 12, only allowing, for example, for

B )

S1 F S2

A)

S1

S2

S3

FIG. 1: Topologies relevant for nucleon decay into three

leptons. The external lines are labeled by three quarks and
three leptons, which fixes the SU(3) ⇥ U(1)E M charges of the

internal scalars Sj and fermion F .

the PD operator uudeeeµ̄µ̄/ ⇤8. This leads to a PD scale

as low as ⇤ ⇠ 10TeV.

U V COM PL ET I ON

Nucleon decay into three leptons via the d = 9, 10 op-

erators discussed above can at t ree-level proceed through

the exchange of heavy part icles along 2 di↵erent types of

topologies, see Fig. 1. Topology A involves new heavy

scalars, whereas B also involves a new heavy fermion.

Emission of a kaon involves an ext ra spectator quark that

does not change the discussion. (We omit an analogous

discussion involving spin-1 mediators.) For the d = 10

operators there are various places in the diagram where

the SM doublet H can be inserted: on an external leg, on

an internal propagator or on the t rilinear scalar coupling

in the diagram with topology A, making it a quart ic cou-

pling. We will not list explicit ly all these possibilit ies,

but instead give the possible quantum numbers of the

heavy part icles for all these possibilit ies.

First , the scalars along both topologies always couple

to 2 SM fermions, and thus must have the corresponding

quantum numbers. Onefindsthat they areeither SU(2)L

singlet di-quarks (coupling to Q̄cQ, ūcd, d̄cd), di-leptons

(coupling to ¯̀c` , ¯̀L , L̄ cL ) or LQs[19, 20] (coupling to ¯̀dc,
¯̀uc, L̄Qc, ūL , Q̄`, d̄L ), see also [21]. For the processes

above involving a kaon, one of the Q or d quark field is

intended to be of second generat ion. The present LHC

lower bounds on the masses of these part icles typically

lie within 1–1.5TeV for LQs and around 6–7TeV for di-

quarks [22].

As for theheavy fermion appearing in thediagram with

topology B , it can be an SU(3)C singlet with elect ric

charge 0 or 1 or a triplet with elect ric charge possibly

equal to any mult ipleof 1/ 3 between − 7/ 3 and 7/ 3 except

for 0, ± 1, and ± 2. Under SU(2)L all these part icles

can be singlet , doublet or t riplet , depending in part icular

for the d = 10 operators on where the Higgs doublet

insert ion is in the diagram. For more specific predict ions

we now turn to a UV complete example.

Hambye & Heeck 1712.04871
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FIG. 1: ∆ B = 1 and ∆ L = 1 scalar exchange.
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FIG. 2: Feynman diagram that contributes to tree-level p !

K + e+ e− ⌫̄from (3, 1, − 4/ 3) scalar exchange.

ing possible scalar representations and Yukawa couplings are
listed in Table I. We have assumed there are no right-handed
neutrinos (⌫R ) in the theory.

None of these scalars induces baryon number violation on
their own, so we consider minimal models with the require-
ment that only two unique sets of scalar quantum numbers
from TableI are included, though agiven set of quantum num-
bers may come with multiple scalars.

Baryon number violation will arise from terms in thescalar
potential, so we need to take into account just the models
whose scalar quantum numbers are compatible in the sense
that they allow scalar interactions that violate baryon num-
ber. For scalars coupling to standard model fermion bilinears
there are three types of scalar interactions which may violate
baryon number: 3-scalar X 1X 1X 2, 4-scalar X 1X 1X 1X 2, and
3-scalar with a Higgs X 1X 1X 1H or X 1X 1X 2H , where the

operator SU(3) ⇥ SU(2) ⇥ U(1)

X QQ, X ud (6̄, 1, − 1/ 3)

X QQ (6̄, 3, − 1/ 3)

X dd (3, 1, 2/ 3), (6̄, 1, 2/ 3)

X uu (6̄, 1, − 4/ 3)

X Q̄e (3, 2, 7/ 6)

X L̄u (3̄, 2, − 7/ 6)

X L̄d (3̄, 2, − 1/ 6)

X L L (1, 1, 1), (1, 3, 1)

X ee (1, 1, 2)

TABLE I: Possible interaction terms between the scalars and fermion bilin-

ears along with thecorresponding quantum numbers.
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FIG. 3: Scalar interactions which may generate baryon number vio-

lation.
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FIG. 4: Interaction which leads to proton decay, p ! ⇡+ ⇡+ e− ⌫⌫,
for X 1 2 (3̄, 2, − 1/ 6).

Higgs gets a vacuum expectation value (vev) (Fig. 3).

Actually, the simplest possible model violating baryon
number through the interaction X 1X 1X 1H includes just one
new scalar (3̄, 2, − 1/ 6), but it gives proton decay via p !
⇡+ ⇡+ e−⌫⌫(Fig. 4). The other two baryon number violat-
ing models with an interaction term X 1X 1X 2H are: X ⇤

1 2
(3, 1, − 1/ 3), X 2 2 (3̄, 2, − 7/ 6) and X 1 2 (3, 1, − 1/ 3),
X ⇤

2 2 (3̄, 2, − 1/ 6). Asargued earlier, such quantum numbers
for X 1 also induce tree-level proton decay, so we disregard
them.

We now consider models with a 3-scalar interaction
X 1X 1X 2. A straightforward analysis shows that there are
only four models which generate baryon number violation
via a 3-scalar interaction without proton decay. We enumer-
ate them and give the corresponding Lagrangians below. All
of these models give rise to processes with ∆ B = 2 and
∆ L = 0, but only the first three models contribute to nn̄ os-
cillations at tree-level due to the symmetry properties of the
Yukawas. Note that a choice of normalization for the sextet
given by,

(X ↵ β ) =

0

B
@

X̃ 11 X̃ 12/
p

2 X̃ 13/
p

2

X̃ 12/
p

2 X̃ 22 X̃ 23/
p

2

X̃ 13/
p

2 X̃ 23/
p

2 X̃ 33

1

C
A (1)

leads to canonically normalized kinetic terms for the color
singlet elements X̃ ↵ β and the usual form of the scalar
propagator with symmetrized color indices. Unless otherwise
stated, we will be using 2-component spinor notation. Paren-
theses indicate contraction of 2-component spinor indices to
form aLorentz singlet.

From Arnold et al., 1212.4556
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K + e+ e− ⌫̄from (3, 1, − 4/ 3) scalar exchange.

ing possible scalar representations and Yukawa couplings are
listed in Table I. We have assumed there are no right-handed
neutrinos (⌫R ) in the theory.

None of these scalars induces baryon number violation on
their own, so we consider minimal models with the require-
ment that only two unique sets of scalar quantum numbers
from Table I are included, though agiven set of quantum num-
bers may come with multiple scalars.

Baryon number violation will arise from terms in thescalar
potential, so we need to take into account just the models
whose scalar quantum numbers are compatible in the sense
that they allow scalar interactions that violate baryon num-
ber. For scalars coupling to standard model fermion bilinears
there are three types of scalar interactions which may violate
baryon number: 3-scalar X 1X 1X 2, 4-scalar X 1X 1X 1X 2, and
3-scalar with a Higgs X 1X 1X 1H or X 1X 1X 2H , where the

operator SU (3) ⇥ SU(2) ⇥ U(1)

X QQ, X ud (6̄, 1, − 1/ 3)

X QQ (6̄, 3, − 1/ 3)

X dd (3, 1, 2/ 3), (6̄, 1, 2/ 3)

X uu (6̄, 1, − 4/ 3)

X Q̄e (3, 2, 7/ 6)

X L̄ u (3̄, 2, − 7/ 6)

X L̄ d (3̄, 2, − 1/ 6)

X L L (1, 1, 1), (1, 3, 1)

X ee (1, 1, 2)

TABLE I: Possible interaction terms between the scalars and fermion bilin-

ears along with the corresponding quantum numbers.
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FIG. 3: Scalar interactions which may generate baryon number vio-
lation.
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FIG. 4: Interaction which leads to proton decay, p ! ⇡+ ⇡+ e− ⌫⌫,

for X 1 2 (3̄, 2, − 1/ 6).

Higgs gets avacuum expectation value (vev) (Fig. 3).

Actually, the simplest possible model violating baryon
number through the interaction X 1X 1X 1H includes just one
new scalar (3̄, 2, − 1/ 6), but it gives proton decay via p !
⇡+ ⇡+ e−⌫⌫(Fig. 4). The other two baryon number violat-
ing models with an interaction term X 1X 1X 2H are: X ⇤

1 2
(3, 1, − 1/ 3), X 2 2 (3̄, 2, − 7/ 6) and X 1 2 (3, 1, − 1/ 3),
X ⇤

2 2 (3̄, 2, − 1/ 6). Asargued earlier, such quantum numbers
for X 1 also induce tree-level proton decay, so we disregard
them.

We now consider models with a 3-scalar interaction
X 1X 1X 2. A straightforward analysis shows that there are
only four models which generate baryon number violation
via a 3-scalar interaction without proton decay. We enumer-
ate them and give the corresponding Lagrangians below. All
of these models give rise to processes with ∆ B = 2 and
∆ L = 0, but only the first three models contribute to nn̄ os-
cillations at tree-level due to the symmetry properties of the
Yukawas. Note that a choice of normalization for the sextet
given by,

(X ↵ β ) =

0

B
@

X̃ 11 X̃ 12/
p

2 X̃ 13/
p

2

X̃ 12/
p

2 X̃ 22 X̃ 23/
p

2

X̃ 13/
p

2 X̃ 23/
p

2 X̃ 33

1

C
A (1)

leads to canonically normalized kinetic terms for the color
singlet elements X̃ ↵ β and the usual form of the scalar
propagator with symmetrized color indices. Unless otherwise
stated, we will be using 2-component spinor notation. Paren-
theses indicate contraction of 2-component spinor indices to
form a Lorentz singlet.

Interaction which leads to proton decay, p → π+π+e−νν, 
For X1 ∈( 3̄,2,−1/6). 

Murgui &Wise, 2105.14029 found that if LQ X1   

Is in the same representation that this coupling vanishes.
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Triple-leptoquark interactions for tree- and loop-level proton decays 

I. Doršner, SF & O. Sumensari, 2202.08287 

• Two different proton decay topologies

- with or without a Higgs vacuum expectation value

-∆Q, ∆Q′, and ∆Q′′ are scalar leptoquark mass eigenstates with electric charges Q, Q′, and Q′′, 
respectively. 

Triple-LQs  -  scalars only!

18

• the assumption scalar leptoquarks of interest couple solely to the quark-lepton pairs



Scalar leptoquark multiplets and their interactions with the SM quark-lepton pairs. 

Classification

The SM extended  with up to three different scalar leptoquark multiplets,
denoted with ∆, ∆′, and ∆′′ and study all possible cubic and quartic contractions 
∆-∆′-∆′′ and ∆-∆′-∆′′-H,  yield  to 3-LQ interactions and 3-LQ ⟨H⟩.

scalars

19



Mentioned in
Kovalenko and Schmidt,  hep-ph/0210187
Crivellin and Schnell, 2105.04844 

 

Cubic and quartic leptoquark multiplet contractions at the SU(3)×SU(2)× U(1) level 
and the associated triple-leptoquark interactions at the SU(3) × U(1)em level 

symmetric under the exchange of two identical electric charge eigenstates 
in direct conflict with the antisymmetric nature in the colour SU(3) space. 

vanish
Way out: to accommodate them in different representations. 
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non-trivial ∆-∆′ -∆′′ and ∆-∆′ -∆′′ -H contractions, 

d = 9 effective operators, and corresponding proton decay 

The effective operators in scenarios (a) and (b) conserve B + L, 
while the ones appearing in the remaining scenarios conserve B − L, 
where B and L are baryon and lepton numbers, respectively. 

21



Tree level proton decays 
parameter of the ∆ Q-∆ Q0

-∆ Q00

vertex in Fig. 1.1, whereas λ stands for a dimensionless

quart ic coupling of the ∆ Q-∆ Q0

-∆ Q00

-hH i vertex.

` `0

`00

q q0

q00 q00
`00

` = `0q q0

∆ Q ∆ Q0

∆ Q00

∆ Q00

∆ Q ∆ Q0

λ

λ

hH i

hH i

Figure 1.1: Two di↵erent proton decay topologies generated by the triple-leptoquark

interact ions. Both can bewith or without a Higgsvacuum expectat ion value leg insert ion.

q’s and ` ’s denote generic quarks and leptons of the SM while ∆ Q , ∆ Q0

, and ∆ Q00

are

scalar leptoquark mass eigenstates with electric charges Q, Q0, and Q00, respect ively.

Both topologies of Fig. 1.1 have two di↵erent realisat ions. One is with and the other

without the contract ion with the Higgs boson doublet , where the diagrams that corre-

spond to the former scenario include a vacuum expectat ion value leg insert ion that is

rendered in grey in both panels of Fig. 1.1.

Even though there are already several phenomenological studies [16–23] of the tree-

level proton decay topology that is depicted in the left panel of Fig. 1.1 there is not a

single one, to the best of our knowledge, that looks at the one-loop level baryon number

violat ing topology shown in theright panel. Weintend to remedy that and, in theprocess,

demonstrate that the one-loop level topology is much more relevant than the tree-level

one regardless of the type of the SM charged fermion that propagates in the loop if and

when these two topologies coexist . Our analysis is accordingly similar in spirit to studies

of Refs. [24–26], where a possibility to have dominance of the loop-level processes over

the tree-level ones, also in the context of baryon number violat ion, has been invest igated.

Our study is applicable whenever ` = `0 and, consequent ially, q = q0 in Fig. 1.1. We

also provide a comprehensive list of the leading-order proton decay channels for all non-

trivial cubic and quart ic contract ions involving three scalar leptoquark mult iplets that

generate triple-leptoquark interact ions of interest, where in the lat ter case one of the

scalar mult iplets is the Higgs boson doublet of the SM.

It ispossible to havea new physicsscenario where the tree-level proton decay topology

exists but the one-loop level one does not . This happens, for instance, if the leptoquarks

∆ Q and ∆ Q0

couple to di↵erent leptons [20, 21], i.e., ` 6= `0 in Fig. 1.1. However, it is

also possible to have a scenario where the tree-level proton decay topology is completely

absent whereas the one-loop level one is not only present but also addit ionally enhanced

due to propagat ion of, for example, the tau lepton in the loop.

Scalar leptoquark mult iplets relevant for our study and the associated couplings are

specified in Table 1.1, where we also explicit ly denote transformat ion propert ies of these

mult iplets under the SM gauge group SU(3) ⇥ SU(2) ⇥ U(1). The notat ion that we use

in Table 1.1 is self-explanatory and closely follows the notat ion of a contemporary review

1

Phenomenological analysis 
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, and ∆ Q00

are

scalar leptoquark mass eigenstates with electric charges Q, Q0, and Q00, respect ively.

Both topologies of Fig. 1.1 have two di↵erent realisat ions. One is with and the other

without the contract ion with the Higgs boson doublet , where the diagrams that corre-

spond to the former scenario include a vacuum expectat ion value leg insert ion that is

rendered in grey in both panels of Fig. 1.1.

Even though there are already several phenomenological studies [16–23] of the tree-

level proton decay topology that is depicted in the left panel of Fig. 1.1 there is not a

single one, to the best of our knowledge, that looks at the one-loop level baryon number

violat ing topology shown in theright panel. Weintend to remedy that and, in theprocess,

demonstrate that the one-loop level topology is much more relevant than the tree-level

one regardless of the type of the SM charged fermion that propagates in the loop if and

when these two topologies coexist . Our analysis is accordingly similar in spirit to studies

of Refs. [24–26], where a possibility to have dominance of the loop-level processes over

the tree-level ones, also in the context of baryon number violat ion, has been invest igated.

Our study is applicable whenever ` = `0 and, consequent ially, q = q0 in Fig. 1.1. We

also provide a comprehensive list of the leading-order proton decay channels for all non-

trivial cubic and quart ic contract ions involving three scalar leptoquark mult iplets that

generate triple-leptoquark interact ions of interest, where in the lat ter case one of the

scalar mult iplets is the Higgs boson doublet of the SM.

It ispossible to havea new physicsscenario where the tree-level proton decay topology

exists but the one-loop level one does not . This happens, for instance, if the leptoquarks

∆ Q and ∆ Q0

couple to di↵erent leptons [20, 21], i.e., ` 6= `0 in Fig. 1.1. However, it is

also possible to have a scenario where the tree-level proton decay topology is completely

absent whereas the one-loop level one is not only present but also addit ionally enhanced

due to propagat ion of, for example, the tau lepton in the loop.

Scalar leptoquark mult iplets relevant for our study and the associated couplings are

specified in Table 1.1, where we also explicit ly denote transformat ion propert ies of these

mult iplets under the SM gauge group SU(3) ⇥ SU(2) ⇥ U(1). The notat ion that we use

in Table 1.1 is self-explanatory and closely follows the notat ion of a contemporary review

1

Effective di-quark coupling

Loop-level proton decay
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Figure 3.1: Tree-level diagram contribut ing to the process p ! e+ e+ e− in scenario (d)

defined in Table 2.1.

where mf can be either the valence quark mass mq, or the mass of the lepton running

in the loop, i.e., me in this case, depending on the specific scenario, as will be discussed

below. (See also Appendix A for more details.) The loop-induced proton decay can then

be expressed as follows

Γ(p ! ⇡0e+ ) '
mp

16⇡

✓
m2

p

⇤2

◆2

|yud yue|
2 . (3.3)

By combining Eqs. (3.1) and (3.3), and taking the electron mass as a benchmark value

for mf , we find that

Γ(p ! e+ e+ e− )

Γ(p ! ⇡0e+ )
'

1

⇡2

✓
m3

p

mf ⇤2

◆2

' 10− 7

✓
me

mf

◆2✓
1TeV

⇤

◆4

, (3.4)

where the dependence on the leptoquark couplings cancels out to thefirst approximat ion.

It is now transparent that proton decays faster through the one-loop level induced

two-body process than through the tree-level three-body one. If we also take into account

that the experimental limit for the part ial lifet ime of p ! ⇡0e+ [31] is approximately of

the same strength as the one for the three-body decay such as p ! e+ e+ e− [29], we

can conclude with certainty that the loop-induced processes are more sensit ive probes

of the triple-leptoquark interact ions than the tree-level ones. Our est imate is based on

the scenario where mf = me and it would be even further exacerbated if the chirality is

flipped in the quark lines, leading to mf = mq, or if heavier leptons are running in the

loop.

We finally opt to show how to accurately perform the extract ion of a lower limit on

the leptoquark masses that we denote with ⇤within the framework of scenario (d) that is

defined in Tables 2.1 and 2.2 for both the tree-level p ! e+ e+ e− decay, and the one-loop

level decays p ! ⇡0e+ and p ! ⇡+ ⌫̄. To deduce ⇤ we will eventually set all of the

dimensionless couplings to one and focus exclusively on the leptoquark couplings to the

first generat ion of fermions in Secs. 3.2 and 3.3.

3.2 Tree-level lept oquark mediat ion of p ! e− e+ e+

Let us first consider decay amplitude for p ! e+ e+ e− and determine the corresponding

decay rate for scenario (d) from Table 2.1, i.e., the S3-S3-R⇤
2-H contract ion. The rele-

vant proton decay process is depicted in Fig. 3.1. We, again, focus on the case where

6

an example

Comparison tree and loop level proton decay width

comparison of the 
existing data  

The loop-induced processes are more sensitive probes of 
the triple-leptoquark interactions than the tree-level ones!
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where mf can be either the valence quark mass mq, or the mass of the lepton running
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It is now transparent that proton decays faster through the one-loop level induced

two-body process than through the tree-level three-body one. If we also take into account

that the experimental limit for the part ial lifet ime of p ! ⇡0e+ [31] is approximately of

the same strength as the one for the three-body decay such as p ! e+ e+ e− [29], we

can conclude with certainty that the loop-induced processes are more sensit ive probes

of the triple-leptoquark interact ions than the tree-level ones. Our est imate is based on

the scenario where mf = me and it would be even further exacerbated if the chirality is

flipped in the quark lines, leading to mf = mq, or if heavier leptons are running in the

loop.

We finally opt to show how to accurately perform the extract ion of a lower limit on

the leptoquark masses that we denote with ⇤within the framework of scenario (d) that is

defined in Tables 2.1 and 2.2 for both the tree-level p ! e+ e+ e− decay, and the one-loop

level decays p ! ⇡0e+ and p ! ⇡+ ⌫̄. To deduce ⇤ we will eventually set all of the

dimensionless couplings to one and focus exclusively on the leptoquark couplings to the

first generat ion of fermions in Secs. 3.2 and 3.3.

3.2 Tree-level lept oquark mediat ion of p ! e− e+ e+

Let us first consider decay amplitude for p ! e+ e+ e− and determine the corresponding

decay rate for scenario (d) from Table 2.1, i.e., the S3-S3-R⇤
2-H contract ion. The rele-

vant proton decay process is depicted in Fig. 3.1. We, again, focus on the case where

6

Aoki et al. 1705.01338 Lattice QCD

Decay width

assumptions

years experiment  SuperKamiokande
Takenaka et al., 2010.16098 
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Loop-level leptoquark mediation of                    

Explicit loop computation 

General scenario

LQ interactions with quarks and leptons 

The loop diagram corresponds to a loop-induced diquark coupling of the 
∆Q′′ leptoquark 

Chirality flip in the internal lepton and 
external quark lines
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Ingredients

Form factors

Lattice QCD, Aoki et al., 1705.01338 

assuming                                                           and  
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assuming                                                           and  
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Radiative nucleon decays with ∆𝐵 = 1

SF, Šadl, 2304.00825

After the diagonalisation of the mass matrices, in  the limit                                                           
such interaction leads to the contributions

28

Existing bounds
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Rest of the “ingredients”

example

Wilson coefficents for p → 𝑒 transitions 



30

attaching photon everywhere

Possible decay mechanism
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Conclusions 

• we study a phenomenological impact of triple-leptoquark interactions on proton stability; 

• there are two different decay topologies under the assumption that scalar leptoquarks of interest 
couple solely to the quark-lepton pairs; 

• the tree - level topology has been analysed in the literature before in the context of baryon number violation 
     while the one-loop level one has not been featured in any scientific study to date; 

• we demonstrate that it is the one-loop level topology that is producing more stringent bounds on the scalar 
      leptoquark masses of the two, if and when they coexist;

• we also specify the most prominent proton decay signatures due to the presence of all non-trivial cubic 
     and quartic contractions involving three scalar leptoquark multiplets, where in the latter case one of the 
     scalar multiplets is the SM Higgs doublet; 

32
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• We revisited radiative nucleon decays exploring that the photon  radiation from a 
hadron and charged lepton can be related  nucleons’ anomalous magnetic moments;

• The braching ratio for radiative decays are                                                                                . 

Thanks 



d = 9 effective operators
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