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✤ Baryogenesis ➔ how to produce more “matter” than antimatter

✤ Sakharov conditions (necessary):

1. Baryon number violation

2. C and CP symmetry violation

3. Out-of-equilibrium interactions

The Standard Model can 
produce baryogenesis, 

but it is not enough.

search for baryon-violating 
interactions: new physics!

[Sakharov, JETP Lett. 5, 24 (1967)]
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Neutron-antineutron oscillations

✤ Oscillations of neutral particles can teach us about new 
physics! 

✤ Neutron oscillations violate baryon number (B) and baryon-
lepton (B-L) number:

✤ Contrary to proton decay, scale of new physics is within 
reach and can explain baryogenesis 

✤ Future experiments have the potential for a great increase in 
sensitivity to oscillations (ESS and DUNE)

K0 B0 ν N

CP CP mν ?

[Grojean et al., 1806.00011]

[Frost, 1607.07271]
[Hewes, DOI:10.2172/1426674]
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NEWS!
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Synopsis of oscillations

Energy difference ΔE

⟨n |ℳℬ | n̄⟩ = δm Coupling between neutrons and anti-neutrons

quasi-free limit |ΔE | t ≪ 1

τn−n̄ =
1

δm

[Phillips et al., 1410.1100]
[Babu et al., 1310.8593]



New physics

✤ Relate the off-diagonal matrix element of 
the effective Hamiltonian to the 
microscopic operators

✤ The process is mediated by a effective 6-
quark operators of dimension 9

✤ The mass scale for new physics is 
obtained roughly as

ū

d̄

u
d

d

d̄

neutron

anti-neutron

𝒪6q
nn̄ ∼ (uudddd)

⟨n |ℋeff | n̄⟩ =
1

Λ5
BSM

∑
i

ci⟨n |𝒪i | n̄⟩

δm = ⟨n |∫ d3x ℋeff | n̄⟩ ∼ c
Λ6

QCD

Λ5
BSM

[Phillips et al., 1410.1100]
ΛBSM ∼ 100 − 1000 TeV
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Experimental 
searches

✤ free neutrons:
✤ prepare cold neutrons
✤ free propagation in vacuum
✤ detector to look for multiple pions 

after annihilation

✤ bound neutrons:
✤ large amount of nuclei in 

underground detector
✤ irreducible atmospheric neutrino 

background

τn−n̄ = (δm)−1

τA ∝ (δm)−2 → RAτ2
n−n̄

almost background free

Nuclear suppression factor due to 
different nuclear potential

can be improved with particle 
tracking

sensitivity ∝ Nn(t2
obs)

[Phillips et al., 1410.1100]



Super-K
τn−n̄ > 2.8 × 108 s

ILL
τn−n̄ > 0.86 × 108 s

SNO
τn−n̄ > 1.2 × 108 s



Aside: nuclear models

✤ The most stringent bounds arise from experiments where the 
neutrons are affected by the nuclear potential

✤ Important to understand the medium effects

✤ E.g. deuteron (SNO experiment): 

✤ Model 1:

✤ Model 2:

✤ EFT:

τA ∝ (δm)−2 → RAτ2
n−n̄

τA = 1.18 − 1.48 × 1031 yr

[C. B. Dover et al. Phys. Rev. D 27, 1090 (1983)]

[E. Friedman and A. Gal, Phys. Rev. D 78, 016002 (2008)]

[F. Oosterhof et al. (2019), arXiv:1902.05342]

1.23 − 1.37 × 108 s

1.2 − 1.4 × 108 s

1.6 × 108 s
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Effective field theory

E

Vast separation of scale between hadronic physics and new physics

New
Physics

ΛBSMΛQCD

QCD

μ

Renormalization

ℒnn̄ =
N

∑
I=1

CI(μ)QI(μ)
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Lattice details

✤ Configurations and propagators from RBC/UKQCD

✤ Möbius Domain Wall fermions

✤ Physical pion mass

✤ 483x96 with a=0.114 fm

✤ 30 independent configs.

✤ Non-perturbative renorm.

[RBC/UKQCD, 1411.7017]

[KEK-Japan]

chiral

no extrapolation

large volume + small disc.

determines statistical err.

small systematic err.



Methodology

✤ Calculate 3-point function of 
operator inserted at time 

✤ Only 1 propagator (point-to-all) 
needed: fix source at

✤ All time separations accessible

✤ Only point insertions, but point 
and gaussian smeared nucleons

ti tfτ

⟨0 |N(tf )𝒪i(τ)N̄(ti) |0⟩

τ = 0

τ

tf − τ τ − ti

| n̄⟩

⟨n |
𝒪i

GPP,PS
2pt (tf , ti) GPP,PS,SP,SS

3pt (tf , τ, ti)

[Syritsyn et al., 1809.00246]
[Syritsyn et al., 1901.07519]
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Nucleon mass High statistics:  33280 samples

[Syritsyn, Izubuchi, Ohki, 1901.05455]
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Statistics: 2430 samples

excited states are non-negligible 
but also not well-determined



Extracting matrix elements

[Syritsyn et al., 1901.07519]

GJJ′ �
nQ†

I n̄(tsep, τ) = ZJ
0 ZJ′�
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I

tsep

τ
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Extracting matrix elements

[Syritsyn et al., 1901.07519]

GJJ′ �
nQ†

I n̄(tsep, τ) = ZJ
0 ZJ′�

0 e−E0tsepℳI + e−E0τ−E1(tsep−τ)𝒜JJ′ �
I + e−E1τ−E0(tsep−τ)𝒜J′�J

I + e−E1tsepℬJJ′�
I

tsep

τ

✤ Increase statistics by using 
symmetries of operators and states

✤ Reduce ill-defined covariance matrix 
by using “shrinkage”

✤ Inspect fit by looking at ratios



Some fits

[Syritsyn et al., 1901.07519]
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Systematic errors

[Syritsyn et al., 1901.07519]
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Non-perturbative renormalization

✤ We use the RI-MOM scheme

✤ Explicitly check for operator 

mixing

✤ Remove discretization 

artifacts

[Syritsyn et al., 1901.07519]

QR
I (μ) = Zlat

IJ (μ, a)Qlat
J (a)
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J (p) = Γ{Ai}

I

ΔZdisc
I (akpi[k]) = A(ap)2 + [B1(ap)2 + B2(ap)4] a4p[4]

(ap)4



Renormalization matrix

[Syritsyn et al., 1901.07519]
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one combination of momenta

QR
I (μ) = Zlat

IJ (μ, a)Qlat
J (a)



Renormalization matrix

[Syritsyn et al., 1901.07519]
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ZIIZJJ
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Renormalization matrix

[Syritsyn et al., 1901.07519]

Q
4

Q
1

Q
P 5

Q
P 6

Q
P 7

Q
P 3

Q
2

Q
P 4

Q
P 1

Q
5

Q
6

Q
7

Q
3

Q
P 2

Q4 (3R ⌦ 0L)

Q1 (1R ⌦ 0L)

QP
5 (2R ⌦ 1L)

QP
6 (2R ⌦ 1L)

QP
7 (2R ⌦ 1L)

QP
3 (0R ⌦ 1L)

Q2 (1R ⌦ 0L)

QP
4 (0R ⌦ 3L)

QP
1 (0R ⌦ 1L)

Q5 (1R ⌦ 2L)

Q6 (1R ⌦ 2L)

Q7 (1R ⌦ 2L)

Q3 (1R ⌦ 0L)

QP
2 (0R ⌦ 1L)

�4.0

�3.6

�3.2

�2.8

�2.4

�2.0

�1.6

�1.2

�0.8

�0.4

0.0

average over permutations of momenta

XIJ = log( |ZIJ |

ZIIZJJ
)



Final results
[Syritsyn et al., 1809.00246]
[Syritsyn et al., 1901.07519]

τ−1
nn̄ =

10−9 s−1

(700 TeV)−5
4.2(1.1) ̂C MS

1 (μ) − 8.6(1.5) ̂C MS
2 (μ) + 4.5(1.1) ̂C MS

3 (μ) + 0.096(43) ̂C MS
5 (μ)

μ=2 GeV



Final results
[Syritsyn et al., 1809.00246]
[Syritsyn et al., 1901.07519]

τ−1
nn̄ =

10−9 s−1

(700 TeV)−5
4.2(1.1) ̂C MS

1 (μ) − 8.6(1.5) ̂C MS
2 (μ) + 4.5(1.1) ̂C MS

3 (μ) + 0.096(43) ̂C MS
5 (μ)

μ=2 GeV



Final results

enhancement of ME wrt models up to ~10x

[Syritsyn et al., 1809.00246]
[Syritsyn et al., 1901.07519]

τ−1
nn̄ =

10−9 s−1

(700 TeV)−5
4.2(1.1) ̂C MS

1 (μ) − 8.6(1.5) ̂C MS
2 (μ) + 4.5(1.1) ̂C MS

3 (μ) + 0.096(43) ̂C MS
5 (μ)

μ=2 GeV



[Grojean et al., 1806.00011]



Summary

✤ Improvement of the experimental limits on oscillations is expected 
in the next decade (DUNE, Hyper-K, ESS):

✤ Minimal EFT approaches connecting new physics to nuclear 
matrix elements exist and they need precision to compare to 
experiments

✤ Fully non-perturbative estimates of nuclear ME are needed for 
translating experimental bounds to constraints on new physics 
models

✤ LQCD calculations will now replace outdated MIT bag model 
estimates for nuclear ME 

τn−n̄ > 1010 s

[Grojean et al., 1806.00011]
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