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VWhat we know

Neutron

8o

|) There exists a baryon-antibaryon asymmetry

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)

Antineutron

“Hints” can strongly constrain how the Universe evolved
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Nleutron-antineutron schematic
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Can learn about new physics by measuring transition rate



Iwo search channels In nuclear physics

AB| =1 ALl =1
*
Myp ~ 10" — 10" TeV e » @ @
Leading Effective interaction: 1
i LP T

INIE U IRON=ANTINIEUTIRON
aBI=2  jALi=0
*
Myp ~1—1000 TeV »

Leading Effective interaction: 1
B—L+#0 NP
* Can be altered significantly by details of new physics




Enter neutron-antineutron transitions!

'y R
\ &

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).”

N-NBar: AB| =2 AL|=0 |B-L|=2

Sensitive to different possible B-violating processes

PROTON DEGCAY

- Insensitive to process where |AB| > 1

- Insensitive to processes independent of L |AL| =0



Basic 1dea

New physics leads to neutron-antineutron mixing

| 1 :
6m (From new physics) Tht— X ~ 1 i

For no external interactions:

e o) (™ L hs

Transition Probablhty ° e e

P, ,7(t) =sin® (dm t)e

1
T T
om




Model Estimates

Examples: Tni
Babu,
TeV-scale seesaw mechanism Bhupal Dev,
for neutrino masses in 300 SR 3000 yea’rs Mohapatra
SU(2)1, x SU(2)r x SU(4). e
. Babu,
SQ(IO) seesaw mechamsITl == 307 000 years Mokaoons
with adequate baryogenesis (2012)
Certain extra-dimensional particles b 3 years Nsu;:;riv Wiljsgl’ow
(2002) (2010)
500 - 1000 TeV Scalar extensions Galls
] Ornal,
to SM without proton decay 1 O 1 OOO years FWise
(2012)
S R MFV SUSY Low Scale Gravity
OtherS: hp % tﬁl/o 48666%;11 Csaki, Grossman, Heidenreich Dvali, Gabadadze = Siaes
e arXiv:1111.1239 PLB 1999

Estimates for confirming/ruling out large classes of models

i 0 a0 = S0 Eyeans
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Examples: Tn
Babu,
TeV-scale seesaw mechanism Bhupal Dev,
for neutrino masses in 300 i 3000 yea’rs Mohapatra
SU(2) 1 x SU(2)r x SU(4). e
: Babu,
SQ(IO) seesaw mechamSITl == 307 000 years Mohapatra
with adequate baryogenesis (2012)
Certain extra-dimensional particles b 3 years Nsuﬁi;riv Wiljsgfow
(2002) (2010)
500 - 1000 TeV Scalar extensions Il
-~ Ornal,
to SM without proton decay 1 O 1 OOO years FWise
(2012)
S R T MFV SUSY Low Scale Gravity
OtherS: hp % tﬁl/o 48666%(; Csaki, Grossman, Heidenreich Dvali, Gabadadze = Siaes
e arXiv:1111.1239 PLB 1999

Uncontrolled NDA estimabes for QCD mabrix elemenk

Estimates for confirming/ruling out large classes of models

i 0 a0 = S0 Eyeans



Experimental Basics

Many
» neutrons + » Annihilation

antineutron
Neutron-antineutron annihilation signals

Many

neutrons

Primary channel 771 — O 70 352‘ /“\
Crystal Barrel 30;_ | \
experiment 25;_ / \
Q0 <8 | |
ﬁﬂ 1
| / \
N . (S N

Two types of experiments o



Experimental Progress

1. Neutron-antineutron annithilation in nuclei

A human contains roughly 2 x 10%® neutrons
Straight-forward question: Why?
Why have we not annihilated el T e eI
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1. Neutron-antineutron annithilation in nuclei

028

A human contains roughly 2 x 10*° neutrons

Straight-forward question: Why?
Why have we not annihilated yet? — Tna < Touclei

Precise answer Is a difficult nuclear structure question

2
@ snew irom QM:  Tnuclei ™ Ty

Crude estimate: Primary dimensionful scale binding energy Epg
1 4 x 10>

G — ] Tf,%ﬁ * [R] — = KEnergy * R~ Eg ~ 8 MeV =~ e

time
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Experimental Progress

1. Neutron-antineutron annithilation in nuclei

H50
Super-K bounds (2011)

Tl avesiies

SNO Laboratory
1,100 tons of heavy water

EEETEny—— D.0— I

Tnn > 57 years (Preliminary)

s
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1.6 x 1039
year

Friedman,

Gal
2008

3.7 —9.3) x 10%

year



Experimental Progress

1. Neutron-antineutron annithilation in nuclei

H50
Super-K bounds (2011)

Tl avesiies

B

SNO Laboratory
1,100 tons of heavy water

EEETEny—— D.0— I

Tnn > 57 years (Preliminary)

/

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

s

1l

1.6 x 1039
year

Friedman,

Gal
2008

3.7 —9.3) x 10%

year



Experimental Progress

2. Free, Cold neutron annihilation with target

Cold n-source
25 D2

» fast n,y background

Bent n-guide *®Ni coated,
L~63m,6 x12cm?

HFR @ ILL
57 MW

H53 n-beam

~1.7-10" n/s Focusing reflector 33.6 m

Flight path 76 m
<TOF>~0.109 s

Detector:
Magnetically Tracking&
shielded Calorimetry

95 m vacuum tube

v ~600 m/s

Annihilation

target 91.1m
AE~18 GeV Beam dump

~1.2510"n/s

[LLL./Grenoble (1993)



Experimental Progress

2. Free, Cold neutron annihilation with target

Designed to:

1. Maximize number of neutrons
PR linimize energy of neutrons

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

Most controlled
measurement

Minimize external
potential

ILL bound (1993)
Tni > 2.1 years




Experimental Progress

2. Free, Cold neutron annihilation with target

D681gned tO. Lots of recent discussion:
Gardner, Jafari (2014)

: ; Babu, Mohapatra (2015)
1. Maximize number of neutrons el ate (2015)

PR linimize energy of neutrons
3. Maximize time of ﬂlght talks last week

4. Minimize External Magnetic Field <

Most controlled
measurement

Minimize external
potential

ILL bound (1993)
Tni > 2.1 years




Experimental Prospects

NNBarX:

First Stage: T el aneriis

(2-3 years)

Second Stage: Tpa > 3000 years

Discussions ongoing for other new high-
flux, low energy neutron experiment...
(see Yuris talk last week)



Origin of Oscillations

o 2 Xl Running of

e BSM interaction
to nuclear scale
CiBSM (NBSMa ,UW) 1
MNP

) A i
Weak @QIQ & = Cogna (kB w)chon(w, Agop)

coop(w, Aoep)
1 1 Siess :
_— 5m r— —M5 E CZ <n‘02’n>

Nuclear

A6 %



Origin of Oscillations
e ° Running of

BSM

e BSM interaction
to nuclear scale
CiBSM (LBSM, bW ) 1
MNP

chep(pw, Agep) 1 : |
— =dm=—7%) c[n0'n)

Nuclear

Non-perturbative

ASY\ 5



VWhat can we say without supercomputer?

Answer: Dimensional estimate not reliable

Strong Physics How much can we trust?
Baryon & Meson Masses ~ m,, Within factor of 2, at best
Proton Decay Matrix Element ~ mi Within factor of 4, at best
Neutron-Antineutron Matrix Element ~ mg Within factor of 64, at best




VWhat can we say without supercomputer?

Answer: Dimensional estimate not reliable

Strong Physics How much can we trust?
Baryon & Meson Masses ~ m, Within factor of 2, at best
Proton Decay Matrix Element ~ mi Within factor of 4, at best
Cannot quarantee better withoukb
Neutron-Antineutron Matrix Element ~ mg Within factor of 64, at best

first-principles calculation
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Six-quark Operators

Rao, Shrock (1982)
Three pairs of quarks: 2us 4d’s

or ulCd or i ter

or T
drCqR
* 36 @ 6(:
T (kY fmn) = €mik€njl T €nik€mil T Emik€nil T Emil€njk l. C6, Q6. R 6,

L1ig) ki) {mn} = €mij€nkl + €nij€mki l. C 3. ® 3. & 6,



Six-quark Operators

Rao, Shrock (1982) i

O, — (@, Cuy ), (i Oy (e, Cl ) ST

@ — (U Ody)o; (U Cdy ) (e Cdn i

X1X2X3

a O>2<1X2X3 = (U?Cdj))(l (UZCdl)X2 (d50dn)X3T{zg}{kl}{mn}

# of operators: g



Six-quark Operators

Rao, Shrock (1982) i

O, — (@, Cuy ), (i Oy (e, Cl ) ST

a O>2<1X2X3 = (U?Cdj))(l (UZCdl)XQ (d510dn)X3T{ZJ}{kl}{mn}

@ — (U Ody)o; (U Cdy ) (e Cdn i

X1X2X3

# of operators: >{ | 8
T
OX;[LR o C/)XlRL
piaal ol
O



Six-quark Operators

Rao, Shrock (1982) i

O, — (@, Cuy ), (i Oy (e, Cl ) ST

@ — (U Ody)o; (U Cdy ) (e Cdn i

X1X2X3

a O>2<1X2X3 = (U?Cdj)X1 (UZCdl)X2 (d;z?;Cdn)X?,T{fL]}{kl}{mn}

# of operators: >{ ){ 4

i at ik
Oarr=Car g2 ol _ 303
02’3 02’3 oop oop oop
B B e 0 g Caswell, Milutinovic,

Sejanovic (1983)



Six-quark Operators

Rao, Shrock (1982) i

O, — (@, Cuy ), (i Oy (e, Cl ) ST

@ — (U Ody)o; (U Cdy ) (e Cdn i

X1X2X3

a O>2<1X2X3 = (U?Cdj))(l (UZCdl)X2 (d50dn)X3T{zg}{kl}{mn}

# of operators: 7

Transition flips parity

L < R



Six-quark Operators

Rao, Shrock (1982) i

O, — (@, Cuy ), (i Oy (e, Cl ) ST

a O>2<1X2X3 = (U?Cdj))(l (UZCdl)XQ (d510dn)X3T{ZJ}{kl}{mn}

Oil)(QXg B (u;ierj)Xl (U£Cdl)X2 (d£Cd’n)X3T[’Lj][kl]{mn}
# of operators: X 4
Transition flips parity SU@B).®@S5U2)L @ U(1)y

L < R



Operator Symmetries

MIB, M.Wagman (2015) Special thanks to B. Tiburzi

Chiral properties important for renormalization and EFT calculations

v (“) D, = WCPr2p) DA = (WOPyir*ry)

Q1 = (YO PRit>y)(WC PriTy) (C Prit?r 1) TAAS

Chiral Basis| Fixed-Flavor Basis |Chiral Tensor Structure |Chiral Irrep
Q1 O%RR DRDRDETAAS (1L> 3R)
Q2 Oirr D D DS (1,3r)
Qs O%Lr I ID IOIR T (1z,3r)
Q4 4/5 O%RR +1/5 OJI%RR D?%HTSSS (1z,7r)
Qs ORrLL 1D ID RS (5.,3r)
Qe O%?,LL D%D?FTSSS (5L, 3R)
Q7 |2/301r+1/3 0Lk DDy T""" (5z,3r)
Q1 W S S D) e (12,3R)
Qs L3O s LRI - DD D (1z,3R)
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Operator Symmetries

MIB, M.Wagman (2015) Special thanks to B. Tiburzi

Chiral properties important for renormalization and EFT calculations

v (“) D, = WCPr2p) DA = (WOPyir*ry)

. 1
AB __ AmnB ABYCNC
el Dy° =Dy'Dy) — S0P DYD;

- 1
ABC _ n{ApBNHC AB{CDpD ACy{BDD BC{ApnDD
|SOS|DID—3 Dy :D>{< DXDX}_g [5 D>{< DXDX}+5 D>{< DXDX}+5 D;{c DXDX}]

Q1 = (YO PRit>y)(WC PriTy) (C Prit?r 1) TAAS

Chiral Basis| Fixed-Flavor Basis |Chiral Tensor Structure |Chiral Irrep
Q1 @t 1) I0 DA (11, 3R)
Q> Oirr D) IR D
Qs O%Lr I ID IOIR T
Q4 4/5 O%rr +1/5 Okrr E i

/ Q5 O}%LL ,DEDL'—_FTSSS

( )
( )
( )
( )
i N @ DDl (52,3r)
gauge INv. [———" 0> NSO o L O L R P (52,3R)
( )
( )

in D=4 é3 1/3 Oir —1/3 OLrr DLDLpgTSSS




And so our quest began..

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

Initial Lattice QCD calculation:

Pion Mass: 390 MeV (Note: Physical value ~139 MeV)
Eamilcetpacing U125 im

EalleeE dents ). 5. 0m (Number of sites: 203 x 256)
MERRliass < | attice Extent: 4.3/5 (Note: Typically > 4)

Measurements: 57,500  (Note: 1150 cfg sep by 5 tu)

Anisotropic Clover-Wilson lattices
with anisotropy factor of 3.5

(Note: Discretization information)



[Lattice Calculation

Correlation Functions via path integral:

Tl = (@ /d[U]d[

Dldp] O eiSr @) +5eU)
_ z-1 / U] O det(Dp(U))eSe®)

Approximate continuum with discrete lattice:

aq

o) - 7! / d[U] O det(Dpjar(U))e 5001 D)

L

Stochastically estimate integral via importance sampling

B . Co=(0)=Z1) Odet(Dpa(U))e Sl
U



Lattice Calculation
Correlation Functions via path integral:
P o0 / U] O det(Dygy(U))e=5¢ @)
e O ) = (NN (0) 2F (Zw)2e ™

- O (—t) = (N (—)NO(0)) 2F (Z5)%e ™

Spin -



[Lattice Calculation

Correlation Functions via path integral:
o - / U] O det(Dygy(U))e=5¢ @)

e CP () = (NDBN T (0)) 25 (Zw)2e ™
- O (—t) = (N (—)NO(0)) 2F (Z5)%e ™

Spin -
Cror(—t1,t2) = (NP (E)O0)N) (—t1)) 237 (Z g Zn ) (n|O|7)e~mn 1)

Parity + Parity-
Spin + Spin -



[Lattice Calculation

Correlation Functions via path integral:
o - / U] O det(Dygy(U))e=5¢ @)

e CP () = (NDBN T (0)) 25 (Zw)2e ™
- O (—t) = (N (—)NO(0)) 2F (Z5)%e ™

Spin -
Crnom(—t1,t2) = (NP ()00 N (—11)) 237 (Zg Zy ) e~ )

Parity + Parity-
Spin + Spin -



[Lattice Calculation

Correlation Functions via path integral:
o - / U] O det(Dygy(U))e=5¢ @)

e CP () = (NDBN T (0)) 25 (Zw)2e ™
- O (—t) = (N (—)NO(0)) 2F (Z5)%e ™

Spin -
Crnom(—t1,t2) = (NP ()00 N (—11)) 237 (Zg Zy ) e~ )

Parity + Parity-
Spin + Spin -

R ez ONON(_tl’ t2) N <ﬁ‘0‘n> O(e—EAtl) O(e—EAtQ)
Cy(—t)Cy(t2)  ZNnZR



Lattice Contractions
Propagator Contractions:

7% (v) ¢ (z) = 8¢, *(y, x) St = ~v55s




Lattice Contractions
Propagator Contractions:

7% (v) ¢ (z) = 8¢, *(y, x) St = ~v55s




[Lattice Contractions

—

u ‘tl O tz' S 0

@

Antineutron Neutron

T = = ae—1() T = 19

Cyon(—t1,t2)

Two measurement

1 Propagator

AlL time insertion



[Lattice Contractions

o _. ., 8@
O

Neutron Neutron

T:—tl

Typical

3-point

2 Propagators »

S P’ ALL time 1nsertion

@
N
4 One measurements

One time 1nsertion



[Lattice Contractions

—

u ‘tl O tz' S 0

@

Antineutron Neutron

T = = ae—1() T = 19

Cyon(—t1,t2)

Two measurement

1 Propagator

AlL time insertion



Neutron Mass

CN(t S 1) t— o0

BN s ss — ln N
Cn (1)




Neutron Mass

- —
0.24] __ I J

0.22! l 1l .
0.20} i{ ] {{ L]

(7)) |
S 0.18|
s 7

5 0.16}
0.14}
0.12‘ NMeasz 500
0104020 30 40 50 60 70

CN(t ‘|— 1) 1 — o0

Eff. Mass = In > My,
Cn (1)




Eff. Mass

Neutron Mass
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Neutron Mass
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Eff. Mass
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N-NBar Matrix Element
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| e e
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A multitude of fits

tl’z)oo <fﬁ,‘0]n

b= 24
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o
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1000 H:I””EE%&{HH“H {
, ;¥
- | 3
~1500 ,
2000 h ol ee
| @ @
: Antineutron Neutron
00 0 20 a0 40 50 60
I
n|On 5
a6< Oln) B o 35+43 v [dofi—uE20

R 7



A multitude of hts

tl,tg—\>oo <'ﬁ/‘0‘n>
7

i Zn T~ t1,2 =11 = 12
~500 I
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o j l } |
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: : 02" 8
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A multitude of fits

g A o "'
~500 [] l" 7 ‘ I .
1000 7 - Hl :
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—2000
00 0 a0 40 50
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A multitude of fits
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A multitude of fits
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Difterent fits agree

One Sep. w—e——

Diagonal +—+e—

2D
Diagonal

[ |

~1500 o ~1000 o 500
as°(<N|OIN>)/(ZyZy)




Preliminary (Bare) Results
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Back to the big question...

Namely, what is the overall scale? @ =

Reminder: (7|O|n) ~ Adep

Unfortunately, requires much additional work to extract reliably

Analytically - Two loop QCD renormalization & one loop matching
Numerically - Full non-perturbative renormalization

OMS _ [FMS ZMS(PO) 7MOM Obare
(,U) it (:u pO)ZMOM( O) latt ( ) latt
cont \ ke :

Agcp < po < .

. Corrections: O(apo), O(g(po)?) .



Perturbative Renormalization
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Perturbative Renormalization
8517 | attice

CIEICIOCININES SR - AR

Up " (s ma)U; ™ ma ma) U7

Ur(1,po) = Wi Ny=5
S O S o) for my < po < my

(mw,po) for me < po < my



Perturbative Renormalization

BSM L attice
o= ZCI(M)QI(M) 15 — ZC}MS )Ur (1 po)@F (po)

o U;VfZG(Mamt)Ujvfﬂ(mt mb)UN 4(
= = N;=5
UI (:uvmt)UI ;

my,po) for me < py < my
(me, po) for my < po < my

(0)
—Yr /280 (0) (1)
N; (1)) B = ©@as(po) | [ Br r | as(p2) — as(u) 2
UI (/Ll,ILLQ) T (Cks(,lh)) []‘ 5/127POTI 47_‘_ —I_ 260 260 47T _I_ O(Oés)

One |Qop di\/er‘gent W. Caswell, |. Milutinovic, G. Senjanovic (1 983)

: MIB, M. Wagman (2015)
Iwo loop divergent



Perturbative Renormalization

BSM Lattice
e ZCI(M)QI(M) orr = ZC W U1 (1, po)Q7 (po)

i U;Vf:G(,u,mt)UINf:5(mt,mb)UN 4(mb,p0) for S, =SpyEns
U[(,U,p()) P

N¢= N¢=5
Up "= (4, me)Up ' = (s, po) for mp < po < my

(0)
—r | /280 (0) (1)
Ny  (as(p2) d = (0) s (Po) b1 B as(p2) — as(p) 2
UI (,Ul,,LLQ) T (Cks(,lh)) []‘ 5#27p07a] 47_‘_ —I_ 260 260 47T _I_ O(Oés)

One |Qop di\/er‘gent W. Caswell, |. Milutinovic, G. Senjanovic (1 983)

: MIB, M. Wagman (2015)
Iwo loop divergent

o) = 1<Q.r(0) @l (p)u; (p)dj.(p)d} (=p)dy, (=p)d5, (—p))

RI-MOM: (Q1(0) 2 (p) 2 (—p) (D) & ()1 (~p) (=) tr [PIASO)} =415

amp

A = ot w

(Qr(0) @ (—p)a} (=p)d} (0)d; (p)di (p) 5, (—)

amp



Perturbative Renormalization

B_SM Lattice

gni NS Ze AN S 5\ antt _ \ T, .
(P1): s = m (=55 k3 oy (CPR)™ (CPR)* (CPR)™ + 2TH55) 1y (CPR)™ (CPR) (CPR)™ )
(P2) it = _@ (_Tgﬁ{kl}{mn}(CPL) *(CPr)"(CPr)" + 2T (i (mny (CPL)** (CPR)"*(CPr) "5)
(o) = @ ( T5 2 0y fmny (CPL) P (CPL)Y Y (CPR)™ + 211000 rmy (CPL)* (CPL)YP(C PR) "C)
(Pa) i = _2211184 (T{ifﬁ{kz}{mn}(CPR)aﬁ(CPR) *(CPR)"™ + 3152y mny (CPr)** (CPr)""(CPR) "C)
(P )Ziyggf 2211184 (Tg}gﬁ{kl}{mn}(CPR)O‘B(CPL)WS(CPL)WC) 7
(P )%@g% - _ﬁ (T{ifﬁ[kl}{mn}<CPR) *(CPL)"P(CPL)™ + 6T[A‘]4[S]{mn}(CPR) 5(CPL)7C(CPL)"7B> :
(PO it = 73;28 (7555 ky o (CPL)™ (CPLY P (CPR)™ + 2T 1y (CPL) ™ (CPL) Y (CPR)™ )

AL () = = (@1(0) 5 () (p) AR ) (~p) T () () i

RI-MOM: + 24Qu(0) 5 ()7 (D)8 (o)} (0) 2y () () tr (PAD | = 61

amp

amp



Perturbative Renormalization

MIB, M. Wagman (2015)

5 \ (See Mike's talk last week)
FRAVANE VAR NLO
= SN SN\

Z
Z
N
O

3 diagram classes, 15 diagrams
N/ SXSZA/XTT W/
VANVANWANANANVANDAN
R S
R N I N N N 43 diagram classes, 320 diagrams
NZYZ SASYMA SK
VAN v AVA Yaw First Calculation of three diquarks
N Y T — Evanescent operators
AL AU )4\% N real complication!!
& M %\o{b{ L Flerz identities no

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

;
&

Effectively, treat all operators independently: Q1 @I Q1 — Qs



Perturbative Renormalization

MIB, M. Wagman (2015)

Chiral Basis Flavor Basis fy§0) fy§1) T§0)
Q1 O ey OF 4 335/3 — 34N, /9 101/30 + 8/151n 2
Q2 OF o O (08 2 (O ] 91/3 — 26Ny /9 —31/6 + 88/151n 2
Qs OF -, Oen 0 64 — 10N} /3 —9/10 4+ 16/51n 2
4/5 Oipr + 1/5 Orrr)
Q4 (4/5 Ornr+1/5 Ornn), |, 229 — 46N /3 177/10 — 64/51n 2
(4/5 Ofrr+1/5 O%/LL)
O%%LL? OiRR? O%LL)
O%RL? O%RR) O?%LR?
R V3 O)L . S
Qs (2/8O0L1r +1/3012n) | 238 — 14N, 49/10 — 24/51n 2
(2/307Lr+1/3 OLgy),
(2/3 Okprr +1/3 Okry),
(2/3 Okpr +1/3 OkLr)
i L2 (O = e G
Or 1/ F;RR / TRR) 4 | 797/3—118N;/9 | —109/30 + 8/151n2
(1/301rL —1/30r11)
= 113 @) e TGRS
05 (/8 OLrr = 1/3 O1r) 0 218 — 38N, /3 —79/10 + 16/51n 2
(1/3 O%%RL "Iy 1/3 O}%RL)

:

_'71('())/250
I 5#2 0o’

I

(0) @s(Po) " B17” 5
265

47

(1)
g as(pz) — as(p) 2
260 ) + O(a%)



Back to the big guestion...

Namely, what is the overall scale

, Reminder:  (R|On) ~ A&qp

Unfortunately, requires additional work to extract reliably

Analytically - Two loop QCD renormalization, EFT calculations

One loop divergent @ One loop matching @
Projection Operators @ Iwo loop running @

Numerically - Full non-perturbative renormalization

|4 operators with Extremely difficult with

delicate chiral-structure anisotropic Wilson fermions



ast leg of the raceT s

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

Physical DWF Lattice QCD calculation:

Pion Mass: 40 MeV (Note: Physical value ~139 MeV)
Bamilcetpacing U125 i

Ballce Extent 5.0 fim (Number of sites: 483 x 96)
Rletass < Lattice Extent; 3.9 (Note: Typically > 4)
Measurements; 2268 (Note: 81 cig, e

28 AMA meas per cfg)
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0.8

0.6

Meff

0.4}

0.2F

Neutron Mass

Credit: Sergey Syritsyn
mz= 140 MeV

Ny




0.6

Neutron-Antineutron Matrix elements

0.5}

0.4F

0.3}

0.2}

0.1}

0.0

[(RRR)l] — SO?RR)R

—6

0.00

—4 -2 0 2
top - (tsrc + tsnk:)/Q

—0.01p

—0.021

—0.03 ¢

(RR)2L1]" = Ol pyp

—4 -2 0 2
top - (tsrc + tsnk)/Q

2pt —mnt

@ = \[ZpZs e
Ok = Zs e ™ MH) (7| O|n)

OBt = Zp ¢~ (1442) (3Ol

Credit: Sergey Syritsyn

0.7

0.6

0.5F

0.4F

0.3+

0.2+

0.1

0.0

9 T=6
4 T=10

N T ¥ T=12 |

B8 T=8 |

[R1(LL)o| = 3O?LL)R

—6

0.014

—4 —2 0 2 4
top - (tsrc + tsnk)/Q

0.012F

0.010

0.008 -

0.006 -

(RR)2L1]® = OF g

—4 —2 0 2 4
top - (tsrc + tsnk)/z

0.0 x
9 T=6
& T=8
—0.2} 4 T=10
v T=12
—04F
—0.6 1
0.8 Y IR
' 3
[(RR)lLO] — 3O(LR)R
_10 _ ! ! ! ! !
—6 —4 -2 0 2 4 6
top - (tsrc + tsnk)/Q
0.000 :
¢ T=6
_0.005} B T=8 |
4 T=10
¥ T=12
—0.010F+ |
\ W
—0.015} i
—0.020 J
—0.025 , 5 . )
[(RR)2Lq]®) = Okrrr) T 200krnr)L
—0.030 * * * * *
—6 —4 -2 0 2 4 6

top - (tsrc + tsnk)/z

Scaled x 108, kinematic factors not divided out
T=10: ~10% stat uncertainty, consistant with T=12



Non-perturbative Renormalization



Non-perturbative Renormalization

S%.%(p) = Z e Vg% ()¢ (0) MOM: 5 =pi="r3 =p3 =pi =p: =0

Y




Non-perturbative Renormalization

Sy (p) = Z e Vg% ()¢ (0) MOM: 5 =pi="r3 =p3 =pi =p: =0
y | |
B/B/ CL:1 14 T
S]j’ (_pO)\ AR /S (po)



Non-perturbative Renormalization

Sy (p) = Z e Vg% ()¢ (0) MOM: 5 =pi="r3 =p3 =pi =p: =0
y | |
B/B/ a — 1 et 14 T
S]j’ (_pO)\ i /S (p())



Renormalization

Credit: Sergey Syritsyn
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Non-perturbative Renormalization

Credit: Sergey Syritsyn

3R

1.0}
=
= 08 2R ® 111
SE
IS Props from
= 0.6f ; Jll RBC/UKQCD
:;/ ) e e v . A HQ BBaF
N : —=—3 . N - —h— Project
I 0.4F ¥ A A
=
N . 2 2
02| Fit ~Z+aa™ $ ¢ (RRR)s ¥ ¥ Ri(LL)o
# ® (RRR)1 4 4 (RR)lLo
¢ ¢ (RR)2Ls
0.0, : n T 20 25 30

Variance between 2 - 4 GeV

Systematic error estimate: :
Y Variance between 4 - 6 GeV



Non-perturbative Renormalization

Credit: Sergey Syritsyn

1.0} SR
o = _ _
| -loop §§3’
N Props from
= U4 ; [l RBC/UKQCD
= ' . . - HQ BBar
N - A A G S Project
o04p ¥ N
=
N : 2, 2
02| Fit ~Z+aa™ $ ¢ (RRR)s ¥ ¥ Ri(LL)o
# # (RRR)1 4 4 (RR)Lo
¢ ¢ (BR)2Ly
0.0 ' ' ' ' '
0 D 10 15 20 25 30

Variance between 2 - 4 GeV

Systematic error estimate: :
Y Variance between 4 - 6 GeV



Results

Credit: Sergey Syritsyn

4 4/5 Okrr +1/5 Orrr

Obey SM Gauge R Eg L
No Contribution L
Break SM Gauge .

Differ in Pert. running .

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



Phenomenological Example

1
PR = om = <n|Heff n|)
ik o Interactions
calars
Arnold, Fornal, and Wise (2012): vere(@a L) nglch?L
(see Bartosz’s talk last week) X, € (6,1.2/3) 9/2X2 RAR
: o g1 X1urdpr

d )\X1X1X2

/11)2 11)\ ( /11)2 11)\ 3 ¥

g5 91 g5

> *X2 < * off = AMADM2 OkrR = 16 M4 02 [Q4+5Q1]
~ L >




Phenomenological Example

1

s = om = <n|Heff n|)
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Any two Levi-Civita can be written as linear combos of:
7SSS mAAS mASA pSAA  pAAA




Phenomenological Example

1

s = om = <n|Heff n|)
o Coof Interactions
calars
Arnold, Fornal, and Wise (2012): e (G 1) nX1QLQr
(see Bartosz’s talk last week) X, € (6,1.2/3) 9/2X2deR
: o g1 X1UuRdR

d AX1X1X>

/11) 1)\ (g/ll) 11)\ 3L
X, S O 1 92 e
> - i . < w7 =~y Ohan = Toapinit (%4 59
Any two Levi-Civita can be written as linear combos of:
7SSS mAAS mASA pSAA  pAAA

i 1 2 2
Assuming O(1) for the couplings: e TIE M} 4 gUl(M,po)QgiI(po)]




Phenomenological Example

1

s = om = <n|Heff n|)
o Coof Interactions
calars
Arnold, Fornal, and Wise (2012): e (G 1) NnX1QLQr
(see Bartosz’s talk last week) X, € (6,1.2/3) Q/QXQdeR
: o g1 X1UuRdR
d )\XleXz

/11) 1)\ (g/ll) gll)\ 3L
) S O 1 2 i
> - fi < * s =~y Ohon = Seapiter |90+ 501
Any two Levi-Civita can be written as linear combos of:
TSSS  mAAS ASA pSAA  pAAA

i 1 2 2
Assuming O(1) for the couplings: e TIVE ) + gUl(MypO)Q?I(pO)]

6m| = (7.26 —2.63 —0.35 —0.92 +0.41 ) x 1073* GeV
LO NLO NNLO matching NNLO running  Lattice Statistical

— (3.374+0.41) x 1073* GeV

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



Phenomenological Example

1

s = om = <n|Heff n|)
o Coof Interactions
calars
Arnold, Fornal, and Wise (2012): e (G 1) NnX1QLQr
(see Bartosz’s talk last week) X, € (6,1.2/3) Q/QXQdeR
: o g1 X1UuRdR
d )\XleXz

/11) 1)\ (g/ll) gll)\ 3L
) S O 1 2 i
> - fi < * s =~y Ohon = Seapiter |90+ 501
Any two Levi-Civita can be written as linear combos of:
TSSS  mAAS ASA pSAA  pAAA

i 1 2 2
Assuming O(1) for the couplings: e TIVE ) + gUl(MypO)Q?I(pO)]

M > (408 —34 —6 1l Lo ST
|5?’I’L| =22 X 10_33 GeV * LO NLO  NNLO matching NNLO running Lattice Statistical

M > 350£9 TeV

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

Experiment Possible factor of 100
ambiguity

Neutron Antineutron New Physics Universe

| attice

Results: (Lattice vs. Models)
Total Uncertainty within [5%

Operators 2 - 8 times larger than MIT bag model predictions



Final Roundup

Experiment Possible factor of 100
ambiguity

Neutron Antineutron New Physics Universe

| attice

LONG TERM:

More lattices and statistics

Volume & lattice spacing effects




Backup



Neutron

% VVould you believe...

.1 hat a neutron could switch to an @ @
antineutron at any time!

That this process Is predicted for
various classes of new physics?

.. 1 hat by observing this process (or bounding It), A 7
we could address questions about how the
matter filled universe exists?

Antineutron



What Is needed for baryon asymmetry?

Sakharov conditions for baryon creation:

1. Interactions that violate Baryon Number

2. Interactions that violate charge conj.
and charge conj. X parity symmeftries

3. Interactions oufside thermal equilibrium

lie— 5y — —|

4494

449




What Is needed for baryon asymmetry?

.
’l

Sakharov conditions for baryon creation:

1. Interactions that violate Baryon Number

2. Interactions that violate charge conj.
and charge conj. X parity symmeftries

3. Interactions oufside thermal equilibrium

b= =l L =-1
B=0 B =0




Start with a more familiar picture

We know unbound neutrons decay (beta decay)

CUR ¢ IS G’@wQ

Neutron Proton

Roughly |5 minute lifetime
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Start with a more familiar picture

We know unbound neutrons decay (beta decay)

o
Q0 p GO

Neutron Proton

Tells us about
/ weak physics

Roughly |5 minute lifetime




Background on proton decay

L atest bounds from water :
Cherenkov detectors e

- > 8.3 x 10° years e

50,000 tons of ultra-pure water

N

-Probes B-violation from new physics

AB| =1

Mnyp ~ 1012 — 10%° TeV

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

Effective interaction 1
75
(new physics at low energy) QAR



Uni
Ana

Back to the big question...

Namely, what is the overall scale?

» 3 Reminder: (n|O|n) ~ —

ortunately, requires additional work to extract reliably

vtically - Two loop QCD renormalization, EFT calculations
Numerically - Full non-perturbative renormalization




Renormalization: Crude Estimate
e 7
MS MS 0 MOM bar
O (:u) =U (:uva) ZMOM( )Zlatt (pO)Olaatte
cont
ZM—S(pQ) A 5 (M) Y0/2B0
. ZMOM =1 1 UMS : i [ S ]
TRIEE ILEVIEL i et () ZV0M () (14, po) G
TADPOLE-IMPROWVIED MOM S 3
7 i
TREE LEVEL: late  (P0) = Zg~ = U
! 1/4
Lepage, Mackenzie Ug = [—TI‘ UPlaq]
(1992) 3
Closer to physical U.(z) Giad,, () i UL(CU) # ualeiaAM(az)

Expansion:



Preliminary Results
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Preliminary Results

ORLL v MIT

Otrr ve
Bag ,
OLLR v
O%RrR ®
Otrr -
*Oxrr
*Oirr
RLL™
LLR "™
Okrrw
Olrr »
ORLL v
OLrr
-50 o -40 o -30 o -20 o -10 - 0)

<N|OIN> (107° GeV®)




Final Results

Z(lat — MS) ©OMS2GeV) | Bag “A” BI;S(;‘E” Bag “B” BI;L?(;‘IB),,

(RRR)3 0.62(12) 0 0 — 0 —
(RRR), 0.454(33) 45.4(5.6) 8.190 5.5 6.660 6.8
R1(LL)o] 0.435(26) 44.0(4.1) 7.230 6.1 6.090 7.2
(RR)1 Lo 0.396(31)  -66.6(7.7) -9.540 7.0 -8.160 8.1
RR)5L;]W 0.537(52) -2.12(26) 1.260 -1.7 -0.666 3.2
1) 0.537(52) 0.531(64) -0.314 1.7 0.167 3.2
RR)2L1]® 0.537(52) -1.06(13) 0.630 -1.7 -0.330 3.2

| —50 | | | 0 | | | 5‘0 | | | | 1()0

<N|O|N> (107° GeV?®)



Experimental Progress

1. Neutron-antineutron annithilation in nuclei

H,0 £ . LoRGlGR
o
Super-K bounds (2011) e
G
Tl avesiies S

B

SNO Laboratory
1,100 tons of heavy water

EEETEny—— D.0— I

Tnn > 57 years (Preliminary)

= 8 6.3) X I e S 1 ol (1996)
(85 — 87) X 1029 year_l C. Dover, A. Gal, J. Richard (1982)

ORD X 1029 year_l V. Kopeliovich and I. Potashnikova (2011)

Bingwel Long (Ph. D Thesis, 2008):
R = (3.75 £ 0.64 + 0.38) X 10z S ims

R
R
R



Nuclear Suppression

1. Neutron-antineutron annthilation in nuclei

Straight-forward question:

Why have we not annihilated yet?

- By OMY e om

V ~ O(100 MeV)
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Nuclear Suppression

1. Neutron-antineutron annthilation in nuclei

Straight-forward question:

Why have we not annihilated yet?

- By OMY e om

V ~ O(100 MeV)
(Var — Var)? + V2

Gy -
L) SN [t/ Thvoycll TNucl 2|V (s

TNucl ~ T%n What iS thiS?



Magnetic Field Limait

2. Free, Cold neutron annihilation with target
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Hamiltonian: g — (M —#-B— iA/2 om
om My + - B —iA\/2



Magnetic Field Limait

2. Free, Cold neutron annihilation with target

Hamiltonian: g - (™~ fi- B—i)\/2 om
om My + - B —iA\/2

Diagonalizing: In1) = cosf|n) +sinfB|n) |ng) = —sinf|n) + cosO|n)
om

tan(20) = ~
(20) =~

map = mp £/ (7 B)? + (6m)? — iA/2



Magnetic Field Limait

2. Free, Cold neutron annihilation with target

Hamiltonian: g - (™~ fi- B—i)\/2 om
om My + - B —iA\/2

Diagonalizing: In1) = cosf|n) +sinfB|n) |ng) = —sinf|n) + cosO|n)

tan(20) = _}(5m_)
p-b

map = mp £/ (7 B)? + (6m)? — iA/2

Transition prob. : Pa.a(t) = sin®(20) sin®[(m; — ma)t/2)e ™™



Magnetic Field Limait

2. Free, Cold neutron annihilation with target

—

Hamiltonian: g — (m” S LB om
om My + - B —iA\/2

Diagonalizing: In1) = cosf|n) +sinfB|n) |ng) = —sinf|n) + cosO|n)
om
ji- B

(A0 —

M1 = Mp T \/(ﬁ- B)2 + (6m)2 — i\/2
Transition prob. : Pa.a(t) = sin®(20) sin®[(m; — ma)t/2)e ™™

When: [|dmlt< |i- Bt < Xt < 1 £~ 0.1 sec

Pocsnlt) ~ (267 (L ;mZ)t)Q ~ ( 52)2@- B )% = (6m 1)?




Preliminary Taste

Rao, Shrock (1982)

Lattice (bare) ~ MIT Bag (1) MIT Bag (2)

(n|O% grIn) 1 1
(n|OF grIn) :
FOLLRIM o576 £0.012F001 0758 —~0.746
(7|03 ppln) s | |

— 1

EZ ggRlei 0.222 + 0.00970-001 —0.858 0.245

LRR

(|Okprl") 300 4 0.00810000 (.56 —0.489
(n|OF grIn) | e .

MIT Bag Model - Substitute QCD with quarks in sphere



