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We examine models and prospects for proton annihilation to dileptons, a process which

violates baryon and lepton number each by two. We determine that currently Super-

Kamiokande would place the most draconian bound on pp → `+`+, ruling out new physics

below a scale of ∼ 1.6 TeV. We also find present and future hadron collider sensitivity to

these processes. While 8 TeV LHC data excludes new physics at a scale below ∼ 800 GeV,

the reach of a 14 TeV LHC run is ∼ 1.8 TeV, putting it on par with the sensitivity of

Super-Kamiokande. On the other hand, a 100 TeV proton-proton collider would be sensi-

tive to proton annihilation at a scale up to 10 TeV, allowing it to far exceed the reach of

both Super-Kamiokande and the projected 2 TeV reach of Hyper-Kamiokande. Constraints

from neutron star observation and cosmological evolution are not competitive. Therefore,

although high-luminosity water Cherenkov experiments currently place the leading bounds

on baryon and lepton number violation, next generation high-energy hadron colliders will

begin surpassing them in sensitivity to some B/L-violating processes.
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I. INTRODUCTION

While commendable progress has been made in understanding the interactions, masses, and

charges of Standard Model particles, the source of the universe’s baryon asymmetry remains at

large. Planck and WMAP satellite measurements of the cosmic microwave background set the

baryon-to-photon number density ratio [1, 2], at

nB/nγ = (6.1± 0.2)× 10−10, (1)

whereas the expected ratio in a universe without a baryon asymmetry is eight orders of magnitude

smaller. Although sources of baryon number, C and CP violation are required to explain this

discrepancy [3], there is no detailed understanding of how this is achieved in nature. B +L charge

is violated by quantum anomalies in the Standard Model (see e.g. Refs. [4–6]), but this symmetry

may be restored by the effects of new physics beyond the Standard Model (BSM), leaving all

possibilities open.

A related question is whether or not the proton is exactly stable. The observed hyperstability

of the proton has prompted models with baryon-stabilizing symmetries which extend deep into

the UV [7–21]. B-violating processes which are introduced to explain the baryon asymmetry can

also destabilize the proton, contradicting the extremely tight bounds on the proton lifetime set by

Super-Kamiokande [22],

Tp > 8.2× 1033 yrs. (2)

A process which permits ∆(B − L) = 0, ∆(B + L) = ±2 could allow the generation of a baryon

asymmetry, but might also allow the process p→ e+X, and the rate of this process is constrained

at late cosmological times by the observed relic abundance of protons. In this regard, it is worth

noting that the electroweak sphaleron processes, which contribute to the baryon asymmetry within

the electroweak baryogenesis or leptogenesis frameworks, are consistent with the current abundance

of protons because they are exponentially suppressed at temperatures below the weak scale.

The abundance of protons and the existence of a baryon asymmetry in the current epoch are

often related to the assumption that protons cannot self-annihilate. The essential logic is that

the lightest particle charged under an exact continuous symmetry cannot self-annihilate, because

there exists no other possible final state with the same charge which is kinematically accessible.
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But although the proton is charged under the exact symmetry U(1)EM , there are several lighter

states with the same charge (e+, π+, K+). The proton is also the lightest particle with non-zero

baryon number, but the associated symmetry would only forbid self-annihilation if it were an exact

continuous symmetry; if baryon number were instead the charge of an exact discrete Z2 symmetry,

then proton annihilation would be perfectly consistent, although the proton would be exactly

stable. The continued existence of a baryon asymmetry requires only that the pp annihilation

cross section be small enough that the annihilation process froze out in the early universe before

depleting the baryon asymmetry; this constraint would be easily satisfied provided 〈σppA v〉 � 1 pb.

If this condition is satisfied, then proton annihilation would be frozen out well before Big Bang

Nucleosynthesis (BBN), implying that it would have a negligible effect on BBN and all subsequent

cosmological evolution.

There have been a variety of studies of scenarios in which baryon number can be violated even

though the proton is exactly stable [9]. But there are some interesting distinctions between proton-

proton annihilation and the well-studied example of n− n̄ oscillation, wherein a neutron oscillates

into its anti-particle, which then annihilates against another neutron. One can describe this scenario

equivalently with an n− n̄ mixing term in the mass matrix. From this perspective, the true mass

eigenstates are real fermions which are linear combinations of n and n̄ states and have a very small

mass splitting, and the particles which annihilate are indistinguishable from their anti-particles. We

contrast this with proton-proton annihilation, a process which can only be interpreted as particle

self-annihilation because the anti-particle is distinguishable from the particle.

Indeed, the proton annihilation process pp→ K+K+ (∆B = ±2, ∆L = 0) has been previously

considered theoretically and experimentally, motivated by studies of R-parity violating MSSM

models (the process pp → π+π+ is similar, but is not motivated by SUSY constructions). In this

study we focus on pp → `+`+ (∆(B + L) = ±4) and do not assume a particular fundamental

theory, but instead present simplified models and B + L violating effective operators which are

allowed by the residual symmetries, and which are obtained after integrating out whatever heavy

particles arise from the underlying UV completion. Note that pp → `+`+ is the simplest proton

annihilation process in a theory where the proton is stable and B − L is conserved. As colliders

and experiments with large fiducial volumes gain sensitivity to higher energies and luminosities,

B + L violating operators merit attention as possible portals to primordial particle asymmetries.1

We will find that there are two relevant effective field theories, a quark-level effective field theory

1 A timely result [23] of particular import to this study has shown that B + L violating operators can induce CP
violating interactions through the electroweak vacuum angle.
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relevant for high-energy collider processes and a hadron-level effective field theory relevant for the

low-energy processes which occur at high-luminosity rare event experiments.

This article explores bounds on and prospects for low energy process with ∆(B + L) = ±4,

specifically protons annihilating to and with leptons, p+p+ → `+`+, p+e− → p−e+, and associated

processes related by a weak isospin transformation, nn→ ν̄ν̄. We relate these low energy constraints

to bounds on dimension twelve operators which foment processes like ūū → uudde−e− at high-

energy colliders, and determine what prospects lie ahead for ∆(B+L) = ±4 processes at the large

hadron colliders. Although Super and Hyper-Kamiokande will set the most stringent bounds on

∆(B + L) = ±4 operators, a future 100 TeV hadron collider would offer unparalleled access to

these processes, as we show in Figure 1. Indeed, we will show that this process is more amenable

to collider searches than processes from lower dimensional operators, such as pp→ π+π+.

100 TeV
collider
1 ab−1

H
y
p
er-K

Super-K
pp →
e+e+

Super-K
pe− →
p̄e+

LHC
8 TeV
20 fb−1

LHC
14 TeV
3 ab−1

102 103 104ΛQ/GeV =

Future Reach :

Current Bound :

Figure 1. This schematic shows the present and future sensitivity to diproton-dilepton coupling. While
Super-K has set the best present limits, a future 100 TeV hadron collider could be the first to uncover
diproton-dilepton couplings. ΛQ roughly sets the scale of new physics. More precisely, the cutoff shown
(ΛQ) is the cutoff of a dimension-12 operator coupling dileptons to diprotons through quarks, although it
can be related to the dimension-6 operator (no quarks) cutoff via Λ4

Q ' Λ (0.22 GeV)3 (see Section II and
Eq. (10)).

In Section II we present models for proton annihilation to same sign dileptons, and define

effective operators at both quark level (dimension 12) and hadron level (dimension 6) that violate

both baryon and lepton number by two. In Section III we calculate bounds for these operators by

reinterpreting Super-Kamiokande limits on n − n̄ oscillation and proton decay. In Section IV we

demonstrate that neutron star formation enforces a mild bound on these baryon and lepton number

violating processes. The ability of present and future hadron colliders to uncover dimension-12

dinucleon-dilepton couplings is examined in Section V, which recasts an LHC search for `±`± +

4 jets events. We conclude in Section VI by emphasizing the importance of a 100 TeV collider,

which would be the first collider to probe dinucleon annihilation to dileptons at mediator energies

surpassing those of existing and planned water Cherenkov detectors.
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symmetries proton decay alternative signature

U(1)B−L × ZB+L
2 p→ e+X —

U(1)L p→ π+X —

ZB2 × U(1)L — n− n̄ oscillation; pp→ π+π+,K+K+

ZB+L
4 × U(1)B−L — pp→ `+`+

Table I. Some possible unbroken subgroups of U(1)B×U(1)L, along with allowed proton decay channels and
alternative signatures (if proton decay is forbidden). The state X can consist of Standard Model particles,
except for the case p→ π+X; this process requires at least one BSM fermion.

II. LOW ENERGY PROTON ANNIHILATION TO POSITRONS

It is easiest to consider proton annihilation processes from the standpoint of the global symmetry

group U(1)B × U(1)L. This symmetry group can be broken entirely, or to a subgroup which

may contain discrete factors. Any process involving color singlets which conserves electromagnetic

charge and respects the remaining unbroken global symmetry group can be expected to have a

non-vanishing amplitude. A table of unbroken symmetry groups, along with possible proton decay

processes, and alternative signatures if proton decay is forbidden, are listed in Table I. We will

focus on an unbroken a ZB+L
4 × U(1)B−L global symmetry group which stabilizes the proton, but

permits proton annihilation.

For a simple model of this scenario, assume a B/L-invariant theory in which one has added

a neutral heavy scalar η with B = 2 and L = 2; if this scalar gets a vacuum expectation value,

then U(1)B × U(1)L is spontaneously broken to ZB+L
4 × U(1)B−L. Note that the U(1)B+L of

the underlying theory suffers from a quantum anomaly, but this anomaly can be canceled by the

addition of appropriate fermionic matter.

In an underlying higher energy theory, symmetries must permit processes in which both B and

L increase or decrease by 2. At quark level, these processes would involve 6 external quarks and

2 external leptons. The details of the Feynman diagrams would, however, depend on the specific

matter content and couplings of the theory. For example, if the matter content is appropriate, the

8 external fermions could couple in pairs to four scalars, which in turn couple to each other at a

quartic vertex. B + L violation would be induced by a cubic scalar vertex of the form φiφjη, with

the vev of η inducing mixing between scalars (φiφj) with the same SU(3)QCD ×U(1)EM quantum

numbers and ∆(B + L) = ±4.

Some models with scalars inducing baryon and lepton number violation, without permitting

protons to decay or annihilate to dileptons, were presented recently in Ref. [14]. Most work on
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signals of diproton to dilepton annihilation from grand unified and extended gauge theories was

conducted over three decades ago [24–32], with one recent exception considering an SU(2) extension

of the Standard Model in which the charges of exotic heavy quarks are different than those of

light Standard Model quarks [33]. Reference [33] includes hadron collider signatures of heavy-

quark-exclusive diproton to dilepton annihilation processes, which thereby evade Frejus and Super-

Kamiokande constraints, which are necessarily light-quark-exclusive. We will consider quark flavor

specific pp→ `+`+ in Section V.

Hereafter we present some pp → `+`+ models which break U(1)B+L down to a Z4 symmetry

with a single scalar, using quartic vertices of additional scalar fields with gauge charge assignments

that couple diprotons to dileptons. These quartic vertices of scalars permitting ∆(B+L) = ±4 are

shown in Figure 2. Table II gives the charges of the requisite scalars.
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Figure 2. Two interactions showing models of proton annihilation to dileptons along with the charge assign-
ments of the scalar fields, η, Xi, and φj . All charge assignments assume that quarks flow towards, while
scalars and leptons flow away from the central quartic vertex. Table II gives the scalar charges.

(SU(3)c,U(1)Y,U(1)B,U(1)L) charges

η ∈ (1, 0, 2, 2)

X scalar fields φ scalar fields

X1 ∈ (3,−1
3 ,−2

3 , 0) φ1 ∈ (3,−1
3 ,−2

3 , 0)

X2 ∈ (6̄,−4
3 ,−2

3 , 0) φ2 ∈ (3̄, 1
3 ,−1

3 ,−1)

X3 ∈ (1, 2, 0,−2) φ3 ∈ (3̄, 1
3 ,

5
3 , 1)

X4 ∈ (1, 2, 2, 0)

Table II. Table of scalar charges for Figure 2.

We will now examine how diprotons coupled to dileptons could be observed at experiments. The
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most interesting processes, from a phenomenological standpoint, are

• pp → `+`+ – observable as the isotropic deposition of ∼ 2 GeV of energy within Super-

Kamiokande. The related process nn → ν̄ν̄ is constrained by observations of neutron stars.

This is a high-luminosity signature.

• pe− → p̄e+ – hydrogen/anti-hydrogen mixing, observable as the isotropic deposition of ∼
2 GeV of energy within Super-Kamiokande. This process is also constrained by the formation

of neutron stars. This is a high-luminosity signature.

• qq → q̄q̄q̄q̄`+`+ – observable at the LHC as an excess of events with 4 jets, 2 like-sign dileptons

and little missing transverse momentum (the like-sign dileptons are predominantly positively

charged). This is a high-energy signature.

• pp→ φ̄φ+X – where φ is a QCD-charged heavy exotic particle which mediates B/L-violating

interactions. This is a high-energy signature.

Note that, there can be additional processes which respect the same symmetries, for example,

pp → `+`+π0π0. However, as these processes would be expected to be subleading due to the

corresponding phase space suppression, we can ignore them.

A. Parameterizing the interactions with contact operators

There is a wide range of freedom in constructing detailed models with an unbroken ZB+L
4 ×

U(1)B−L global symmetry. Instead, we will focus on parameterizing the effective interaction be-

tween Standard Model states and constraining the resulting parameters with experiment and ob-

servation. These parameterizations are relevant for processes at energies for which heavy exotic

particles cannot be produced.

At the low energies relevant for processes at Super-K, we can consider an effective theory where

the degrees of freedom are protons, photons, light mesons, and light charged leptons. In this

framework, we describe the processes pp → `+`+ and pe− → p̄e+ in terms of contact operators

made up of proton and lepton (assumed to be an electron, for simplicity) bilinears,

O =
1

Λ2
(p̄cΓpp)(ē

cΓee), (3)
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where

Γp,e = 1, iγ5, γµγ5. (4)

Thus, the possible operators are

O1 =
1

Λ2
1

(p̄cp)(ēce)

O2 =
1

Λ2
2

(ip̄cγ5p)(ēce)

O3 =
1

Λ2
3

(p̄cp)(iēcγ5e)

O4 =
1

Λ2
4

(ip̄cγ5p)(iēcγ5e)

O5 =
1

Λ2
5

(p̄cγµγ5p)(ēcγµγ
5e), (5)

or any linear combination thereof. The Λi are parameters with units of energy, but it is important

to note that they should not be interpreted as the scale of the new physics which is integrated out

in the hadron-level effective field theory. If there are new particles with mass & 1 GeV, then the

hadron-level effective field theory would not be a good description of the coupling of the exotic

particles with Standard Model particles, and one would instead need a quark-level effective field

theory. Instead, the hadron-level effective field theory is introduced simply as a convenient way of

parameterizing bounds derived from low energy experiments, for which the hadron-level effective

field theory is valid; to relate this parametrization to a bound on the scale of new physics, one

should translate between the hadron-level and quark-level effective field theories.

For operators O1,3, pp annihilation is p-wave suppressed (∝ v2), whereas for operator O5 it

is chirality suppressed (∝ m2
e/m

2
p). For a proton in a typical nucleus, v ∼ 0.1c, implying a 10−2

suppression of the nucleus decay rate if mediated exclusively by a p-wave suppressed operator. If the

operator were chirality suppressed, the decay rate would be suppressed by (m`/mp)
2 ∼ 10−2, 10−6.

The constraint on the scale of the pp`+`+ contact operators derived from any bound on the nucleus

decay rate are thus weakened by a factor of ∼ 3 (Λ1,3) and ∼ 30 (Λ5), respectively. As a benchmark

we will assume that the relevant effective operator in the hadron-level effective field theory is

O4, which is CP -invariant and permits unsuppressed proton self-annihilation; we will show that

deviations from this assumption will not significantly affect bounds on the scale of new physics.

For collider processes, the relevant Standard Model degrees of freedom are quarks and leptons.
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If the mass of the mediating particles are much larger than the collider energy scale, the relevant

interaction between six quarks and two leptons can be expressed in terms of a dimension 12 contact

operator. Examples of such operators include

OQ1 =
1

Λ8
Q1

(Q̄cPLQ)2(Q̄cPLl)(¯̀cPLQ), (6)

OQ2 =
1

Λ8
Q2

(Q̄cPLQ)2(ūcRPReR)(ēcRPRuR), (7)

etc.,

where the 6 quark fields are implicitly color-contracted by two εabc tensors. The coefficient ΛQi can

be bounded with collider experiments, and is roughly related to the scale of new physics.

To compare collider constraints on the ΛQ with constraints on the Λ arising from low-energy

data, one must match the coefficients of the operators which arise in the two different descriptions.

One can do this, for example, by equating the matrix element for the process pe− → p̄e+, as

computed in each description. The two expressions for the matrix element for pe− → p̄e+ (in the

non-relativistic limit) are given by

MQi(pe
− → p̄e+) ∝

mem
7
p

Λ8
Qi

Mi(pe
− → p̄e+) ∝ memp

Λ2
i

(8)

The quark operators are acting on protons states, but in those terms mp is the only relevant scale

(in the limit where the u- and d-quarks are massless), so the dependence on mp is just determined

by dimensional analysis.

To understand more precisely the dependence on mp, we can use the following measurements of

the hadronic parameter βH , which in our relativistic state normalization can be written as

〈0|uLuLdL|p〉 =
√

2mpβH (9)

where βH = 0.003 GeV3 [34] or as large as βH = 0.014 GeV3 [35]. This matrix element is precisely

relevant for OQ1, so for our purposes is a reasonable choice to account for QCD effects.2 We see

that adopting either of these values would result in rescaling mp in our decay rate by 0.22 or 0.34,

respectively.

2 The same result is obtained by replacing mp with the QCD scale, mp → ΛQCD = 0.22 GeV.
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Equating the matrix elements in Eq. 8, and rescaling mp, we find the correspondence

Λ(0.22mp)
3 ' Λ4

Qi. (10)

This correspondence can also be derived simply from the fact that the effective quark-level operator

is dimension 12, while the effective hadron-level operator is dimension 6. We see that even a factor

∼ 30 change in the bound on the hadron-level parameter Λ arising from low energy experiments

results in only a factor∼ 2 change in the bound on the scale of new physics, justifying our simplifying

choice of O4 as the only contact operator in the hadron-level theory.

B. Energy versus luminosity

The above relation leads to an interesting correlation between the energy, luminosity and sensi-

tivity. For any type of experiment, the number of events mediated by this effective operator scales

as

N ∝ L
E2

(
E

ΛQ

)16

(11)

where ΛQ is the scale of new physics, E is the energy scale of the process, and L is the integrated

luminosity of the experiment. For a low energy process, such as proton annihilation in Super-

Kamiokande, E ∼ mp, and the integrated luminosity L is related to the density of the material,

the fiducial volume, and the period of time studied. For a high-energy collider process, however, L
is the related to the luminosity of the beams, while E is determined largely by the collider energy.

This scaling relation holds for any process in which the heavy mediating particles are not directly

produced, and the only final state particles are Standard Model particles.

For low-energy experiments, the large suppression resulting from the low energy of the process

must be compensated by the very large effective exposure. It may well be the case that these

experiments provide the greatest current sensitivity to new physics, but one immediately sees that

the sensitivity of these experiments cannot increase very much; E is fixed, and the sensitivity to

ΛQ scales only as L1/16. By contrast, one sees that collider experiments cannot increase their

sensitivity very much with higher luminosity, but can with higher energy. Note also that, for a

given number of events, the scale of new physics is largely insensitive to changes in the overall

proportionality coefficient. As a result, suppressions arising from details of the particle physics
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model, such as p-wave or chirality suppression, will have negligible impact on the sensitivity of any

given experiment.

We may compare the above case to the case where ∆L = 0, ∆B = ±2, allowing the process

pp→ π+π+,K+K+. For these processes, the quark-level operator is dimension 9. As a result, one

would find that the number of events at an experiment scales as N ∝ (L/E2)(E/ΛQ)10. Again we

see for pp→ π+π+,K+K+ that an increase in luminosity does not improve sensitivity significantly,

while an increase in the energy of the process does.

On the other hand, the actual sensitivity of rare event searches to the scale of new physics does

depend strongly on the specific process. Rare event (water Cherenkov) searches for proton annihi-

lation to dileptons and dimesons search for an excess of events above the estimated background for

the exposure of the experiment. If an experiment yields no statistically significant excess of events,

the number of allowed events for both pp → π+π+ and pp → `+`+ processes is about the same,

because rare event searches are not very sensitive to the topology of the final state, provided it is

isotropic and has a large energy deposition. Thus, because the number of pp→ π+π+ events scales

with a smaller power of (E/ΛQ), rare event searches like those conducted at Super-K will constrain

the scale of new physics for the process pp→ π+π+ more tightly than for pp→ `+`+.

III. BOUNDS FROM SUPER-KAMIOKANDE

Super-Kamiokande can bound the effective quark-lepton interaction operators in several ways.

First, the process pp → `+`+ (l = e, µ) can allow the decay of an oxygen nucleus. Secondly, the

process pe− → p̄e+ can allow either hydrogen annihilation or the annihilation of a proton in an

oxygen nucleus against an inner shell electron.

Both of these processes yield a striking signature. The process pe− → p̄e+ causes an antiproton

to rapidly annihilate with a proton and deposit 2 GeV of energy isotropically within the detector.

This is also the signature used in Super-Kamiokande’s analysis of n− n̄ oscillation [36], which found

24 candidate events and yielded a bound on the neutron lifetime of

Tn−n̄ > 1.89× 1032 yrs. (12)

The estimated number of background events satisfying the selected cuts was 24.1.

A Super-Kamiokande study of pp → `+`+ would result in two ultra-relativistic, back-to-back,

same-sign leptons with clearly identifiable Cherenkov cones. In the case of proton annihilation to
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antimuons, two widely separated O(5) meter muon tracks with a common vertex is likely to have a

small background. These two muons coming off back to back and ending in muon decays (since the

µ+ is not rapidly absorbed), with the muons each forming long tracks will be particularly distinct

from νµ charged current interactions; ∼GeV energy atmospheric neutrinos will be strongly forward,

and rarely will a backwards traveling muon be generated. The bound on lifetime is likely to be

comparable to or stronger than the recent limit, Tp→K+ν > 6×1033 yrs which was set for p→ K+ν

[37]. However, to remain conservative until a Super-Kamiokande pp→ `+`+ study is completed, we

will use the Super-Kamiokande bound on n− n̄ oscillations to set our bound on proton annihilation

to dileptons.3

Of course, the signatures of the processes we consider may differ from the expectations outlined

here; for example, the process pe− → p̄e+ yields a low-energy positron, which we assume is un-

detectable in the midst of a 2 GeV hadronic spray of the annihilating proton-antiproton pair. To

properly establish the signature and background, Monte Carlo simulations would need to be con-

ducted. However, the details of the cuts and signature are relatively unimportant for our purposes

here, as the sensitivity to new physics depends only weakly on the number of events required for

statistical significance. As such we are justified in simply taking the Super-Kamiokande bound on

the number of events from ∆(B −L) = 0, ∆(B +L) = ±4 processes to be . O(10), occurring at a

rate Γ . O(10−31) yrs−1. The corresponding bounds on the lifetime of oxygen and hydrogen are

TO & 2.4× 1031 yrs and TH & 4.7× 1031 yrs, respectively.

A. pp→ `+`+

The only CP -invariant contact operator which permits pp annihilation that is neither s-wave

nor chirality suppressed is O4, and we will use this operator as a benchmark. The amplitude for

non-relativistic proton-proton annihilation via O4 is

1

4

∑
spins

|MO4

pp→`+`+ |
2 ∼ 16

(
m4
p

Λ4
4

)
. (13)

3 Using a fiducial volume of iron interleaving Geiger tubes, the Frejus collaboration [32] set a direct bound on proton
annihilation to dileptons, Tpp→`+`+ & 1031 yrs. However, this is less stringent than the bound inferred from
Super-K limits on neutron oscillation.
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If we crudely approximate the protons of a 16O nucleus to have a uniform spherical distribution

cut off at radius r = 3 fm, then the rate for the process 16O → 14C + `+`+ is

ΓO4
16O→14C`+`+

=
21

4π2

(
m2
p

Λ4
4

)
r−3

= (6.4× 1027 yrs−1)

(
GeV

Λ4

)4

. (14)

We can use this estimate of the annihilation rate for protons in oxygen nuclei to bound the coefficient

of O4 with Super-K neutron oscillation constraints. This yields the constraint Λ4 > 7× 1014 GeV.

The corresponding bound on the scale of quark-level contact operator is ΛQ > 1.6 TeV (eq. 10),

with some uncertainty due to the hadronic matrix element as discussed in Section II.

B. pe− → p̄e+

The operators given in (5) also allow hydrogen to annihilate via the process pe− → p̄e+. For

simplicity we consider the operator O1, which can be rewritten (using a Fierz transformation) as

O1 =
1

4Λ2
1

[
(ēcp)(p̄ce)− (iēcγ5p)(ip̄cγ5e) + (ēcγµp)(p̄cγµe)

−(ēcγµγ5p)(p̄cγµγ
5e) + (ēcσµνp)(p̄cσµνe)

]
. (15)

Because the Fierz transformation yields a sum of operators with many Lorentz structures and no

cancelations, we see that similar bounds on the process pe− → p̄e+ would result from any other

contact operator Oi.
From Appendix B of [38], for example, we see that the only terms relevant for the annihilation

of an S = 0, L = 0 initial state (which composes the vast majority of naturally occurring hydrogen)

are (iēcγ5p)(ip̄cγ5e) and (ēcγµγ5p)(p̄cγµγ
5e). The decay rate for hydrogen induced by this operator

is given by

ΓH1 =
α4m5

e

2π2Λ4
1

= (7.6× 10−15 s−1)

(
Λ1

TeV

)−4

. (16)

A similar calculation yields the rate for oxygen decay through annihilation of a 1S electron

against a proton in the nucleus. For simplicity, we can estimate the decay rate of oxygen by

treating oxygen as a hydrogen-like system with two 1S electrons. We thus assume that the outer

electrons contribute negligibly to oxygen decay, and that the wavefunction of the 1S states are not
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significantly affected by the other oxygen electrons. We then find

ΓO1 ∼
(Zα)4(16)m5

e

2π2Λ4
1

∼ 216ΓH1 (17)

From the limit on the hydrogen lifetime derived from Super-Kamiokande’s n−n̄ oscillation data,

we conclude

Λ1 ≥ 1.8× 109 GeV, (18)

and when we include the decay rate of oxygen, this bound on Λ1 increases by a factor of ∼ 24 = 16.

Regardless, we find that constraints arising from pe− → p̄e+ are generically weaker than those

arising from the process pp→ `+`+ occurring within an oxygen nucleus. In particular, even if the

effective contact operator yields a proton annihilation matrix element which is p-wave or chirality

suppressed, the bound on the energy scale Λ from pp-annihilation is still more stringent that that

arising from pe−-annihilation, even accounting for uncertainties in the nuclear wavefunction.

IV. BOUNDS ON DINUCLEON-DILEPTON COUPLING FROM NEUTRON STARS

Neutron stars can yield two types of bounds on ∆(B − L) = 0, ∆(B + L) = ±4 processes.

First, as the neutron star forms, the protons and electrons become more dense and the rate for

the process pe− → p̄e+ increases, which could disrupt neutron star formation. Secondly, once the

neutron star has formed, the process nn→ ν̄ν̄ may be allowed, and would be related to pp→ `+`+

at quark-level by weak isospin.

A. Neutron star bounds on dineutron annihilation

The quark-level effective operators which permit the process pe− → p̄e+, if they involve the

factor (Q̄cPLlL), also permit nn-annihilation. The largest annihilation cross section would arise

if nn → ν̄ν̄ proceeded through a pseudoscalar interaction at hadron level, such as O4 after the

replacement p → n, e → ν. This scenario involves coupling to neutrinos of both helicities, and

would thus be viable in the case of Dirac neutrinos. The rate for a neutron to annihilate can be

then estimated by
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ΓNSnn ∼
ηm2

p

8π

(
1

Λ4

)4

∼ (1020 s−1)

(
Λ4

GeV

)−4

(19)

where η ∼ 2× 1053/km3 ≈ 0.002 GeV3 is the neutron number density in a 1.4 solar mass neutron

star. If we have Λ4 ≥ 1010 GeV, then we find ΓNSnn ≤ 10−20 s−1, implying that nn-annihilation

would have very little effect on the star, even over the age of the universe.

B. Neutron star formation bounds on hydrogen annihilation

The rate for a single proton to annihilate via the process pe− → p̄e+ during neutron star

formation is similar to the rate for a single neutron to annihilate after the neutron star has formed,

because the relevant number densities and energy scales of the two processes are roughly similar.

But the electron density of a forming neutron star is depleted over a time scale ∼ O(10) s [39, 40],

implying that this process has negligible impact on the formation of the neutron star.

We thus see that observations of neutron stars do no place competitive bounds on the B/L-

violating couplings which we consider, owing to the large number of events required to yield an

observable effect in an astrophysical body. The preceding treatment has assumed a neutron star of

constant density. However, a more in-depth study might consider the possibility that rapid high-

energy processes such as pulsar glitches [41] or strong force somnoluminescence in neutron stars

[42] could place a tighter bound on proton annihilation to dileptons.

V. DIPROTON - DILEPTON COUPLING AT THE LHC AND BEYOND

In this section we determine bounds on ΛQ1 from colliders. If the scale of new physics is large

compared to the characteristic energy scale of hard processes at the collider, then the contact

approximation is valid and we may parameterize the B/L-violating interactions via the dimension

12 quark level effective contact operators which we have described. Indeed, for simple models with

only a few mediating particles, one would expect ΛQ to be related to the mass scale M of new

particles by the relation M ∼ gΛQ, where g is the coupling of the new particles. At colliders, the

operator OQ1 will allow processes like pp→ `+`++4 jets at the LHC, or e−p→ e++5 jets at HERA.
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Note that if we instead consider the other operators OQi, one might expect event rates which could

differ by O(1) factors; but given that N ∝ Λ−16
Q , our choice of OQ1 does not significantly alter LHC

sensitivity.

However, if the energy scale of hard collider processes is larger than the scale of new physics, the

contact approximation will fail. Instead, the most promising search strategy will be via production

of the exotic mediators. In simple models, such as the ones we described, at least some of the

mediating particles are charged under SU(3)QCD, and thus are easily produced at hadron colliders

provided that the center of mass energy is sufficient to pair produce the exotic particles. Direct

searches at the LHC currently constrain this mass scale to satisfy M & O(500) GeV [43, 44].

A. pp→ `+`++4 jets

We first determine the sensitivity of the LHC to this operator by numerical simulation of the

process pp→ `±`± + 4 jets.4 The relevant parton-level hard processes are:

u u→ ū ū d̄ d̄ e+ e+ + h.c.,

u d→ ū ū ū d̄ e+ e+ + h.c.,

and d d→ ū ū ū ū e+ e+ + h.c., (20)

at the LHC. The major Standard Model backgrounds for the `±`± + 4 jets channel are tt̄W pro-

duction where the W and a top quark decay leptonically, along with W + jets or tt̄(j) with the

W or top decaying leptonically, and a jet faking a lepton. The backgrounds with fake leptons are

often identified in experimental studies as “non-prompt” lepton backgrounds [45–48].

In Table III, we show the number of signal events in the `± `±+ 4 jets channel [45] arising from

the dimension-twelve operator OQ1 given in Eq. (6), assuming either first or second generation

quarks or leptons. We also list the relevant detector cuts, the number of observed events, and

the number of expected background events. The exact signal region of this study that is most

constraining for a dim-12 ∆(B + L) = ±4 operator is the “High-pT ” lepton pre-selected “SR04”

region, a region which requires two same-sign leptons with transverse momentum greater than 20

GeV, and four non b-jets with a pT sum greater than 400 GeV, along with other cuts indicated in

Table III. This data yields the bound ΛQ1 ≥ 830 GeV with ∼ 2σ significance.

4 One might also consider dimension twelve processes related by weak isospin like ūū→ ddddνeνe, yielding ≥ 4 jets +
missing transverse energy (MET). The cross-section for these will be the same as for the process listed in eq. (20),
but with much larger hadronic backgrounds, making this final state less incisive.
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It is important to note that the details of the cut choice and background model are relatively

unimportant because the analysis is essentially signal limited. As seen in Table III, and as may

be expected from any signal with the topology of like sign di-leptons with no missing energy, the

number of background events is small. Given that the number of signal events scales as N ∝ Λ−16
Q ,

even a change of a few orders of magnitude in the number of events required for exclusion would

only change the collider sensitivity reach by an O(1) factor. Thus, for an analysis of either the LHC

or future high-energy colliders, it is sufficient to ignore any detailed modeling of cuts, backgrounds

or detector performance, and instead simply require a few signal events with parton level cuts.

Complete details of the collider analysis conducted here can be found in Appendix A.

Cutoff ΛQ1 in GeV for
√
s = 8 TeV, 20 fb−1 800 830 870 900 940 980 1020

Events from (u,d,e) in Eq. (6) 12 6 3 1.6 0.8 0.45 0.25

Events from (u,d,e,µ) in Eq. (6) 30 15 7.5 4 2 1 0.6

Cutoff ΛQ1 in GeV for
√
s = 8 TeV, 20 fb−1 440 470 510 550 580 620 650

Events from (c,s,e) in Eq. (6) 54 15 4.5 1.5 0.5 0.2 0.1

Events from (c,s,e,µ) in Eq. (6) 103 31 9 3 1 0.4 0.15

Result for signal region “SR04” in Ref. [45]

2 measured events, 5.6 ± 2.1 (1σ) expected

Cuts for signal region “SR04” of Ref. [45] and this study

4 jets (light quarks) with pT > 40 GeV

50 GeV < MET < 120 GeV

2 same-sign leptons with pT > 20 GeV

HT ≡
∑

jets |pT | > 400 GeV

Table III. These tables give the number of events expected in the
√
s = 8 TeV, 20 fb−1, LHC data from the

dimension twelve B+L violating operator of Eq. (6) for O(1) couplings and a cutoff ΛQ1 in the `± `±+4 jets
detection channel. The expected events are given for either six first generation quarks (u,d) or six second
generation quarks (c,s) coupled to either two same-sign electrons only or both electrons and muons.

Although Super-Kamiokande studies of higher-dimension baryon and lepton number violating

operators are necessarily restricted to first generation quarks, collider studies have a broader scope.

The results in Table III show the bound and reach of the 8 TeV LHC for the B + L violating

operator of Eq. (6) composed of either first (u,d) or second (c,s) generation quarks coupled to
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Cutoff ΛQ1 in GeV for
√
s = 14 TeV, 3 ab−1 1300 1450 1600 1750 1900 2050

Events from (u,d,e,µ) in Eq. (6) 3652 676 147 36 10 3.1

Cutoff ΛQ1 in TeV for
√
s = 100 TeV, 10 ab−1 7 9 10 11 13

Events from (u,d,e,µ) in Eq. (6) 8511 459 39 4.6 0.7

Table IV. These tables show the expected number of dinucleon-dilepton coupled events from operator (6) at
both a high-luminosity run of the LHC and a high-luminosity run of a future 100 TeV collider. This result
assumes the collider acceptance of partons found in an 8 TeV LHC study [45] of `±`±4j events.

either electrons only or both electrons and muons. We note that while operators composed of first-

generation quarks are more tightly constrained by Super-Kamiokande than by the LHC, operators

coupling to second generation quarks which violate B + L mod four will be entirely unconstrained

by Super-Kamiokande. This motivates models of B + L violation exclusive to second and third

generation quarks: such models could be discovered at future runs of the LHC, whereas similar first

generation quark operators may require a more energetic proton collider, given Super-Kamiokande

bounds. For other research which includes flavor-specific baryon and lepton number violation

prospects at the LHC, see [11].

B. Comparison to searches for direct production of exotic colored mediators

We have seen that the bound set by the LHC on contact operators is already in a regime where

the contact approximation is expected to begin breaking down. As a result, the LHC bound should

be treated as somewhat heuristic, and really indicative of the fact that the LHC has not accumulated

enough integrated luminosity to probe new physics for which the contact approximation would be

clearly appropriate (unless the new physics involved very large numbers of mediators). In fact,

because the number of signal events at the LHC scales as N ∼ (L/E2)(E/ΛQ)16, it will never be

practically possible to obtain enough luminosity for the contact approximation to be valid. It is

thus useful to consider the contrast between a high-energy search focused on the production of

new particles, as opposed to a high-luminosity search for the indirect effects of intermediate heavy

mediators. We see that for the scenario considered here, only a high-energy search strategy is

practical, and the key targets are heavy exotic SU(3)QCD-coupled particles.

We now consider how detection prospects for dinucleon-dilepton coupling will improve at a high-

luminosity run of the LHC, and at a future
√
s = 100 TeV collider. To estimate the sensitivity of the
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these machines, we passed parton-level events through the same lepton, jet, and MET acceptances

reported in [45]. A precise prediction of constraints on (6) would require a detailed examination of

relevant hadronic backgrounds to `±`±+4j (including lepton fake rates), and specifically how these

backgrounds scale with increased energy and the particulars of detectors at a very high-luminosity

LHC and a future 100 TeV collider. However, even a naive extrapolation of backgrounds and

systematic uncertainties (described in the appendix) is sufficient for our purposes, as the sensitivity

is only weakly dependent on the number of events needed for detection, which we can take to be

O(1).

In Table IV we show the number of signal events (similar to Table III) for either a 14 TeV hadron

collider with 3 ab−1 integrated luminosity, or a 100 TeV hadron collider with 10 ab−1 integrated

luminosity. A 100 TeV collider could access dinucleon-dilepton coupling processes mediated by new

physics at an energy scale of 10 TeV, putting its sensitivity beyond that of both Super-Kamiokande

and the projected future reach of Hyper-Kamiokande [49].5 Again, we note that if these interactions

are mediated by new physics appearing at the energy scale ∼ 10 TeV, the contact approximation

would not be expected to be valid at a 100 TeV hadron collider. Instead, this result is indicative

of the fact that the one should instead expect the promising search strategy to be the production

of heavy exotic colored particles, to which a 100 TeV collider should be sensitive provided their

mass is . 20 TeV [50–61].

This highlights the unique prospects available to higher energy hadron colliders. O(100 TeV)

machines could surpass water Cherenkov detection of rare baryon and lepton number violating pro-

cesses, but this is only attainable through a sizable increase in center-of-mass energy, as illustrated

in Figure 3. Furthermore, in a scenario with ∆B = ±2, ∆L = 0 (allowing pp→ π+π+), even higher

energies would be necessary for colliders to be competitive. For this scenario, current bounds from

Super-Kamiokande constrain the scale of new physics at the level ΛQ & mp(1.5 TeV/mp)
16
10 ∼

105 GeV. One would need a PeV-scale hadron collider (a Pevatron) to obtain bounds on the

production of the heavy mediating particles which are competitive with the sensitivity of rare

event searches. The process pp → e+e+, µ+µ+ thus provides unique opportunities for foreseeable

high-energy hadron collider experiments.

It is worth noting that cosmic ray protons, whose energies are constrained by the GZK cutoff,

can annihilate against protons in the atmosphere at center-of-mass energies as large as 106 GeV.

Although this may be the highest energy environment for probing processes with ∆(B + L) = ±4,

5 The projected order of magnitude longer lifetime constraint on dinucleon decay processes in [49] implies an O(1)
shift in the allowed quark-level cutoff of (6).
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Figure 3. A plot of hadron collider and Kamioka discovery prospects for pp → `+`+, as determined by
sensitivity to the cutoff of (qqq`)2/Λ8

Q (see Eq. 6). The projections were arrived at using Eq. 11 and the
results of Sections III and V.

experiment number of events process energy effective luminosity

Super-K O(10) ∼ 1 GeV ∼ 1050 fb−1

neutron star ∼ 1055 ∼ 1 GeV ∼ 1083 fb−1

LHC O(1) ∼ 103 GeV ∼ 102 fb−1

HE-LHC O(1) ∼ 104 GeV ∼ 103 fb−1

Table V. A description of various experiments, along with the energy scale of the relevant process, the
effective luminosity, and the number of events needed for statistical significance. For Super-K and neutron
star observations, the effective integrated luminosity is given by L ∼ (1/2)Nηvt, where N is the number of
nucleons in the target, η is the local nucleon number density, t is the time the nucleons are observed, and v
is their average velocity.

there seems no practical way of distinguishing such events from much more common and prosaic

events, such as pp̄-annihilation. As such, cosmic ray studies are not likely to be a fruitful method

for probing such B/L-violating processes.
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VI. CONCLUSION

In this work, we have considered a general class of scenarios in which B − L is conserved, but

B + L is only conserved modulo 4. This symmetry structure guarantees the absolute stability of

the proton, but permits proton annihilation via the process pp→ `+`+. We have found that these

processes can be constrained by searches for rare processes at Super-Kamiokande, by observations

of neutron stars, and by LHC searches for like-sign dileptons accompanied by many jets.

Since processes with ∆(B−L) = 0, ∆(B+L) = ±4 involving only Standard Model particles are

mediated by a dimension-12 quark-level operator, we find that the number of such events scales as

N ∝ (L/E2)(E/Λ)16, where E is the energy scale of the process, L is effective integrated luminosity,

and Λ is the scale of new physics. In Table V we list approximate values of N , E, and L for various

experimental environments. We see that the extremely large effective luminosity of experiments

such as Super-Kamiokande allow it to have the greatest sensitivity to new physics, despite the

modest energy of the relevant process. Although neutron stars have a much greater effective

luminosity, the extremely large number of events needed to probe new physics (we assume that the

annihilation of 1% of the nucleons is required) weakens the sensitivity of this strategy; the quantity

L/N will always be larger for an earth-based rare event search than for an astronomical observation.

An 8 − 14 TeV LHC can compete with Super-Kamiokande, but a 100 TeV hadron collider with

reasonable luminosity could overcome the tremendous luminosity advantage of Super-Kamiokande

and provide far greater sensitivity. The scaling of the relevant process rates with luminosity and

energy imply that these results are very robust against even order-of-magnitude changes in the

effective luminosity, backgrounds, or in the number of events needed for a statistically significant

measurement. However, uncertainties in the hadronic matrix elements can have a large effect on

the sensitivity of rare event searches because the event rate depends on these matrix elements to a

high power.

Of these search strategies, constraints from Super-Kamiokande currently appear to be the most

stringent, limiting the mass scale of new physics to respect ΛQ > 1.6 TeV. While there are inter-

esting LHC prospects for B/L-processes involving charm and strange quarks, the LHC sensitivity

reach to processes involving first generation quarks (ΛQ < O(2000) GeV) signifies that the upgraded

LHC may have enough energy to complement Super-Kamiokande. But a future O(100 TeV) hadron

collider could well supersede the Super-Kamiokande bound and permit production of colored par-
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ticles which mediate a proton annihilation interaction. In the case of either the LHC or a future

higher-energy collider, it is likely that the most successful strategy would be through the direct

production of new mediators, but it would also be possible to surpass future Kamioka searches for

new physics through indirect processes in which virtual heavy particles mediate rare interactions.
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Appendix A: Proton annihilation collider analysis details

The quark-level B + L violating operator of Eq. (6) were implemented in FeynRules 2 [62],

and events were generated in MG5AMC@NLO [63]. All partons were required to have a rapidity

|η| < 2.5 and an inter-parton separation ∆R < 0.4. Complexities introduced by an eight-fermion

operator with identical final state fermions and a nontrivial color structure prohibited hadronic

showering6 and detector simulation. Instead, the parton-level cross-section was calculated, and

collider effects were estimated using hadron and lepton acceptance efficiency curves published for

the “SR04” bin of Ref. [45].

The presence of eight fermions, some of these identical, presents a computational ambiguity

(namely, the point in the calculation when one should apply additional necessary combinatoric

factors) that is as yet unresolved in the FeynRules to MG5AMC@NLO simulation chain for pro-

cesses with more than four identical fermions and fermion-flow violation. Therefore, to study the

operators of Eq. (6), another effective operator with the same kinematic structure was employed,

OQ1,standin =
24

Λ8
Q1

(Q̄PLQ)2(ūRPReR)(ēRPRuR) + h.c. (A1)

which does not violate fermion-flow. The additional factor of twenty-four accounts for the combi-

natoric difference in contracting the operator of Eq. (6) vs. (A1). Because the `± `±+ 4 jets search

6 While Pythia 8 [64] has improved on Pythia 6.4 [65] and can shower events with non-standard color structures, it
is so far limited to showering 2→ 3 scattering processes.
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is insensitive to the charge of light quark jets, for this study it is then sufficient to use the operators

in Eq. (A1) to calculate numerical cross-sections of e.g. uu → uudd̄e+e−. Note that OQ1,standin

producing opposite-sign dileptons is not problematic, it merely requires that our analysis count

opposite-sign dilepton events produced by OQ1,standin as same-sign dilepton events.

After creating parton-level events with MadGraph5 aMC@NLO, we used the fitted efficiency

formulae of Ref. [45] to determine collider acceptance of events. For the sum of jet HT and the jets

themselves, the relevant efficiency formula is

εHT ,j(pT ) = 0.5×
(

Gerf

[
pT − x1/2

σp

]
+ 1

)
, (A2)

where Gerf is the Gaussian error function and (ε∞, x1/2, σp) are fit parameters whose values are

given in Table VI. The efficiency formula for acceptance of muons and electrons is given by

Eff. variables, HT and jets x1/2 (GeV) σp (GeV)

HT > 400 GeV 378 59.4

jet w/pT > 40 GeV 30 19

Eff. variables, µs and es ε∞ ε10 σp (GeV)

Electron 0.64 0.17 37

Muon 0.67 0.33 30

Table VI. This table catalogues fitted efficiency parameters used in Eqs. (A2) and (A3) to determine accep-
tance of jets, electrons, muons, and total scalar sum of jet transverse momenta (HT ).

εe,µ(pT ) = ε∞ ×Gerf

[
pT − 10

σp

]
+ ε10 ×

(
1−Gerf

[
pT − 10

σp

])
, (A3)

where again the values for these parameters are displayed in Table VI. Finally, the jets and same-

sign dilepton signal region we employ in this study requires missing transverse energy MET >

50 GeV. Of course, the events we generate have no missing transverse energy at parton level. The

efficiency for finding 50 GeV of missing energy in this channel for an event with no missing energy,

as reported in [45], is ∼ 20%.
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