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What we know
1) There exists a baryon-antibaryon asymmetry

Antineutron

Neutron

2) The Standard Model alone cannot reproduce

- Too little CP violation
- Too little baryon number (B) violation

3) Can be encoded in low-energy “hints”
- Neutron EDM (CP violation)
- Proton decay (B violation)
- Neutron-antineutron transition (B violation)

“Hints” can strongly constrain how the Universe evolved 

?



Neutron-antineutron schematic

Neutron Neutron 
+ New Physics Antineutron

New 
Physics



Neutron-antineutron schematic

Neutron Neutron 
+ New Physics Antineutron

Can learn about new physics by measuring transition rate

New 
Physics



Two search channels in nuclear physics
Proton Decay

neutron-antineutron 
transitions

P ⇡0

N N

*

*

* Can be altered significantly by details of new physics 

e+MNP ⇠ 1012 � 1013 TeV

MNP ⇠ 1� 1000 TeV

|�B| = 1 |�L| = 1

|�B| = 2 |�L| = 0

Leading Effective interaction: LB/ ⇠ 1

M2
NP

QQQL
B � L = 0

Leading Effective interaction:
B � L 6= 0

Lnn̄ ⇠ 1

M5
NP

QQQQQQ



Enter neutron-antineutron transitions!

In 1937, Majorana conjectured neutrons and 
antineutrons could be states of the same particle

“ ... this method ... allows not only to cast the electron-positron theory into a 
symmetric form, but also to construct an essentially new theory for particles not 
endowed with an electric charge (neutrons and the hypothetical neutrinos).”



Enter neutron-antineutron transitions!

In 1937, Majorana conjectured neutrons and 
antineutrons could be states of the same particle

“ ... this method ... allows not only to cast the electron-positron theory into a 
symmetric form, but also to construct an essentially new theory for particles not 
endowed with an electric charge (neutrons and the hypothetical neutrinos).”

Sensitive to different possible B-violating processes

- Insensitive to process where
- Insensitive to processes independent of L  

|�B| > 1

|�L| = 0

N-NBar: |�B| = 2 |�L| = 0 |B � L| = 2

Proton Decay



Basic idea
✦ New physics leads to neutron-antineutron mixing

✦ Transition Probability

⌧nn =
1

�m

N N

�m (From new physics)

H =
�
hn| hn̄|

�✓mn � i�/2 �m
�m mn � i�/2

◆✓
|ni
|n̄i

◆

⌧n =
1

�
⇡ 14.7 min

Pn!n̄(t) = sin2 (�m t) e��t

For no external interactions:



Model Estimates

✦ Estimates for confirming/ruling out large classes of models

⌧nn̄ > 300� 3000 years

TeV-scale seesaw mechanism
for neutrino masses in

SU(2)L ⇥ SU(2)R ⇥ SU(4)c

Examples:

SO(10) seesaw mechanism
with adequate baryogenesis

Certain extra-dimensional particles

Babu,
Bhupal Dev,
Mohapatra

(2009)

Babu,
Mohapatra

(2012)

Nussinov,
Shrock
(2002)

300� 3000 years

30� 30, 000 years

> 3 years

⌧nn̄

Ng,
Winslow
(2010)

500 - 1000 TeV Scalar extensions 
to SM without proton decay 10� 1000 years

Arnold,
Fornal,
Wise

(2012)

Others: R-parity Violation
hep-ph/0406039

MFV SUSY
Csaki, Grossman, Heidenreich

arXiv:1111.1239

Low Scale Gravity
Dvali, Gabadadze

PLB 1999
……….



Model Estimates

✦ Estimates for confirming/ruling out large classes of models
Uncontrolled NDA estimates for QCD matrix element

⌧nn̄ > 300� 3000 years

TeV-scale seesaw mechanism
for neutrino masses in

SU(2)L ⇥ SU(2)R ⇥ SU(4)c

Examples:

SO(10) seesaw mechanism
with adequate baryogenesis

Certain extra-dimensional particles

Babu,
Bhupal Dev,
Mohapatra

(2009)

Babu,
Mohapatra

(2012)

Nussinov,
Shrock
(2002)

300� 3000 years

30� 30, 000 years

> 3 years

⌧nn̄

Ng,
Winslow
(2010)

500 - 1000 TeV Scalar extensions 
to SM without proton decay 10� 1000 years

Arnold,
Fornal,
Wise

(2012)

Others: R-parity Violation
hep-ph/0406039

MFV SUSY
Csaki, Grossman, Heidenreich

arXiv:1111.1239

Low Scale Gravity
Dvali, Gabadadze

PLB 1999
……….



Experimental Basics

✦ Two types of experiments

✦ Neutron-antineutron annihilation signals

nn ! 5⇡Primary channel

Many 
neutrons

Many 
neutrons +
antineutron

Annihilation

N N ⇡0

⇡0

⇡0

⇡+

⇡�

Crystal Barrel
experiment
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1.  Neutron-antineutron annihilation in nuclei 

A human contains roughly               neutrons          
Straight-forward question: 

Why have we not annihilated yet?

Experimental Progress

2⇥ 1028

⌧nn̄ ⌧ ⌧nuclei
Why?



1.  Neutron-antineutron annihilation in nuclei 

A human contains roughly               neutrons          
Straight-forward question: 

Why have we not annihilated yet?

Precise answer is a difficult nuclear structure question

Experimental Progress

2⇥ 1028

⌧nn̄ ⌧ ⌧nuclei
Why?

Can show from QM: ⌧nuclei ⇠ ⌧2nn̄



1.  Neutron-antineutron annihilation in nuclei 

A human contains roughly               neutrons          
Straight-forward question: 

Why have we not annihilated yet?

Precise answer is a difficult nuclear structure question

Experimental Progress

2⇥ 1028

⌧nn̄ ⌧ ⌧nuclei
Why?

Can show from QM: ⌧nuclei ⇠ ⌧2nn̄

Crude estimate: Primary dimensionful scale binding energy 
⌧nuclei = R ⌧2nn̄ [R] =

1

time
= Energy

EB

R ⇡ EB ⇡ 8 MeV ⇡ 4⇥ 1029

1 year



1.  Neutron-antineutron annihilation in nuclei 

Super-K bounds (2011)

Experimental Progress

⌧nn̄ > 11 years

H2O

SNO Laboratory
1,100 tons of heavy water

D2OFocus on deuterium Not on oxygen

⌧nn̄ > 5.7 years (Preliminary)

Friedman,
Gal
2008

R =
1.6⇥ 1030

year

R =
(3.7� 9.3)⇥ 1019

year



1.  Neutron-antineutron annihilation in nuclei 

Super-K bounds (2011)

Experimental Progress

⌧nn̄ > 11 years

H2O

SNO Laboratory
1,100 tons of heavy water

D2OFocus on deuterium Not on oxygen

⌧nn̄ > 5.7 years (Preliminary)

More theoretical controlled nuclear suppression factor
(but still has factor of 2 discrepancies between models)

Friedman,
Gal
2008

R =
1.6⇥ 1030

year

R =
(3.7� 9.3)⇥ 1019

year



2.  Free, Cold neutron annihilation with target  

~ 600 m/s
n
v

Bent n-guide 58Ni coated,
L ~ 63 m, 6 q12 cm2

ILL/Grenoble (1993)

Experimental Progress



2.  Free, Cold neutron annihilation with target  

ILL bound (1993)

Designed to:

1.  Maximize number of neutrons

3.  Maximize time of flight
4.  Minimize External Magnetic Field

2.  Minimize energy of neutrons

Minimize external 
potential

Most controlled 
measurement 

Experimental Progress

⌧nn̄ > 2.7 years



2.  Free, Cold neutron annihilation with target  

ILL bound (1993)

Designed to:

1.  Maximize number of neutrons

3.  Maximize time of flight
4.  Minimize External Magnetic Field

2.  Minimize energy of neutrons

Minimize external 
potential

Most controlled 
measurement 

Experimental Progress

⌧nn̄ > 2.7 years

Lots of  recent discussion:
Gardner, Jafari (2014)

Babu, Mohapatra (2015)
Berezhiani, Vainshtein (2015)

See Susan and Arkady’s
talks last week



Experimental Prospects
✦ Project X meeting summary (arXiv:1306.5009) 

NNBarX:

First Stage:
(2-3 years)

Second Stage:

Discussions ongoing for other new high-
flux, low energy neutron experiment…

(see Yuri’s talk last week)

⌧nn̄ > 8000 years

⌧nn̄ > 80 years

(Fermilab)



Origin of Oscillations
✦ Running of 

BSM interaction 
to nuclear scale

?

?

?

?

?

?
BSM

Weak W
Z

Nuclear N P

ci = ciBSM (µBSM , µW )ciQCD(µW ,⇤QCD)

1

⌧nn
= �m =

1

M5
�

X

i

cihn̄|Oi|ni

ciBSM (µBSM , µW )

ciQCD(µW ,⇤QCD)

M� ⇠
✓
⇤6

�m

◆ 1
5

& 500 TeV

Q g

Lnn̄ ⇠ 1

M5
NP

QQQQQQ
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Within factor of 64, at best

What can we say without supercomputer?
Answer: Dimensional estimate not reliable

Strong Dynamics Scale:  rho meson mass

Strong Physics How much can we trust?

Within factor of 2, at best

Within factor of 4, at best

⇤QCD ⇠ m⇢

Baryon & Meson Masses ⇠ m⇢

Proton Decay Matrix Element ⇠ m2
⇢

Neutron-Antineutron Matrix Element ⇠ m6
⇢



Within factor of 64, at best

What can we say without supercomputer?
Answer: Dimensional estimate not reliable

Strong Dynamics Scale:  rho meson mass

Strong Physics How much can we trust?

Within factor of 2, at best

Within factor of 4, at best

Cannot guarantee better without

first-principles calculation

⇤QCD ⇠ m⇢

Baryon & Meson Masses ⇠ m⇢

Proton Decay Matrix Element ⇠ m2
⇢

Neutron-Antineutron Matrix Element ⇠ m6
⇢
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Six-quark Operators
Rao, Shrock (1982) 

1.

2.

3.

or

Three pairs of quarks:

or

or

2 u’s 4 d’s

uTCu uTCd dTCd

qTLCqL qTRCqR

Flavor:

Spin:

Color: qiTCqj

T{ij}{kl}{mn} = ✏mik✏njl + ✏nik✏mjl + ✏mjk✏nil + ✏mil✏njk

3̄c � 6c

1c ⇢ 6c ⌦ 6c ⌦ 6c

1c ⇢ 3̄c ⌦ 3̄c ⌦ 6cT[ij][kl]{mn} = ✏mij✏nkl + ✏nij✏mkl



Six-quark Operators
Rao, Shrock (1982) 

1.

2.

3.

�i = L,R

# of operators: 24

O1
�1�2�3

= (uT
i Cuj)�1(d

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}

O3
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T[ij][kl]{mn}

O2
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}



Six-quark Operators
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# of operators: 24 18
O1

�1LR = O1
�1RL

O2,3
LR�3
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T
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T
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Six-quark Operators
Rao, Shrock (1982) 

1.

2.

3.

�i = L,R

# of operators: 24 18 14
O1

�1LR = O1
�1RL

O2,3
LR�3

= O2,3
RL�3

O2
��⇢ �O1

��⇢ = 3O3
��⇢

Caswell, Milutinovic, 
Sejanovic (1983) 

O1
�1�2�3

= (uT
i Cuj)�1(d

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}
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i Cdj)�1(u

T
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T
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Six-quark Operators
Rao, Shrock (1982) 

1.

2.

3.

�i = L,R

7

O1
�1�2�3

= (uT
i Cuj)�1(d

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}

O3
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T[ij][kl]{mn}

O2
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}

Transition flips parity

L $ R

# of operators:



Six-quark Operators
Rao, Shrock (1982) 

1.

2.

3.

�i = L,R

7 4

O1
�1�2�3

= (uT
i Cuj)�1(d

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}

O3
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T[ij][kl]{mn}

O2
�1�2�3

= (uT
i Cdj)�1(u

T
kCdl)�2(d

T
mCdn)�3T{ij}{kl}{mn}

SU(3)c ⌦ SU(2)L ⌦ U(1)YTransition flips parity

L $ R

# of operators:



Operator Symmetries

6

Chiral Basis Fixed-Flavor Basis Chiral Tensor Structure Chiral Irrep

Q1 O3
RRR DRDRD+

RT
AAS (1L,3R)

Q2 O3
LRR DLDRD+

RT
AAS (1L,3R)

Q3 O3
LLR DLDLD+

RT
AAS (1L,3R)

Q4 4/5 O2
RRR + 1/5 O1

RRR D33+
R TSSS (1L,7R)

Q5 O1
RLL D�

RD++
L TSSS (5L,3R)

Q6 O2
RLL D3

RD3+
L TSSS (5L,3R)

Q7 2/3 O2
LLR + 1/3 O1

LLR D+
RD33

L TSSS (5L,3R)

eQ1 1/3 O2
RRR � 1/3 O1

RRR DRDRD+
RT

SSS (1L,3R)

eQ3 1/3 O2
LLR � 1/3 O1

LLR DLDLD+
RT

SSS (1L,3R)

TABLE II: The chiral basis operators QI shown in the first column are equal to (�4) times the corresponding fixed-flavor
basis operator combinations shown in the second column. Each chiral basis operator is equal to a color contraction of the
tensor operators DA...

� shown in the third column. The corresponding chiral irrep of each operator is shown in the last column.
Q1, · · · , Q7 and their parity conjugates (L $ R) form a complete basis for nn transition operators in D = 4. Since they are
components of the same chiral tensor operator DA

RDBC
L , Q6 and Q7 renormalize identically to Q5 and are redundant for our

purposes. eQ1 and eQ3 are equal to Q1 and Q3 in D = 4, but they renormalize independently in MS at NNLO.

Using these building blocks and neglecting operators that have �I3 6= �1 or vanish by quark anticommutivity, we
find that at NLO there are five chiral tensor operators with independent renormalization properties,

Q1 = ( CPRi⌧
2 )( CPRi⌧

2 )( CPRi⌧
2⌧+ )TAAS , (7a)

Q2 = ( CPLi⌧
2 )( CPRi⌧

2 )( CPRi⌧
2⌧+ )TAAS , (7b)

Q3 = ( CPLi⌧
2 )( CPLi⌧

2 )( CPRi⌧
2⌧+ )TAAS , (7c)

Q4 = ( CPRi⌧
2⌧3 )( CPRi⌧

2⌧3 )( CPRi⌧
2⌧+ )TSSS (7d)

� 1

5
( CPRi⌧

2⌧A )( CPRi⌧
2⌧A )( CPRi⌧

2⌧+ )TSSS ,

Q5 = ( CPRi⌧
2⌧� )( CPLi⌧

2⌧+ )( CPLi⌧
2⌧+ )TSSS . (7e)

Symmetries of TSSS and TAAS under diquark exchange ensure that all products of flavor vector diquarks are totally
symmetric. Q4 includes a flavor trace subtraction. This ensures that all operators are irreducible chiral tensor
operators.

There are two additional operators that cannot be expressed as linear combinations of Q1, . . . , Q5,

Q6 = ( CPRi⌧
2⌧3 )( CPLi⌧

2⌧3 )( CPLi⌧
2⌧+ )TSSS , (8a)

Q7 = ( CPLi⌧
2⌧3 )( CPLi⌧

2⌧3 )( CPRi⌧
2⌧+ )TSSS (8b)

� 1

3
( CPLi⌧

2⌧A )( CPLi⌧
2⌧A )( CPRi⌧

2⌧+ )TSSS .

These two operators and Q5 are di↵erent components of the same chiral tensor operator DA
RDBC

L . This implies that
Q5, Q6, and Q7 have identical anomalous dimensions and matching factors in renormalization schemes respecting
chiral symmetry. In D = 4, Q1, · · · , Q7 and their seven parity conjugates found by taking L $ R everywhere and
including a relative minus sign form a complete basis of dimension-nine operators contributing to nn transitions.

We also consider two more operators eQ1 and eQ3 that in D = 4 are equal to Q1 and Q3 respectively by Fierz

Chiral properties important for renormalization and EFT calculations
MIB, M.Wagman (2015) 

 =

✓
u
d

◆
D� ⌘ ( CP�i⌧

2 ) DA
� ⌘ ( CP�i⌧

2⌧A )

Q1 = ( CPRi⌧
2 )( CPRi⌧

2 )( CPRi⌧
2⌧+ )TAASExample:

Special thanks to B. Tiburzi
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✓
u
d

◆
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2 ) DA
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2⌧A )

DAB
� ⌘ D{A

� DB}
� � 1

3
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Q1 = ( CPRi⌧
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2⌧+ )TAASExample:
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TABLE II: The chiral basis operators QI shown in the first column are equal to (�4) times the corresponding fixed-flavor
basis operator combinations shown in the second column. Each chiral basis operator is equal to a color contraction of the
tensor operators DA...

� shown in the third column. The corresponding chiral irrep of each operator is shown in the last column.
Q1, · · · , Q7 and their parity conjugates (L $ R) form a complete basis for nn transition operators in D = 4. Since they are
components of the same chiral tensor operator DA

RDBC
L , Q6 and Q7 renormalize identically to Q5 and are redundant for our

purposes. eQ1 and eQ3 are equal to Q1 and Q3 in D = 4, but they renormalize independently in MS at NNLO.

Using these building blocks and neglecting operators that have �I3 6= �1 or vanish by quark anticommutivity, we
find that at NLO there are five chiral tensor operators with independent renormalization properties,
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Symmetries of TSSS and TAAS under diquark exchange ensure that all products of flavor vector diquarks are totally
symmetric. Q4 includes a flavor trace subtraction. This ensures that all operators are irreducible chiral tensor
operators.

There are two additional operators that cannot be expressed as linear combinations of Q1, . . . , Q5,
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These two operators and Q5 are di↵erent components of the same chiral tensor operator DA
RDBC

L . This implies that
Q5, Q6, and Q7 have identical anomalous dimensions and matching factors in renormalization schemes respecting
chiral symmetry. In D = 4, Q1, · · · , Q7 and their seven parity conjugates found by taking L $ R everywhere and
including a relative minus sign form a complete basis of dimension-nine operators contributing to nn transitions.

We also consider two more operators eQ1 and eQ3 that in D = 4 are equal to Q1 and Q3 respectively by Fierz

Chiral properties important for renormalization and EFT calculations
MIB, M.Wagman (2015) 
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purposes. eQ1 and eQ3 are equal to Q1 and Q3 in D = 4, but they renormalize independently in MS at NNLO.
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And so our quest began...

MIB, C. Schroeder,  S. Syritsyn, J. Wasem, M. Wagman

GOAL:
To calculate neturon-antineutron matrix elements crucial 

for connecting theory & experiment 

Initial Lattice QCD calculation:

Pion Mass:    390 MeV
Lattice Spacing:    0.125 fm
Lattice Extent:    2.5 fm

(Note: Physical value ~139 MeV)

Pion Mass x Lattice Extent:    4.875 (Note:  Typically > 4)

Anisotropic Clover-Wilson lattices 
with anisotropy factor of 3.5

(Note: Discretization information)

Measurements:    57,500

(Number of sites: 203 x 256)

(Note: 1150 cfg, sep by 5 tu)



Lattice Calculation
Correlation Functions via path integral:

Approximate continuum with discrete lattice:

Stochastically estimate integral via importance sampling

Euclidean:

CO = �O⇥ = Z�1

Z
d[U ]d[�]d[�] O ei(SF (�,�,U)+SG(U))

= Z�1

Z
d[U ] O det(DF (U))eiSG(U)

CO = �O⇥ = Z�1

Z
d[U ] O det(DF,lat(U))eiSG,lat(U)

{a

L

CO = hOi = Z�1
X

U

O det(DF,lat(U))e�SG,lat(U)



Lattice Calculation
Correlation Functions via path integral:
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Correlation Functions via path integral:

CO = �O⇥ =
Z

d[U ] O det(Dlat(U))e�SG(U)

Parity +
Spin + C(+)

N (t) = hN (+)(t)N
(+)

(0)i t!1�! (ZN )2e�mnt

Parity +
Spin +

Parity-
Spin -

C(�)
N (�t) = hN (�)

(�t)N (�)(0)i t!1�! (ZN̄ )2e�mntParity -
Spin -

CNON̄ (�t1, t2) = hN (+)(t2)O(0)N (�)(�t1)i t1,t2!1�! (ZN̄ZN )hn|O|n̄ie�mn(t1+t2)



Lattice Calculation
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Lattice Calculation
Correlation Functions via path integral:

CO = �O⇥ =
Z

d[U ] O det(Dlat(U))e�SG(U)
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Lattice Contractions
Propagator Contractions:

[q
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�
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⌧ = 0 � = t

CNN (t)



Lattice Contractions
Propagator Contractions:
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i (x) = S

�0�
i0i (y, x) S† = �5S�5
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CNN (t)
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Lattice Contractions

1 Propagator Two measurement
ALL time insertion

⌧ = 0� = �t1 � = t2

CNON̄ (�t1, t2)

O
Antineutron Neutron

t1 t2



Lattice Contractions

1 Propagator Two measurement
ALL time insertion

⌧ = 0� = �t1 � = t2

CNON̄ (�t1, t2)

O
Antineutron Neutron

t1 t2

2 Propagators One measurements
One time insertion

⌧ = 0
� = �t1 � = t2

Typical
3-point

O
Neutron Neutron



Lattice Contractions

1 Propagator Two measurement
ALL time insertion

⌧ = 0� = �t1 � = t2

CNON̄ (�t1, t2)

O
Antineutron Neutron

t1 t2



Neutron Mass

E↵. Mass = ln
CN (t+ 1)

CN (t)
t!1�! mn



Neutron Mass

E↵. Mass = ln
CN (t+ 1)

CN (t)
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Neutron Mass
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Excited State
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Neutron Mass

Excited State
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Desired
Signal
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Neutron Mass

Excited State
Contamination

Desired
Signal

Signal-to-noise
Degradation
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N-NBar Matrix Element

t1 = 5 t1 = 10 t1 = 15 t1 = 25t1 = 20

Preliminary

Min. Excited states effects
source-sink sep >1.4 fm
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A multitude of fits
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A multitude of fits
t1,2 = t1 = t2
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Different fits agree
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Preliminary (Bare) Results
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Back to the big question...
Namely, what is the overall scale?

Reminder:

Unfortunately, requires much additional work to extract reliably 
Analytically - Two loop QCD renormalization & one loop matching

Numerically - Full non-perturbative renormalization

OMS(µ) = UMS(µ, p
0

)
ZMS(p

0

)

ZMOM
cont

(p
0

)
ZMOM
latt

(p
0

)Obare

latt

⇤QCD < p0 <
1

a

O(ap0) O�
g(p0)

2
�

Corrections: ,

hn̄|O|ni ⇠ ⇤6
QCD
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LO NLO

NNLO

1 2

3 1 2 3x3 x6 x6

4 5 6 7 8 9 10x3 x6 x6 x3 x6 x6 x6

11 12 13x12 x12 x6 14 15 16 17x12 x12 x12 x12

19 20 21 22 23x12 x12 x12 x3 x318 x12 24 x3

25 26 27 28 29 30 31x6 x12 x12 x12 x3 x6 x6

32 33x6 x6 34 35 36 37 38x6 x6 x6 x6 x6

39 40 41 42 43x6 x6 x6 x6 x6 44 45x6 x6

46 x8

FIG. 1: The tree-level operator diagram, 15 one-loop diagrams, and 320 two-loop diagrams evaluated in this work. Operator
insertions are represented by a six-point vertex joining three quarks and three conjugate antiquarks. The operator insertions
are local; the separate solid lines represent propagators for quarks contracted into separate spin-singlet diquarks as indicated by
the fermion charge arrows. The external quarks are assigned momenta {p, p, p,�p,�p,�p}. Diagrams are organized into classes
that share the same loop integrals and Dirac structures. The number of diagrams in each class is shown. All two-loop diagrams
with divergent subdiagrams are accompanied by a one-loop counterterm diagram, not shown. The curly lines represent gluon
propagators, and the gluon self-energy bubble shown in diagrams 29-31 includes quark, gluon, and ghost loops. Diagrams
1-31 contribute to four-quark operator renormalization and are numbered consitently with Refs. [59, 61]. Diagrams 32-46 are
considered for the first time here. The 1/" pole structure of each diagram is summarized in Tables III - VI.

One Loop:

3 diagram classes, 15 diagrams

Two Loop:

43 diagram classes, 320 diagrams

First Calculation of three diquarks

Evanescent operators  
real complication!! 

D 6= 4 Fierz identities no 
longer hold

Two-loop anomalous dimension not unique!
(depends on generalization of Fierz to D dimensions)

MIB, M. Wagman (2015)

Effectively, treat all operators independently: QI Q̃I QI � Q̃I

(See Mike’s talk last week)
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(1)
I r

(0)
I

Q1 O3
RRR, O3

LLL 4 335/3� 34Nf/9 101/30 + 8/15 ln 2

Q2 O3
LRR, O3

RLR, O3
RLL, O3

LRL �4 91/3� 26Nf/9 �31/6 + 88/15 ln 2

Q3 O3
LLR, O3

RRL 0 64� 10Nf/3 �9/10 + 16/5 ln 2

Q4

�
4/5 O2

RRR + 1/5 O1
RRR

�
,

24 229� 46Nf/3 177/10� 64/5 ln 2�
4/5 O2

LLL + 1/5 O1
LLL

�

Q5

O1
RLL, O1

LRR, O2
RLL,

12 238� 14Nf 49/10� 24/5 ln 2

O2
LRL, O2

LRR, O2
RLR,

(2/3 O2
LLR + 1/3 O1

LLR),

(2/3 O2
LLR + 1/3 O1

LRL),

(2/3 O2
RRL + 1/3 O1

RRL),

(2/3 O2
RRL + 1/3 O1

RLR)

eQ1

(1/3 O2
RRR � 1/3 O1

RRR),
4 797/3� 118Nf/9 �109/30 + 8/15 ln 2

(1/3 O2
LLL � 1/3 O1

LLL)

eQ3

(1/3 O2
LLR � 1/3 O1

LLR),
0 218� 38Nf/3 �79/10 + 16/5 ln 2

(1/3 O2
RRL � 1/3 O1

RRL)

TABLE I: Summary of results. The left-most column lists the chiral basis operators QI with independent NNLO operator
renormalization factors. The second column lists the corresponding fixed-flavor basis operators used in Ref. [46–50] that
renormalize identically to QI , see Sec. III. Each QI is equal to (�4) times the first fixed-flavor basis operator listed in the
corresponding row of the second column. The other fixed-flavor basis operators listed may not be directly proportional to QI

but share the same one-loop MS anomalous dimension �
(0)
I (third column), two-loop MS anomalous dimension �

(1)
I (fourth

column), and one-loop Landau gauge RI-MOM matching factor r(0)I (fifth column) appearing in Eq. (2). �
(1)
I and r

(0)
I depend

on the evanescent operator basis used to extend D = 4 Fierz relations to D-dimensional operator relations in dimensional
regularization. Our evanescent operator basis is presented in Appendix C. One-loop BSM matching calculations must use
the same evanescent operator basis for consistency. Tree-level BSM matching calculations are una↵ected, see Sec. VII for an
example matching calculation.

where r
(0)
I is a one-loop-matching factor defined in Sec. V, �(0)

I and �
(1)
I are one-loop- and two-loop-running factors

defined in Sec. VI, and �0 and �1 are well-known perturbative coe�cients of the QCD �-function presented for

reference in Eq. (46). Only �0, �1, and �
(1)
I depend on the number of active quark flavors, Nf . Matching between

theories with di↵erent Nf at quark thresholds is included in the same manner as in RG evolution of weak matrix
elements without penguin contributions [74] since no penguin diagrams exist for nn operators.

Ignoring QCD e↵ects on RG evolution gives the leading-order (LO) result UI(µ, p0) = 1. Next-to-leading-order
(NLO) QCD e↵ects give a multiplicative correction to UI(µ, p0) whose size is determined by the one-loop-running factor

�
(0)
I correctly calculated in Ref. [50]. Higher-order corrections due to matching and running provide additive corrections

that can be perturbatively expanded in powers of ↵s(p0) and ↵s(µ). For high scales µ where ↵s(µ) ⌧ ↵s(p0),
Eq. (2) shows that one-loop-matching and two-loop-running e↵ects receive similar O(↵s(p0)) suppression. Both one-
loop-matching and two-loop-running e↵ects must therefore be included in a next-to-next-to-leading-order (NNLO)
calculation of UI(µ, p0). Next-to-next-to-next-to-leading-order (N3LO) corrections not included in Eq. (2) arise from
two-loop-matching and three-loop-running e↵ects that are both O(↵s(p0)2) suppressed.

The NNLO operator renormalization factors r
(0)
I and �

(1)
I are calculated for the first time here and summarized in

Table I. The relative size of NNLO to NLO corrections to UI(µ, p0) depends on µ and di↵ers between operators. Taking
p0 = 2 GeV and using the four-loop parametrization of ↵s(µ) in Ref. [75], NNLO corrections to NLO+LO results
for �m ⌘ 1/⌧nn are < 26% for all µ � p0 and may be significantly smaller in some BSM theories. Sec. VII presents
an example calculation of the nn vacuum transition rate for one of the simplified models of Ref. [25]. In this model
the relative size of NNLO to NLO corrections to �m is 14%. Estimating that unknown N3LO O(↵s(p0)2) corrections
are comparable to the square of NNLO O(↵s(p0)) corrections allows systematic uncertainty due to unknown N3LO
corrections to be quantified as < 7% generically and 2% in the model discussed in Sec. VII.

MIB, M. Wagman (2015)



Back to the big question...
Namely, what is the overall scale?

Reminder:

Unfortunately, requires additional work to extract reliably 
Analytically - Two loop QCD renormalization, EFT calculations

One loop divergent One loop matching

Projection Operators Two loop running

14 operators with 
delicate chiral-structure

Extremely difficult with 
anisotropic Wilson fermions

Numerically - Full non-perturbative renormalization

hn̄|O|ni ⇠ ⇤6
QCD



Last leg of the race…

MIB, C. Schroeder,  S. Syritsyn, J. Wasem, M. Wagman

GOAL:
To calculate neturon-antineutron matrix elements crucial 

for connecting theory & experiment 

Physical DWF Lattice QCD calculation:

Pion Mass:    140 MeV
Lattice Spacing:    0.123 fm
Lattice Extent:    5.5 fm

(Note: Physical value ~139 MeV)

Pion Mass x Lattice Extent:    3.9

Measurements:    2268

(Number of sites: 483 x 96)

(Note: 81 cfg, sep by 25 tu, 
28 AMA meas per cfg)

(Note:  Typically > 4)



Neutron Mass

N-Nbar oscillations on a Lattice LATTICE 2015, July 14-18, Kobe, Japan

N-Nbar Matrix Elements on a Lattice

Sergey N. Syritsyn

Effective Mass: Gauging Excited States
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Credit: Sergey Syritsyn



Neutron-Antineutron Matrix elements

N-Nbar oscillations on a Lattice LATTICE 2015, July 14-18, Kobe, Japan

N-Nbar Matrix Elements on a Lattice

Sergey N. Syritsyn

Lattice Matrix Elements
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scaled x106, kinematics factors not divided out
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Separation T=10 : ~10% stat.errorbars, consistent with T=12

Credit: Sergey Syritsyn

Scaled x 106 , kinematic factors not divided out
T=10: ~10% stat uncertainty, consistant with T=12

C2pt
PP = ZP e�mnt

C2pt
PS =

p
ZPZS e�mnt

C3pt
SS = ZS e�mn(t1+t2)hn̄|O|ni

C3pt
PP = ZP e�mn(t1+t2)hn̄|O|ni



Non-perturbative Renormalization
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Non-perturbative Renormalization

N-Nbar oscillations on a Lattice LATTICE 2015, July 14-18, Kobe, Japan

Renormalization

Sergey N. Syritsyn

Restoring Chiral Isomultiplets
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(already symmetric in 

                                      )

Problem:

p2 ≈(5.6 GeV)2

Credit: Sergey Syritsyn
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Issue: Not SU(2) doublet

(ruins chiral symmetry)
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Renormalization

Sergey N. Syritsyn

Restoring Chiral Isomultiplets
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                                      )

Problem:
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Trick:
Symmetrize over

external momenta
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Two-loop anomalous dimensions and one-loop renormalization scheme matching factors are calcu-
lated for six-quark operators responsible for neutron-antineutron transitions. When combined with
lattice QCD determinations of the matrix elements of these operators, our results can be used to
reliably predict the neutron-antineutron vacuum transition time, ⌧nn, in terms of basic parameters
of baryon-number violating beyond-the-Standard-Model theories. The operators are classified by
their chiral transformation properties, and a basis in which there is no operator mixing due to strong
interactions is identified. Operator projectors that are required for non-perturbative renormalization
of the corresponding lattice QCD six-quark operator matrix elements are constructed. A complete
calculation of �m = 1/⌧nn in a particular beyond-the-Standard-Model theory is presented as an
example to demonstrate how operator renormalization and results from lattice QCD are combined
with experimental bounds on �m to constrain the scale of new baryon-number violating physics. At
the present computationally accessible lattice QCD matching scale of ⇠ 2 GeV, the next-to-next-
to-leading-order e↵ects calculated in this work correct the leading-order plus next-to-leading-order
�m predictions of beyond-the-Standard-Model theories by < 26%. Next-to-next-to-next-to-leading-
order e↵ects provide additional unknown corrections to predictions of �m that are estimated to be
< 7%.

PACS numbers: 11.30.Fs,12.38.Bx
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LLR -58.7(5.4) -9.64 -8.12 7.2

Q4 4/5 O2
RRR + 1/5 O1

RRR 0 - - -

Q5 O1
RLL 8.48 (1.04) 5.04 2.664 3.2

Q6 O2
RLL -2.12 (0.26) 1.256 -0.668 3.2

Q7 2/3 O2
LLR + 1/3 O1

LLR 1.41 (0.17) -0.84 0.44 3.2
eQ1 1/3 O2

RRR � 1/3 O1
RRR -60.5(7.5) -10.92 -8.88 6.8

eQ3 1/3 O2
LLR � 1/3 O1

LLR -58.7(5.4) 12.72 -8.12 8.1

MIT
BagObey SM Gauge

No Contribution
Break SM Gauge

Differ in Pert. running
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III. PHENOMENOLOGY OF MODEL 1

In this section we present a detailed analysis of model 1.
The corresponding calculations for the other models can be
performed in a similar manner. Our work is partly motivated
by the recently proposed nn̄ oscillation experiment with in-
creased sensitivity [7]. In addition to nn̄ oscillations, we an-
alyze also the cosmological baryon asymmetry generation in
model 1 and comment on its LHC phenomenology, as well as
flavor and electric dipole moment constraints.

A. Neutron-antineutron oscillations

The topic of nn̄ oscillations has been explored in the liter-
ature in various contexts. For some of the early works on the
subject see [8–10]. Recently, a preliminary study of the re-
quired hadronic matrix elements using lattice QCD has been
carried out [11]. Reference [12] claims that a signal of nn̄
oscillations has been observed.

The scalar content of model 1 we are considering is sim-
ilar to the content of a unified model explored in [13]. The
transition matrix element,

�m = hn̄|H
e↵

|ni , (11)

leads to a transition probability for a neutron at rest to
change into an antineutron after time t equal to Pn!n̄(t) =

sin

2

(|�m| t).
Neglecting the coupling g

1

in the Lagrangian (2) (for sim-
plicity) the effective |�B| = 2 Hamiltonian that causes nn̄
oscillations is,

H
e↵

=� (g011
1

)

2g11
2

�

4M4

1

M2

2

d↵̇Rid
˙�
Ri0u

�̇
Rjd

˙�
Rj0u

˙�
Rkd

�̇
Rk0✏↵̇ ˙�✏�̇ ˙�✏ ˙��̇

⇥
⇣
✏ijk✏i0j0k0

+ ✏i0jk✏ij0k0
+ ✏ij0k✏i0jk0

+ ✏ijk0✏i0j0k
⌘
+ h.c.

(12)

where Latin indices are color and Greek indices are spinor. It
arises from the tree-level diagram in Fig. 5. We have rotated
the couplings g0

1

and g
2

to the quark mass eigenstate basis
and adopted a phase convention where � is real and positive.
We estimate �m using the vacuum insertion approximation
[14]. This relates the required nn̄ six quark matrix element to
a matrix element from the neutron to the vacuum of a three
quark operator. The later matrix element is relevant for proton
decay and has been determined using lattice QCD methods.
The general form of the required hadronic matrix elements is,

h0|d↵̇Rid
˙�
Rju

�̇
Rk|n(p, s)i

= � 1

18

� ✏ijk
⇣
✏↵̇�̇u

˙�
R(p, s) + ✏

˙��̇u↵̇
R(p, s)

⌘
. (13)

Here uR is the right-handed neutron two-component spinor
and the Dirac equation was used to remove the term propor-
tional to the left-handed neutron spinor. The constant � was
determined using lattice methods in Ref. [15] to have the value

X
2

X
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X
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d d

FIG. 5: Interaction which leads to neutron-antineutron oscillations.

� ' 0.01 GeV

3. In the vacuum insertion approximation to
Eq. (11) we find that,

|�m| = 2��2

|(g011
1

)

2g11
2

|
3M4

1

M2

2

. (14)

The current experimental limit on �m is [16],

|�m| < 2⇥ 10

�33

GeV . (15)

For scalars of equal mass, M
1

= M
2

⌘ M , and the values of
the couplings g011

1

= g11
2

= 1, � = M , one obtains,

M & 500 TeV . (16)

If, instead, the masses form a hierarchy, the effect on nn̄ os-
cillations is maximized if we choose M

2

> M
1

. Assuming
M

1

= 5 TeV (above the current LHC reach) and � = M
2

this
yields,

M
2

& 5⇥ 10

13

GeV . (17)

Note that � = M
2

is a reasonable value for this coupling since
integrating out M

2

then gives a quartic X
1

interaction term
with a coupling on the order of one. Of course, this model
does have a hierarchy problem so having the Higgs scalar and
the X

1

light compared with X
2

requires fine tuning.
Experiments in the future [7] may be able to probe nn̄ oscil-

lations with increased sensitivity of |�m| ' 7⇥ 10

�35

GeV.
If no oscillations are observed, the new limit in the case of
equal masses will be,

M & 1000 TeV . (18)

On the other hand, having M
1

= 5 TeV would push the mass
of the heavier scalar up to the GUT scale, leading to the fol-
lowing constraint on the second scalar mass,

M
2

& 1.5⇥ 10

15

GeV . (19)

We note, however, that in Section III B we show that M
1

on
the order of a few TeV is strongly disfavored by the electric
dipole moment constraints.

B. LHC, flavor and electric dipole moment constraints

If the mass of the scalar X
1

is small enough, it can be pro-
duced at the LHC through both single and pair production.

Hnn̄
eff = � (g0111 )2g112 �

4M4
1M

2
2

O2
RRR =

(g0111 )2g112 �

16M4
1M

2
2


Q4 +

3

5
Q̃1
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Eq. (11) we find that,
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. Assuming
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this
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Note that � = M
2

is a reasonable value for this coupling since
integrating out M

2

then gives a quartic X
1

interaction term
with a coupling on the order of one. Of course, this model
does have a hierarchy problem so having the Higgs scalar and
the X

1

light compared with X
2

requires fine tuning.
Experiments in the future [7] may be able to probe nn̄ oscil-

lations with increased sensitivity of |�m| ' 7⇥ 10

�35

GeV.
If no oscillations are observed, the new limit in the case of
equal masses will be,

M & 1000 TeV . (18)

On the other hand, having M
1

= 5 TeV would push the mass
of the heavier scalar up to the GUT scale, leading to the fol-
lowing constraint on the second scalar mass,
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GeV . (19)

We note, however, that in Section III B we show that M
1

on
the order of a few TeV is strongly disfavored by the electric
dipole moment constraints.

B. LHC, flavor and electric dipole moment constraints

If the mass of the scalar X
1

is small enough, it can be pro-
duced at the LHC through both single and pair production.
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We estimate �m using the vacuum insertion approximation
[14]. This relates the required nn̄ six quark matrix element to
a matrix element from the neutron to the vacuum of a three
quark operator. The later matrix element is relevant for proton
decay and has been determined using lattice QCD methods.
The general form of the required hadronic matrix elements is,

h0|d↵̇Rid
˙�
Rju

�̇
Rk|n(p, s)i

= � 1

18

� ✏ijk
⇣
✏↵̇�̇u

˙�
R(p, s) + ✏

˙��̇u↵̇
R(p, s)

⌘
. (13)

Here uR is the right-handed neutron two-component spinor
and the Dirac equation was used to remove the term propor-
tional to the left-handed neutron spinor. The constant � was
determined using lattice methods in Ref. [15] to have the value
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FIG. 5: Interaction which leads to neutron-antineutron oscillations.

� ' 0.01 GeV

3. In the vacuum insertion approximation to
Eq. (11) we find that,

|�m| = 2��2

|(g011
1

)

2g11
2

|
3M4

1

M2

2

. (14)

The current experimental limit on �m is [16],

|�m| < 2⇥ 10

�33

GeV . (15)

For scalars of equal mass, M
1

= M
2

⌘ M , and the values of
the couplings g011

1

= g11
2

= 1, � = M , one obtains,

M & 500 TeV . (16)

If, instead, the masses form a hierarchy, the effect on nn̄ os-
cillations is maximized if we choose M

2

> M
1

. Assuming
M

1

= 5 TeV (above the current LHC reach) and � = M
2

this
yields,

M
2

& 5⇥ 10

13

GeV . (17)

Note that � = M
2

is a reasonable value for this coupling since
integrating out M

2

then gives a quartic X
1

interaction term
with a coupling on the order of one. Of course, this model
does have a hierarchy problem so having the Higgs scalar and
the X

1

light compared with X
2

requires fine tuning.
Experiments in the future [7] may be able to probe nn̄ oscil-

lations with increased sensitivity of |�m| ' 7⇥ 10

�35

GeV.
If no oscillations are observed, the new limit in the case of
equal masses will be,

M & 1000 TeV . (18)

On the other hand, having M
1

= 5 TeV would push the mass
of the heavier scalar up to the GUT scale, leading to the fol-
lowing constraint on the second scalar mass,

M
2

& 1.5⇥ 10

15

GeV . (19)

We note, however, that in Section III B we show that M
1

on
the order of a few TeV is strongly disfavored by the electric
dipole moment constraints.

B. LHC, flavor and electric dipole moment constraints

If the mass of the scalar X
1

is small enough, it can be pro-
duced at the LHC through both single and pair production.

Hnn̄
eff = � (g0111 )2g112 �

4M4
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O2
RRR =

(g0111 )2g112 �

16M4
1M

2
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
Q4 +

3
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Q̃1

�

Any two Levi-Civita can be written as linear combos of: 
TSSS TAAS TASA TSAA TAAA

Assuming O(1) for the couplings: Hnn̄
eff =

1

16M5


U4(M,p0)Q

RI
4 (p0) +

3

5
Ũ1(M,p0)Q̃

RI
1 (p0)

�

Wait until paper before quoting!  Final round of checks are currently underway!

|�m| = ( 7.26|{z}
LO

�2.63| {z }
NLO

�0.35| {z }
NNLO matching

�0.92| {z }
NNLO running

±0.41| {z }
Lattice Statistical

)⇥ 10�34 GeV

= (3.37± 0.41)⇥ 10�34 GeV



Phenomenological  Example
1

⌧nn̄
= �m = hn̄|Hnn̄

effn|i

Arnold, Fornal, and Wise (2012):
(see Bartosz’s talk last week)

X1 2 (6̄, 1,�1/3)

X2 2 (6̄, 1, 2/3)

Scalars
Interactions

g1X1QLQL

g2X2dRdR
g01X1uRdR
�X1X1X2

4

III. PHENOMENOLOGY OF MODEL 1

In this section we present a detailed analysis of model 1.
The corresponding calculations for the other models can be
performed in a similar manner. Our work is partly motivated
by the recently proposed nn̄ oscillation experiment with in-
creased sensitivity [7]. In addition to nn̄ oscillations, we an-
alyze also the cosmological baryon asymmetry generation in
model 1 and comment on its LHC phenomenology, as well as
flavor and electric dipole moment constraints.

A. Neutron-antineutron oscillations

The topic of nn̄ oscillations has been explored in the liter-
ature in various contexts. For some of the early works on the
subject see [8–10]. Recently, a preliminary study of the re-
quired hadronic matrix elements using lattice QCD has been
carried out [11]. Reference [12] claims that a signal of nn̄
oscillations has been observed.

The scalar content of model 1 we are considering is sim-
ilar to the content of a unified model explored in [13]. The
transition matrix element,

�m = hn̄|H
e↵

|ni , (11)

leads to a transition probability for a neutron at rest to
change into an antineutron after time t equal to Pn!n̄(t) =

sin

2

(|�m| t).
Neglecting the coupling g

1

in the Lagrangian (2) (for sim-
plicity) the effective |�B| = 2 Hamiltonian that causes nn̄
oscillations is,
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⌘
+ h.c.

(12)

where Latin indices are color and Greek indices are spinor. It
arises from the tree-level diagram in Fig. 5. We have rotated
the couplings g0

1

and g
2

to the quark mass eigenstate basis
and adopted a phase convention where � is real and positive.
We estimate �m using the vacuum insertion approximation
[14]. This relates the required nn̄ six quark matrix element to
a matrix element from the neutron to the vacuum of a three
quark operator. The later matrix element is relevant for proton
decay and has been determined using lattice QCD methods.
The general form of the required hadronic matrix elements is,

h0|d↵̇Rid
˙�
Rju

�̇
Rk|n(p, s)i

= � 1
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⌘
. (13)

Here uR is the right-handed neutron two-component spinor
and the Dirac equation was used to remove the term propor-
tional to the left-handed neutron spinor. The constant � was
determined using lattice methods in Ref. [15] to have the value
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FIG. 5: Interaction which leads to neutron-antineutron oscillations.

� ' 0.01 GeV

3. In the vacuum insertion approximation to
Eq. (11) we find that,

|�m| = 2��2

|(g011
1

)

2g11
2

|
3M4

1

M2

2

. (14)

The current experimental limit on �m is [16],

|�m| < 2⇥ 10

�33

GeV . (15)

For scalars of equal mass, M
1

= M
2

⌘ M , and the values of
the couplings g011

1

= g11
2

= 1, � = M , one obtains,

M & 500 TeV . (16)

If, instead, the masses form a hierarchy, the effect on nn̄ os-
cillations is maximized if we choose M

2

> M
1

. Assuming
M

1

= 5 TeV (above the current LHC reach) and � = M
2

this
yields,

M
2

& 5⇥ 10

13

GeV . (17)

Note that � = M
2

is a reasonable value for this coupling since
integrating out M

2

then gives a quartic X
1

interaction term
with a coupling on the order of one. Of course, this model
does have a hierarchy problem so having the Higgs scalar and
the X

1

light compared with X
2

requires fine tuning.
Experiments in the future [7] may be able to probe nn̄ oscil-

lations with increased sensitivity of |�m| ' 7⇥ 10

�35

GeV.
If no oscillations are observed, the new limit in the case of
equal masses will be,

M & 1000 TeV . (18)

On the other hand, having M
1

= 5 TeV would push the mass
of the heavier scalar up to the GUT scale, leading to the fol-
lowing constraint on the second scalar mass,

M
2

& 1.5⇥ 10

15

GeV . (19)

We note, however, that in Section III B we show that M
1

on
the order of a few TeV is strongly disfavored by the electric
dipole moment constraints.

B. LHC, flavor and electric dipole moment constraints

If the mass of the scalar X
1

is small enough, it can be pro-
duced at the LHC through both single and pair production.
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Wait until paper before quoting!  Final round of checks are currently underway!

M > ( 408|{z}
LO

�34|{z}
NLO

�6|{z}
NNLO matching

�17|{z}
NNLO running

±9|{z}
Lattice Statistical

) TeV,

M > 350± 9 TeV
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Final Roundup

Neutron Antineutron

Experiment

X

Possible factor of 100 
ambiguity

Lattice

Th
e 
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Results:  (Lattice vs. Models)

Operators 2 - 8 times larger than MIT bag model predictions

Theory

New Physics Universe

Total Uncertainty within 15%

Final round of checks are currently underway!
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Neutron Antineutron

Experiment

X

Possible factor of 100 
ambiguity

Lattice
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Theory

New Physics Universe

Long Term:

More lattices and statistics
Volume & lattice spacing effects
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Would you believe...

...That a neutron could switch to an 
antineutron at any time?

...That this process is predicted for 
various classes of new physics?

...That by observing this process (or bounding it), 
we could address questions about how the 

matter filled universe exists?

Antineutron

Neutron



What is needed for baryon asymmetry?
Sakharov conditions for baryon creation:

1. Interactions that violate Baryon Number

P N

B = +1 B = �1

P N
⇡ K

⌘

qqq q̄q̄q̄ q̄q
B = 0

3. Interactions outside thermal equilibrium

L = 0 L = 0 L = 0

2. Interactions that violate charge conj. 
and charge conj. x parity symmetries



What is needed for baryon asymmetry?
Sakharov conditions for baryon creation:

1. Interactions that violate Baryon Number

3. Interactions outside thermal equilibrium

2. Interactions that violate charge conj. 
and charge conj. x parity symmetries

L = +1
B = 0

L = �1
B = 0

e� µ� ⌧�

⌫

e+ µ+ ⌧+

⌫̄



Start with a more familiar picture
We know unbound neutrons decay (beta decay)

Neutron Proton

e�

⌫̄

Roughly 15 minute lifetime

W�
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Start with a more familiar picture
We know unbound neutrons decay (beta decay)

Neutron Proton

e�

⌫̄

Roughly 15 minute lifetime

Tells us about 
weak physics



Background on proton decay
Latest bounds from water 

Cherenkov detectors

Super-K:

50,000 tons of ultra-pure water

⌧ > 8.3⇥ 1033 years

-Probes B-violation from new physics
MNP ⇠ 1012 � 1013 TeV

-In particular,  probes B-L conserving processes at these scales

LB/ ⇠ 1

M2
NP

QQQL

|�B| = 1

Effective interaction


(new physics at low energy)



Back to the big question...
Namely, what is the overall scale?

Reminder:

Unfortunately, requires additional work to extract reliably 
Analytically - Two loop QCD renormalization, EFT calculations

Numerically - Full non-perturbative renormalization

hn̄|O|ni ⇠ 1

r6p



Renormalization: Crude Estimate
OMS(µ) = UMS(µ, p

0

)
ZMS(p

0

)

ZMOM
cont

(p
0

)
ZMOM
latt

(p
0

)Obare

latt

Tree Level: UMS(µ, p0) =


↵s(µ)

↵s(p0)

��0/2�0ZMS(p
0

)

ZMOM
cont

(p
0

)
= 1ZMOM

latt (p0) = 1

Tadpole-Improved 
Tree Level:

ZMOM
latt (p0) = Z�3

q = u3
0

u0 =


1

3
Tr UPlaq

�1/4
Lepage, Mackenzie 

(1992) 

Closer to physical 
 Expansion:

U

µ

(x) = e

iaAµ(x)
U

0
µ

(x) = u

�1
0 e

iaAµ(x)
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Final Results

N-Nbar oscillations on a Lattice LATTICE 2015, July 14-18, Kobe, Japan

Renormalization

Sergey N. Syritsyn

Preliminary Results in MSbar(2GeV)

   DO NOT QUOTE  PRELIMINARY   DO NOT QUOTE   PRELIMINARY   DO NOT QU

OTE PRELIMINARY   DO NOT QUOTE   PRELIMINARY   DO NOT QUOTE   PRELIMI

• matrix elements : T=10 plateau average 
• renormalization: only syst.errors, estimated from variation over entire range
• MIT Bag model results from [S.Rao, R.Shrock, PLB116:238 (1982)]

Z(lat ! MS) OMS(2 GeV) Bag “A” LQCD
Bag “A” Bag “B” LQCD

Bag “B”

[(RRR)3] 0.62(12) 0 0 � 0 �
[(RRR)1] 0.454(33) 45.4(5.6) 8.190 5.5 6.660 6.8
[R1(LL)0] 0.435(26) 44.0(4.1) 7.230 6.1 6.090 7.2
[(RR)1L0] 0.396(31) -66.6(7.7) -9.540 7.0 -8.160 8.1
[(RR)2L1](1) 0.537(52) -2.12(26) 1.260 -1.7 -0.666 3.2
[(RR)2L1](2) 0.537(52) 0.531(64) -0.314 -1.7 0.167 3.2
[(RR)2L1](3) 0.537(52) -1.06(13) 0.630 -1.7 -0.330 3.2

●

●

●

●

●

●

●

●

●

●

●

●

●

●

-�� � �� ���
<�|�|�> (��-� ����)



1.  Neutron-antineutron annihilation in nuclei 

Super-K bounds (2011)

Experimental Progress

⌧nn̄ > 11 years

H2O

SNO Laboratory
1,100 tons of heavy water

D2OFocus on deuterium Not on oxygen

⌧nn̄ > 5.7 years (Preliminary)

Friedman,
Gal
2008

R =
1.6⇥ 1030

year

R = (3.8� 6.3)⇥ 1029 year�1
L. Kondratyuk (1996)

R = (8.5� 8.7)⇥ 1029 year�1
C. Dover, A. Gal, J. Richard (1982)

R = 9.27⇥ 1029 year�1
V. Kopeliovich and I. Potashnikova (2011)

R = (3.75± 0.64± 0.38)⇥ 1029 year�1

Bingwei Long (Ph. D Thesis, 2008):



1.  Neutron-antineutron annihilation in nuclei 

Straight-forward question: 
Why have we not annihilated yet?

H =

✓
En �m
�m En̄

◆
=

✓
mn + VnR �m

�m mn + Vn̄R � iVn̄I

◆

V ⇠ O(100 MeV)

Nuclear Suppression
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1.  Neutron-antineutron annihilation in nuclei 

Straight-forward question: 
Why have we not annihilated yet?

H =

✓
En �m
�m En̄

◆
=

✓
mn + VnR �m

�m mn + Vn̄R � iVn̄I

◆

Pn!n̄(t) ⇠ sin2[t/⌧Nucl]

V ⇠ O(100 MeV)

⌧Nucl ⇡
(VnR � Vn̄R)2 + V 2

n̄I

2|VnI |(�m)2

What is this?⌧Nucl ⇡ R ⌧2nn

Nuclear Suppression



2.  Free, Cold neutron annihilation with target  

✦ Hamiltonian: H =

✓
mn � ~µ · ~B � i�/2 �m

�m mn + ~µ · ~B � i�/2

◆

Magnetic Field Limit
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Magnetic Field Limit
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2.  Free, Cold neutron annihilation with target  

✦ Hamiltonian:

✦ Diagonalizing:

✦ Transition prob. :

✦ When: t ⇠ 0.1 sec

H =

✓
mn � ~µ · ~B � i�/2 �m

�m mn + ~µ · ~B � i�/2

◆

|n1i = cos ✓|ni+ sin ✓|n̄i |n2i = � sin ✓|ni+ cos ✓|n̄i

tan(2✓) = � �m

~µ · ~B

Pn!n̄(t) = sin2(2✓) sin2[(m1 �m2)t/2]e
��t

|�m|t ⌧ |~µ · ~B|t ⌧ �t ⌧ 1

Pn!n̄(t) ⇡ (2✓)2
✓
(m1 �m2)t

2

◆2

⇡
✓

�m

~µ · ~B

◆2

(~µ · ~B t)2 = (�m t)2

m1,2 = mn ±
q

(~µ · ~B)2 + (�m)2 � i�/2

Magnetic Field Limit



Preliminary Taste
Lattice (bare) MIT Bag (1) MIT Bag (2)

1 1

MIT Bag Model - Substitute QCD with quarks in sphere

1hn̄|O3
LRR|ni

hn̄|O3
LRR|ni

hn̄|O3
LLR|ni

hn̄|O3
LRR|ni

�0.576± 0.012+0.014
�0.026 �0.758 �0.746

hn̄|O2
RRR|ni

hn̄|O3
LRR|ni

�0.302± 0.008+0.009
�0.008

�0.516 �0.489

hn̄|O1
RRL|ni

hn̄|O3
LRR|ni

0.222± 0.009+0.001
�0.015 �0.858 0.245

Rao, Shrock (1982) 


