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We want to look for ways to stress-test or “break” the Standard Model.

Simple question: 

What could happen that is forbidden by the SM?

Theory role includes: 

- Articulate the SM-forbidden phenomena
- Give good reasons why it should/could happen
- Show how to interpret experimental searches (mapping frontier)



There are a lot of behaviors forbidden by the SM.

For example, Z à g + e-

Not very interesting to mount big effort to test this because

- Violates charge conservation
- Violates Lorentz symmetry

To have “good reason” identify the most vulnerable symmetries …. 
accidental symmetries 

Two prime candidates: baryon number and lepton number 
conservation (or Z2 lepton).



Shaky baryon number conservation is all that protects the neutron from 
oscillating to an antineutron.

Shaky lepton number (or Z2 lepton) and baryon number conservation 
are all that protects the proton from decaying.

These two observational possibilities should be relentlessly pursued 
experimentally and fully explored theoretically.

What is the current situation?

What are the future prospects?



Proton decay can occur by higher-dim operator.

This operator likely exists with Planck suppressed couplings at least.

This operator could exist with smaller scale suppression in GUT theories. 
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of the SU(5) GUT, the first GUT model, predicted proton decay within reach of the first-generation proton
decay experiments. This model has already been excluded by their experimental limits on p ! e

+
⇡
0, as well

as the mismatch of the three gauge coupling unification when extrapolated to scales of 1014 to 1015 GeV.
GUTs based on larger symmetries such as SO(10) are consistent with both gauge coupling unification and
experimental constraints, particularly if they include supersymmetry, as discussed below. Other possible
theories include flipped SU(5), which favors the second generation and predicts the decay p ! µ

+
⇡
0, and

higher- dimensional GUTs, including those where quarks and leptons live on separate branes. Even negative
experimental results in the search for proton decay provide valuable information to the pursuit of realistic
grand unified theories.
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Figure 2-3. Diagrams inducing proton decay in SUSY GUTs. p ! e+⇡0 mediated by X gauge boson
(left), and p ! ⌫K+ generated by a d = 5 operator. (right).

Supersymmetric grand unified theories (SUSY GUTs) are natural extensions of the SM that preserve the
attractive features of GUTs, and predict a more precise unification of the three gauge couplings. The
unification occurs at the higher energy of 2 ⇥ 1016 GeV, suppressing the dimension-6 gauge mediation
responsible for p ! e

+
⇡
0 to a lifetime of at least a few ⇥1034 years, compatible with current experimental

limits. Lifetimes of this magnitude are now being probed by Super-Kamiokande. However, the predictions
are uncertain by an order of magnitude or so, due to the unknown masses of supersymmetric particles and
GUT scale particles.

Supersymmetric GUTs (SUSY GUTs) bring a new twist to proton decay, by predicting the decay mode
p ! ⌫K

+ which is mediated by a colored Higgsino generating a dimension-5 operator, as shown in the right
panel of Fig. 2-3. Here, the d = 5 operator involves the electroweak wino and supersymmetric partners of
the quarks and leptons. The predicted lifetime for this mode in minimal supersymmetric SU(5) theories
is typically less than 1032 years, much shorter than the current experimental lower limit of 6 ⇥ 1033 years,
provided that the supersymmetric particle masses are less than about 3 TeV. This limit is di�cult to avoid
in minimal SUSY SU(5) theories unless the supersymmetric particle masses are much above 3 TeV. However,
there are non-minimal supersymmetric SU(5) models, as well as SUSY GUTs based on the larger symmetry
SO(10), that accommodate the current experimental bounds and predict proton decay within reach of current
and next generation experiments. SUSY GUTs generally prefer decays into strange mesons, and although
p ! ⌫K

+ is predominant, modes such as p ! µ
+
K

0 are sometimes favored.

One class of minimal SO(10) models which employs a single representation that contains the Higgs boson
has been developed. Owing to their minimality, these models are quite predictive with regard to the neutrino
mass spectrum and oscillation angles. Small quark mixing angles and large neutrino oscillation angles emerge
simultaneously in these models at the weak scale, despite their parity at the fundamental level. The neutrino
oscillation angle ✓13 is predicted to be large in these models. In fact, this mixing angle was predicted to have
the value sin2 2✓13 ' 0.09, well before it was measured to have this central value. Proton decay studies of
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Gauge couplings measured at low scale

Exact unification tests require matching at high scale and RG flow to low 
scale across thresholds (e.g., superpartners)

MATCHING.   (                            )

and its extensions [23, 24].

Rather than pick a particular unification scale, we choose a scale µ⇤ = 1016 GeV at which

to evaluate various quantities. We select this scale since it is closely related to the constraints

on the masses of the vector bosons associated with proton decay. We know that at scales near

the unification scale, the IR gauge couplings gi(µ⇤) are related to the unification coupling

gU(µ⇤) by the following relation at one-loop [9, 10]:
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where �i(µ⇤) are the threshold corrections, computed in the MS scheme, to each gauge

coupling at the scale µ⇤. In general, when masses in an irreducible block are identical, �i(µ)

can be defined as [10]
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where there is an implicit sum over the n di↵erent superheavy particles of a given type.

It should be understood that only physical scalars contribute. The lX
i

are the weighted

Dynkin indices relative to the SM gauge group i. This computation of �i(µ) is understood

to be accurate only in the region near the scale of unification. The threshold corrections can

therefore be determined in the GUT theory of choice.

In the IR, we may use Eq. (2) above and define the following relations that are indepen-

dent of the unification coupling gU(µ⇤)
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for i, j = 1 , 2, 3, i 6= j. Any two ��ij then specify all the threshold corrections up to a

constant factor. The subscripts MS and DR indicate that the threshold corrections and

gauge couplings need to be computed in the appropriate renormalization scheme depending

on whether one is dealing with a SUSY theory (DR) or not (MS).

From the IR, we only know how to compute gi(µ) and run up to some scale µ⇤. We may

then use Eq. (4) to calculate ��ij as a function of µ without requiring knowledge of the UV

theory. We may then assume that the UV has some GUT theory description, which would

allow us to compute the threshold corrections �i(µ⇤) and their di↵erence, ��ij(µ⇤) given the
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Relations that are independent of unified coupling:
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The couplings gi(µ*) determined from flowing precision IR couplings up 
(including thresholds, if applicable).

What neighborhood of values of Dlij(µ*) do we expect? 

à Approximately Dynkin indices of GUT representations.

For minimal SU(5) models  Dl ~ 10 or so

For SO(10) models Dl ~ 100 or so
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FIG. 2. This key visualization plot shows ��23(µ) as a function of ��12(µ) for the Standard Model

and a CMSSM-like SUSY model. Labels on the line indicate the scale µ. Green regions indicate

that a unification scale around those values is moderately safe from constraints. Orange indicates

relatively unsafe, Red indicates very unsafe.

the couplings enough to bring it back to the origin.

We will see below that in the case of supersymmetry, there is never a problem in this

regard. In fact, the ��’s are arguably too small and threshold corrections have to either

not be present for some reason or must have tuned cancellations at the high scale for exact

unification to occur. In the case of the SM the corrections are large, and the index of the

representations at the high scale must be comparable to the �� values (up to multiplicative

logarithms) of up to several hundred. However, the index of representations of grand uni-

fied theories based on SO(10) are often in the three digits, such as the 126 representation

with index 35 and the 210 representation with index 56 [25]. Indeed, these representa-

tions play a key role in our first example of the next section: Lavoura and Wolfenstein’s

non-supersymmetric SO(10) theory [21].

8

(Ellis, Wells, `15)

(Unexpectedly?) small thresholds needed for CMSSM
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Figure 16: Plot of the threshold corrections needed for exact gauge coupling unification. The numbers

along the line are the scales µ⇤ at which the IR couplings are evaluated for unification and at which point the

needed threshold corrections are computed and then plotted in the plane. The long straight line is assuming

only the SM up to the highest scale. The second line that branches downward is for the case of superpartners

existing at 10
10

GeV, which lowers the needed threshold corrections at high scales.

Fig. 16 shows the required threshold corrections at various putative GUT scales µ⇤ for

the SM and for intermediate scale supersymmetry, where the SUSY partners are all near

1010 GeV. What we find is that supersymmetry deflects the “thresholds line” corresponding

to Eq. (11) to pass closer to the (0, 0) coordinates in the (��12,��23) plane. It also

increases the value of µ⇤ (i.e., GUT scale choice) that has its closest approach to (0, 0). The

result is familiar: the introduction of supersymmetry both reduces the needed threshold

corrections at the high-scale and increases the GUT scale (from the point of view of lowest-

threshold correction is for higher values of µ⇤). This latter element is helpful since one

generally requires that the GUT scale be above about 1015 GeV so that the X, Y GUT

gauge bosons do not induce too large dimension-six operators that cause the proton to decay

faster than current limits allow. If supersymmetry existed at ⇠ 103 GeV, which is still
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Figure 2-4. The experimental reach of Hyper-Kamiokande and a 34-kton LBNE LArTPC are compared
to prior experiments and the rough lifetime predictions from a wide range of GUT models. The projected
limits are for 10 live years of running, at 90% C.L., calculated for a Poisson process including background
assuming the detected events equal the expected background.

through processes such as dinucleon decay and neutron-antineutron oscillation and is predicted at observable
rates in other classes of models. These processes a↵ord violation of baryon number without violation of lepton
number. They arise from operators with new physics contributions at mass scales of 100 � 1000 TeV, well
below the GUT scale. Interesting theoretical models, especially those based on quark-lepton symmetry
realized at the multi-TeV scale, predict a n � n oscillation time of order 1010 sec. Observation of n � n̄

oscillations with probability not far from the current limit could refute the paradigm of leptogenesis, and in
itself would suggest an alternate source for generating the baryon asymmetry of the universe.

One search technique for neutron-antineutron oscillation involves a beam of free neutrons where one neutron
could transform into an antineutron and annihilate in a distant detector. The probability of oscillation is
given by P (n ! n̄, t) ' [�mt]2, where �m is the baryon-violating interaction strength. The same process
may also occur for nuclei, where bound neutrons may transform into antineutrons and annihilate within the
nucleus, producing an isotropic final state of pions. In the case of bound neutrons, a nuclear suppression
factor must be applied to calculate a free oscillation probability. Currently, the limits from bound n � n

transformation in oxygen nuclei in Super-Kamiokande are slightly more restrictive than the result from the
best free neutron oscillation search. However, the sensitivity in water is hindered by a large background
rate of roughly 25 events per 100 kiloton years with 12% signal e�ciency. It is hoped that a LArTPC will
provide better performance, but this is still under study.

The previous experimental search for free n � n̄ transformations employed a cold neutron beam from the
research reactor at Institute Laue-Langevin (ILL) in Grenoble, and reported a limit on the transformation
of ⌧ > 8.6 ⇥ 107 seconds. The average velocity of the cold neutrons was roughly 600 m/s and the neutron
observation time was approximately 0.1 seconds. A net magnetic field of less than 10 nT was maintained
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We have searched for proton decay via p → e+π0 and p → µ+π0 using Super-Kamiokande
data from April 1996 to March 2015, 0.306 megaton·years exposure in total. The atmospheric
neutrino background rate in Super-Kamiokande IV is reduced to almost half that of phase I-III by
tagging neutrons associated with neutrino interactions. The reach of the proton lifetime is further
enhanced by introducing new signal criteria that select the decay of a proton in a hydrogen atom. No
candidates were seen in the p → e+π0 search. Two candidates that passed all of the selection criteria
for p → µ+π0 have been observed, but these are consistent with the expected number of background
events of 0.87. Lower limits on the proton lifetime are set at τ/B(p → e+π0) > 1.6× 1034 years and
τ/B(p → µ+π0) > 7.7× 1033 years at 90% confidence level.

PACS numbers: 12.10.Dm,13.30.-a,12.60.Jv,11.30.Fs,29.40.Ka

I. INTRODUCTION

Grand Unified Theories (GUTs) [1] are motivated by
the apparent convergence of the running couplings of the
strong, weak, and electromagnetic forces at high energy
(1015 − 1016 GeV). Such a high energy scale is out of the
reach of accelerators; however, a general feature of GUTs
is their prediction of the instability of protons by baryon
number violating decays. The grand unification idea is
successful in many aspects; these include an understand-
ing of electric charge quantization, the co-existence of
quarks and leptons and their quantum numbers, and as
an explanation of the scale of the neutrino masses. Pro-
ton decay now remains as a key missing piece of evidence
for grand unification [2].
In GUTs, nucleon decay can proceed via exchange of

a massive gauge boson between two quarks. The favored
gauge-mediated decay mode in many GUTs is p → e+π0.
On the other hand, the flipped SU(5) GUT model [3]
predicts that the p → µ+π0 mode can have a branching
ratio comparable to that of the p → e+π0 mode. Water
Cherenkov detectors are suitable for these decay modes
because all final state particles after the proton decay are
detectable since they are above the Cherenkov thresh-
old, enabling reconstruction of the proton mass and mo-
mentum to distinguish these events from atmospheric
neutrino backgrounds. The dominant inefficiency comes
from Fermi momentum of protons and pion interactions
inside the nucleus, which distorts the reconstructed pro-
ton mass and momentum distributions. However, the
two hydrogen atoms in a water molecule are outside
of the oxygen nucleus; these act as free protons which
are not subject to the nuclear effects. As a result, wa-
ter Cherenkov detectors can achieve high efficiency for
p → e+π0 and p → µ+π0 searches.
In the minimal SU(5) GUT [4], the predicted proton

lifetime to e+π0 is 1031±1 years, which has been ruled out
by experimental results from IMB [5], Kamiokande [6],
and Super-Kamiokande [7–9]. However, longer lifetimes
for this decay mode (∼ 1035 years) are predicted by
other classes of GUTs e.g., minimal SUSY SU(5) [10],

∗ Deceased.
† also at BMCC/CUNY, Science Department, New York, New
York, USA.

flipped SU(5) [3], SO(10) [11], etc., which are subject to
experimental tests. The experimental searches for the
gauge-mediated proton decays are further motivated by
the discovery of a Higgs-like boson with a mass around
125GeV/c2 [12, 13]. This paper describes the search for
p → e+π0 and p → µ+π0 by improved analysis tech-
niques with 0.306 megaton·years of Super-Kamiokande
data.

II. SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande (SK) is a large upright cylindrical
water Cherenkov detector, 39m in diameter and 41m in
height, containing 50ktons of pure water. Details of the
detector have been described in Ref. [14]. The previous
publication of p → e+π0 and p → µ+π0 limits [9] re-
ported results using 220 kiloton·years exposure with 90%
confidence level lower limits on the proton lifetime set at
1.3×1034 and 1.1×1034 years, respectively. In the SK-I
period, the photocathode coverage inside the inner de-
tector was 40%; this was reduced to 19% during SK-II.
After production and installation of replacement 50-cm
photomultiplier tubes (PMTs), the photocathode cover-
age inside the detector was recovered to the original 40%
in 2006. The period between July 2006 and September
2008 is defined as SK-III. In the summer of 2008, the de-
tector readout electronics were upgraded with improved
performance, including a “deadtime free” data acquisi-
tion system that records all successive PMT hit informa-
tion [15]. This has been the configuration of the detector
since September 2008; it is called SK-IV. The new config-
uration of the detector contributes to improved tagging
efficiency of Michel decay electrons in SK-IV. The tag-
ging efficiency of Michel electrons is estimated to be 99%
for SK-IV and 82% for the period before SK-IV by using
p → µ+π0 MC samples. It also enables tagging of neu-
trons in SK-IV. The signature of the neutron, 2.2MeV
gamma ray emission from the neutron capture on hydro-
gen with a mean capture time of 200µsec, is too faint
to be triggered by the data acquisition system used in
SK-I through SK-III. The upgraded electronics in SK-IV
adopt a trigger-less readout scheme to record every hit,
including all hits by 2.2MeV gamma rays. A software
trigger is then issued after every fully-contained event to
save all hits within a 500µsec timing window for physics
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GUTs and proton decay (ignoring potential naturalness concerns)

- non-SUSY unification is fine, but uncomfortably large threshold corrections

- SUSY unification is fine, but perhaps uncomfortably small threshold corrections

- PeV scale up to intermediate scale SUSY slight advantage?  

- Proton decay limits have not nor will not in our lifetimes rule out even minimal 
GUT theories

- Nevertheless, proton decay probes are right in terra prima for GUTs (an 
extraordinary accident…) --- each push forward is a good risk



Consider the following criticism:

Hyper-K and DUNE improvements on proton decay sensitivity appear impressive if you 
focus on lifetimes (gains of over an order of magnitude).

However, the gains are not impressive since there improved reach in fundamental 
scale is not impressive due to the power law dependence.

A factor of 10 improvement in p->e+p0 is only a factor of 1.8 improvement in MX.

A factor of 10 improvement in p->K+n is only a factor of 3.3 improvement MHc.
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(ūcd ūcd d̄dd) + · · · (1)

1

⇤2
p
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Criticism is unfounded.

- There is no known rigorous metric by which to meaningfully discuss “big improvements”

- What matters is if improvements are being made still within terra prima (i.e., region 
where theory suggests signals most likely to appear)

- Proton decay limits in these two complementary modes are in terra prima and 
improvements are needed (even if “modest” by some misguided definition)

- Separate justification: super high payoff must accompany high risk (yes in this case)

- Comment on Standard Practice: The commonly accepted requirement of “order of 
magnitude” improvement design before investing in new experiment translates to more 
than a factor of ~2 improvement in parameters from common functions (x2, ln(x), etc.).



Neutron-antineutron oscillations

The issues of investments, improvements, and terra prima are also present in n-nbar
oscillations.

Recall, only a suspect symmetry (baryon number conservation) is keeping the 
neutron from oscillating into an anti-neutron.

1) We want to press this experimentally.  Are improvements to be had?

2) Are we in terra prima for n-nbar oscillation signals? I.e., are  the “modest” 
improvements worth it?

Answer to 1) is YES.

Answer to 2) is more tricky.



We compute the probability that | i(t) is measured to be a n̄ by the standard probability
computation in quantum mechanics,

P [n̄(t)] = |hn̄| i(t)|2 = e��t sin2(2✓) sin2

✓
�E t

2

◆
, where, (7)

� = Im(E1 + E2), and �E = E1 � E2. (8)

The first term, e��t, is associated with the lifetime of the neutron. For t > 1/� the neutron
has a high probability of already having decayed, and thus it cannot be an antineutron or
neutron leading to P [n(t)] and P [n̄(t)] ! 0. The second term, sin2(2✓), is associated with its
ability to transition from n to n̄. If the theory has perfectly conserved baryon number then
there is no mixing between n and n̄, and ✓ = 0 and the transition probability is zero for all
time. We will come to a description of this angle ✓ later. The final term, sin2(�Et/2), shows
the time dependence of the oscillation.

Let us now discuss in somewhat more detail the origins of the angle ✓ and the decay width
�. In the discussion above we introduced the angle ✓ as the mixing angle of n and n̄ that
rotates them to energy eigenstates. This comes about due to |ni and |n̄i not being eigenstates
of He↵ . We can characterize this as

He↵ |ni =

✓
mn � i

�

2
+ En

◆
|ni+ �|n̄i (9)

He↵ |n̄i =

✓
mn � i

�

2
+ En̄

◆
|n̄i+ �|ni (10)

where mn is mass of the neutron, � is the decay width (i.e., neutron lifetime is ⌧n = 1/�),
� is contribution from He↵ that enables n $ n̄ transitions, and En and En̄ are any other
additional contributions to the energy of the n and n̄ states respectively. If the neutrons were
propagating completely freely in space with no other matter around and no magnetic field,
etc., En,n̄ = 0. But since that is never the case in experimental configurations, we must keep
this term.

The imaginary part �i�/2 of the operator equations above will look mysterious to readers
who are not familiar with decaying states in quantum mechanics. A complete justification
of that will not be pursued here. We merely note that the final answer for the probability
of a neutron state remaining a neutron must incorporate an exponential decay over time
according to the well-known poisson-distributed radioactivity law of e��t, where 1/� is the
average lifetime of the neutron (i.e., 1/� ' 880 s). As we will see shortly, these imaginary
contributions inserted in the equations above provide exactly this factor, which should be
viewed here as post facto justification for their inclusion.

The matrix hHe↵i in the {n, n̄} basis is

hHe↵i =

✓
mn � i�2 + En �

� mn � i�2 + En̄

◆
. (11)
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The eigenvalues are
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For mn � |En � En̄| � �, which will be justified later in the nuclear reactor experimental
context, one can make the approximations

E1 ' mn + En � i
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2
, E2 ' mn + En̄ � i

�

2
, (13)

�E = E1 � E2 = En � En̄, and sin 2✓ =
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En � En̄
. (14)

Under these assumptions we can now rewrite the transition probability as

P [n̄(t)] = e��t
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sin2
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2
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As we have emphasized, En,n̄ are calculable from the experimental environment (see below),
leaving � as the only unknown matrix element parameter. The value of � can be computed
from a more fundamental theory of �B = 2 baryon number violation. Such calculations
are beyond the scope of this discussion. We only state that its value needs to very small,
� < 10�29 MeV in order not to be in conflict with experiment4. How we measure such a small
non-zero �, if it indeed exists, is the subject of the next section.

3 Measuring neutron oscillations at reactors

One method to measure �, and therefore obtain evidence for neutrons transition to antineu-
trons, is to produce many neutrons in a nuclear reactor, guide them to a target some distance
away where any neutrons that transitioned to antineutrons would annihilate in a spectacu-
lar signal announcing their existence5. This is what the ILL reactor experiment in Grenoble
did [3].

We will write the equations in somewhat general form, but will give numbers applicable
to the ILL experiment [3] in order to gain understanding of typical sizes of various important

4
The value of � < 10

�29
MeV may appear to be the result of very low-energy phenomena, since � ⌧ mn.

However, � more accurately should be thought of as a ratio of the nucleon scale (e.g., mn ⇠ 10
3
MeV) to

a very high suppression scale where baryon number violation is induced (e.g., ⇤B ' 10
10

MeV). Raised to

appropriate powers one obtains very low values for �, such as � = m6
n/⇤

5
B ' 10

�32
MeV.

5
Another method is to look for transitions of bound-state neutrons in nuclei transitioning to n̄, which

subsequently annihilates with another neutron in the nucleus. Bounds from this are comparable, and presently

even better than the ILL experimental bound [7]. However, it is expected that future experiments involving

free neutrons at ESS could do even better [5, 6].
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4

The probability that a neutron at t=0 will be measured as an anti-neutrino at time t is.

Neutron-antineutron oscillations at free neutron experiments



quantities. The key things we need to know to estimate sensitivity to � are

F = Flux of neutrons ' 1.25⇥ 1011 neutrons/s (16)

vavg = average neutron velocity ' 600m/s (17)

L = distance to annihilation target ' 60m (18)

B = ambient magnetic field ' 10�8 T (19)

From the average velocity data, the average time for the neutron to make it to the annihilation
target is tavg = L/vavg ' 0.1 s. This is where the state | i(t) is measured and its wave function
collapses to n or n̄, at time = tavg when it interacts with the annihilation target.

We are now also in position to compute En,n̄ due to the ambient magnetic field. The
magnetic moment of the neutron and antineutron is

µn = �µn̄ = �6.02⇥ 10�14 MeVT�1 (20)

which gives shifts in the energy for the neutron and antineutron of

En = �En̄ = �µn · B ' 6⇥ 10�22 MeV (21)

where the collimated neutrons and antineutrons moments are aligned with the magnetic field.
This gives the result that

En � En̄

2
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✓
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◆
. (22)

where the expression in parentheses is the conversion to units of inverse seconds [2]. Since
0.66 s is much larger than tavg = 0.1 s, we are justified considering the argument of sin2

function in eq. 15 to be small, and thus can approximate the antineutron probability at the
annihilation target to be

P [n̄(tavg)] ' �2t2avg = 10�18

✓
108 s

⌧nn̄

◆2 ✓ tavg
0.1 s

◆2

, (23)

where we have made the traditional identification of ⌧nn̄ ⌘ 1/�. Note, we have also ignored the
e��tavg factor in eq. 15 since tavg is much smaller than the neutron lifetime (i.e., tavg ⌧ 1/�)
which translates to e��tavg ' 1. If ⌧nn̄ were about 108 s, the above equation tells us that we
need approximately 1018 neutrons produced for one of them to turn into an antineutron when
it reaches the annihilation target.

Also, notice that the transition probability dependence on En � En̄ completely dropped
out when expanding eq. 15 to eq. 23. However, this was only because En � En̄ was very large
compared to � (i.e., 1

2(En � En̄) � �) and very small compared to the inverse of the time it
takes neutrons to reach their annihilation target (i.e., 1

2(En � En̄) ⌧ 1/tavg). If either of those
two conditions had not held, one would have to retain its non-trivial dependence.
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lar signal announcing their existence5. This is what the ILL reactor experiment in Grenoble
did [3].

We will write the equations in somewhat general form, but will give numbers applicable
to the ILL experiment [3] in order to gain understanding of typical sizes of various important

4
The value of � < 10

�29
MeV may appear to be the result of very low-energy phenomena, since � ⌧ mn.

However, � more accurately should be thought of as a ratio of the nucleon scale (e.g., mn ⇠ 10
3
MeV) to

a very high suppression scale where baryon number violation is induced (e.g., ⇤B ' 10
10

MeV). Raised to

appropriate powers one obtains very low values for �, such as � = m6
n/⇤

5
B ' 10

�32
MeV.

5
Another method is to look for transitions of bound-state neutrons in nuclei transitioning to n̄, which

subsequently annihilates with another neutron in the nucleus. Bounds from this are comparable, and presently

even better than the ILL experimental bound [7]. However, it is expected that future experiments involving

free neutrons at ESS could do even better [5, 6].
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At ILL

quantities. The key things we need to know to estimate sensitivity to � are

F = Flux of neutrons ' 1.25⇥ 1011 neutrons/s (16)

vavg = average neutron velocity ' 600m/s (17)

L = distance to annihilation target ' 60m (18)

B = ambient magnetic field ' 10�8 T (19)

From the average velocity data, the average time for the neutron to make it to the annihilation
target is tavg = L/vavg ' 0.1 s. This is where the state | i(t) is measured and its wave function
collapses to n or n̄, at time = tavg when it interacts with the annihilation target.

We are now also in position to compute En,n̄ due to the ambient magnetic field. The
magnetic moment of the neutron and antineutron is

µn = �µn̄ = �6.02⇥ 10�14 MeVT�1 (20)

which gives shifts in the energy for the neutron and antineutron of

En = �En̄ = �µn · B ' 6⇥ 10�22 MeV (21)

where the collimated neutrons and antineutrons moments are aligned with the magnetic field.
This gives the result that

En � En̄

2
= 6⇥ 10�22 MeV

✓
=

1

0.66 s

◆
. (22)

where the expression in parentheses is the conversion to units of inverse seconds [2]. Since
0.66 s is much larger than tavg = 0.1 s, we are justified considering the argument of sin2

function in eq. 15 to be small, and thus can approximate the antineutron probability at the
annihilation target to be

P [n̄(tavg)] ' �2t2avg = 10�18

✓
108 s

⌧nn̄

◆2 ✓ tavg
0.1 s

◆2

, (23)

where we have made the traditional identification of ⌧nn̄ ⌘ 1/�. Note, we have also ignored the
e��tavg factor in eq. 15 since tavg is much smaller than the neutron lifetime (i.e., tavg ⌧ 1/�)
which translates to e��tavg ' 1. If ⌧nn̄ were about 108 s, the above equation tells us that we
need approximately 1018 neutrons produced for one of them to turn into an antineutron when
it reaches the annihilation target.

Also, notice that the transition probability dependence on En � En̄ completely dropped
out when expanding eq. 15 to eq. 23. However, this was only because En � En̄ was very large
compared to � (i.e., 1

2(En � En̄) � �) and very small compared to the inverse of the time it
takes neutrons to reach their annihilation target (i.e., 1

2(En � En̄) ⌧ 1/tavg). If either of those
two conditions had not held, one would have to retain its non-trivial dependence.
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Let us now do an approximate calculation for the required value of ⌧nn̄ to obtain one n̄ on
target for arbitrary flux F and running time Trun. This requires solving for ⌧nn̄ in the equation
P [n̄(tavg)]FTrun ' 1. The result is

⌧nn̄ ' (2⇥ 108 s)

✓
F

1.25⇥ 1011 neutrons/s

◆1/2✓Trun

1 yr

◆1/2

. (24)

Thus, for some flux F and run-time Trun the sensitivity to ⌧nn̄ is approximately given by
the above equation. Keep in mind that the ILL values for tavg and magnetic field were used
to obtain the coe�cient 2 ⇥ 108 s, which approximately the sensitivity that ILL obtained:
⌧nn̄ > 0.86⇥ 108 s at 90% C.L. [3].

4 Oscillations of freely propagating neutrons

In our derivation above of the sensitivity to neutron-antineutron oscillations, we introduced
the “oscillation time” ⌧nn̄, which was defined to be the inverse of the matrix element ⌧nn̄ ⌘

1/�, where hn|He↵ |n̄i = �. A confusion might be that upon inspecting eq. 15 one notes
that � plays no role in the oscillation but rather only in the amplitude of the probability.
The oscillation is completely controlled by En � En̄ which is set by the magnetic field of
the experimental environment. So why does one call ⌧nn̄ the “oscillation time” for neutron-
antineutron oscillations?

The answer lies in the analysis of propagating free neutrons. In that case there are no
environmental contributions to the energy and thus En = En̄ = 0. This requires a new
computation of the eigenvalues and eigenvectors of the Hamiltonian, which is now

hH
free
e↵ i =

✓
mn � i�2 �

� mn � i�2

◆
(25)

The solution to this is maximal mixing, and yields

✓
|n1i

|n2i

◆
=

 
1p
2

1p
2

1p
2

�
1p
2

!✓
|ni
|n̄i

◆
, with eigenvalues E1,2 = mn � i

�

2
± � (26)

Carrying out the steps as we did before, one finds that the quantum state | i(t) that starts
out as a neutron at t = 0 is

| i(t) =

✓
e�iE1t + e�iE2t

2

◆
|ni+

✓
e�iE1t � e�iE2t

2

◆
|n̄i (27)

Computing the probability of this state being n̄ at time t yields

P [n̄(t)] = |hn̄| i(t)|2 = e��t sin2

✓
(E1 � E2)

2
t

◆
= e��t sin2(�t). (28)
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To estimate oscillation sensitivity:

Actual ILL limit achieved:

(assumes 1 nbar produced and seen)

Make substitution:
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ILL (high flux neutron reactor) achieved oscillation time limit of

There is a prospect to improve this at the ESS (European Spallation Source), 
currently under construction in Lund, Sweden.

ESS might be able to improve sensitivity to 

tnn > 1010 s  (ESS projected sensitivity)

through dedicated experiment.



On the surface it appears obviously “worth it” to do these improvements.

However,

- It is costly in both money and career investment 

- Improvements in the probe of new physics scale appears “modest” or even “small”

Let’s look at this second point more closely.
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where the number in Eq. (A.2) shows the current best limit from Super-K.

There are 12 independent operators that contribute to n-n̄ oscillation at tree level. Using the basis of [59], we write

Le↵ �
6X

i=1

ciOi + c̄iŌi + h.c. , (A.4)

where

O1 =
1

2
✏ijk✏i0j0k0(ūc

iPRdj)(ū
c
i0PRdj0)(d̄

c
kPRdk0) ,

O2 = ✏ijk✏i0j0k0(ūc
iPLdj)(ū

c
i0PRdj0)(d̄

c
kPRdk0) ,

O3 =
1

2
✏ijk✏i0j0k0(ūc

iPLdj)(ū
c
i0PLdj0)(d̄

c
kPRdk0) ,

O4 = ✏ijk✏i0j0k0(ūc
iPRui0)(d̄

c
jPLdj0)(d̄

c
kPLdk0) ,

O5 =
�
✏ijk✏i0j0k0 + ✏i0jk✏ij0k0

�
(ūc

iPRdi0)(ū
c
jPLdj0)(d̄

c
kPLdk0) ,

O6 = ✏ijk✏i0j0k0(ūc
iPLui0)(d̄

c
jPLdj0)(d̄

c
kPRdk0)

+
�
✏ijk✏i0j0k0 + ✏i0jk✏ij0k0

�
(ūc

iPLdi0)(ū
c
jPLdj0)(d̄

c
kPRdk0) , (A.5)

and Ōi is obtained by exchanging PL $ PR in Oi. Note that since QCD conserves parity, Oi and Ōi have identical
nuclear matrix elements and anomalous dimensions (neglecting weak interactions). Our labeling of O1,2,3 is in accor-
dance with [59], while our O4,5,6 are proportional to their Q5,6,7, respectively (their Q4, which we have skipped here,
has zero nuclear matrix element).

The operator basis of Eq. (A.5) is particularly convenient because di↵erent operators do not mix as they are evolved
from some high scale(s) µ(i) down to µ0 = 2GeV, where lattice calculations of nuclear matrix elements are reported.
We have

⇤�5
nn̄ =

����
6X

i=1

hn̄|Oi(µ0)|ni
⇤6
QCD

⇥
ci(µ0) + c̄i(µ0)

⇤����

=

�����

6X

i=1

hn̄|Oi(µ0)|ni
⇤6
QCD

("
↵
(4)
s (mb)

↵
(4)
s (µ0)

# 3
50
"
↵
(5)
s (mt)

↵
(5)
s (mb)

# 3
46
"

↵
(6)
s (µ)

↵
(6)
s (mt)

# 1
14
)�(0)

i ⇥
ci(µ) + c̄i(µ)

⇤
����� , (A.6)

where �
(0)
i is the leading order anomalous dimension of operator Oi [58, 59]. Using the latest lattice results in [62],

we obtain numerically

⇤�5
nn̄ =

���0.760(94)
�
r
2/7
1 c1 + r̄

2/7
1 c̄1

�
� 4.77(55)

�
r
�2/7
2 c2 + r̄

�2/7
2 c̄2

�
+ 1.08(10)

�
c3 + c̄3

�

�0.0498(61)
�
r
6/7
4 c4 + r̄

6/7
4 c̄4

�
+ 0.0249(30)

�
r
6/7
5 c5 + r̄

6/7
5 c̄5

�
� 0.0249(31)

�
r
6/7
6 c6 + r̄

6/7
6 c̄6

���� . (A.7)

Here we have chosen µ = 105 GeV as a reference scale to compute the numbers, and introduced ri ⌘
↵s(µi)/↵s(105 GeV), r̄i ⌘ ↵s(µ̄i)/↵s(105 GeV) to account for e↵ects due to di↵erent choices (when Oi and Ōi are
renormalized at µi and µ̄i, respectively, rather than at 105 GeV).

In the special case that the RHS of Eq. (A.7) is dominated by a single term, say the one proportional to ci ⌘
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⇤(i)
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,

we can establish a correspondence between ⌧nn̄ (equivalently ⇤nn̄) and ⇤(i)
nn̄. This is shown in Fig. 4. As mentioned

above, all ⇤(i)
nn̄’s are close to the universal ⇤nn̄ defined in Eq. (A.1). Among them, ⇤(4,5,6)

nn̄ are somewhat lower because
the corresponding operators have larger (positive) anomalous dimensions, hence more suppressed e↵ects at low energy.

For the minimal EFT of Eq. (3) studied in the letter, we identify c1 = (MX1⇤
4
X1

)�1 + (MX2⇤
4
X2

)�1 at µ1 = MX1 ,
while all other ci, c̄i = 0. Eq. (A.7) then allows us to translate the ⇤nn̄ values corresponding to the benchmark ⌧nn̄’s
in Eqs. (A.2) and (A.3) into contours in the (MX1 , ⇤X1) or (MX2 , ⇤X2) plane, depending on which term gives the
dominant contribution to c1 (see Figs. 2 and 3 of the letter).
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and Ōi is obtained by exchanging PL $ PR in Oi. Note that since QCD conserves parity, Oi and Ōi have identical
nuclear matrix elements and anomalous dimensions (neglecting weak interactions). Our labeling of O1,2,3 is in accor-
dance with [59], while our O4,5,6 are proportional to their Q5,6,7, respectively (their Q4, which we have skipped here,
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above, all ⇤(i)
nn̄’s are close to the universal ⇤nn̄ defined in Eq. (A.1). Among them, ⇤(4,5,6)

nn̄ are somewhat lower because
the corresponding operators have larger (positive) anomalous dimensions, hence more suppressed e↵ects at low energy.

For the minimal EFT of Eq. (3) studied in the letter, we identify c1 = (MX1⇤
4
X1
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X2

)�1 at µ1 = MX1 ,
while all other ci, c̄i = 0. Eq. (A.7) then allows us to translate the ⇤nn̄ values corresponding to the benchmark ⌧nn̄’s
in Eqs. (A.2) and (A.3) into contours in the (MX1 , ⇤X1) or (MX2 , ⇤X2) plane, depending on which term gives the
dominant contribution to c1 (see Figs. 2 and 3 of the letter).
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(ūc

iPLdi0)(ū
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Here we have chosen µ = 105 GeV as a reference scale to compute the numbers, and introduced ri ⌘
↵s(µi)/↵s(105 GeV), r̄i ⌘ ↵s(µ̄i)/↵s(105 GeV) to account for e↵ects due to di↵erent choices (when Oi and Ōi are
renormalized at µi and µ̄i, respectively, rather than at 105 GeV).

In the special case that the RHS of Eq. (A.7) is dominated by a single term, say the one proportional to ci ⌘
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,

we can establish a correspondence between ⌧nn̄ (equivalently ⇤nn̄) and ⇤(i)
nn̄. This is shown in Fig. 4. As mentioned

above, all ⇤(i)
nn̄’s are close to the universal ⇤nn̄ defined in Eq. (A.1). Among them, ⇤(4,5,6)

nn̄ are somewhat lower because
the corresponding operators have larger (positive) anomalous dimensions, hence more suppressed e↵ects at low energy.

For the minimal EFT of Eq. (3) studied in the letter, we identify c1 = (MX1⇤
4
X1

)�1 + (MX2⇤
4
X2

)�1 at µ1 = MX1 ,
while all other ci, c̄i = 0. Eq. (A.7) then allows us to translate the ⇤nn̄ values corresponding to the benchmark ⌧nn̄’s
in Eqs. (A.2) and (A.3) into contours in the (MX1 , ⇤X1) or (MX2 , ⇤X2) plane, depending on which term gives the
dominant contribution to c1 (see Figs. 2 and 3 of the letter).
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and Ōi is obtained by exchanging PL $ PR in Oi. Note that since QCD conserves parity, Oi and Ōi have identical
nuclear matrix elements and anomalous dimensions (neglecting weak interactions). Our labeling of O1,2,3 is in accor-
dance with [59], while our O4,5,6 are proportional to their Q5,6,7, respectively (their Q4, which we have skipped here,
has zero nuclear matrix element).
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Here we have chosen µ = 105 GeV as a reference scale to compute the numbers, and introduced ri ⌘
↵s(µi)/↵s(105 GeV), r̄i ⌘ ↵s(µ̄i)/↵s(105 GeV) to account for e↵ects due to di↵erent choices (when Oi and Ōi are
renormalized at µi and µ̄i, respectively, rather than at 105 GeV).

In the special case that the RHS of Eq. (A.7) is dominated by a single term, say the one proportional to ci ⌘
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,

we can establish a correspondence between ⌧nn̄ (equivalently ⇤nn̄) and ⇤(i)
nn̄. This is shown in Fig. 4. As mentioned

above, all ⇤(i)
nn̄’s are close to the universal ⇤nn̄ defined in Eq. (A.1). Among them, ⇤(4,5,6)

nn̄ are somewhat lower because
the corresponding operators have larger (positive) anomalous dimensions, hence more suppressed e↵ects at low energy.

For the minimal EFT of Eq. (3) studied in the letter, we identify c1 = (MX1⇤
4
X1

)�1 + (MX2⇤
4
X2

)�1 at µ1 = MX1 ,
while all other ci, c̄i = 0. Eq. (A.7) then allows us to translate the ⇤nn̄ values corresponding to the benchmark ⌧nn̄’s
in Eqs. (A.2) and (A.3) into contours in the (MX1 , ⇤X1) or (MX2 , ⇤X2) plane, depending on which term gives the
dominant contribution to c1 (see Figs. 2 and 3 of the letter).
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Neuron-antineutron oscillation times vs. scale of “new physics”

The quantic root (from dim-9 operators) gives “very small” gains in Lnn
even with orders of magnitude gain in oscillation time.



Two orders of magnitude improvement in tnn translates into only a factor of 
(100)1/5 = 2.5 improvement in Lnn (scale of new physics).

Nevertheless, this is “significant” since it reaches the magic threshold of 
improving underlying mass scales/parameters by more than a factor of 2 as 
is implicitly required through “standard practice” when deciding if planned 
improvement is enough.

Experimental improvement is impressive. (That’s answer to my original 
question 1).

Question 2), whether that improvement is taking place within terra prima, 
or perhaps within terra deserta, requires more discussion.



In the case of new physics at EW scale, LHC experiment is in terra prima from 
naturalness arguments. Factors of 2 improvement in superpartner masses or 
PNGB masses or compositeness factors is highly sought.

In the case of proton decay, Hyper-K and DUNE are within terra prima since 
motivated GUT scenarios and the scale of gauge coupling unification put 
predictions right in the vicinity.

What’s the equivalent for n-nbar? What might want n-nbar to be where 
experimental limits currently are at?



Current sensitivities and future searches are in the neighborhood of
Lnn ~ 100 – 1000 GeV.

This can be interpreted as terra prima for PeV scale supersymmetry. Good.

However, is there a more direct argument for Lnn ~ 1 PeV?

Perhaps explanation of baryon asymmetry --- baryogenesis.

Most scales can accommodate baryogenesis. Good (sort of).

Raise the bar a little: Can a very simple, full model of baryogenesis yield n-nbar
signal at ESS but nowhere else? That would put ESS search at least somewhere 
above terra deserta if not into terra prima. 

Answer: yes (Grojean, Shakya, JW, Zhang, ’17 and others)
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C.L. Among intranuclear searches, Super-Kamiokande
(Super-K) [10] provides the best limit, which, after cor-
recting for nuclear e↵ects, corresponds to ⌧nn̄ > 2.7⇥108 s
at 90% C.L. for the free neutron oscillation time. Im-
proved n-n̄ oscillation searches with both free and bound
neutrons are under consideration, with sensitivities up to
109-10 s envisioned at the ESS and DUNE [11–15].

We now elucidate the connection between ⌧nn̄ and the
new physics scale in the EFT context. The lowest dimen-
sion e↵ective operators contributing to n-n̄ oscillation
at tree level are dimension-nine operators of the form
Onn̄ ⇠ (uudddd). The classification of these operators
dates back to the 1980s [54–58] and was refined recently
in [59], which established an alternative basis more conve-
nient for renormalization group (RG) running. A concise
review of the full set of tree-level n-n̄ oscillation opera-
tors is provided in the Appendix. In what follows, we
focus on one of these operators for illustration,

L � c1
1

2
✏ijk✏i0j0k0(ūc

iPRdj)(ū
c
i0PRdj0)(d̄

c
kPRdk0) + h.c. ,

with c1 ⌘
�
⇤(1)
nn̄

��5
. (1)

Here u, d are SM up and down quark fields, respec-
tively, and u

c
, d

c are their charge conjugates. i(0), j(0), k(0)

are color indices, and “h.c.” denotes hermitian conju-

gate. The operator suppression scale ⇤(1)
nn̄ is generally

a weighted (geometric) average of new particle masses,
modulo appropriate powers of couplings and loop factors.

If the operator is generated by integrating out new
particles at a high scale M , computing ⌧nn̄ requires RG
evolving the EFT down to a low scale µ0 (usually chosen
to be 2GeV), where it can be matched onto lattice QCD.
The leading contribution to RG rescaling reads [58, 59]

c1(µ0)

c1(M)
=

"
↵
(4)
s (mb)

↵
(4)
s (µ0)

# 6
25
"
↵
(5)
s (mt)

↵
(5)
s (mb)

# 6
23
"
↵
(6)
s (M)

↵
(6)
s (mt)

# 2
7

=
�
0.726 , 0.684 , 0.651 , 0.624

 
,

for M =
�
103 , 104 , 105 , 106

 
GeV . (2)

Here ↵
(nf )
s is the e↵ective strong coupling with nf light

quark flavors, whose value is obtained with the RunDec
package [60]. Corrections from two-loop running as well
as one-loop matching onto lattice QCD operators were re-
cently computed [59] and are small, and will be neglected
in our calculations. No additional operators relevant for
n-n̄ oscillation are generated from RG evolution.

The n ! n̄ transition rate is determined by the
matrix element of the low-energy e↵ective Hamiltonian
between the neutron and antineutron states. Thus,
once hn̄|Onn̄(µ0)|ni are known, we can relate ⌧nn̄ =��hn̄|He↵|ni

���1
to the six-quark operator coe�cients. Re-

cent progress in lattice calculations [61, 62] has greatly
improved the accuracy and precision on hn̄|Onn̄(µ0)|ni
compared to previous bag model calculations [56, 57]

often used in the literature. Using the results in [62],
and assuming the operator in Eq. (1) gives the domi-
nant contribution to n-n̄ oscillation, we can translate the

Super-K limit into ⇤(1)
nn̄

>⇠ 4 ⇥ 105 GeV (for a represen-
tative RG rescaling factor of 0.7). An improvement on
⌧nn̄ up to 109 (1010, 1011) s will correspond to probing

⇤(1)
nn̄ ⇠ 5 (8, 13)⇥ 105 GeV. These numbers are represen-

tative of the whole set of n-n̄ oscillation operators, and
do not vary significantly with the starting point of RG
evolution M (see Appendix for details).

A minimal EFT for n-n̄ oscillation and baryogenesis
— One of the simplest possibilities for generating the op-
erator in Eq. (1) at tree level is with a Majorana fermion
X of mass M that couples to the SM via a dimension-
six operator of the form 1

⇤2Xudd, which originates at
an even higher scale ⇤ � M via some UV completion
that we remain agnostic about. A familiar scenario that
realizes this EFT setup is supersymmetry (SUSY) with
R-parity violation (RPV), where the bino plays the role
of X and the dimension-six operator is obtained by in-
tegrating out squarks at a heavier scale. However, this
simple EFT with a single BSM state does not allow for
su�cient baryogenesis due to unitarity relations: in the
absence of B-conserving decay channels, X decay can-
not generate a baryon asymmetry at leading order in the
B-violating coupling, a result known as the Nanopoulos-
Weinberg theorem [63] (see [64] for a recent discussion);
meanwhile, 2 ! 2 processes uX ! d̄d̄ and ūX ! dd are
forced to have the same rate and thus do not violate CP .
A minimal extension that can accommodate both n�n̄

oscillation and the observed baryon asymmetry involves
two Majorana fermions X1, X2 (with MX1 < MX2), each
having a B violating interaction 1

⇤2Xudd. In addition,
a B conserving coupling between the two is necessary to
evade constraints from unitarity relations. In the context
of RPV SUSY, this corresponds to the presence of a wino
or gluino in addition to the bino, which is known to allow
for su�cient baryogenesis [64–66].
Guided by minimality, we assume X1,2 are both SM

singlets, and consider just one of the many possible B

conserving operators in addition to the two B violating
ones. Our minimal EFT thus consists of the following
dimension-six operators that couple X1,2 to the SM:2

L � ⌘X1 ✏
ijk(ūc

iPRdj)(d̄
c
kPRX1)

+ ⌘X2 ✏
ijk(ūc

iPRdj)(d̄
c
kPRX2)

+ ⌘c (ū
i
PLX1)(X̄2PRui) + h.c. ,

with |⌘X1 | ⌘ ⇤�2
X1

, |⌘X2 | ⌘ ⇤�2
X2

, |⌘c| ⌘ ⇤�2
c . (3)

2 Our minimal EFT bears similarities with the models studied
in [67, 68]. However, these papers focused on baryogenesis using
operators of the form (d̄cPRd)(ūcPRX), which, upon Fierz trans-
formations, are equivalent to generation-antisymmetric compo-
nents of the (ūcPRd)(d̄cPRX) operators in Eq. (3), and thus do
not mediate n-n̄ oscillation at tree level.
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nant contribution to n-n̄ oscillation, we can translate the

Super-K limit into ⇤(1)
nn̄

>⇠ 4 ⇥ 105 GeV (for a represen-
tative RG rescaling factor of 0.7). An improvement on
⌧nn̄ up to 109 (1010, 1011) s will correspond to probing

⇤(1)
nn̄ ⇠ 5 (8, 13)⇥ 105 GeV. These numbers are represen-

tative of the whole set of n-n̄ oscillation operators, and
do not vary significantly with the starting point of RG
evolution M (see Appendix for details).

A minimal EFT for n-n̄ oscillation and baryogenesis
— One of the simplest possibilities for generating the op-
erator in Eq. (1) at tree level is with a Majorana fermion
X of mass M that couples to the SM via a dimension-
six operator of the form 1

⇤2Xudd, which originates at
an even higher scale ⇤ � M via some UV completion
that we remain agnostic about. A familiar scenario that
realizes this EFT setup is supersymmetry (SUSY) with
R-parity violation (RPV), where the bino plays the role
of X and the dimension-six operator is obtained by in-
tegrating out squarks at a heavier scale. However, this
simple EFT with a single BSM state does not allow for
su�cient baryogenesis due to unitarity relations: in the
absence of B-conserving decay channels, X decay can-
not generate a baryon asymmetry at leading order in the
B-violating coupling, a result known as the Nanopoulos-
Weinberg theorem [63] (see [64] for a recent discussion);
meanwhile, 2 ! 2 processes uX ! d̄d̄ and ūX ! dd are
forced to have the same rate and thus do not violate CP .
A minimal extension that can accommodate both n�n̄

oscillation and the observed baryon asymmetry involves
two Majorana fermions X1, X2 (with MX1 < MX2), each
having a B violating interaction 1

⇤2Xudd. In addition,
a B conserving coupling between the two is necessary to
evade constraints from unitarity relations. In the context
of RPV SUSY, this corresponds to the presence of a wino
or gluino in addition to the bino, which is known to allow
for su�cient baryogenesis [64–66].
Guided by minimality, we assume X1,2 are both SM

singlets, and consider just one of the many possible B

conserving operators in addition to the two B violating
ones. Our minimal EFT thus consists of the following
dimension-six operators that couple X1,2 to the SM:2
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c . (3)

2 Our minimal EFT bears similarities with the models studied
in [67, 68]. However, these papers focused on baryogenesis using
operators of the form (d̄cPRd)(ūcPRX), which, upon Fierz trans-
formations, are equivalent to generation-antisymmetric compo-
nents of the (ūcPRd)(d̄cPRX) operators in Eq. (3), and thus do
not mediate n-n̄ oscillation at tree level.
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Both X1 and X2 mediate n-n̄ oscillation — integrating
them out at tree level gives

c1 =
1

�
⇤(1)
nn̄

�5 =
1

MX1⇤
4
X1

+
1

MX2⇤
4
X2

. (4)

This setup contains all the necessary ingredients for
baryogenesis [69]: the Lagrangian in Eq. (3) violates B

and P , while nonzero phases of ⌘X1 , ⌘X2 , and ⌘c can lead
to CP violation; departure from equilibrium can occur
in multiple ways, as we discuss below. Although a clear
simplification, we expect the minimal set of operators in
Eq. (3) to capture the generic qualitative features possi-
ble in a two n-n̄ mediators setup, which can be realized
in more complicated and realistic frameworks.

Calculation of the baryon asymmetry — The relevant
processes for baryogenesis include

• B violating processes: single annihilation uX1,2 !
d̄d̄, dX1,2 ! ūd̄, decay X1,2 ! udd, and o↵-
resonance scattering udd ! ūd̄d̄;

• B conserving processes: scattering uX1 ! uX2, co-
annihilation X1X2 ! ūu, and decay X2 ! X1ūu;

as well as their inverse and CP conjugate processes. CP

violation arises from interference between tree and one-
loop diagrams in uX1,2 $ d̄d̄, uX1 $ uX2 and X2 $
uud, and additionally from udd $ ūd̄d̄ (in a way that
is related to X2 $ uud by unitarity). In each case, CP

violation is proportional to Im(⌘⇤X1
⌘X2⌘c) ⇠ ⇤�6. We

work at leading order in the EFT expansion, i.e. O(⇤�4)
for the rates of CP -conserving processes and the CP -
symmetric components of CP -violating processes, and
O(⇤�6) for the CP -violating rates. We choose a mass
ratio MX2/MX1 = 4, which maximizes �(X2 ! udd) �
�(X2 ! ūd̄d̄) for fixed MX2 (see Eq. (A.33)).

We calculate the baryon asymmetry by numerically
solving a set of coupled Boltzmann equations to track
the abundances of X1,2 and B � L (B) above (below)
T = 140GeV (we assume sphalerons are active when
T > 140GeV, resulting in YB = 28

79 YB�L). Our aim is
to find regions of parameter space that can achieve the
observed YB = 8.6⇥ 10�11 [70, 71], with suitable choice
of CP phases. Technical details of this calculation can
be found in the Appendix.

If all three operator coe�cients have similar sizes,
⇤X1 ⇠ ⇤X2 ⇠ ⇤c, it is di�cult to obtain the observed
baryon asymmetry in the region of parameter space
probed by n-n̄ oscillation. For MX1,2

>⇠ 104 GeV, the
⇤’s that can be probed are su�ciently low for X1,2 to re-
main close to equilibrium until their abundances become
negligible, while e�cient washout suppresses B(�L) gen-
eration. For lower masses and higher ⇤’s, on the other
hand, X2 may freeze out with a significant abundance,
and decay out of equilibrium at later times when washout
has become ine�cient, so that both limitations from the

FIG. 1. Sketches of the evolution of the heavier n-n̄ mediator
abundance YX2 , washout rate �wo and baryon asymmetry YB

in the two scenarios considered in this letter (arbitrary nor-
malization). In the late decay scenario, the n-n̄ mediator is
long-lived and decays out of equilibrium to generate a baryon
asymmetry. In the early decay scenario, departure from equi-
librium (thin dotted curve) is small, but suppressed washout
enables e�cient baryogenesis. See text for details.

higher mass regime are overcome. However, its CP vio-
lating branching fraction ✏CP ⇠ M

2
X2

/⇤2 is too small to
generate the desired YB . We find that for ⇤X1 = ⇤X2 =
⇤c, the maximum YB possible in the ESS/DUNE sensi-
tivity region is O(10�13), well below the observed value.

Achieving the desired baryon asymmetry in the
ESS/DUNE reach region therefore requires hierarchical
⇤’s; such scenarios can arise if new particles in the UV
theory that mediate the corresponding operators have hi-
erarchical masses and/or couplings, or if the EFT opera-
tors are generated at di↵erent loop orders. We find com-
patible regions of parameter space in two distinct scenar-
ios, one with late decays of X2 and the other with earlier
decays. These are schematically illustrated in Fig. 1, and
discussed in turn below (a detailed analysis with bench-
mark numerical solutions is presented in the Appendix).

Late decay scenario — For ⇤X2 ⇠ ⇤c � ⇤X1 , n-
n̄ oscillation is dominated by X1 exchange and probes
the MX1 -⇤X1 parameter space (see Fig. 2). This hierar-
chy leads to weaker interactions for X2 compared to the
degenerate case, causing it to freeze out with a higher
abundance Y fo

X2
. Also, X2 becomes long-lived and decays

after washout processes have become ine↵ective, thereby
creating substantial baryon asymmetry (see Fig. 1). In
this case, its CP -violating branching fraction scales as
✏CP ⇠ M

2
X2

⌘X1⌘X2⌘c/max(⌘2X2
, ⌘

2
c ) ⇠ M

2
X2

/⇤2
X1

and
does not decouple as ⇤X2 and ⇤c are both increased,
enabling YB ⇠ Y

fo
X2

✏CP to reach the observed value.

Numerically, we find that this baryogenesis scenario is
viable with ⇤X2 , ⇤c

>⇠ 20⇤X1 in the parameter space
probed by n-n̄ oscillation. In Fig. 2, we show regions in
the MX1 -⇤X1 plane that can accommodate the observed
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�(X2 ! ūd̄d̄) for fixed MX2 (see Eq. (A.33)).

We calculate the baryon asymmetry by numerically
solving a set of coupled Boltzmann equations to track
the abundances of X1,2 and B � L (B) above (below)
T = 140GeV (we assume sphalerons are active when
T > 140GeV, resulting in YB = 28

79 YB�L). Our aim is
to find regions of parameter space that can achieve the
observed YB = 8.6⇥ 10�11 [70, 71], with suitable choice
of CP phases. Technical details of this calculation can
be found in the Appendix.

If all three operator coe�cients have similar sizes,
⇤X1 ⇠ ⇤X2 ⇠ ⇤c, it is di�cult to obtain the observed
baryon asymmetry in the region of parameter space
probed by n-n̄ oscillation. For MX1,2

>⇠ 104 GeV, the
⇤’s that can be probed are su�ciently low for X1,2 to re-
main close to equilibrium until their abundances become
negligible, while e�cient washout suppresses B(�L) gen-
eration. For lower masses and higher ⇤’s, on the other
hand, X2 may freeze out with a significant abundance,
and decay out of equilibrium at later times when washout
has become ine�cient, so that both limitations from the

FIG. 1. Sketches of the evolution of the heavier n-n̄ mediator
abundance YX2 , washout rate �wo and baryon asymmetry YB

in the two scenarios considered in this letter (arbitrary nor-
malization). In the late decay scenario, the n-n̄ mediator is
long-lived and decays out of equilibrium to generate a baryon
asymmetry. In the early decay scenario, departure from equi-
librium (thin dotted curve) is small, but suppressed washout
enables e�cient baryogenesis. See text for details.

higher mass regime are overcome. However, its CP vio-
lating branching fraction ✏CP ⇠ M

2
X2

/⇤2 is too small to
generate the desired YB . We find that for ⇤X1 = ⇤X2 =
⇤c, the maximum YB possible in the ESS/DUNE sensi-
tivity region is O(10�13), well below the observed value.

Achieving the desired baryon asymmetry in the
ESS/DUNE reach region therefore requires hierarchical
⇤’s; such scenarios can arise if new particles in the UV
theory that mediate the corresponding operators have hi-
erarchical masses and/or couplings, or if the EFT opera-
tors are generated at di↵erent loop orders. We find com-
patible regions of parameter space in two distinct scenar-
ios, one with late decays of X2 and the other with earlier
decays. These are schematically illustrated in Fig. 1, and
discussed in turn below (a detailed analysis with bench-
mark numerical solutions is presented in the Appendix).

Late decay scenario — For ⇤X2 ⇠ ⇤c � ⇤X1 , n-
n̄ oscillation is dominated by X1 exchange and probes
the MX1 -⇤X1 parameter space (see Fig. 2). This hierar-
chy leads to weaker interactions for X2 compared to the
degenerate case, causing it to freeze out with a higher
abundance Y fo

X2
. Also, X2 becomes long-lived and decays

after washout processes have become ine↵ective, thereby
creating substantial baryon asymmetry (see Fig. 1). In
this case, its CP -violating branching fraction scales as
✏CP ⇠ M

2
X2

⌘X1⌘X2⌘c/max(⌘2X2
, ⌘

2
c ) ⇠ M

2
X2

/⇤2
X1

and
does not decouple as ⇤X2 and ⇤c are both increased,
enabling YB ⇠ Y

fo
X2

✏CP to reach the observed value.

Numerically, we find that this baryogenesis scenario is
viable with ⇤X2 , ⇤c

>⇠ 20⇤X1 in the parameter space
probed by n-n̄ oscillation. In Fig. 2, we show regions in
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Baryogenesis is indeed 
possible with n-nbar
signals, and the parameter 
space for such increases 
with higher oscillation time 
sensitivity.



Conclusions

Accidental symmetries (here, B and L violation) are vulnerable principles to be 
attacked experimentally

Nucleon decays and oscillations provide penetrating stress-tests

Proton decay experiments operate in terra prima for B (and L) violation. 
Improvements have great discovery potential and are not incremental.

There is no obvious terra prima for n-nbar oscillation experiments, but one can show 
that future improvements could lead to discovery signal (huge payoff) for simple 
theories of baryogenesis. 


