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Baryogenesis and Broken Symmetries

Why does Universe have 
More Matter than Antimatter?
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out of  
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Does the Proton Decay?

[LBNF and DUNE CDR, R.Acciarri et al (2015)]
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Proton Decays and Grand Unification
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5.1 Theoretical Perspectives on Proton Decay 113

SU(5) is the simplest grand unified group, and it turns out to be the most predictive as regards proton
lifetime and the unification of the three gauge couplings, owing to small GUT scale threshold e↵ects. The
minimal non-supersymmetric version of SU(5) [3] has already been excluded by the experimental lower limit
on p ! e+⇡0 lifetime and the mismatch of the three gauge couplings when extrapolated to high energies (see
left panel of Fig. 5-1). Yet low energy supersymmetry, which is independently motivated by the naturalness
of the Higgs boson mass, provides a simple solution to these problems of SU(5), as it increases the prediction
of the lifetime for the decay process p ! e+⇡0 due to the larger value of MX and also corrects the unification
mismatch (see right panel of Fig. 5-1) [5].

Supersymmetric grand unified theories (SUSY GUTs) [9],[10],[11]–[14] are natural extensions of the Standard
Model that preserve the attractive features of GUTs such as quantization of electric charge, and lead to the
unification of the three gauge couplings. They also explain the existence of the weak scale, which is much
smaller than the GUT scale, and provide a dark matter candidate in the lightest SUSY particle. Low energy
SUSY brings in a new twist to proton decay, however, as it predicts a new decay mode p ! ⌫K+ that would
be mediated by the colored Higgsino [15],[16], the GUT/SUSY partner of the Higgs doublets (see Fig. 5-2,
right panel). Typically, the lifetime for this mode in many models is shorter than the current experimental
lower limit.

Figure 5-2. Diagrams inducing proton decay in SUSY GUTs. p ! e
+
⇡

0 mediated by X gauge boson
(left), and p ! ⌫K

+ mediated by colored Higgsino (right).

In order to evaluate the lifetimes for the p ! ⌫K+ and p ! e+⇡0 decay modes in SUSY SU(5) [17], a
symmetry breaking sector and a consistent Yukawa coupling sector must be specified. In SU(5), one family
of quarks and leptons is organized as {10 + 5 + 1}, where 10 � {Q, uc, ec}, 5 � {dc, L}, and 1 ⇠ ⌫c. SU(5)
contains 24 gauge bosons, 12 of which are the gluons, W±, Z0 and the photon, while the remaining 12 are
the (X,Y ) bosons that transform as (3, 2, �5/6) under SU(3)c ⇥ SU(2)L ⇥ U(1)Y . These bosons have both
diquark and leptoquark couplings, which lead to baryon number violating processes. The diagram leading to
the decay p ! e+⇡0 is shown in Fig. 5-2, left panel. SU(5) breaks down to the Standard Model symmetry in
the supersymmetric limit by employing a 24H Higgs boson. Additionally, a {5H + 5H} pair of Higgs bosons
is employed, for electroweak symmetry breaking and the generation of quark and lepton masses.

The masses of the super-heavy particles of the theory can be related to low energy observables in minimal
SUSY SU(5) via the renormalization group evolution of the three gauge couplings, which depends through
the threshold correction on MT , the mass of the color triplet Higgsinos which mediate p ! ⌫K+ decay.
In general, agreement with the experimental value of ↵3(MZ) = 0.1184 ± 0.0007 demands the color triplet
mass to be lower than the GUT scale. This tends to lead to a rate of proton decay into ⌫̄K+ which is in
disagreement with observations [18].

Fundamental Physics at the Intensity Frontier
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Fundamental Physics at the Intensity Frontier

Decay matrix elements (W0,1)I  [S.Aoki et al, PRD62:014506 (2000)]
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Protons Stable due to Topology?
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FIG. 5: The energy profile including the Casimir energy
(solid). The Skyrmion contribution, as shown in Fig. 3, is
indicated by the dashed line.

in the course of the unwinding, F (rbag) will become less
than ⇡/2, signifying that a mode from the Dirac sea has
been lifted out. Similarly, as the Skymion rewinds, this
same mode will dive back into the sea at some later time
t2. This criss-crossing of F (rbag) = ⇡/2 indicates that
the system has a zero-mode, as shown in the cartoon of
the Dirac sea in Fig. 2. This zero-mode has important,
subtle implications5.

A second consequence of time-dependent boundary
condition absent in Eq (24) is that the Casimir energy
depends on both F (rbag) as well as on its time derivative,
Ḟ (rbag). When manipulated into the bounce action, the
Ḟ terms becomes �̇ terms, and the coe�cient of the �̇2

term will play the role of a ‘mass’ for �. As such, it will
a↵ect the Skyrmion decay rate in a similar fashion to the
K(�) term in Eq. (20).

A. The non-static case

For time-dependent ✓(⌧) = F (rbag�(⌧)), the result of
the fermionic path integral is det(@⌧ +H(⌧)), where we
have recast the time-dependent boundary conditions as
a time-dependent Hamiltonian. In order to calculate the
determinant we have to solve for the eigenvalues. Sup-
pose

(@⌧ +H(⌧))| (⌧)i =  | (⌧)i, (25)

5
By the Atiyah-Patodi-Singer theorem [30–32], if the system at

any given instant has a zero mode solution, the full, time-

dependent system will also exhibit a zero mode solution (see

[33]).

and we define hn(⌧)| to be the eigenstates of H(⌧). We
have

hn(⌧)| @
@⌧

| (⌧)i+ En(⌧)hn(⌧)| (⌧)i =  hn(⌧)| (⌧)i

@

@⌧
hn(⌧)| (⌧)i+ En(⌧)hn(⌧)| (⌧)i� (26)

hṅ(⌧)| (⌧)i = hn(⌧)| (⌧)i

Defining cn(⌧) = hn(⌧)| (⌧)i, we obtain

ċn(⌧) + En(⌧)cn(⌧)�
X

m

hṅ(⌧)|m(⌧)icm(⌧) =  cn(⌧).

(27)
If the boundary conditions are changing slowly, the third
term on the left-hand side is small and can be treated
as a perturbation. We can rewrite the fermionic path
integral as

Z
Dc†Dc exp

h
�

Z
d⌧

�
c†n(⌧)Dnm(⌧)cm(⌧)�

c†n(⌧)Vnm(⌧)cm(⌧)
�i
, (28)

where Dnm(⌧) = (@⌧ + En(⌧)) �nm and Vnm(⌧) =
hṅ(⌧)|m(⌧)i. Treating the first term in the exponent as
the propagator and the second as a perturbation, the re-
sult is

det /D = detDnm exp
hX

connected diagrams
i

(29)

The determinant of Dnm is easily evaluated because it
is a disconnected set of one dimensional equations. The
eigenfunctions cn(⌧) are

cn(⌧) = exp

"
⌧ �

Z ⌧

�T
2

d⌧ 0En(⌧
0)

#
. (30)

To determine , we impose anti-periodic temporal
boundary conditions, cn(T/2) + cn(�T/2) = 0:

T �
Z T

2

�T
2

d⌧ 0 En(⌧
0) = 2⇡ i

⇣
m+

1

2

⌘
! (31)

 = i
2⇡(m+ 1

2 )

T
+

1

T

Z T
2

�T
2

d⌧ 0 En(⌧
0) ⌘ i!m + Ēn,

where Ēn =
1

T

Z T/2

�T/2
d⌧ En(⌧) (32)

In appendix A we provide an explicit calculation of
detDnm, determined by the product over all . The re-
sult, for time-dependent boundary conditions, is

detDnm = exp[�T Ecas] (33)

T Ecas = �1

2
T
X

n

|Ēn| = �1

2

X

n

����
Z

d⌧En(⌧)

���� .

Therefore, working to lowest order in an adiabatic ap-
proximation, we see that the functional determinant is

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 RBag, quark masses; 
may be suppressed ~ O(10–4) – O(10–12)

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

"Chiral Bag" Model

h a  ̄bi

chiral condensate  
orientation

Skyrmion 
(fig. [Zhang et al]) Free-Quark "Bag"

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

hvac|O3q
|Ni ⇠ ⇢3/2q

p
VN ⇠

1

VN
⇡ 0.004GeV3

h⇧|O
3q
|Ni ⇠ hvac|O3q

|Ni/f⇡ ⇡ 0.03GeV2

hvac| |Ni"quark pudding"  
estimate:
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Hadron Correlators in Lattice QCD

Nucleon-Meson Matrix Elements:

|mihm||nihn|

Quark lines = ( /D +m)�1 · �
e�

H
Q

C
D
t

ev
ol

ut
io

n
(Ground state n,m = 0)

CKON
3pt = hK(T )O(⌧)N(0)i =

=
X

m(K),n(N)

Zme�Em(T�⌧)
hm(K)|O|n(N)ie�En⌧Z⇤

n

a

Uµ ⇡ eig aAµ

UP ⇡ eig a2Fµ�

(”curl”Aµ)

quark covariant  
derivative

[Figure http://itp.uni-frankfurt.de/~bergner]quark fields

gluon fields

�qxq̄y . . .⇥ =
Z

D
⇣
Glue

⌘Z
D
⇣
Quarks

⌘
e�SGlue�q̄

�
/D+m

�
q ⇥

qxq̄y . . .
⇤

Quarks and gluons  
on a Lattice 

4D Euclidean space 
discretized action 
controllable extrapolations 
a → 0, mquark → physical

Observables from correlators of proton=(ud)u , 3-quark decay operators , etc
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Proton Decay Amplitudes with Physical Quarks
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Figure 3: Final results for the main proton decay form factor W0 for meson-positron decay [1],
compared to results in Refs. [5, 6, 7]. “Indirect” method results are also shown.

Figure 4: Low-mode averaging contribution to the neutron two-point functions computed with
di↵erent values of the background electric field.

In the Q1-Q3 of 2021-2022 allocation year, we have been able to debug and test our software
that uses low-lying modes of the domain-wall fermion operator and constructs LMA approximation
to the neutron two-point function with all possible polarizations. Our main results have been
obtained on 163 ⇥ 32 lattices and shown in Figs. 4,5.

In Figure 4, we show the neutron e↵ective masses computed from LMA-only contribution to the

4

NO SUPPRESSION at physical quark masses ⟹ Protons sensitive to BNV from GUT 

Lattice calculations with chirally-symmetric quarks: 

Previously: at m𝜋 ≳300 MeV  [S.Aoki et al (2000),  
 Y.Aoki et al (2006),  (2013),  (2017) ]  
Physical quarks + continuum limit  [J.Yoo, S.S. PRD'22] 

(NEXT:  p → 𝜋𝜋,  p → 𝜋K )
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c
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L|Ni = � PLUN

 Proton decay constants (p→3𝓁,  
also p → K�̅� , 𝜋�̅� from LO ChPT) Amplitudes p → 𝜋�̅�, K�̅� 
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VoLUME 44, NUMBER 20 PHYSICAL REVIEW LETTERS 19 Mwv 1980

there exists a self-coupling of the scalar multiplet 4~ ~ as follows:
Z =X[~*"0""'a . '~ 'a 'a '+(L, -a)+H.c.j.

From Eqs. (2), (3), and (5), it follows that there exists a six-fermion vertex of type (see Fig. 1)
(5)

where the Greek letters a, P, . . . denote color.
This Lagrangian causes the transition n—n
which we call neutron oscillation. " The impor-
tant point, which becomes obvious looking at Fig.
1, is that the AB =2 n-n transition is caused by
the same spontaneous breaking mechanism (i.e. ,
(b,s,g& 0) that causes &I & 0. We now estimate
the strength of the rt-n transition It«t= Ak'(b, s «)/
m~ '. We see that as (hn «)—0 (i.e. , restora-
tion of parity as well as B—L symmetry), the n
n oscillation disappear. We may choose the coup-
ling A-10 ' (since it is related to the mass of the
heavy Majorana neutrino') and it becomes of in-
terest to relate the characteristic time t„-„for
the neutron oscillation to m». If we use the lim-
iting lifetime resulting from the observed nuclear
stability, "of 10"yr, this corresponds to m~~
=10 GeV and t„„-=10'sec.' We stress that in
our "minimal" model (without any additional
Higgs beyond those already introduced), the pro-
ton is stable. " This is just the reverse of the
situation with the "minimal" SU(5) model where
AB = 2 transitions are forbidden. "
Thus, baryon number nonconservation —&vith or

without 8 —L conservation becomes a very.
interesting test of unification models. It would
seem that essentially the same experimental set-
up as the one which will be used to search for
proton decay could yield information about AB= 2
nucleon transitions. " The observation of such

g.P9

~v)
P&

FIG. 1. The tree graph that induces the six-fermion
A&=2 vertex that leads to n n oscillation.

transitions without proton decay would be strong
evidence for the existence of a "partial unifica-
tion" model of the type that we are considering.
We thank Professor L. N. Chang, Professor
T. D. Lee, and Professor L. Wolfenstein for use-
ful discussions. Professor L. Mo, Professor
F. Reines, and Professor R. Wilson have also
been of assistance on the experimental side. One
of us (R.N.M.) is grateful for a visiting appoint-
ment at Virginia Polytechnic Institute and State
University where this work was done. This work
was supported in part by the National Science
Foundation Grant No. Phys. 78-24888 and in part
by the City University of New York-Professional
Staff Congress-Board of Higher Education Re-
search Award No. RF-13096.
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completely inaccessible to experimental observa-
tion.
The above argument is predicated on the as-

sumption that there is only one mass scale, the
unification mass M. It is possible to change the
above result provided another mass scale be-
comes relevant. This can happen in processes
which do not conserve weak isospin. For in-
stance, a neutral lepton, /&', might acquire a
Majorana mass, m, o, via the M'„„z=1 transition
lL'- (lz')'. Such a coupling can be instrumental
in allowing for 48 =2 processes. A prototype of
such a process is given by the diagram of Fig. 1.
Note that, because of B-I conservation for 4B
=1 processes, it is necessary to have the transi-
tion lL'- (lL')' in order to mediate the hB =2 tran-
sition.
If all such neutral leptons acquire their masses

through the superheavy Higgs sector, then nz, o is
necessarily of order' nGUGF 'M ', where +GU is
the fine structure constant of the grand unifica-
tion group and GF = 10 'I„' is the Fermi con-
stant. In this case, the effective couplings for
ff(~ =2) are again of order M ', and we are

back where we started. On the other hand, if
massive leptons exist with a mass m, o such that
o.GUGF 'M '«m, o«M, then kgf f(&B =2) has an

C0

dc

U

FIG. 1. Feynman diagram contributing to the neutron-
antineutron transition. The transition is mediated by
the exchange of two superheavy vector bosons and in-
volves the mixing of a massive neutral lepton with its
charge conjugate. This mixing is represented by the
blob.

effective coupling of order M 4. This leads to a
7„„comparable to v~.
To make things more definite, we now give a

crude estimate of Sn by approximately evaluating
the contribution from the superheavy vector ex-
change diagram of Fig. 1 with use of SU(5) as the
underlying grand-unification group. This is done
by collapsing the vector lines and using the effec-
tive four-Fermi interaction

(fLGU/M )es2« ~8 ~ [u ~s 'y„dqL] [lL y"d.,]+H.c. . (4)

Here E~ is a Cabibbolike mixing factor for the lep-
ton sector. Note that, under our hypothesis of a
massive neutral lepton, ~~ cannot be "rotated
away. " We also emphasize that' && need not be
related to the Cabibbo mixing factors appearing
in the couplings of the usual lV boson to the lep-
tons. Since the effective couplings of Efl. (4) are
implicitly defined at the unification scale M and
we eventually want to take matrix elements be-
bveen neutron and antineutron states, we must
include an enhancement factor due to quantum-
chromodynamics (QCD) renormalizations occur-
ring behveen the unification scale and the neutron
mass scale p (=1 GeV). This enhancement factor

is given by'

A =[&~(P)/cfGU]

where the exponent E is 4/(11 ——',f), and where
n, (1L) is the QCD coupling at the scale p and f is
the number of quark flavors. W'e now make the
drastic approximation of collapsing the lepton
lines and inserting a factor of m, o/m„'. While
this may be a very crude procedure, we do not
expect it to change the order of magnitude of our
estimate. After making a Fierz transformation
and including all the factors, the contribution of
Fig. 1 may be written as

2

pff 4 '2 e~8ff A(e&&peg&z +Kg&Le~&&)[d~L'd~L][d&~'ug~l[d„z'u~z] (6)

The matrix element (N I
—Id'x Z.«(x) I iV) can now

I obtainbe evaluated using nonrelativistic SU(6) wave func-
tions for N and N and by applying nonrelativistic
limits to the field operators in Efl. (6). We thus

GUT + massive Majorana lepton  
[T.K.Kuo, S.T.Love, PRL45:93 (1980)]

Effective ΔB=2 interaction 

BSM scale suppression 
MX  ≳ (200–300) TeV N-N̅ amplitude

�m = �⇥n̄|
Z

d4xLe� |n⇤ = �
X

i

ci
M5

X

⇥n̄|O6q
i |n⇤

Le� =
X

i

⇥
ciO

6q
i + h.c.

⇤

⇥nn̄ = (2�m)�1
Neutron no longer an eigenstate; 
n↔n̅ oscillation time in vacuum

n↔n̅ oscillation in nuclei : suppressed by interaction �M ⇠ O(100MeV)

constant spin : 
flip mag.moment
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n↔n̅ Oscillations: Experimental Status

In nuclei : 
𝜏(56Fe) ≳ 0.72⋅1032 yr   

⟹ 𝜏NN̅ ≳ 1.4⋅108 s [Soudan] 

𝜏(16O) ≳ 1.77⋅1032  yr  
⟹ 𝜏NN̅ ≳ 3.3⋅108 s  [Super-K] 

𝜏(2H) ≳ 0.54⋅1032  yr  
⟹ 𝜏NN̅ ≳ 1.96⋅108 s  [SNO]

Soudan Super Kamiokande SNO

nuclear model uncertainty  
~ 10-15% for 16O  
[E.Friedman, A.Gal (2008)]

Td = R�2nn̄
R ~ 1023 s-1 

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

screening of mag.field  
for flight ~ (ΔM)–1 > 1s B < (2µnt)

�1 = 5 nT = 10�4B�

⌧nn̄ & 108 s

�m . 6 · 10�24 eV

"Quasi-free" reactor neutrons 
ILL Grenoble high-flux reactor 
[M.Baldo-Ceolin et al, 1994)] 

Sensitivity is limited by atmospheric neutrinos
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n↔n̅ Amplitudes from Lattice QCD
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Control of systematic uncertainties 
Chiral-symmetric fermions with physical pion masses 
Variational analysis of ground/excited states
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FIG. 2. Combined correlated �2 fits of PP , PS two-point to Eq. (38) in the time range shown in the first row of Tab. II. The
covariance matrix is estimated with optimal shrinkage �⇤ as described in the main text. Corresponding data points show the
e↵ective masses Mn(t) = ln Gnn(t) � ln Gnn(t + 1) with their statistical uncertainties. Note that tmax in Tab. II indicates the
largest separation for Gnn considered and that the e↵ective mass is consequently shown for 0  t  tmax

� 1.

tmin
PP tmin

PS tmax Ndof E0 E1 �2/Ndof �⇤

6 4 13 12 0.578(23) 1.23(27) 0.50 0.14

6 6 13 10 0.556(22) 1.11(15) 0.42 0.15

6 5 13 11 0.560(24) 1.13(21) 0.40 0.14

5 5 13 12 0.566(20) 1.26(9) 0.40 0.13

7 5 13 13 0.554(69) 0.98(43) 0.42 0.15

Weighted Ave 0.565(24)(8) 1.21(15)(65)

TABLE II. Results of two-point function fits from di↵erent time ranges: ground- and excited-state energies, reduced �2/Ndof,
and optimal shrinkage parameters �⇤. The uncertainties in individual fits are statistical. The last line shows “fit averages”
with statistical and systematic uncertainties computed as described in Appendix B 3.

IV. ANALYSIS OF MATRIX ELEMENTS

To account for excited-state contributions, we perform two-state fits to a truncation of Eq. (34),

GJJ 0

nQ†
I n̄

(tsep, ⌧) =
q

ZJ
0 ZJ 0

0 e�E0tsepMI + e�E0⌧�E1(tsep�⌧)
A

JJ 0

I + e�E1⌧�E0(tsep�⌧)
A

J 0J
I + e�E1tsepB

JJ 0

I , (37)

where A
JJ 0

I and B
JJ 0

I are products of overlap factors and matrix elements involving only excited states, which are
discarded in our calculation. The ground-state overlap factors ZP

0 and ZS
0 required to extract matrix elements of

GJJ 0

nQ†
I n̄

can be obtained independently from fits of two-point functions GPP
nn and GPS

nn to an analogous two-state model

GJJ 0

nn(�)(t) =
q

ZJ
0 ZJ 0

0 e�E0t +
q

ZJ
1 ZJ 0

1 e�E1t, (38)

The energies E0 and E1 appear in both Eq. (37) and Eq. (38), therefore fits of GnQ†
I n̄

may be simplified by fixing

the state energies E0, E1 to values determined from fits of two-point functions GJJ 0

nn . In principle, the overlaps with
excited neutron states ZJ

1 are also determined from two-point function fits, thus the number of parameters in Eq. (37)
can be reduced by factoring A

JJ 0

I , B
JJ 0

I into excited-state matrix elements and overlap factors ZJ
0,1, of which only the

latter would depend on the neutron interpolating operators. It would be possible if the two- and three-point functions
were saturated by contributions only from the ground and the first excited states, or their contributions could be
reliably distinguished from higher-energy states omitted from Eqs. (37,38). However, as our two-point function fits in
Fig. 2 show, there are higher excited-state contributions to Gnn; in particular, there is large systematic uncertainty
on E1 in (see Tab. II).

These considerations lead us to adopt the following fit strategy: first, a combined fit of GPP
nn and GPS

nn to Eq. (38)
is used to determine the four parameters E0,1 and ZP,S

0 as summarized in Fig. 2 and Tab. II; then, a combined fit of
GPS

nQ†
I n̄

, GSP
nQ†

I n̄
, and GSS

nQ†
I n̄

to Eq. (37) is used to determine the six parameters MI , A
PS
I , A

SP
I , A

SS
I , B

PS
I = B

SP
I ,

Mn = 977(42)stat(13)sys MeV

Lattice calculations at the physical point  
[E.Rinaldi, S.S., M.Wagman; PRL'19; PRD'19]
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n↔n̅ Amplitudes from Lattice QCD

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

[10�5 GeV�6] [10�5 GeV�6] [10�5 GeV�6]

OMS(2 GeV) Bag “A” LQCD
Bag “A” Bag “B” LQCD

Bag “B”

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

(Next steps: 
"crossed" 2-neutron annihilation amplitudes ⟨vac|O6q|nn⟩ 
Nuclear medium effects)

x(5-10) larger N-Nbar oscillation than previously expected 
⟹ Stronger constraints on BNV models;  
⟹ Great motivation for new  n↔n̅ experiments

Lattice calculations at the physical point  
[E.Rinaldi, S.S., M.Wagman; PRL'19; PRD'19]
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n↔n̅ Oscillations: Experimental Outlook

stored ultra-cold neutrons 
τn-n̅  ≳ 2.2⋅108 s  

Shielded beam (similar to ILL):  
Expected sensitivity x102-103 ILL  
τn-n̅ ≳109-1010 s 

✦ Spallation sources:  x12 flux @ESS 
✦ Elliptic focussing mirror 
✦ Better magnetic shielding (B < 1 nT) 

[Phillips et al, arXiv:1410.1100]

Pros and Cons 

Advantages: 
•  No long, shielded beamline required: more compact and less $ 
•  Sources soon available: much less expensive 
•  Same ability to turn “on” and “off” effect w/magnetic field 
Disadvantages: 
•  Production intensities far less than cold neutron beams 

NNbar with UCN 

Box filled with UCN gas… 

            each bounce samples nbar amplitude 

          (long storage time enhances achievable limit) 

many samples/neutron longer average flight times (~1/3 sec)                
large neutron current required 

hadron tracking and calorimeter 

n amplitude sampled when UCN hits 
surface 

magnetic shielding 

outer detector and muon veto 

vacuum vessel 

Maximize Probability of oscillation ~ Nn  (Tfree)2

[A.Young, BLV'11]

Further improvements 
✦ Larger vessels  
✦ Better magnetic shielding (B < 1 nT) 
✦ Parabolic floor concentrators 
✦ Multiple coherent reflections 
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CP Violation & Neutron Electric Dipole Moment

Electric dipole  
moment ~dn = dn~S

Magnetic dipole 
moment ~µn = µn

~S

~H
~E~dN = dN

~S

S

H = �~dN · ~E

EDMs are the most sensitive probes of CPv: 

Signals for beyond SM physics  
(SM = 10-5 of the current exp.bound) 

Prerequisite for Baryogenesis 

Strong CP problem : θQCD-induced EDM?

hNp0 |Jµ|N̄pi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
�µ⌫(p0 � p)⌫

2mN

⇤
up

Dirac Pauli 
(anom.magnetic)

Electric dipole
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Experimental Outlook

Future nEDM sensitivity : 
1–2 years : next best limit? 
3–4 years : x10 improvement 
7-10 years : x100 improvement

10-28 e cm
CURRENT LIMIT <300
Spallation Source @ORNL < 5
Ultracold Neutrons @LANL ~30
PSI EDM <50 (I), <5 (II)
ILL PNPI <10
Munich FRMII < 5
RCMP TRIUMF <50 (I), <5 (II)
JPARC < 5
Standard Model (CKM) < 0.001

[Snowmass EDM workshop report,  
arXiv:2203.08103]

Current nEDM limits: 
                                               (stored UC neutrons)  
[Baker et al, PRL97: 131801(2006)] 
                                               (199Hg) 
[Graner et al, PRL116:161601(2016)] 

|dn| < 2.9⇥ 10�26 e · cm

|dn| < 1.6⇥ 10�26 e · cm

24

Publication year
1960 1970 1980 1990 2000 2010 2020 2030 2040

 c
m

) (
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Future improvements

FIG. 3. Evolution of the nEDM results along with projected future results

led by the PNPI group using the ILL turbine source [132], the panEDM experiment using the
new SuperSUN source at ILL [163], the TUCAN experiment using the superfluid helium UCN
source being developed at TRIUMF [164], and the LANL nEDM experiment [136]. Many of the
contemporary nEDM experiments also make use of large-scale magnetically shielded rooms (MSR):
multi-layers of nested shells with alloys of high magnetic susceptibilities are used to suppress the
ambient fields by a factor of 100,000 to a million [166]. The MSRs bring the stabilities of the
magnetic field to the level needed to reveal and mitigate subtle systematic e↵ects associated with
residual field gradients.

At LANSCE, the newly-completed upgrade of the UCN facility [136] provides the necessary
UCN density to meet the demand of a nEDM experiment with tenfold sensitivity improvement.
A factor of 5–6 increase in the UCN output has already been achieved (as measured both in the
UCN⌧ experiment [167] and in a nEDM test apparatus [136]). The LANL nEDM experiment
takes the same Ramsey approach by using a room-temperature apparatus coupled to the newly-
upgraded, solid deuterium-based UCN source. The apparatus operates in vacuum and uses the
Ramsey’s method of separated oscillatory fields, which is a mature technology developed in prior
nEDM experiments [121, 168]. The low-risk technology together with the high-yield UCN source
at LANL opens up a timely opportunity to substantially increase the nEDM sensitivity before the
nEDM@SNS experiment becomes fully operational.

The nEDM@SNS experiment has been under development for the past two decades as it involves
many technological innovations to enable nEDM breakthroughs. In 1994, Golub and Lamoreaux
proposed a new method [169] to improve EDM measurements. It calls for the innovative use of
superfluid helium as the UCN production target as well as a noble-liquid detector to measure the
neutron precession. Performing an experiment immersed in a bath of superfluid helium, a significant
improvement in all of E, N , and Tfp is expected, with a goal sensitivity of �dn = 3⇥10�28 e·cm. The
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Electric Dipole Moments: Window to New Physics
New CP violating interactions  
induce CPv at quark-gluon level 
[ Engel, Ramsey-Musolf, van Kolck, 
Prog.Part.Nucl.Phys. 71:21 (2013)]

Need Lattice QCD to relate 
Quark-gluon CPv interactions ⟹ nucleon EDMs ,  CPv 𝜋NN couplings

Leff =
X

i

ci
[⇤(i)]di�4

O
[di]
i

ci () dn,p ?dn,p = d✓n,p✓QCD + dcEDM
n,p ccEDM + . . .

4

CKM, θ, SUSY, Multi Higgs, LR-symmetry  Fundamental	theory	

Low	energy	parameters	

Atom/molecule	level	

               gπ0  gπ1 (gπ2)                                                CT
					CS

0(1) 	

Nucleus	level	

Paramagnetic Diamagnetic 

d,t, 3He	

dn dp
	

Solid state 

Schiff moment	

Wilson	coefficients	 θ								Cggg, Cqqqq(1,8), CqH				dud  dud       semileptonic     de ~	

FIG. 1 (Color online) Illustration of the connections from a fundamental theory at a high energy scale to an EDM in a
measurable low-energy system. The dashed boxes indicate levels dominated by theory, and the solid boxes identify systems
that are the object of current and future experiments. The fundamental CP-violating Lagrangian at the top, a combination
of SM and BSM physics, is reduced to the set of e↵ective-field-theory Wilson coe�cients that characterize interactions at the
electroweak energy scale of ⇡ 300 GeV, the vacuum-expectation value of the Higgs. The set of low-energy parameters defined in
Sec. II enter calculations that connect the electroweak-scale Wilson coe�cients directly to electrons and nuclei. Finally atomic,
molecular and condensed-matter structure calculations connect the low-energy parameters to the observables in experimentally
accessible systems.

which are discussed in detail in Sec III.D, and corre-
sponding improvements to magnetic shielding, magne-
tometry and understanding of systematic e↵ects.

The earliest limits on proton and electron EDMs
were established by studies of corrections to the Lamb
shift in hydrogen respectively by Sternheimer (1959) and
by Salpeter (1958) and Feinberg (1958). Limits on the
proton EDM were also set by analyzing the out-of-plane
component of the proton spin polarization in an scatter-
ing asymmetry experiment from a carbon target. (Rose,
1960), and electron EDM limits were derived from fre-
quency shifts in electron paramagnetic resonance (Royce
and Bloembergen, 1963), anomalous magnetic-moment
(g�2) measurements (Nelson et al., 1959; Wilkinson and

Crane, 1963), and scattering measurements with spin-
zero targets (Margolis et al., 1959) of helium (Avakov
and Ter-Martirosyan, 1959; Burleson and Kendall, 1960;
Goldemberg and Torizuka, 1963) and carbon (Rand,
1965). An early limit on the EDM of the muon was de-
rived from from analyzing the vertical component of the
muon spin polarization the Nevis Cyclotron and fringe
fields, by the measuring asymmetry of the muon decay
electrons. (Berley et al., 1958a,b; Berley and Gidal, 1960;
Charpak et al., 1961).

Starting in the 1960’s, experimenters turned their at-
tention to stable atoms and molecules beams in early
beams experiments pioneered by Sandars and Lipworth
(1964). It was recognized that these systems provided a

[Courtesy of Tim Chupp;  
Rev.Mod.Phys 91:015001 (2019)]

suppressed by  
new-physics 
energy scale

d=4 :  θQCD-term : mix with d>4 isoscalar CPv

d=5 :  quark EDM / chromo-EDM

d=6 :  4-fermion CPv, 3-gluon (Weinberg)

.....................
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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)]

hN(t)N̄(0)i✓,~E ⇠ e�(E±~dN ·~E)t

0 5 10 15
t

0.998

0.999

1

1.001

1.002

E=0.004,θ=0.1
E=-0.004,θ=0.1

Neutron, R3
(w/oθ=0)

0 5 10 15
t

0.998

0.999

1
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1.002

E=0.004,θ=0.1
E=-0.004,θ=0.1

Proton, R3
(w/oθ=0)

FIG. 5: The time behavior of R(w/oθ=0)
3 (E, t; θ) in E = ±0.004, θ = 0.1 with domain-wall fermion.

(Top) neutron case, (bottom) proton case.

28

Compute CPv Form-Factor F3:        dN=F3(Q2→0) / (2mN)  
[ (everybody else, almost) ]

hNp0 |q̄�µq|Npi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
i�µ⌫(p0 � p)⌫

2mN

⇤
up = Vµ +Aµ Need extrapolation to  

forward-limit F3(Q2→0)
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pre-2017 : spurious µn ↔ dn mixing 
Dragos et al(2019) 
Alexandrou et al(2020) 
Bhattacharya et al (2021) 
Liang et al (2023)

dn / θ = –0.0015(7) e⋅fm  
dn / θ =   0.0009(24) e⋅fm 
|dn / θ| ≲ 0.01 e⋅fm 
dn / θ = –0.0015(1)(3) e⋅fm

[Shintani et al (2015)]
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Nucleon "Parity Mixing"

hvac|N |p,�i��CP = ei↵�5up,� = ũp,�

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] 

CPv matrix element Sachs form factor  
subtraction

F lat
3 (Q2) ⇡ m

q3
hN"(0)|q̄�4q|N"(�q3)i��CP| {z }

� ↵5GE(Q
2)| {z }

[ETMC 2016]

[Shintani et al 2005]

[Berruto et al 2006]

[Guo et al 2015]

{
{
{

m⇡ [MeV] mN [GeV] F̃3 F3

n 373 1.216(4) �0.555(74) 0.094(74)
n 530 1.334(8) �0.325(68) �0.048(68)
p 530 1.334(8) 0.284(81) 0.087(81)
n 690 1.575(9) �1.39(1.52) �1.15(1.52)
n 605 1.470(9) 0.60(2.98) 1.14(2.98)
n 465 1.246(7) �0.375(48) �0.130(76)
n 360 1.138(13) �0.248(29) 0.020(58)

Pre-2017 lattice results for θQCD-nEDM: original and corrected

Value of α-mixing is critical for correct determination of EDM:

0.0 0.5 1.0 1.5 2.0 2.5 3.0
✓̄

�0.6

�0.5

�0.4

�0.3

�0.2

�0.1

0.0

0.1

F̄
3
(0

)

m⇡ = 465MeV

m⇡ = 360MeV

“dn,p” ⇡ [dn,p]true � 2↵
n,p

2mN
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Nucleon "Parity Mixing"

Proton (GEp(0)=1) : Correction ~ α5 

Neutron (GEn(0)=0) : No correction at Q2=0  
However, Q2→0 extrapolation may be skewed 
by neutron electric form factor  ~α5 GEn(Q2)

V. Punjabi, C.F. Perdrisat, M.K. Jones, E.J. Brash, and C.E. Carlson: The Structure of the Nucleon 11

Fig. 7. GEn extracted from the ed elastic reaction. GEn using
the fit form of Eq. (32) from Ref. [88] fitted to A(Q2) data
with either the Nijmegen solid line (black) or a Reid soft core
dashed (red) NN potential in the theoretical calculation of the
deuteron wave function. The dotted line (blue) is Eq. (31). The
diamond points are from Ref. [89].

The 1971 DESY experiment of Galster et al. [86] mea-
sured elastic ed cross sections for forward scattered elec-
trons for Q2 up to 0.6 GeV2. At these kinematics, the
cross section in Eq. (26) is dominated by the A(Q2) term
and GMd contributes less than 5% to the A(Q2) term.
The A(Q2) data was fitted using different deuteron wave
functions and by using

GEp =
GMp

µp
=

GMn

µn
= GD, (30)

with different parametrization of GEn. The lowest χ2 for a
fit was obtained using the Feshbach-Lomon [87] deuteron
wave function and the following fitting function:

GEn(Q
2) = −

µnτ

1 + 5.6τ
GD(Q2). (31)

This fit is plotted in Fig. 7 as a dotted line.
The most recent experiment to measure the elastic ed

cross section to determine GEn is that of Platchkov et al.
[88]. These data extend to Q2 of 0.7 GeV2, with signif-
icantly smaller statistical uncertainties than all previous
experiments. The form factor A(Q2) is very sensitive to
the deuteron wave function, and therefore to the NN in-
teraction. Furthermore, the shape of A(Q2) cannot be ex-
plained by the impulse approximation alone. Corrections
for meson exchange currents (MEC) and a small contri-
bution from relativistic effects were found to significantly
improve the agreement between calculations and the mea-
sured shape of A(Q2). When fitting the A(Q2) data, a
modified form of the Galster fit,

GEn(Q
2) = −

aµnτGD

1 + bτ
, (32)

was used. Several NN potentials which including meson
exchange currents as well as relativistic corrections were
used to calculate the deuteron wave function. In Fig. 7, the
fits of GEn extracted from fitting a and b in Eq. (32) to
the measured A(Q2) are plotted when using the Nijmegen
(black solid line) or a Reid soft core (red dashed) NN po-
tential to calculate the deuteron wave function. Both fits
to A(Q2) had similar χ2 and the spread between the line
gives a sense of the theoretical uncertainty in extracting
GEn from the elastic ed cross section. In 2001, an extrac-
tion of GEn was performed using the entire elastic ed cross
section and polarization data [89] and the results are plot-
ted in Fig. 7 as diamonds with the error bars showing the
theoretical uncertainty. These data show the limit of using
the ed elastic reaction to determine GEn and the need to
use the quasi-elastic ed polarization observables to extract
GEn/GMn which will be discussed in Sec. 3.2.2.

3.2 Double Polarization Experiments

Both the recoil polarization method, and the asymmetry
measurement using polarized target, have been used to
measure the proton and the neutron form factors. Here we
first describe the proton form factor results; the neutron
form factor results will be discussed in the next subsection.

3.2.1 Proton Form Factors

The earliest polarization experiments, measuring the po-
larization of the recoil proton [34], or measuring the asym-
metry using a polarized proton target [35] with unpolar-
ized electron beams, were done to search for two photon
effects.

The first experiment with polarized electron beam and
polarized target was done at the Stanford Linear Acceler-
ator Center (SLAC) in 1970’s [90]. This experiment mea-
sured the beam-target asymmetry A = σ+−σ−

σ++σ−
at Q2 =

0.765 GeV2. The experiment showed that the results and
the theoretical values were in good agreement if the signs
of GEp and GMp are the same.

The recoil polarization method was used for the first
time in an experiment at the MIT-Bates laboratory to
measure the proton form factor ratio GEp/GMp. This ex-
periment determined GEp/GMp for a free proton [37,38],
as well as for a bound proton in a deuterium target [39],
at Q2-values of 0.38 and 0.5 GeV2. The success of this ex-
periment highlighted the fact that the recoil polarization
transfer technique would be of great interest for future
measurements of GE and GM at higher Q2 values, for
both the proton and the neutron.

Next, using the same method of measuring the recoil
polarization in 1H(e⃗, e′p⃗) reaction, the ratioGEp/GMp was
measured at MAMI at Q2-values of 0.373, 0.401 and 0.441
Gev2 [91]. The ratio results were found to be in agreement
with those of Milbrath et al. [37,38] as well as Rosenbluth
measurements.

In the late 1990’s and 2000’s measurements using the
recoil polarization method were made at JLab in Hall A

[Punjabi et al, 1503.01452]

CPv matrix element Sachs form factor  
subtraction

F lat
3 (Q2) ⇡ m

q3
hN"(0)|q̄�4q|N"(�q3)i��CP| {z }

� ↵5GE(Q
2)| {z }

Value of α-mixing is critical for correct determination of EDM:

hvac|N |p,�i��CP = ei↵�5up,� = ũp,�

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] 
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Signal & Noise in θQCD-induced nEDM

rQ = 1rQ = 8a

Stat. noise   ~ Variance of Q   ~ (Volume)4d

dN ⇠ hQ · (NJµN̄)i

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, |tQ – tJ| < Δt 
in space around nucleon r < rQ

Correlator for EDM

Q ⇠
Z

V4

(GG̃)(topological charge                                         )

⟹ challenge: systematic bias?
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Alternative: Background Electric Field

Calculation of magnetic and electric moments,  
hadron polarizabilities [W.Detmold et al (2009)]

Emin =
1

|qd|
2⇡

LxLt

Electric field on a periodic lattice is "quantized"

for a (2.8 fm)3 x (5.6 fm) lattice

Feynman-Hellman theorem :  
relate energy shift ... 

Advantages:  
sample GG̃ only on one time slice  
⟹ noise reduction 

no need for Q2 → 0 momentum extrapolation

m0
N = mN � (d✓N✓) ~⌃ · ~E

... to matrix element of  
local topological charge density

⟨N↑| GG̃ |N↑⟩E=0  vanishes  
⇩ 

sensitive to EDM directly  
(no bias)

d✓N /
D
N"

���
Z

d3xGa
µ⌫

eGa
µ⌫

���N"

E

Ez

polarized in spin  and  charge

⇡ 0.037GeV2 = 187MV/fm
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Topological Charge with Gradient Flow

0 2 4 6 8 10
tgf/a2

�10

�5

0

5

10

Q
=

R
q(

x
)

[M.Luscher, JHEP08:071; 1006.4518]

continuous "cooling": 
effective scale 𝛬UV → (tGF)-1/2 

smoothing fields (reduce |G𝜇𝜈| )  

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

"diffusion" of topological charge density 
makes it nonlocal

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

Tree-level: Bµ(x, tGF) /
Z

d4y exp
h
� (x� y)2

4tGF

i
Aµ(y)

d

dtGF
Bµ(tGF) = DµGµ⌫(tGF) , Bµ(0) = Aµ

Gradient-flowed topological charge: Q̃(tGF) =

Z
d4x

g2

32⇡2

h
Gµ⌫

eGµ⌫

i ���
tGF

total top. charge on 20 randomly  
chosen gauge configurations
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Gradient-Flowed Topological Charge Density

243×64 lattice,  m𝜋 ≈340 MeV

tGF = 0 tGF = a2

tGF = 2a2 tGF = 4a2

Lx = 24a

q(x) =
g2

32⇡2
Ga

µ⌫
eGa
µ⌫

⇡ 1

16⇡2

1

a4
Tr

⇥
Glat

µ⌫
eGlat
µ⌫

⇤

/ (E ·H)color

Instantons and Anti-Instantons :  
Quantum tunneling of gluon field 

between topological sectors

|vaci✓ =
X

Q

ei✓Q |Qi

CPv-QCD 𝛩-Vacuum :
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Tunneling Between Topology Sectors

5 fm=5⋅10-15m

[Generated at Mira (ANL)]

q(x) =
g2

32⇡2
Ga

µ⌫
eGa
µ⌫

⇡ 1

16⇡2

1

a4
Tr

⇥
Glat

µ⌫
eGlat
µ⌫

⇤

/ (E ·H)color

6 s video  =5 fm / c =1.7⋅10-23 s real time
[Lattice QCD at the physical point]

Instantons and Anti-Instantons :  
Quantum tunneling of gluon field 

between topological sectors

|vaci✓ =
X

Q

ei✓Q |Qi

CPv-QCD 𝛩-Vacuum :
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0.00 0.05 0.10 0.15 0.20 0.25
m2

⇡ [GeV2]

�0.005

0.000

0.005

0.010

d✓̄ n
/✓̄

0.2

0.3

0.4

0.5

0.6

0.7

m
⇡

[G
eV

]

�0.010 �0.005 0.000 0.005 0.010 0.015 0.020 0.025
|dn| [e· fm]

m
ph

ys
⇡

Dragos(2019)

Bhattacharya(2021)

Alexandrou(2021)

Liang(2023)

[This Work]

Extrapolation to the Physical Point

dn(m⇡) = C1m
2
⇡ + C2m

2
⇡ log

m2
⇡

m2
N

Chiral extrapolation 
[Hockings, van Kolck (2005)]

(Only multiplicative O(a^2) corrections  
with chiral-symmetric lattice fermions)

PRELIMINARY

Summary of neutron θ-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➞𝜋/K, p➞leptons 
No topological suppression of nucleon decay found; confirm limits on GUTs 
NEXT: p➞𝝆➞𝜋𝜋,  p➞K*➞𝜋K amplitudes 

Neutron-antineutron oscillation 
Amplitudes × (6 ... 8) larger than from pheno.models 
NEXT: nn➞vacuum amplitudes, n➞n̅ 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 Q2 and Lattice Spacing
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linear momentum extrapolation Q2 ➞ me2, mµ2 to the decay kinematics 
Continuum extrapolation A(a2) ~ (A0 + A2 a2) ; sys.error = |A0 –A[a=0.14fm]|

W0 Proton➞Kaon form factor W1 Proton➞Kaon form factor 
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Searches for N⇔N̅ in Nuclei

nuclear model uncertainty  
~ 10-15% for 16O  
[E.Friedman, A.Gal (2008)]

Td = R�2nn̄

R ~ 1023 s-1 

Sensitivity is limited by atmospheric neutrinos

Nucleus decay from (nn) annihilation

56Fe [Soudan 2] 

 16O [Super-K] 
   2H  [SNO] Td(

2H) > 0.54 · 1032 yr �⇥ �nn̄ > 1.96 · 108 s

Td(
16O) > 1.77 · 1032 yr �⇥ �nn̄ > 3.3 · 108 s

Td(
56Fe) > 0.72 · 1032 yr �⇥ �nn̄ > 1.4 · 108 s

Soudan

Super Kamiokande

Nuclear medium effect suppresses  
neutron/antineutron oscillation �M ⇠ 100 MeV

oscillation in nuclei

SNO

oscillation in vacuum
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Matrix Elements of  GG (Low-mode Improved)

Two effects observed: 
1. Convergence to  

ground state matrix el. 
2. Diffusion of top.charge 

for tsep ≲ 7a

Analysis of (𝜏Q, tGF)  
required to detangle

hN |G eG|Ni ,

hN |G eG|Niexc ,

hvac|G eG|NN̄i ,
. . .

PRELIMINARY

PRELIMINARY estimates 
2mdn = F3(0) ≈ 0.11 .. 0.13 

agree with form factor

tGF = a2 tGF = 2a2

tGF = 8a2tGF = 4a2


