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Baryogenesis and Broken Symmetries

Why does Universe have
More Matter than Antimatter?

10,000,000,001

Baryon (alternatively:
number-changing leptogenesis

. . + sphalerons)

interactions :
neutrinoless

proton decay, beta-decays

neutron oscillations
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.
Baryogenesis and Broken Symmetries

Why does Universe have "BTMNB _6.10"10
More Matter than Antimatter? Ty

10,000,000,000

Violation of CPinvariance, C asymmetry, and baryon asymmetry of the universe
| A.D. Sakharov

(Submitted 23 September 1966) . .
Pis’ma Zh. Eksp. Teor. Fiz. 5, 32-35 (1967) [JETP Lett. 5, 24-27 (1967). natively.
AlsoS7, pp. 85-88] genesis

alerons)

Usp. Fiz. Nauk 161, 61-64 (May 1991)

ytrinoless
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Literal translation: OutofS. Okubo’s effect
At high temperature
A fur coat is sewed for the Universe
Shaped for its crooked figure.

Gravitational ¥

out of
equlibrium

(electric dipole moments
of p, n, e, nuclei, atoms)
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I——————
Does the Proton Decay?

~ Missing piece of Grand-Unified Theories
~ Limit on nuclear matter stability

Soudan Frejus IMB Super-K Hyper-K

poretn’| g —

minimal SUS)

~ minimal SUSY SU(5)

+ 0 . T ——
- flipped SUS)

p—e'm
predictions

© SUSY SO(10)

6D SO(10)

 non-SUSY S0(10) Gazeo

p— et K"
p—>,LL+KO
n— vK°

 DUNE (40 ki)
p— KT oy

minimal SUSY'SU(S) E

: : ool :non-minimaISUSYSU(S) | D i T o

p— KT D W 3
d_ t : o : : R
predictions - SUSY SO(10) S Super Kamiokande

32 33 34 35
10" 10 10 10 10

/B (years) [LBNF and DUNE CDR, R.Acciarri et al (2015)]

© Expected x10 improvement on lifetime limit from Hyper-K , DUNE
© Better sensitivity to p = VK" that affects supersymmetric GUT models
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Proton Decays and Grand Unification

~ GUT boson mass
33
Proton lifetime in [N 1.4 -10%" years . ( Agur )4
a Grand Unified Theory Br(p — ©f) er|2 - |<7T|Odecay|p> ‘2 1015 GeV
O(1) coupling / \ decay amplitude
at Acur at nuclear scale
ordinary GUT supersymmetric GUT

Effective 4-quark interaction
Leg=)Y CrOr + hec
1

Or = e(Gi° Py, 43)((° Py, q5) =I5 OF,

Decay matrix elements (Wo,1); [S.Aoki et al, PRD62:014506 (2000)]

IOV IN(E) = 26, (0) Pe [Wo(—a") — W1 (~¢%)Jun (k)

Sergey Syritsyn Lattice QCD and Fundamental Symmetries RBRC 25th Anniversary, Jun 22,2023



Sergey Syritsyn

Protons Stable due to Topology?

Why NO proton decay seen ?
more complicated GUT scenario ?
other BNV mechanism ?
small decay amplitude
due to nucleon structure ?

q1 qs

"quark pudding”  (vac
estimate: 4 ¢

N)

<V&C|03q‘N ~ p2/2\/v ~ V—N ~ 0. OO4G€V3

(TT|O3| N ~ (vac|O3|N)/ f, = 0.03 CeV?

However, if the proton is a "Chiral Bag"
[A.Martin, G.Stavenga '12]
proton decay = quantum tunneling
of skyrmion over topological barrier

decay rate sensitive to Rgag, quark masses;

may be suppressed ~ O(104) — O(10-12)

chiral condensate
orientation ’ ‘ﬁ ff

(¥ ¢b> N V5

Skyrmion f f t }
(fig. [Zhang et al])

Free-Quark "Bag"

"Chiral Bag" Model

VA -V

Uncertainty can be addressed only by a realistic ab initio QCD calculation

Lattice QCD and Fundamental Symmetries
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-
Hadron Correlators in Lattice QCD

glupn fields
Quarks and gluons Ug< U, = "9 %A \
on a Lattice o ‘
4D Euclidean space Up| < Up %(Szi;)jﬂ)” T
discretized action "
controllable extrapolations Dl |- quark covariant |
a — 0, mquark — physical (j +;§F\ derivative o : ‘ -
——— quark fields [Fiqure http://itp.uni-frankfurt.de/~beraner]

Observables from correlators of proton=(ud)u , 3-quark decay operators , etc

G2y - ) = /D(Glue) /D(Quarks> e_SGl“’e_q(erm)q 4Gy - - - |

K(T)

T of
A+

\\ /

= Y Zpe P Tmn(K)|On(N))e” BT Z 0 0%

o ey
m(K),n(N)  (Ground state n,m = 0) Quark lines = (P +m)"" - v
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Nucleon-Meson Matrix Elements:

Cipe " = (K(T)O(T)N(0)) =

3
Q

e—HQCD t
evolution




.
Proton Decay Amplitudes with Physical Quarks

Lattice calculations with chirally-symmetric quarks: (| (ud) Ldr|p) | —
. Previously: at mz 2300 MeV [S.Aoki et al (2000), (| (ud) pdglp) | e _
Y.Aoki et al (2006), (2013), (2017) ] —
. . o , (KO (us)purlp) | O
Physical quarks + continuum limit [J.Yoo, S.S. PRD'22] —
(NEXT: p— zz, p— 7K ) (Kws)unlp)| e
a7
ool N - B -
~0.004 | ] 4 et T
- :8882 : — (K" |(us)rdg|p) } % : JLQCD’g%(Nf—O)f_
—0.010 —— ]
— ///} _
oo (K (ud) s 1p) | ol LI
o4 —
— S
i -
0002 ! 3 —(K*|(ds) pur|p) | mﬁ%
CDD00[
0.000 0.005 0.010 0.015 (2)[(;202 ]0.025 0.030 0.035 0.040 (K| (ds) purlp) | :,;; =N
a“ (Im A
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Proton decay constants (p—37, (vac|e®®(a*C d®) pu$ |N) = a Pr.Uy ° Wo(Q? = 05) GeV? °
also p — K¢, o from LO ChPT)  (vac|e®**(a"“d") Luf |N) = B PLUw Amplitudes p — 77, K7

NO SUPPRESSION at physical quark masses —> Protons sensitive to BNV from GUT
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A(NBgaryon)=2 Violation : n—n Oscillations @”@

GUT + massive Majorana lepton partial unification and (B—L) viol.
[T.K.Kuo, S.T.Love, PRL45:93 (1980)] [R.N.Mohapatra, R.E.Marshak,

PRL44:1316 (1980)]
d

{ /: ®
u i N Bres
“Dyy N

d

! J o \e/m’ )
Effective AB=2 interaction > /\\

6
Leog = Z [ci(’)iq + h.c.}
0
Neutron no longer an eigenstate; 1
n—h oscillation time in vacuum Tpnn = (20m)
>
C
—(n| / d*x Log |n) = Z —'Z (7| O n) J @
constant spin :

BSM scale suppression / \ B | flip mag.moment
Mx = (200-300) TeV N-N amplitude

n«<n oscillation in nuclei : suppressed by interaction AM ~ O(100 MeV)
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n<n Oscillations: Experimental Status @”@

screening of mag.field
for flight ~ (AM)-! > 1s

0 Mm ,' 2 -

¢y "Quasi-free" reactor neutrons

B < (2unt) ' =5nT =10"*Bg
~ ILL Grenoble high-flux reactor

4

[M.Baldo-Ceolin et al, 1994)] R W R R T _ .
T — > 108 S Drift Vessel  \y-Metal Shield :" C"“’\Tc Ray
nn K <o
~ 94 HS$3 o | 4
om < 6-10 eV e —:35_-,(\‘_ =3

Nuclear decays from (AB=2) transitions:
suppressed by nuclear medium:

T, = RT2. nuclear model uncertainty
3 70 ~10-15% for 760
R~10%s [E.Friedman, A.Gal (2008)]

e

&) In nuclei :
= 7(°%Fe) 2 0.72-103% yr
—> N = 1.4-108 s [Soudan]
> 7(1%0) =z 1.77-10°2 yr
—> oz = 3.3-108 s [Super-K]
= 17(?H) 2 0.54:10°? yr
— 7ny = 1.96:108 s [SNO]

Soudan Super Kamiokande SNO
Sensitivity is limited by atmospheric neutrinos
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n—n Amplitudes from Lattice QCD

Lattice calculations at the physical point
[E.Rinaldi, S.S., M.\Wagman; PRL'19; PRD'19]

Rt

<ﬁ(Gaussian) | Qaln(Gaussian)>

oint Gaussian
N(+) N(_) (ntP )Iqun( )y
) ! f
0.00000f 5
04 °
mt=5
~0.00005} |  t=6
mt=7
o t=8
— -0.00010f | ¢
t o I I (] t=10
~ ! ! ~0.00015} | = t=11
t2 0 (_tl) o t=12
t=13
~0.00020} L= -
0.00030} | © '=*
mt=5
080t " "pp M,, = 977(42)s0a1(13)sys MeV 0.00025} | o t=6 ++
0.75} | » PS ¢ mt=7
o o 000020} | % "
| S 0.00015} | = t=9 ol ;
= 0.65 o t=10
0.00010F | ~ ,_ ..
0.60 i "=
i 0.00005} | © t=12
0.55 m t=13
o5 0.00000} _
0 2 4 6 8 10 12 0 2 4 6 8 10
t T

Control of systematic uncertainties
Chiral-symmetric fermions with physical pion masses
Variational analysis of ground/excited states

Sergey Syritsyn
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n—n Amplitudes from Lattice QCD

Rt

Lattice calculations at the physical point
[E.Rinaldi, S.S., M.\Wagman; PRL'19; PRD'19]

MS e WA LQCD «p Y LQCD
OMS(Q G V) Bag A Ba§ NG Bag B %

(RRR)3] 0 0 - 0 —
(RRR)] 45.4(5.6) 8.190 (55 ]  6.660 (6.8 )
R1(LL)o) 44.0(4.1) 7.230 6.1 6.090 7.2
(RR)1Lo -66.6(7.7) -9.540 7.0 ] -8.160 8.1
(RR)2L1]W -2.12(26) 1.260 1.7 -0.666 3.2
(RR)2L1]® 0.531(64) -0.314 1.7 0.167 3.2
(RR)2L1]® -1.06(13) 0.630 1.7 -0.330 3.2

[107° GeV ™% [107° GeV ™Y [107° GeV ™ °]

(comparison to MIT Bag model calculations [S.Rao, R.Shrock, PLB116:238 (1982)])

x(5-10) larger N-Nbar oscillation than previously expected
—> Stronger constraints on BNV models;

—> Great motivation for new n—n experiments

(Next steps:
"crossed" 2-neutron annihilation amplitudes (vac|O%nn)

Nuclear medium effects)
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n<—n Oscillations: Experimental Outlook @”@

Maximize Probability of oscillation ~ Nu (Ttree)?

&) Shielded beam (similar to ILL): ) stored ultra-cold neutrons
Expected sensitivity x102-103 ILL Tnr = 2.2°108 s
thn=10%10s Magnetically shielded
4 Spallation sources: x12 flux @ESS Detectortorage bex
4 Elliptic focussing mirror [A-Young, BLV'11]
4 Better magnetic shielding (B <1 nT) Thermal/epithermal
[Phillips et al, arXiv:1410.1100] nevtron soaree

4
Short (10-20m) unshielded UCN guide
Cold Magnelic Vacuum
S'!i Lcjjt;?:tor shield tube Detector (%Sozlozl g?%cﬁ) Ultracold neutron converter (0.7-5 K)
*
,/S:[Jemrmr D~2-3m | [] & Further improvements
®. g Annihilation 4 Larger vessels
e il I 4 Better magnetic shielding (B <1 nT)
- - 4 Parabolic floor concentrators
L =300m

4 Multiple coherent reflections
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CP Violation & Neutron Electric Dipole Moment

+ + + + +

= . _ 3 E [
dﬁ“ P d* N — ng = | g
\—jj ‘% /H:—jN E
T

Magnetic dipole _  Electric dipole .
EDMs are the most sensitive probes of CPv: moment fin = UnS  moment d, = d,S

® Signals for beyond SM physics
(SM = 10~ of the current exp.bound)

® Prerequisite for Baryogenesis
® Strong GR problem : 6qcp-induced EDM?

N/J'LLN — U | F H F: ¥ O-My(p/_p)l/
(Np [ JH] p>fo Up[ 1Y+ (B2 +iF375) 2N ]“p

e b

Dirac Pauli Electric dipole

(anom.magnetic)
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.
Experimental Outlook

Current nEDM limits: .
d,,| < 2.9% 10726 ¢ - cm (stored UC neutrons) Future nEDM sensitivity :

—_— . 1 1 f?
[Baker et al, PRL97: 131801(2006)] ® 1-2years: next best limit}
d,| < 1.6 x 107%%¢ - cm ("*°Hg) ® 3-4 years: x10 improvement
n L

[Graner et al, PRL116:161601(2016)] ® 7-10 years : x100 improvement

[Snowmass EDM workshop report,

arXiv:2203.08103]

CURRENT LIMIT <300

Spallation Source @ORNL |<5

Ultracold Neutrons @LANL |~30

PSI EDM <50 (I), <5 (N

ILL PNPI <10

Munich FRMII <5

RCMP TRIUMF <50 (I), <5 ()

JPARC <5

Standard Model (CKM) < 0.001 1029

1960 1970 1980 1990 2000 2010 2020 2030 2040
Publication year
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.
Electric Dipole Moments: Window to New Physics

_~ New CP violating interactions Fundamental theory CKM, 6, SUSY, Multi Higgs, LR-symmetry
induce CPv at quark-gluon level l
[ Engel, Ramsey-Musolf, van Kolck,
Prog.Part.NUCI.PhyS. 71 21 (201 3)] Wilson coefficients ) Cooer Cuga(1:8), Coy aud d,y  semileptonic d,
Lopr = 7O 1y
i [A(z)] ¢ Low energy parameters g g (g4, d, C;, CLM
\ suppressed by
new-physics
energy scale —
Nucleus level dt, 3He| | Schiff moment
( d=4 . Opcp-term . mix with d>4 isoscalar CPv ) l
2
d=3: quark EDM / chromo-EDM Atom/molecule level Diamagnetic [€ Paramagnetic
Vv
. . [Courtesy of Tim Chupp1 Solid state
d=6 : 4-fermion CPv, 3-gluon (Weinberg) Rev.Mod.Phys 91:015001 (2019)]

ooooooooooooooooooooo

c; <— d ?
dnp = d}, ,0qcp + diPM ceppa + - - i n,p

® Need Lattice QCD to relate
Quark-gluon CPv interactions = nucleon EDMs , CPv zNN couplings
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-
Determination of Nucleon EDM

® Compute Energy Shift in uniform electric field
[S.Aoki et al '89 ; E.Shintani et al '06;
E.Shintani et al, PRD75, 034507(2007)]

<N(t)N(O)>9 A~ 6—(EiJN-E)t

Y

[Shintani et al (2015)]

® Compute CPv Form-Factor Fs: dn=F3(0*—0) / (2mn)
[ (everybody else, almost) ]

<Np’|(17“q|Np>Qﬁ = Up [Fﬂ’u + (F2 + ' 5)

ZmN
- pre-2017 : spurious i, <> d, mixing
> Dragos et al(2019) dn,/ 0=-0.0015(7) e:fm
> Alexandrou et al(2020) d,/ 0= 0.0009(24) e-fm
> Bhattacharya et al (2021) |dy/ 0| =0.01 efm
> Liang et al (2023) d, /6 =-0.0015(1)(3) e-fm

Sergey Syritsyn Lattice QCD and Fundamental Symmetries

ot (p' —p),
( ) ]up

1-002 1 1 1 1 1 1 1 I 1 ] ] ] T
L Neutron, R3(W/°e:0) { { } ‘[ ]

1.001f

0.999-

- [ 4 E=0.004,6=0.1 { -
- | v E=-0.004,6=0.1 -
] ] T-

0.998 ————

A
x=

IIIIIIII}

- ¥

!:iiiiiii
t

0

5 1 1 1 1 10 1 1 1 1 15

Need extrapolation to
forward-limit F3(0?>—0)

8a
9a ||
10a

N
Fe9

0.05 0.10 0.15 0.20
Q?*[GeV?]
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-
Nucleon "Parity Mixing"

CPv interaction induces a chiral phase in nucleon spinor ;

lattice calculations of EDM have to account for that

[M.Abramczyk, S.Aoki, S.N.S, et al (2017) arXiv:1701.07792]
(vac|N|p,o)op = e

1QYs o~
up70- T UP’O'

Value of a-mixing is critical for correct determination of EDM:
m

F?Eat(Q% ~ q—SSNT(O)\Q_”MQINT(—CIS»ij — 945GE(Q22
CPv matrix element Sachs form factor
subtraction

Pre-2017 lattice results for 6qcp-nEDM: oriqinal and corrected

\
mx [MeV] mpy [GeV] | F3 ¥ Fy
[ETMC 2016] n 373 1.216(4) | —0.555(74) ( 0.094(74)
p 530 1.334(8) 0.284(81) | 0.087(81)
n 690 1.575(9) | —1.39(1.52) | —1.15(1.52)
B | 2
i [Berruto et a 006]{ n| 605 1.470(9) | 0.60(2.98) | 1.14(2.98)
o5 | [ n 465 1.246(7) | —0.375(48) | —0.130(76)
O | Al ! [Guo et al 2015] n| 360  1.138(13) | —0.248(29) |_0.020(58)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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-
Nucleon "Parity Mixing"

CPv interaction induces a chiral phase in nucleon spinor ;

lattice calculations of EDM have to account for that

[M.Abramczyk, S.Aoki, S.N.S, et al (2017) arXiv:1701.07792]
(vac|N|p,o)op = e

Xo" 5 s
K Up,oc = Up,o

Value of a-mixing is critical for correct determination of EDM:
m

F?Eat(Q% ~ q—SSNT(O)\Q_”Mq,NT(—CIs»ij — 945GE(Q22
CPv matrix element Sachs form factor
subtraction

0.12

Proton (Gep(0)=1) : Correction ~ as : [Punjabi et al, 1503'01452]:

0.08 -
Neutron (Gen(0)=0) : No correction at Q%=0 Gien |
However, Q°—0 extrapolation may be skewed

by neutron electric form factor ~as Gen(Q?)

0.04
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R
Signal & Noise in Oqcp-induced nEDM

dn ~ <Q'(NJMN)>
@~/<Gé>>

Vy
Stat. noise ~ Variance of O ~ (Volume)ya

Correlator for EDM

(topological charge

Q integral cutoff to reduce noise ("cluster decomposition")
[E.Shintani et al (2015) ; K.-F. Liu et al (2023) ; Dragos et al (2019)]
_in time around current, |fqo— t)| < At

. — challenge: systematic bias?
~in space around nucleon r < rg

rqQ =38a |

0.15
—— Qllrg| =8, Alg =2); —— Qllrg| =12, A1 =2);
—M- Qllrg| =8, Alg =4); —- Qllre| =12, Alp = 4);
010 i + Qllrg| =8, Afg =8),; | i + Qllre| =12, Atg =8); |
¥ Qllrg| =8, Aty =12); ¥ Qllrg| =12, At = 12);
—— Qllrg| =8, Afg = 32); —— Qlrg| =12, Afg = 32);
0.05 |
(.00
—— Qllrg| = 16, Atg = 2); —— Qllrg| = =, Alg =2)
—- Qllrg| = 16, Al = 1) ; M Qllrg| = =<, Alg =4);
—0.05 f [|—— Qllrg| = 16, At = 8) ; 14— Qllrg| = =, Atg =8);
—¥— Qllrg| = 16, Atg = 12); —¥— Qllrg| = =, Alg = 12)
—— Qllrg| = 16, Al = 32); —— Ql|rg| = 2, Afg = 32)
010
3).()().1 0.20.30.40.50.60.70.80.00.10.20.30.40.50.60.70.80.00.10.20.30.40.50.60.70.80.00.10.20.30.40.50.60.70.8

Q* [GeV?]

Sergey Syritsyn

Q* [GeV?] Q* [GeV?]

Lattice QCD and Fundamental Symmetries

Q* [GeV?]
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.
Alternative: Background Electric Field

Feynman-Hellman theorem :
relate energy shift ...

my =my — (d%0) T - €

... o matrix element of
local topological charge density

clelefe[e Siwen,

U

M),

T

Calculation of magnetic and electric moments, polarlzed in spin and charge

hadron polarizabilities [\WW.Detmold et al (2009)]
Advantages:

sample GG only on one time slice

Electric field on a periodic lattice is "quantized” . .
=—> noise reduction

1 27
Emin = no need for Q2 — 0 momentum extrapolation

|Qd| L:I:Lt ~ ™

~ 0.037 GeV* = 187 MV /fm (Ni| GG |Ny)E=0 vanishes

for a (2.8 fm)3 x (5.6 fm) lattice ¢
sensitive to EDM directly
(no bias)

. _/
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.
Topological Charge with Gradient Flow

Gradient flow: covariant 4D-diffusion
of quantum fields with "G.F." time #GF:

Tree-level:

Gradient-flowed topological charge:

total top. charge on 20 randomly

[M.Luscher, JHEP08:071; 1006.4518]
d

d Bu(tGF) — DMGHV(tGF) ) BM(O) — Au
tGF
s tar) oc [ dy exp | = L0 | 4,()

2
Qter) = / dx 3972 {GMVG/M/}

toF

chosen gauge configurations

10

continuous "cooling™:
effective scale Auv — (tGr)!?

smoothing fields (reduce |Guy| )

remove Guv dislocations;

dynamical separation of top. sectors
[M.Luscher, JHEP08:071; 1006.4518]

"diffusion” of topological charge density
makes it nonlocal

by / a®

ergey Syritsyn

Lattice QCD and Fundamental Symmetries
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.
Gradient-Flowed Topological Charge Density

g° ~
q(x) GG

~ 3272
1 1 lat ~vlat
1672 g4 Tr [GMVGMV}

X (E ) H)color

Instantons and Anti-Instantons :
Quantum tunneling of gluon field
between topological sectors

\VAWAVA

CPv-QCD ©®-Vacuum :

vacks = Y | ¢ |Q)

Q

243 x64 lattice, mx =340 MeV
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.
Tunneling Between Topology Sectors

2

g a /a
1 1 lat ~vlat
1672 g4 Tr [GMVGMV}

X (E ) H)color

Instantons and Anti-Instantons :
Quantum tunneling of gluon field
between topological sectors

CPv-QCD ©®-Vacuum :

[ééﬁerated at Mira (ANL)] |vac>9 _ Z eieQ ‘Q>

5 fm=5-10-"5m Q
6 svideo =5fm/c=1.7-1023s real time
[Lattice QCD at the physical point]
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.
Extrapolation to the Physical Point

0.010 - L
0.6 -
= 0.005 a
® = 0.5
© :
0.000- 904_ L e
PRELIMINARY s
~0.005 1 , | | | . . ——
0.00 0.05 0.10 0.15 0.20 0.25 '
2 2 :
m; |GeV?] 0.9
. . * # Dragos(2019)
Chiral extrapolation . i 4 Bhattacharya(2021)
[Hockings, van Kolck (2005)] e —p— P Alexandron(2021)
2 S > <« Liang(2023)
2 2 : - [This Work]
dp(my) = Cim: + Comz log —m; | +, | | |
N —0.010 —0.005 0.000 0.005 0.010 0.015 0.020 0.02
|d,| [e- fm]

(Only multiplicative O(a”2) corrections
with chiral-symmetric lattice fermions) Summary of neutron 8-EDM

from Lattice QCD
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Summary

® Nucleon structure calculations on a lattice are critical to searches for
symmetry violations, understanding the origin of nuclear matter

® Proton decays p—#/K, p—leptons

No topological suppression of nucleon decay found; confirm limits on GUTs
NEXT: p—p—=rr, p—K—zK amplitudes

® Neutron-antineutron oscillation
Amplitudes x (6 ... 8) larger than from pheno.models
NEXT: nn—=vacuum amplitudes, n—n in nuclear medium

@® Novel method to compute nEDM from local topological charge
Cross-check for electric-dipole form factor calculation
Results consistent with earlier works
Potential method of choice for physical-point calculations with large V4
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Proton Decay : Extrap. in Q% and Lattice Spacing

Wo Proton—Kaon form factor

W1 Proton—Kaon form factor
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linear momentum extrapolation Q?— m.?, m,* to the decay kinematics

Continuum extrapolation A(a?)~ (Ao + A2 a?) ; sys.error = |4o —A[a=0.14fm]|
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Searches for NN in Nuclei

Nucleus decay from (nn) annihilation

T, = R7>- nuclear model uncertainty
”” ~ 10-15% for 760
R ~ 1023 ¢! [E.Friedman, A.Gal (2008)]
oscillation in nuclei oscillation in vacuum

@ %Fe [Soudan 2] T,(°°Fe) > 0.72 - 10°2 yr —{ 7 > 1.4-10% s
® 90 [Super-K] Ty(*°0) > 1.77-10°* yr —( 755 > 3.3-10% s
® 2H [SNO] T,;(>H) > 0.54-10%2 yr —>[¢nﬁ > 1.96 - 10° s]

J

Nuclear medium effect suppresses

neutron/antineutron oscillation AM ~ 100 MeV

Sensitivity is limited by atmospheric neutrinos

SNO
Sergey Syritsyn Lattice QCD and Fundamental Symmetries RBRC 25th Anniversary, Jun 22,2023



Matrix Elements of GG (Low-mode Improved)
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Two effects observed:

1. Convergence to
ground state matrix el.

2. Diffusion of top.charge
for tyep = Ta

PRELIMINARY estimates
2mdh = F3(0)=0.11 .. 0.13
agree with form factor

Analysis of (zq, tGr)
required to detangle

(N|GG|N),
(N|GG|N)exe ,
(vac|GG|NN),

RBRC 25th Anniversary, Jun 22,2023



