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Why should we care?

Other particle/antiparticle mixings occur
KY < KO
BY <+ BO

Expect baryon number number to be broken
- Baryon-antibaryon asymmetry

AB =1 (Proton Decay)
AB = 2 (NN Oscillations)

Natural in GUT theories with Majorana neutrinos
HC e - Usual sphaleron process: A(B— L) =0
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Basic Idea

BSM physics leads to off-diagonal mixing

= e O Y 1= om
= e

V =0 = Free System

Transition Probability
P —(t) = 57712 Sin2 [\/(5m2—|—V2 t} e Tt
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Restricting GU'Ts

Examples:
- Babu,
TeV-scale seesaw mechanism BlhupaliDey
for neutrino masses in 1()10 i 1()11 sec Mz’;gg;)tm
SU(Q)L X SU(2)R X SU(4)C
SO(10) seesaw mechanism 10° — 1012 Miittra
with adequate baryogenisis = Sl (2012)
. - - Nussinov,
Extra-dimensional partlcles = 108 sec Shrock
above 45 TeV o

Estimates for ruling out large classes of GU'Ts

T SR



Experimental prospects

S » » Annihilation
neutrons

Neutron-antineutron annihilation signals

Many

neutrons +

antineutron

(“Zero background”

Primary channel nn — 57 ,
signal)

Two Types of experimental searches



Experimental progress

1. Neutron-antineutron annthilation in nuclei

Straight-forward question:

Why have we not annihilated yet?

2
Crude Answer: Limited time P 1 = i At
neutron is free” in nuclel e Ay
Friedman, : oo\ T, 2
Gal  -Nuclear suppression: 7y = (3 x 10%) 22
2008 SEC

Super-K bounds (2011) 7nm > 3.5 x 10° sec
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Experimental progress

2. Free, Cold neutron annihilation with target

Designed to:

1. Maximize number of neutrons
2. Minimize energy of neutrons

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

Minimize external Most model-independent
potential measurement

ILL bound (1993) Tom > 0.86 x 10° sec



Experimental prospects

Cost Estimates (Project X meeting, June 2012)

Tom = 3 x 10° sec:  ~ $10 million

Y

Tom = 1 x 10 sec: > $200 million

N\

Bottom line: Lattice allows for rigorous,

first-principle understanding of QCD input



Origin of Oscillations
OnoO

BSM

O
l cBsM W) Running of
BSM interaction
Weak @ Q to nuclear scale

l cQop (1)

Nuclear 1

T’)’LTL

= om = cpsm(p)cqgep(p)(m|Oln)



Where Lattice Can Help

Is BSM running non-perturbative?

- Model-dependent (assume pert. models for now)

Is QCD running non-perturbative?

- Should be calculated (pert. running reasonable)

What 1s neutron-antineutron matrix element?

- Inherently non-perturbative question

What 1s eftect in nucle1?

- Very interesting, VERY hard question
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Six-quark Operators

Rao, Shrock (1982)
Three pairs of quarks:

uwl Cu ot 04 004

Q U%:Cd[, or u%CdR

s
F@’jklmn — €mik€njl A5 Cnik€myl 2z €mjkC€nil < €njkC€mil

a
F@'jklmn — €mijEnkl S €nijEmkl



Six-quark Operators

Rao, Shrock (1982)

XZ:L,R

01 . ( ZXl CU]Xl ) (deQ CleQ ) (dT CanS )

X1X2X3 11klmn

_( g;(lCdJX1)(ukx Clez)(dT Cd”XS) 11klmn

2 IE
e OX1X2X3 = ( ZX1CdJX1)(U’kX2 Cle2)(de3 Cd’nXB) 11klmn
S
Fzgklmn — €mik€Enyl =5 Cnik€myjl Ei CmjkC€nil e €njk€mil

a
Fzgklmn — €mijEnkl s €nijEmkl



Six-quark Operators

Rao, Shrock (1982)

OXlLR e OXlRL
= A e O]

01

Nl X2 ( @Xl

CU’JXl)(d Cle2)(dT Odnx:s)

11klmn
i
. ( zx1CdJX1)(ukX Cle2)(d Cd”XS) 11klmn
3 I8
e 0X1X2X3 = ( ’LxlchXl)(ukxg Cle2)(de3 CanB) 11klmn
F@S]klmn — €mik€njl i Cnik€myjl g CmjkC€nil i €njkCmal

a
Fzgklmn — €mijEnkl s €nijEmkl

|8 Independent Operators



Six-quark Operators

Rao, Shrock (1982)

OXlLR e OXlRL
e T e D

01 . ( ZXl CU]Xl ) (deQ CleQ ) (dT CanS )

X1X2X3 11klmn

_( g;(lCdJX1)(ukx Clez)(dT Cd”XS) 11klmn

3 75
e OX1X2X3 5 ( zx1CdJX1)(ukngle2)(dmngan3) 11klmn
F@S]klmn — €mik€njl i Cnik€myjl g CmjkC€nil i €njkCmal
a’ P o o o o ® ® (]
Lijkimn = €mij€nkl + €nij€mpl Caswell, Milutinovic,

Sejanovic (1983)
|8 Independent Operators » |4 Indep. Operators



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU(3). ® SU(2) @ U(1)y :

Restricts operators to:

-All combination of right-handed singlets
P1 = (uirCusr)(drrCdir)(dp RCdnr)T S kimn = ORRR
B — (U?RCde)(UZRCle)(d%RCan)Ffjklmn = Okpp

e = (U?RCde)(UgRCdZR)(d%RCan)F?jklmn = Okrr



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU(3). ® SU(2) @ U(1)y :

Restricts operators to:

-All combination of right-handed singlets

-Flavor anti-symmetric combinations of left-handed doublets

Py = ([qa]wc[qﬂl]x)(UZRCle)(dszCan)F?jklmnewx = QO%RR



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU3). ® SU(2) @ U(1)y

Restricts operators to:

-All combination of right-handed singlets

-Flavor anti-symmetric combinations of left-handed doublets

734 = ([qij;)]wc[qjl;]x)(UZRCle)(dTRCCZ”R) zgkl'rn/rzewaC = 2CJ%RR

Ps = (la:ic]" Clajz)*)([gkL)? Clair)]* ) (dmrCdnr) T pimne " €"* = 407 g



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU3). ® SU(2) @ U(1)y

Restricts operators to:

-All combination of right-handed singlets

-Flavor anti-symmetric combinations of left-handed doublets

P4 = ([qij;)]wc[qjl;]x)(UZRCle)(dTRCCZ”R) zgkl'rn/n,ewaC = 2(I)%RR
Ps = ([0;.]" Cla;r])") [0k L)Y Clair) ) (din RO nr)T Gjimn€ " € = 407 1 i

Be—artCn Do ECiun Bl Gl nE 7 (et Eciie
= 4(0}/LR > O%LR)



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU(3). ® SU(2) @ U(1)y :

(Six Operators)
By = O}%RR
2= O%%RR
Py = O?%RR
=000
Ps =403 1
= 4(OiLR = O%LR)

Matrix elements cannot be calculated perturbatively



Six-quark Operators

Rao, Shrock (1982)
If invariant under SU(3). ® SU(2) @ U(1)y :

(Six Operators)
== O}%RR
(Four Operators) P2 = Oxgg

Caswell, Milutinovic, = O?%RR
Sejanovic (1983) =000
ooy Ps =4Orrr — OiLr)

Matrix elements cannot be calculated perturbatively



Six-quark Operators

Rao, Shrock (1982)

If invariant under SU3). @ SU(2)r @ U(1)y :

(Six Operators)

= ORRr
(Four Operators) = O%kpp
Caswell, Milutinovic, = O?%RR

Sejanovic (1983) R — QO%RR
P = —3Ps Ps)= 407 1p
e =) Ps = 4Or1r — OirLr)

S RIS

Matrix elements cannot be calculated per

urbatively



Current Understanding of
Matrix Elements

MIT bag Model: (Rao, Shrock 1982)

-Model dependent estimation

-Results roughly consistent with DA
-No OCD mput

Lattice Motivation:
-Numerical QCD calculation
-Quantification of uncertainties

-Pinpoint target sensitivity for experiment
-LLarge enhancements/suppressions?



[Lattice Calculation

Correlation Functions via path integral:

= / U] O det(Dyp(U))e=5¢ D)

N

r - Cron(ti,t2) O (t) C(te) Oty + )

— (n|O
Gl Ol Gt e




Lattice Contractions
Propagator Contractions:

72 (y) ¢ () = S *(y, z) ST = 5575
b |

Cnn ()




[Lattice Contractions

| =] T =12
No
CN(‘)N(tlv t2) > - Dis.
Diagrams

Two measurement

1 Propagator

AlLL time insertion



[Lattice Contractions

T = —11 7= G- by
No
CN@N({;17 t2) 5 < DIS
Diagrams
1 Propagator Two measurement
ALL time 1nsertion
e E=L =
Typical (]):f.ten
. 1S.
S'POIDt Diagrams

One measurements
2 Propagators

=N

One time 1nsertion



Neutron Blocks

Construct sink-contracted neutron blocks:

GC=lE .
\ |  Project onto
B0 N S erla—e

lattice irrep

9e

P E N = Obicet # N? times smaller than prop




Neutron Blocks

Construct sink-contracted neutron blocks:

o, 1 .
\ —— Project onto
B, 7 = Z e lattice irrep

9e

P E N = Obicet # N? times smaller than prop

5,,l/

12

Indep. Oa7ﬁ7’77577770- /r]/’ m/

Contractions \ :
[y
§ ' ’7/, ]C/ g ,n



Executive Summary

Advantages of Neutron-Antineutron calculations

For same cost:

More Statistics

All Operator Insertions
No Quark Loop or Disconnected Diagrams

Disadvantages of Neutron-Antineutron calculations

Potentially Worse
Signal

More Propagator

Multiplications



[Lattice Details

— 322 x 256 anisotrpoic clover-Wilson lattices

— My ~ 390 MeV
— a; ~ 0.04 fm, a, ~ 0.125 fm

— L ~4 fm
— 159 configurations (every 4th trajectory)

— 7268 propagators (Gaussian smeared sources)



Nucleon Eftftective Mass

Eff. Mass

CNN(t -+ 1)
Cnn(t)

My = 1.148(=

-0.0088)(+0.0048)(—0.0068) GeV



IN- NBar Matrix Element

= e =

=Te e
= | MWH
T




N-NBar Matrix Element

i1 = al 99 t1 = 40

Ny -Thll A

o 0 J I o o 0 o 0 A1
i | Rl
5.x107°F l sAsb o Ol - 1 -5.x107'%F HH
9 | i i iy, S - " s e —97 B e B, . o St e ' il i B N et i —97 i S S i PO el i, |
1.x107 10 20 30 40 50 60 70 —1.x107, 10 20 30 40 50 60 70 —1.x107, 10 20 30 40 50 60 70

=48 t1 = o0 =0




Possible Systematics Studies

Hosts of systematics can plague nucleon three-point functions

I . }% .+ 3.1 1) Volume Effects

I IR R R
B ﬁ } : : : | 2) Excited State Effects
e * | 3) Renormalization
@ RBCN =2+1 DWF _ ; :
|+ RBCN2DWF 1 4) Signal-to-noise

0417 | » LHPCN =2+1 DWF/MILC
- ETMC N_=2 TMF

| ocoseN 2w { 5) Statistics
| | * PDG 2008 |
OIIIIOI.1IIII0!2IIIIOI.3IIIIO!4IIIIO.5
m_* [GeV’]
Renner, Neutron-antineutron calculations
arXi1v:1002.0925

are a fantastic testing ground! !
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Variety of Three-point analyses

Examined here:

1) Single source-operator separation

2) 2D Correlated Fit (source-op & op-sink)

3) Folded Single source-operator separation

4) Folded 2D Correlated Fit (source-op & op-sink)
5) Summation Method

To be explored:
1) Three-point matrix-Prony
2) Other Suggestions?



One Separation Fit

t1 = 30
1.x107° e
5.%107" || ]|
e 0
~5.x10710
-1x10% g a0 a0 "40““ 50 60
2]

G N SO Rp PR i
x? /dof = 0.423




2D Correlated Fit

50

30 < t; <40
10 <1y < 24

o NIOrpp Ny = (4671269

x> /dof = 0.168

1.19
0.49

Belg




Folding

i1

50

10




Folded One Separation Fit

t1 = 38
<100
5 1010l
glifi
B 0 protizill
5.x10
X105 g0 20 30 40 50 60
o

CL6<N|O}%RR‘N> — (252 —E 1381_832) X 10—10
2 /dof = 0.692




Folded 2D Correlated Fit

A0S |
5.x10 10“" “
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Of “ H’l o R |
—5.><10—10“
B S > 40 50 60

10 <19 <24
S s e
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e dof—0:321




Summation Method

Y "Rt ts — t) 2= ¢+t (N|O|N)
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Capitani et al., 2012, arXiv:1205.0180
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S(ts)—-S(ts—1)

Summation Method

X108 ———
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All results for Orgrr

One Sep. —t .

2D ok @

Folded
One Sep. :: °

Folded
2D

Summation : o

~2.x10710 0 2.x1071% 4.x107"° 6.x107° 8.x107'° 1.x10°°
a’(<N|(O"ggrIN>)




All results for Ozgrr

One Sep. — o

2D =8 @

Folded
One Sep. ——

Folded .
2D

Summation

~4.x1071% —3.x107"% —2.x107"° —1.x 107" 0 1.x107'%  2,x107"°
a’(<N|(O*)rrrIN>)




All results for O%zp

One Sep. . .

2D I b O

Folded
One Sep. e

Folded .
2D

Summation

~3.x1071% —2.x107"% —1.x107° 0 1.x1071% 2.x1071° 3.x1071°
a°(<N|(O°)LrrIN>)




All results for Oirr

One Sep. : : .

2D = 9

Folded
One Sep. ——

Folded .
2D

Summation

~3.x1071% —2.x107"% —1.x107° 0 1.x1071% 2.x1071° 3.x1071°
a°(<N|(O°)LrIN>)




Preliminary Results
Lattice (Bare) MIT Bag Model

(m|P1|n) 0.51 4 0.47+012 _6.56
(n|P2|n) —0.15 4 0.1070:02 1.64
(M| Py|n) —0.03 £0.18+0:% —6.36
<m735 \n} —0.02 £ 0.1175 03 9.64
x107° GeV® x107° GeV®

Still multiple important lattice systematics



Systematic Effects

Unphysical Pion Mass
- No chiral extrapolation (yet...)

- Near physical point enhancements?




Systematic Effects

Unphysical Pion Mass
- No chiral extrapolation (yet...)

- Near physical point enhancements?

nn scattering:



Other Systematic Eftects

Renormalization/discretization effects

- Most violent case should not occur

No lower dimensional AB = 2 operator

- Perturbative and non-perturbative
renomalization needed

Six-quarks would imply:

(N|OIN) = ZR(N|OIN)bare



Future Outlook

Currently in progress:

Independent analysis checks
L =20, 390 MeV pions

L = 32, 240 MeV pions

[Lattice Renormalization

Near Future:
More Statistics

Chiral Extrapolation



Future Outlook

Feasible in the next few years:

Physical Point Calculation

Chiral Fermion Calculation

Construct Variational Basis
Low-mode/all-mode averaging

Separate wall sources?




Final word

Exciting times for
Neutron-antineutron oscillations!

Physically:
-Can unveil new physics or provide stringent constraints

-Proposed experiments can finally probe region of interest

[attice:

-Can rigorously pinpoint bounds from various GUT theories

-At the same time, calculations can tully address
systematic effects for nucleon three-point functions
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