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Nucleon EDM Experiments

Recent nEDM limits:

d, <2.9x%x107%*% .cm
C. A. Baker, Phys. Rev. Lett. 97(2006)

d, < 1.6x107%% . cm
B. Graner, Phys. Rev. Lett. 116(2016)

d,=(0.0%1.1,,+02,) X 107%.cm

C. Abel et al, Phys. Rev. Lett. 124(2020)

SM prediction
|d| ~ 10731 ecm.
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Nucleon EDM

e,u EDM - .
V\ BSM physics:
Higgs doublets
Paramagnetic Supersvmmetr
Atom EDM Persy y
/ Molecules Left-Right
Leptoquark
Diamagnetic - . -
Extradimension
Atom * q EDM
ED M “’ * MQM 4_ N EDM / _ "Q’ C .
A . \ N < R omposite
¢ SCh]ff q cEDM (RGE) 0’ models
moment daint ‘e, =
=g 1n L *
N-N int €« q 9 ttraa,, K
“== Standard Model
888 | (PQM)
Nuclear | 4¢ O-term @u....
Energy EDM N (PQm) " ""== (6-term)
scale
4
Atomic Nuclear Hadron <> QCD TeV

observable | : Observable available at experiment

r—— : Sizable dependence
s GRLLL : Weak dependence
o : Matching

[N. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]



Nucleon EDM

e,u EDM
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[N. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]

Role of (lattice) QCD : connect quark/gluon-level (effective) operators to
hadron/nuclei matrix elements and interactions (Form factor, dn)

Non-perturbative determination is important — Lattice QCD calculation



Effective CPV operators

2
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Effective CPV operators

2
Jds 5 S 70%%
L8 =55 590G G dim=d, 000D

. Why 8 < 0(10~1%) 2 - Strong CP problem
« A dynamical solution : PQ symmetry (6 — 0 and Axion)
 Other dynamical solutions?
c.f. Conceptional discussions of “un-observability” of topological charges.

e.g., Topological charge decouples to hadron correlation functions in infinite

volume limit ? [G. Schierholz, 2024].

— Lattice QCD are important to confirm the problem and to constrain 0.



Lattice QCD : First principle calculation of QCD [Wilson, ’74]

a

O
Lattice regularization A

-

© quark A gluon

Path integral of field theory 4 = /HdUn,Me_S

T,

1.Generate samples of vacuum, typically O(10)—O(1,000) samples of gauge configurations Uu(n).

&

(% = {C'} - --- —>[{C"_1} - {C'} = - = {CNB

Thermalized configurations
2. Then measure physical observables on the vacuum ensemble (important sampling)

- [dUOU)e ) 1]
0) = [dUe—s@) Nhl“ooNZO(Ui)




Calculation of 8 EDM on the lattice

B Re-weighting method [s. acki et al. (2005); F. Berruto et al (2008), .. ]

eSeop=i%Q _ ¢=Sacp [1 — ifQ + O(62)

<O>C’P—even — 20<Q ) O>C’P—even + 0(92)
(CP-even) (CP-o0dd)

(O) cr

CPV operator : Q, ceDM, etc..., [B] << 1

Original (CP-even) gauge configurations can be used.
No sign problem.

c.f. Dynamical simulation including CP-odd interactions
[R. Horsley et al. (2008); H. K. Guo, et al., 2015)]

(O~ [ DU(O)eSecr=times

<
@F

Need additional simulation for ensemble generations to get non-zero topological sector.
Better sampling of non-zero Q sector.
Check linearity of 6 (ensemble generation for various imaginary 0)

oz T T T
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Q
[R. Horsley, et al (2008)]
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Example of Monte Carlo simulation of QCD vacuum
QCD non-trivial topological vacuum: source of CPV

(Courtesy of Derek Leinweber, CSSM, University of Adelaide)

Q (topological charge) in lattice Monte Carlo history (RBC /UKQCD collaboration)
Nf=2+1 DWF, mmn=290-420 MeV
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Extraction of nucleon EDM
. FO rm faCtOr methOd [Aoki et al (2005); Berruto et al (2005); Shindler et al (2015) ; Alexandrou et al (2015) ; Shintani et al (2016);

Dragos et al(2019); Alexandrou et al(2020); Bhattacharya et al (2021) ;Liang et al (2023)]

Form factor is widely used to extract EDM,
one need to calculate the “3pt correlation function” with topological charge.

. 0 -
(N3 q) N) g = % / DU DYDYN (g q)Ne S50 Sp=+ Jd“xTr[Gﬂ,,(x)GW(x)]

T2

2my 2mpy
Dirac & Pauli Form Factor Electric Dipole Form Factor (EDFF)
(P, T even)

electric magnetic current

Electric dipole moment (Q2 — O extrapolation) q l T
p’

. F3(Q?)
d,, = lim N(0) N(®)

Q20 2mpy

(g=p —p, Q@ =-¢°)

11



Extraction of nucleon EDM
. FO rm faCtOr methOd [Aoki et al (2005); Berruto et al (2005); Shindler et al (2015) ; Alexandrou et al (2015) ; Shintani et al (2016);

Dragos et al(2019); Alexandrou et al(2020); Bhattacharya et al (2021) ;Liang et al (2023)]

Form factor is widely used to extract EDM,
one need to calculate the “3pt correlation function” with topological charge.

. 0 -
(N3 q) N) g = % / DU DYDYN (g q)Ne S50 Sp=+ Jd“xTr[Gﬂ,,(x)GW(x)]

T2

ZmN 2mN

Dirac & Pauli Form Factor Electric Dipole Form Factor (EDFF)

(P, T even) 0.10
0.08 gt
0.06 VIt

Electric dipole moment (Q2 = O extrapolation) ¢, &
o.oog
. F5(Q7 001 2] _
dn p— hm ( ) —0:065:3 my = 340 MeV
Q?>—0 2mp ~0.08 S
00 01 02 03 04 05 06 07 08

Q* [GeV?]
[S. Syritsyn et al. (2048)]
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Extraction of nucleon EDM
. FO rm faCtOr m eth Od [Aoki et al (2005); Berruto et al (2005); Shindler et al (2015) ; Alexandrou et al (2015) ; Shintani et al (2016);

Dragos et al(2019); Alexandrou et al(2020); Bhattacharya et al (2021) ;Liang et al (2023)]

Form factor is widely used to extract EDM,
one need to calculate the “3pt correlation function” with topological charge.

" Jd4xTr[Gﬂy(x)G”” (x)]

i 1 ) mEe. g 0
(N [(YWCI]N>QP’: 2/ QU 292 yN [Gy'qg|Ne S—iSe Sy = >

QmN 2mN
Dirac & Pauli Form Factor Electric Dipole Form Factor (EDFF)
(P, T even) 0.10
0.08 gt
0.06 VIt
Electric dipole moment (Q2 = O extrapolation) 5 &
o.oog
. F3(Q7 001 2] _
dn p— hm ( ) —0:065:0 my = 340 MeV
Q2—0 2mpy —0.08 . . . . . . .
00 01 02 03 04 05 06 0.7

Q* [GeV?
[S. Syritsyn et al. (2018)]
Problem: Prior to 2017, a spurious mixing between EDM and magnetic
moments in all previous lattice computations of nucleon form factor.

0.8
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Spurious mixing problem

[M. Abramczyk, et al. Phys.Rev.D 96 (2017)]

B CP violating interaction induces a chiral phase : (0|N|p,0)op = Uy, o = Ty o

U,p is a solution spinor of the free Dirac equation in : (]b — mNe_QZO‘%) =0

a is mixing angle ( CP-violating mass correction)

® This mixing angle a has to be calculated, and rotated away to obtain “net”
CP-violation effect.

. ° 1/
1:{/ ~ ~ i )'I/O"uqu] ~ 1ot dv
p’,o’

N

[Previous “lattice” parametrization prior to 2017]

Up,o
QmN p,

[FQ]correct — F2 + 0(042)

(FQ —+ ZF3’y5) 220475 (F2 -+ ZF375) 4> [FB]correct _ Fvg 4 QOéFQ

14



Spurious mixing problem

[M. Abramczyk, et al. Phys.Rev.D 96 (2017)]

B CP violating interaction induces a chiral phase : (0|N|p,0)op = Uy, o = Ty o

U,p is a solution spinor of the free Dirac equation in : (]b — mNe_Qza%) =0

a is mixing angle ( CP-violating mass correction)

® This mixing angle a has to be calculated, and rotated away to obtain “net”
CP-violation effect.

= ~ it i /I:O-’uyqv ~ — 2 Y /I:O-MVQV
Upr o | 1" + (Fo + iF375) Up,o = Up' o |F17" 4+ (F2 + iF375) 9 Up,o
muy My
[Previous “lattice” parametrization prior to 2017]
n 2
22@ [FQ]correct — F2 + O(O& )
(Fy + iFsys) = €97 (Fy + i Fyys) CD =
[FB]correct — FS + 204F2
0.1
0.0 ===
—0.1¢ «+— Correct EDFF
= —0.2¢
& 0.3}
—0.4} %
—0.5 [~ mx = 465MeV % {1 “Old definition” of EDFF
—— m. =360MeV
0.0 0.5 1.0 11_5 2.0 25 3.0
0
15

Form factor method with imaginary 8 simulation [FoG6o et al., PRL 115, no.6, 062001 (2015)]



Recent lattice results for 6-induced nEDM (after 2017)

Lattice Neutron EDM |e fm] Proton EDM |e fm]
Dragos et al [2019] d, /0 = —0.00152(71) d,/0 = 0.0011(10)
Alexandrou et al [2020)] d, /0] = 0.0009(24) —
Bhattacharya et al [2021] d,, /0 = —0.003(7)(20) d,/0 = 0.024(10)(30)
Liang et al [2023] dn/0 = —0.00148(14)(31) d,/6 = 0.0038(11)(8)

Phenomenology method Neutron EDM |[e fm]
Pospelov et al [2000] ChPT/NDA ~ 0.002
Pospelov et al [1999] QCD sum rules 0.0025(13)
Hisano et al [2012] QCD sum rules  0.000413

Ema et al [2024] QCD sum rules  0.0005 ~ 0.0015

!

Re-analysis using “correct” nucleon operators from which unphysical chiral phase decouples.

Using the correct definition of F3, the lattice results are more comparable

with the phenomenological results but with huge errors.
— Need to improve the signals.
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Our results

BNf=2+1 (Mobius) Domain wall fermion (chiral symmetry on the
lattice)

®lwasaki gauge action

Ensemble Lattice size Lattice spacing Statistics Pion mass
241_005 243 x 64 0.1105fm 100cfgs 340MeV
241_010 243 x 64 0.1105fm 1100cfgs 420MeV

BAll-mode and low-mode averaging techniques for measurements

2pt with exact solver 1
2pt with sloppy solver 64
low mode all to all 2pt Volume

17



Background electric field method

W. Detmold, B. Tiburzi and A. Walker-Loud, Phys.Rev.D81(2010)

*Uniform electric field preserving translational invariance and periodic boundary

conditions on a lattice (Euclidean imaginary electric field)

*No sign problem: analytic continuation of CP-odd interaction

‘Neutron energy shift in background electric field AL = dnS - €

clctclc

o

The setup of U(1) gauge link

U, — e'"U,
€, : Strength of
Az, 1) = — €t background field

C|

Ao, L —1)=ezXL,

Quantization condition

67
€ =
‘ Lth

n npn==x1,x2..
18



Lattice EDM with b.g. electric field

* The EDM can be extracted from the energy shift of 2pt in the
background electric field

2pt.E 2 e~ (mn+s*dp)t

CQP” (0,2) = <N(t)N(0)eieQ>E . Czpt,z?: (0,2) + CZth,E(OJ) = |ZN|2 Z &Ez,sf_bEz,s
8=

ZmN

1 1
= |Zn|? ( —;74 — ’i4:;2737462) e ™Vt | Zn|? (icws - —ZMEchEt — z’a#ZZez + iaEZ%JEt) g

OF = de,
z:Z L i}/x}/}

a : Chiral rotation angle i, g = e'P Up,o

K : anomalous magnetic moment

e 2pt nucleon correlation functions with topological charge

€2 £(0,0) =Y (NG ( Y Yl rqn) N(,0)

y 7q=0 X
Tr[ZZCZth,E(O,tf)] Tr[ZZC??pt’E.(O,tf —1)]

o . dn e B
The extraction of EDM Tr[C,, z(0,t7)]  Tr[C,,, z(0,t—1)]
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Feynman-Hellman (FH) theorem

C. Bouchard, et al., PRD96(2017)

e The matrix elements can be related to the energy shift through FH theorem

2pt correlation function

FH theorem

e EDM using FH theorem

Nucleon Energy shift

Cx(1) = MO =5 [ D2 S-%0(1)0! 0

Ll

dH ()

dA

m =m+0d°5 - €

EDM can be obtained from the matrix element ~ df, = (N 1 | Z gX)|N T g
X

d, from global topological charge

Q~ | GG,
V4

FH theorem

#

d, from local topological charge density operator

<Q2> ~ V4 — (Statistical error)? o V4

Signal can be improved. 20



Results of nEDM

e Comparison of results obtained using local and global topological
charge

EDM using Global top. charge EDM using local top. charge
T
d,(tety ~ (N(tp) Y. Y q(F DNO)) d (17, 7)€, ~ (N(t) Y qE DINO0)) .
=0 X X
_ My=420Mev. _______ Mr=420MeV _
0.03} } ] 0.006] ° t=8a * t=10a -
: & i l { { fabia
E B 50.004- 3 { }
> oo H 2 H{f-” H
S S 0.002 ]I] I
| | .

0.000

-0.01 P T T TP R T 1 L.,y
2 4 6 8 10 12 -5 0 L

ed” = 0.0009(10)[e . fm]
The results obtained using the local operator have much better signal
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QF

Topological charge from quark loop

Gluonic definition:

Fermionic definition:

Index Theorem for Dirac operator:

1 1%
PG () = 1672 1 {GWGM L;
pr(z) = —mgJa(z) = —mgTr [y D™ (2, x)]
Qtop = QG — QF Thanks to lattice chiral symmetry

Qo =) _rq(), Qr =)  pr(z)

The dependence of QO on #(Dirac eigenvectors)

10 ey

Comparison of Q

-20f

— 'qI(0.001) — ql(0.005)
— ql(0.002) — Gluon |
7600 7800 8000 8200 8400

The top charge Q. with different my is consistent.
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Results of nEDM

* The comparison of EDMs obtained using topological charge defined

by gluon field and quark loop

Gluonic definition Fermionic definition
M, =420MeV M,.=420MeV
- 1 - T _ 0.005 ———F—————T———————————
0.006 F e fr=8a * t=10a - [ * t=8a
' { t;=9a j 0.004 t=9a
E 0.004 3 | tr=10a
S { { } { } } I Eo.oos_— |
3 ! = {ﬁi"i*‘ T
~c° 0.002 : ]T - . [ l .c': 0.002 el et _ . i j }
| 1 i I 4
1]1 '
| I 0.001
0.000
"_'5""0""5" o.ooo--_-s----o----é--
T T

dl’l
- = 0.0018(4)

The results using the topological charge defined by quark loop have
better signals.
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-d,/0 [e.fm]

Comparison of different groups’ results

ChPT extrapolation
— 2 2 2
d, = cym_ + comzlog(m?)
0.008 p—t—r——r—rppp—p——y————————————— 0.000
. . & 241005
$ 241010
0.006} ~0-0027 3 241020
o} F -0.00142(20)(29)
. * .{ E ~0.004 -
0.004 F » J.Dragos, et.al(2019) )
.« J.Liang, et.al(2023) I 3 0006
0.002k + This work g l
[ 1 —0.008 -
- - Liang et al. (2023)
0.000 ................... _0010 I I I I I
0.1 0.2 0.3 0.4 0.5 ", o1 o 3 o

My (GeV) mi (GeV?)



Comparison of different groups’ results

ChPT extrapolation
—_ 2 2 2
d, = cym_ + comzlog(m?)
0.0 8 prr—ppep—p———————r—————————— 0.000
. & 241005
i 5 241010
0.006} ~0.0027 3 241020
'E : _ ¥ -0.00142(20)(29)
Hq_j _ | E ~0.004 -
— 0.004} « J.Dragos, et.al(2019) | 2 § %
@ 0% @
S J. Liang, et.al(2023) < —0.006 A
I 0_002-. + This work }
- —0.008 A
. Liang et al. (2023)
0.000 ------------------- _0.010 l l l l :
0. 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4
M,(GeV) My (Gev?)
A & Dragos(2019)# <«—— 1M > 410 [MGV]
" 1 -+- Bhattacharya(2021)
Q\: - ’ P Alexandrou(2021)
S o < Liang(02)# «—— ;> 339 [MeV]
# ChPT extrapolation

d,,| |e- fm]

—0.010 —0.005 0.000 0.005 0.010 0.015 0.020 0.02

~ 100 % error near physical point
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Summary

®\We test a new method: matrix elements with b.g. electric field, and fermionic
definition of topological charge, has better signals and more stable plateau.

BSo far the lattice results for neutron 8 EDMs are consistent with model analyses.

mConstrain 6-nEDM at physical point is challenging, which will require order of
magnitude accumulation of statistics (huge computational effort), and/or alternative
noise reduction techniques (chiral basis dependent effect? c.f. [Ema et al. (2024)])

— Constraint relaxation on 8 parameter or No strong CP problem?
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Thank you



QQC’D induced Nucleon EDMs

Phenomenological estimates Lattice calculations
Neutron
method value Or %
ChPT/NDA ~ 0.002 e fm R A ]
QCD sum rules [1,2] 0.0025 + 0.0013 e fm = 00T ¢ -
QCD sum rules [3] 0.000410-0095 e fm = v N=2+1 DWF, F,(8), DSDR 32c
—0.0002 L v N=2+1 DWF, F(6), Iwasaki 24c

=z o01FY N,=2 DWF, F,(6)
i N =2 clover, AE(9)
N =2 clover, F3(9)
N =2 clover, FS(iG)
N =3 clover, F3(i6)

f
N=2+1+1 TM, F,(6)

- —h

[1] M. Pospeloy, A. Ritz, Nuclear Phys. B 573 (2000) 177, L |
[2] M. Pospeloy, A. Ritz, Phys. Rev. Lett. 83 (1999) 2526, 0.151
[3] J. Hisano, J.Y. Lee, N. Nagata, Y. Shimizu, Phys. Rev. D 85
(2012) 114044.

—h

¢ 00O

1 1 1 1 I 1 1 1 1 I 1
0 0.2 0.4

2 2
m_(GeV)
[E. Shintani, T. Blum, T. Izubuchi, A. Soni, PRD93, 094503(2015)]

Phenomenology: |dn| ~ Bqo 10-3 € fm -> [Bap| < 10-10
Lattice : |dn| ~ Baw 102 e fm -> severer constraint on | Baqc|



All mode average (AMA) and low mode average (LMA)

[T. Blum, T. Izubuchi and E. Shintani, Phys.Rev.D 88 (2013)]

Gauge ensembles 241 010

2pt with exact solver 1
2pt with sloppy solver 64
low mode all to all 2pt Volume
1 1 1
(Oama) = 7 (Ocx) (Oq) + —(Oq)  (Ng > Neg)
ex Nex Nsl
tr=8a
0_006- — ﬁ e p—————————— .
0.004} # # & {} ¥ ?
E 0.002} F {}
9, i ¢ 1 "
©  0.000f ’ | " X
= : r = Ex+AMA
' _0.002} T4 o_Ex+AMA+LMA]
-0.004} [
-5 0 5

The signal can be significantly enhanced after using AMA and LMA.



Reanalysis of “lattice” 0 induced EDM

Correction is simple: [ FB]Correc P = }73 + 2a ks S
by ourselves
|
My [MGV] my [GGV] F2 @ F3 F3
Refll] n 373 1.216(4) —1.50(16) —0.217(18) | —0.555(74) 0.094(74)
Ref[2] n 530 1.334(8) —0.560(40) —0.247(17) | —0.325(68) | —0.048(68)
P 530 1.334(8) 0.399(37) —0.247(17) 0.284(81) 0.087(81)
Refl3] n 690 1.575(9) —1.715(46) —0.070(20) | —1.39(1.52) | —1.15(1.52)
n 605 1.470(9) —1.698(68) —0.160(20) 0.60(2.98) 1.14(2.98)
Refl4] n 465 1.246(7) —1.491(22) —0.079(27) | —0.375(48) | —0.130(76)
n 360 1.138(13) | —1.473(37) —0.092(14) | —0.248(29) 0.020(58)
Ref[1] : C. Alexandrou et al., Phys. Rev. D93, 074503 (2016),
Ref[2] : E. Shintani et al., Phys.Rev. D72, 014504 (2005).
Ref[3] : F. Berruto, T. Blum, K. Orginos, and A. Soni, Phys.Rev. D73, 054509 (2006)
Ref[4] : F. K. Guo et al., Phys. Rev. Lett. 115, 062001 (2015).

The lattice results are consistent with phenomenological estimates.
After removing spurious contributions, no signal of EDM.
How to improve the signal?



The extraction of gradient flow diffusion effect

* The diffusion effect in the gradient flow

Gty 1) = [dt’K(tgf—t T =7 Dgeds7)

transformation

Fourier

>

§(t5; o)

The diffusion kernel can be extracted through

K(tg —t;7)

Diffusion kernel under
gradient flow

The correlation length become larger

The correlation will be zero when 7 > 6

31

— 1E‘\ri‘w—)t

Normalization

— K(tgf _ tgf a))q(tgf ‘)

Ts))]

\/FTTﬁwKCI(tgf 0)q(#’;
3 MO (] (tgf 0)q (tgf§

Y Ktio) =1

with increasing 7 of

71))]




=43°

Gradient flow dependence

=23°

Contagt term
NEDIV
1]

o
[1: i

larger gradient

suppressed at
flow time.

e The noise iIs

———
i bl
ot
——1 o4
P

e ] To)
b e ]
IIIIIIIIIII o = o o ————— ]
e e
IIIIIIIIIII b e —

© [ |
T O bot il e
N
1] ] e
= W =] e —
2 fe) o -4

- — - o
B

% n % (=] =l —
1 ] ] e T e |
=W ol e e
@ @ @ bl

e i g —————
o= o o et e = - - - - - - - -
e ] e - ———

e = = i —————— ——— ]
e ] = w

—t !
—
—
s L Bl
—

2o 2 a0 o 2 2 o 0 o 2 2 2 B o o o 3 Jaa o man J o o
o Te] o 0 o Tp] o
(32 N ()] b, w b g o o
Q Q S Q Q Q Q
o o o o o o o

.............................

.
el
fed
——] a4
i

IIIIIIIIIII B = = = ] ()

e o o e g ]

|||||||||| ot = o

o [
IIIIIIIIII o e o

© [ e
% m (] b
] 1l b4 ——
-5 W ot e i
& o [ -
e o
el

S N )

et o i
e —————— o] - —p— -

e o o s s s s e

||||||||

o et i e ————

aom o b o o o 0 o o o o B o o o o 0 a o TPTEEY

* The plateau

will be shifted
due to the
diffusion.

T T T T T T T T T T T T T T T T T T T T T T

7, 1,

/

1) ® Cy(f

(g 2l
oidilel
et
| o |
(g ]
b M — === —— - ] To)
e ———————— i ———————— ]
o ] = =
o ———————— e - - ————— -]
IIIIIIIIIIII for e o
© ol el
% m ol el ey
] ] ™ e~
= W M b e
® ® " =™
o+ o M~
[ag ] L |
] 1l ] L B
w5 S W b ]
® o @ o R
b ] ]
o ] - ——————]
e ] ot
e ————————— ] ——————]
b O ] L e
el |
==
[ 2
=t
il
PR TN TN W TN T T UNT RN RN NN W W NN N RN Ty Bem o » o
o Te) o Te} o Tp) o
(32 AN AN - - o o
Q QS S < Q i —
o o o o o o o
.............................
[ g B
etd-itedl
et
[ ] ]
-
IIIIIIIIIIII ————————— 1) n
IIIIIIIIIIIIIIIIIIIIIII
o P = = = o
e e e s i i » —
lllllllllll e e o s
T S 7 i -
» ~— I b ey
oo b e #"
= W o ke e u —
® [} B el Au
— o
[ o]
S 8 8 -
Lot e o
-~ -~ N~ o b ] —
® 2 @& i Y
e o} ]
e o o o e e o b ot
e i ] - n
e o
e o — e = ———] e e
i | N
- =l L d
4
b i L m
[
e e e M M T hu
(o] Te)} o Te} o Tp) o
™ N N - - o o
Q Q Q < Q Q Q
o o o o o o o

C,(t¥; 7, Liep) = K(tzgf — tff; lT—7

Diffusion kernel



3pt function with topological charge density in the presence of background electric field

B Consider 3-pt functions of topological charge density

AC3(1,€) =(N(T)Q(T)N(0))z, (0 <7 <T)

B Performing the spectral decomposition

f— A

ACsy(7,8) =(N(T)QNN(0) ~ 3 e~ BT =En7(0| N n, £) n, £|Q|m, €) (m, E|N |0}

=|Zn|?e ™V (N, E|Q| N, E)| + (excited states)

N, ,&) : ground state nucleon in the presence of b.g. electric field

This matrix element can be non-zero due to non-zero electric field, which
corresponds to the energy shift (OE)

—

(N, ,E|QIN,,E) =0FE =d, xX-&

c.f. 1st order energy correction in the perturbation theory of quantum mechanics
ﬁ:ﬁ0+5ﬁ, ok, = <n|(5ﬁ)]n>



More details on Perturbative analysis with background electric field
[G. Baym, and H. Beck, PNAS 7438, 113, 27, 2016]

B State mixing due to electric field (without CP-odd operator)

Ny, &) =|Ng,0) +§°5|N_,0> + -

€

QmN_(mN_ - mN+)

2 1 -
PEM = gﬂ%u(m) - gd%d(m)

/ dz’T(N~,0|ppm ()N, 0) (expectation value of the dipole operator)

(c.f. 1st order state mixing in quantum mechanics)

Ground state nucleon (originally P-even) can mix with the negative parity nucleon (N-)
<N_|_, E‘Q‘N_|_, g> :<N_|_, O|C_2|]V_|_7 O> + zero due to P Sym.
+&-D(N,,0|Q|N_,0) + (c.c.) = dp,&€ - %

CP-even quantity =& Non-zero VEV
(Same as mixing angle a)

EDM : interplay of both electric field (P-odd state mixing) and CP-odd matrix
element (energy splitting) in 1-st order perturbation



