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Introduction

= Electric Dipole Moment d
Energy shift of a spin particle in an electric field

= Non-zero EDM :P&T (CP through CPT) violation
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Nucleon EDM Experiments

Current nEDM limits:

199Hg spin precession (UW)[Graner et al, 2016]
Ultracold Neutrons in a trap (ILL) [Baker 2006]
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N UCIQOH EDI\/I [N. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]
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Nucleon EDM
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IN. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]
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Important bottleneck
“ena Q<THESQ of the EDM calculation!

243
Role of (lattice) QCD: connect quark/gluon-level
(effective) operators to hadron/nuclel matrix elements
and interactions (Form factor, dn)

Non-perturbative determination is important | Lattice
QCDcalculation!



Effective CPV operators

2
% .
£ = 3277 50G ., G dim=4, ! qcp
)
5 Z dzsz 0751% dim=5, chromo EDM
1=u,d,s
)
5 E dzwzF ovs;  dim=5, e, quark EDM
1—=e,u,d,s
b b ,C im= i
4+ wfa CGMV’aGﬁ‘ﬁ (; 5 dim=6, Weinberg three gluon
. Ci(4q) Qi(4q) dim=6, Four-quark operators

@1 O(10' 19): Strong CP problem
' RG flow suggests that QCD is Coulomb phase due to non-zero vacuum angle I?  [G. Schierholz, talk on Friday]

guark-chromo EDM Dim=5 operators suppressed by mq//\2 | effectively dim=6,
quark EDM E the most accurate lattice data for EDM (~5% for u,d)

cEDM and Weinberg ops. are ongoing. [T. Bhattacharya, plenary talk]

Lattice QCD calculations are important to constrain !, cEDM etc.



Calculating CP-odd interaction on the lattice

CP-violating interaction on lattice

2 Linearization of CP-odd interaction (e_g_ : !_ED|\/|) [S. Aoki et al, (2005);F. Berruto et al (2005); A. Shinlder et al,
(2015), C. Alexandrou et al (2015); E. Shintani et al (2016)]

e~ Peep—WR = ¢=Seen 11 4Q + O(6?)]

!O".dP = 10"cp1 even # ! !Q éO'CP! even T O(! 2)
(CP-even) (CP-0dd)
CPV operator : Q, cCEDM, etcE, !<<1

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

0.12 _I I I | I B I | I B I | I | I L I | I L L I—

0.1 -

B Dynamical simulation including CP-odd interactions

0.08 F

<(’)>9 ~ /DU(O)e_SQCD_H’imGQQ [R. Horsley et al. (2008); H. K. Guo, et al., 2015)] X 06

0.04

Need additional simulation for ensemble generations to get non-zero topological sector.
Better sampling of non-zero topological charge sector _
Check linearity of ! (ensemble generation for various imaginary !) o L

0.02 -

[R. Horsley, et al (2008)]



Extraction of d n

B Nucleon spectrum in the background electric field T ;\Ie'ut'm;]’ 'RS}W/;!;o)' ]
[E. Shintani et al, 2006, 2007] :
1.001_— _
1 | i' 2m I
IN (t)N(0)", o # e (MnTon: &) |
- ¥y
EDM : Spin-dependent energy shift of the nucleon ook *T¥yy f g :
Need to check linearity in bg. electric field e 1 } { T
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B P, T-odd form factor
J. Dragos et al, 2019]
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o HIMIp ! " = @ o 2\ U IR 2ys! " &
P IR = Fo(Q2)"H + Fa(Q2) o # F3(Q°) M
F5(Q?) P, T even P, T odd

d, = lim
Q20 2mpn

Need @ — O extrapolation
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[E. Shintani et al 2005, F. Berruto et al 2015, A. Schindler et al, 2015, C. Alexandra et al, 2015,



| QCD Induced Nucleon EDMs Lattice calculations

Neutron
. . I I
Phenomenological estimates ;
0
method value 3 v? { .
ChPT/NDA ' 0.002 e fm ~ -0.05 — & -
QCD sum rules [1,2] 00025+ 0.0013 e fm E I N =21 OWF F() DSOR 3¢
QCD sum rules [3] 0000 008882 e fm E’, I v N.=2+1 DWF, F("), Iwasaki 24¢
— =z o017 N.=2 DWF, F,(")
© I 0 N=2 clover#E(")
1] M. Pospelov, A. Ritz, Nuclear Phys. B 573 (2000) 177, O NF=2clover, %('_')
2] M. Pospeloy, A. Ritz, Phys. Rev. Lett. 83 (1999) 2526, - & NgF=2 clover, E(1)
3] J. Hisano, J.Y. Lee, N. Nagata, Y. Shimizu, Phys. Rev. D 85 (2012) 114044. -0.15- o N=3clover, (")
N=2+1+1 TM, F(")
- _
0 0.2 0.4
2
m, (Ge\/z) [E. Shintani, et al. (2015)]
Phenomenology: [dn| ~! o103 e fm — |I ocd < 10-10

Lattice : [dn| ~ ! <0102 e fm -> severer constraint on |!  ocd



| QCD Induced Nucleon EDMs

Lattice calculations

Problem: a spurious mixing between EDM and magnetic moments in all
previous lattice computations of nucleon form factor.

Neutron
. . I I
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Spurious mixing problem in lattice form factor method [M. Abramczyk, et al, 2017]

B CP violating interaction induces a chiral phase : 0O|N |p, ‘dp = e’ s Up,# = Hp,#

B This mixing angle " has to be calculated, and rotated away to get OnetO CP-violation effect.

| o ill u q' | ill u" Q'
8., FI'H+(F + |F=sl oo | By o F1!“+(F2+IF3!5) Up 1
ot P (F> 3! 5) T 0, ', e P,
[Previous OlatticeO parametrization prior to 2017] - ,
. e Falcorrect = F2 + O(a”)
(F2 + ||:3! 5) — e2|! 5(|-_-_-2 n ||:'_3! 5) :D correc )
[FS]correct — FB + 204F2
B Numerical check: F3 form factor vs. energy shift in background electric field
20— | | | |
| o A O_E#*
Neutron, d-ceEDM, large spurious mixing. —~ 5 T
= 1 20 \ new” F3 formula
41 30 - 5 .
1401 . Energy shift method - B—
. . . _ I 60_ ) 1 .u )
Previous lattice EDM results (prior to 2017) were o a0 g / old” F3 formula
subject to large contamination from F2,3 mixing. it -
| 100—

00 01 02 03 04 05
Q?*[GeV]



Reanalysis of OlatticeO ! induced EDM

Correction Is simple: [FS]Correct — F3 =+ 204F2

[M. Abramczyk, et al, 2017]

Dynamical calculations with finite imaginary I angle,
Form factor method [F. Guo et al (2015)] o
0s(3 T }
980 05 10 1;5 20 25 30
m. [MeV] mpy |GeV] | F; o Iy
[ETMC 2016] n 373 1.216(4) | —1.50(16)  —0.217(18) | —0.555(74)
- n 530 .334(8) | —0.560(40) —0.247(17) | —0.325(68)
onintant et &l 2005 { p | 530 .334(8) | 0.399(37) —0.247(17) | 0.284(81)
n 690 575(9) | —1.715(46) —0.070(20) | —1.39(1.52)
[Berruto et al 2000] { n| 605 .470(9) | —1.698(68) —0.160(20) | 0.60(2.98)
Guo et 2015 { n 465 .246(7) | —1.491(22) —0.079(27) | —0.375(48)
n 360 1.138(13) | —1.473(37) —0.092(14) | —0.248(29)




Reanalysis of OlatticeO ! induced EDM

Correction Is simple: [FS]Correct — F3 =+ 204F2

Dynamical calculations with finite imaginary

I angle,

[M. Abramczyk, et al, 2017]

0.1
0.0 =
1 0.1}

=) I 0.2}

-

Correction made
by ourselves

& 1 0.3}
Form factor method [F. Guo et al (2015)] 04l
B
980 05 10
m. [MeV] mpy |GeV] | F o
[ETMC 2016] n 373 216(4) | —1.50(16) —0.217(:
- n 530 .334(8) | —0.560(40) —0.247
Sh | 2005
Snintant etal 2005) ‘I: p | 530 .334(8) | 0.399(37) —0.247
n 690 575(9) | —1.715(46) —0.070
[Berruto et al 2006 { n| 605 .470(9) | —1.698(68) —0.160(2
e n 165 .246(7) | —1.491(22) —0.079
(Guo etal 2015] { n 360 1.138(13) | —1.473(37) —0.092

Removing spurious contributions : no signal of EDM

How to improve the signal?

consistent with phenomenological estimates



Noise reduction technique for !-induced EDM



Generic strategy for noise reduction
- tL -

1&(T)" = lim dt d3x!1 (x,t)O(T)" (T ! tsink " tsrc)

te HtL V3

"(x,t) Is a density quantity which is independent of source, sink positions.
I-EDM case : " Is the topological charge density operator L(X,t) = G G (x,1)

| (" Expected behavior

tL | tsrc,tsink ) O(]—)

tL >> 1 src,tsink ) O(e! ! th)

Noise truncation introduces systematic error which must be estimated correctly.
Important to understand the behavior for earlier time region.



Various noise reduction technique on the lattice

Noise reducetion technigue used In various fields of lattice computations

Bpoint-source method with noise ! Hadronic light-by-light !
BConstrain Q sum to fiducial volume for I-EDM Topological charge: () | GG, "Q%#! V,
f Vg4
Q! d*xq(x) (Statistical error 2 ~ V)
Vo
% In time around current to! ty| <!t [E Shintanietal (2015), B. Yoon et al (2019)]
*4d spherical around sink XQ ! Xsink | <R [K.-F Liuetal (2017)]
*4d OcylinderO Vo i [K|<rg, '!lto<tog<T +! to [S. Syritsyn etal (2018)]
* In time around source to ! tge| <!t [J Dragos etal (2019)

mBackground fields and/or Feynman-Hellman theorem:
4pt | 3pt (cEDM), 3pt ! 2pt (hucleon matrix elements, e.g. g )
B Gradient flow: noise reduction of the topological charge, etcE

Selected recent progresses for I-EDM will be shown.



Related recent studies

1. J. Dragos et al [arXiv:1902.03254]
2: S. Syritsyn et al (O18)
3: B. Yoon (talk on Friday)

1 2 3
m, [MeV] 410-700 139-420 130-310
Sk Wilson DWF Clover
a [fm] 0.07, 0.09, 0.10 0.11 0.09, 0.12
measurements 15-30k 30-80k 123-165k
truncation method | -Improvement t-direction t-direction

to ! tge| <!t | (4-dcylinder) | [to! tj] <1t for F3

Q?%,a" 0 extrapolation | N/A N/A

All use the gradient flow for topological charge density.
Method: Form factor method



1: #-improvement [J. Dragos et al, arXiv:1902.03254]

B Consider 3-pt functions with topological charge density

| Can(1) 1" TIN(TEONO)} 4 (1)1 XGB!

B Performing the spectral decomposition
(HDOoO<7<T

ACs(7) = (N(T)&@(1) B(0)) ~ » e~ FnT=T)=EmT(O|N|n) (n|@|m)(m|R|0) ~ » ~ cosh Qmyn(r — T/2))

n,m m#=n

'In|@|n" =0 due to P sym
(2) T <

AC3(7) = (B(T)N(T)R(0)) ~ > e~ Fr7=EmT(0|@|n) (n|N|m)(m|R|0) ~ » e BT, (Ey ~ my)

B mixing angle # Is obtained by fit analysis exponentially suppressed
1= 1s
— _ | Etq
C3pt (ts) — | C3pt(! ) = A+ Be (ts >> T )

=1 1g

B Extension to the 4-pt function (form factor <NJQN>) Is straightforward, and the formula
becomes complicated.



1: #-improvement and ChPT fit for F 3 [J. Dragos et al, arXiv:1902.03254]

t=T = tgnk ! tsrc

N O(I)\Iucleon Mlxmg Angle ay over t Neutron M, —41()M6V 0.004 Neutron d ( !W) F'!t
| 3 | | | | o 5—(]3 _00036(66) ofm 3 Standard i Neutran
~0.05| 0'015"”—§_<13_o'0044<26)efm' ”””””” § R Improved | 0.002} I d,=— 1.52(71) x 10—3 é e fm |

—0.10¢

C’ontmuum

—0.15¢

= _ k
5 —0.20

—0.25}

‘0-30*{m7r:410MeV +=0.91 fm ********* =
_o03s| ! — 570Mev t= o 91 fm
} ?—700M6V t=0.91fm
—0-405 00 05 1.0 15 20 25 3. S S S
t[fm] 00 QQ['G .V]QI o0 ~0.0125—700 200 300 400 500 600 700
e
m, | MeV]
Fit ansatz: = Cy m? 2 jog(—Mt 2
Itansatz: d,, (a,m )= Cy my+ C, my log( )+ Cza
mN ,phys

Non-zero signal at physical point for I-EDM by extrapolation.
Far from chiral regime?



2. Our work

. . . . . rgT
BNf=2+1 (Mobius) Domain wall fermion, lwasaki gauge action reanh éé
. . A7
®Reduced topological charge density :
T+ S *
~ | L. x 7 k—ho| < rp), W
Q(AfQ,i’Q) = Tr GyvGyy ., (1) eVp: —
1672 er;'Q HYEHY & to — Atg <t < to+tsep + At )
0 _ —
—AtQ \—/
Convergence test of the parity-mixing angle from the reduced topological charge m, = 340 MeV
0.30 | | | | | | F I I I | |
0.25} Q=8 _ rqQ =12 I
0.20r I o
0.15 I - - - % q
LO 0.10 Tl | ????.0“.*.% | _._(I-)_

0.05

" oo pefREITEEERRE] | =1 | =
O00H & !tg=2 vy !tog=12].. e e i e e i e N

| 0.05k % ::Z:g A 1o =32 ]
! 010 | | | | | | | | | | | | | | | | | | | | | | | |
O 2 4 6 8 101214 O 2 4 o6 8 1012 14 O 2 4 6 8 1012 14 O 2 4 o6 8 10 12 14
t t t t

convergence : ro! 16a, ! to! 8a



m, =410 MeV
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Preliminary result: -EDM on physical point

O

=2,|r|" 16
o O
= O

!

|t

B8 T=9a

- l OZ‘H T=8a

=
w

| ¢4 T =10af|

" % ®m ®m ®m ®m ®N ®N N N N N N N S E ®E S N E N N N NN W E S EEEEEEEEE W W "—

2,|r|" 16
O
H
o

T

O_OOH ...........................................................................
T | 0.05}
1 0.10 | 1
0.00 0.05 0.10 0.15 0.20
Q?[GeV7]

33000 stat.

Fan(Q?) : consistent with zero.

Physical point"
DWF Ni=2+1

4Ir|" 16

ng, Il' tl

" = = % ®E ®E ®E ®N N N N N N N N N NE N N N & s
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4Ir|" 16
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Our naive estimate of !-nEDM at the physical point

® Chiral fermion, m s = 330 MeV (our result) : ZmN\dn| = F3,,(0) ~ 0.1
@ scaling based on leading order ChPT: Ay ~ Mg ~ m
>

F3,(0)! 0.02a0, |[d,]! 0.002 efmaf  (physical point)

B Consistent with the results from QCD sum rule and the lattice result with ChPT fits.
dn . —0.00152(71)6 fm al [J. Dragos et al, arXiv:1902.03254]

® To constrain |F 3n|< 0.02 at m phys, We need 25 ~ 100 times statistics

(%Fn/F3n~5 at physical point)



3. B. Yoon et al

convergence test: t-dependence of F3 [more detailed study I B. Yoon, talk on Friday]
05 | 209m130 -E- a09m220 -6~ a09M310 -
[Btye]“ = 0.34 fm 1=10, t=5
0.4 @ _____________ %,
= 03 | @@ @ I%I | Final results quoted at
= 0 Ii@lillil R_T/a = 14 (209m310)
il il 20 (a09m220)
02 | il . 36 (a09mM130)
--------- III(DCDCDCDCD@GIDCDCP@CI)@GIB
0.1 - BoTganana s g gy B
0R4 2 _ .
0.0 @ | | Q™ =0.18 GeV~

0 10 20 30 40 50
RT



3. B. Yoon et al

0.030

= 0.025 |
=

f

~ 0.020
Z

= 0.015

~

~_ 0.010

T 0.005

0.000

' ' 09mM310 +E
Btye] = 0.34 fm 200M220 5 -
a09m130 4
] al2m220L -
] Preliminary!!!
: } t} i
| | @ | I@
O 0.1 O. 2 0.4 0.5

140,000 stat.
123,000 stat.
165,000 stat.
128,000 stat.



COmpariSOn of three groups 1: J. Dragos et al [arXiv:1902.03254]

2: S. Syritsyn, et al ("18)
3: B. Yoon (talk on Friday)

1 2. 3
Neutron, m,=410MeV
—— D 0.0036(66) ¢ fm % Standard m, = 340 Mev 0.030
0.015 F5(0) : : : 8 R Improved | .
— o =O.‘0044(26‘) e fm |

02 03 04 05 06 07 08
Q?*[GeV]

00 01 02 03 04 05 06 0.7

Q*[GeV]?

Consistent result at heavier mass with non-zero Q
Difficult to see chiral behavior.

[8tyye]*% = 0.34 fm

a09m310 -
a09m220 o
a09m130 &

alz2m220L s~

Bia Preli__min‘Fry!!!
B g1l
| | % | il | i
0 01 02 03 04 05
Q° (GeV)
2




Short summary : lattice -EDM calculations

B Various noise reduction techniques have been used, which In fact
Improve the signal-to-noise ratio in the form factor calculations.

W Clear signal at heavier mass with non-zero Q2
B Result at the physical point has 50-100% error.

2 There may be a tension between chiral (and Q 2) extrapolated value and
a direct result at physical point.

1&2: |d,| = O(10 3), 3: |dy| = O(10' 2) [fm]

2 Need to understand # mass and (¥ dependence of dn.

B Constrain !-induced nEDM at physical point is still challenging.



A new method

Matrix element approach with background electric field



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

B Consider 3-pt functions with topological charge density
| Capt(T,!) = IN(T)F(!)N(0)"., (0<! <T)
B Performing the spectral decomposition

| Cape(!L,E) =IN(T)G()N©0)'. # € En(T' D En" 10N In"In|@|m"! m|N|0",

n, m

=|Zn 7€ ™ TIIN|E@|N "]+ (excited states)

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

IN|@IN", = E = d, # ! &F,

c.f. 1st order energy correction in the perturbation theory of guantum mechanics

19 = Ky + | 19, lE, = 'n|(' K9)|n"



Lattice QCD with background constant electric field

ZkUniform electric field preserving translational invariance and periodic boundary conditions on a
lattice (Euclidean imaginary electric field)

skused for the nucleon polarizability [W. Detmold, Tiburzi, and Walker-Loud, (2009)]

3%kNo sign problem: Analytic continuation of CP-odd interaction

Jkconsistency check of energy shift method and form factor method via cEDM operator.

UM s et@qAp Uu Charge quantization due to finite volume.
Ai(z,t) = Epz
AZ(Z, t) — — gantéz:Lz—l
trength of E field &, = n—"—, (n=4+1,42 ..-)
strength of E fie n—anLt, n==+1 42,

QL. Ly =2mm, (m :integer)
(Qu — 2/37 Qd — _1/3)

charge quanta

24"3x 64 lattice minimal value of E (|n|=1)

o7
£y = ~ 0.037 GeV?
T ILL. :

~ 186 MV /fm




EDM : difference between spin up (positive  E) and spin down (negative E) energy shift

I
C2pt (T) ‘E‘
E[=2
., =8, [E=2 te 8. [EI=2 T =8
' ' Preliminary | ' '
an (O) 0.15_— I 1 I 1 ; ;F
_ 1% E } :, i T{ i gl — 0.1_— !
107 rorr : N ana
O T e 1 - L | 0.05 o (H1-#2-(#3-#4))/4

! m, =340 MeV !



Test of flow time and T dependence | Cape(T,!) = IN(T)E(! )N ()",

m, = 340 MeV
0.30 . . . 0.30 |
0.25} 0.25}
0.20} 0.20}
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0.05} 0.05¢ —4— T=5 —4— T=7 —— T=9
—#— T=6 —¥- T=8 —#— T=10
0.00 Y7 12 o0 > 4 6
11 T/2

Gradient flow reduces the topological charge fluctuations.
Plateau is obtained at T=9 and 10 for t ce=8. — F31(0) = 0.12(3)



Summary

Lattice computation of lattice !-EDM Is very challenging.
Form factor methods

#@ Noise reduction techniques for Q-samplings have been developed In
recent years.

@ Very clear signal at heavier pion mass region

@ The error becomes larger at the physical point.

® Need to understand " mass (and Q 2) dependence of F 3(Q2) form factor

A new method -matrix element approach-

¥ Potentially better control of the systematic uncertainties
(no need Q 2 extrapolation, no need to extend outside sink-source position)

@ linearity of |E| should be checked

@ Need to study at the physical point



Thank you



Back up



Test of flow time and T dependence
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Nucleon 2 point function with a constant Ez-field

- 1 1+, 1 -2, 1 .
C/Q%Ij(ﬁ: O,t,g) _ ‘Z‘Zeza% < - '74) -+ 6—(m—|—5E)t | 6—(m—5E)t elos O((%,S)Q)

2 2 2
1 i
~ | Z|Fem™ 274 Fiarys — 2, 0Bt

(t>>1) (CP-even) (CP-odd)
G

2m

spin dependent interaction energy

Energy shift: 0E = (2&)

OEffectiveO energy shift (extraction of the term proportion to linear-time)
2
¢ = 2mEg T (0) = T [Ra(t +1) - Ra(0)
Z
C P—odd
B Tr[Tg Cyy % (t, E)]

R, (t) = TI[T+CZpt(t7 E),

Cop (8, €) = (N(H)N(0) ) [Ocrpm(x)])eo

X



