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Neutron EDM
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Experiment: Neutron Measurement Measurement 90% C.L. (10~%® e-cm) Year 90% C.L.
Facility Source Cell Techniques With 300 Live Days Data Acquired
Crystal: JPARC Cold Neutron Beam Solid Crystal Diffraction (High Internal E) < 100 Development
Beam: ESS Cold Neutron Beam Vacuum Pulsed Beam <50 ~ 2030
PNPI: ILL ILL Turbine (UCN) Vacuum Ramsey Technique, Phase 1 < 100 Development
PNPI/LHe (UCN) E = 0 Cell for Magnetometry <10 Development
n2EDM: PSI Solid D, (UCN) Vacuum Ramsey Technique, External Cs <15 ~ 2026
Magnetometers, Hg Co-Magnetometer | [ | DO
PanEDM Superfluid “He (UCN), Vacuum Ramsey Technique, Hg Co- <30 ~ 2026
ILL/Munich Solid D, (UCN) External >*He and Cs Magnetometers
TUCAN: Superfluid “He (UCN) Vacuum Ramsey Technique, Hg Co- <20 ~ 2027
TRIUMF Magnetometer, External
Cs Magnetometers
nEDM: Solid D, (UCN) Vacuum Ramsey Technique, Hg Co- <30 ~ 2026 ; . .
LANL Magnetometer, Hg External b e ,:
Magnetometer, OPM
nEDM @SNS: Superfluid “He (UCN) “He Cryogenic High Voltage, He <20 ~ 2029
ORNL Capture for @, >*He Co-Magnetometer <3 ~ 2031
with SQUIDs, Dressed Spins,
Superconducting Magnetic Shield




CP-violating sources

Buchmuller, Wyler: 1986

@ Full list of dimension 5 and é operators is known  de Rujula ef al: 1991
Grzadkowski et al: 2010

Weinberg: 1989




The role of lattice QCD
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dn = M0 (%) S MO, (N|JOgpN) 5 d E-S

Weinberg
My Hadronic matrix element topological charge Thetd o
Mﬁ) Hadronic matrix element CP odd operators qCEDM
Alarcon et al.: 2022
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A.S., Luu, de Vries: 2014-2015
Guo, MeifSner, et al.': 2010-
Liang, Draper, Liu, Yang
Alexandrou et al. (ETMC): 2015-2020

MSSM Abramczyk et al. : 2017-
Dragos, Kim, Luu, Monahan, Rizik,
e A.S., de Vries, Yousif: 2015-2021
dn go 91 Yoon, Bhattacharya, Cirigliano,
Gupta, Mereghetti: 2015-2021
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Narayanan,

Neuberger:2006 Grddien'l' ﬂOW Luscher 2010

Luscher, Weisz 2011

z,, t=1flow-time [t]=—-2  A.(a)=A4%e)T* — gluon fields

—
4 79

| " 8By (z,t) =D, Gala, 1)
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815@(15) e () ) — /d4x q(a: t) Equivalent to fermionic

definition

Polyakov: 1987, Luscher: 2010 Ce’, Consonni, Engel, Giusti: 2015 Luscher: 2021 Luscher, Weisz: 2021



Low-energy Constant

Neutron, d,(a, m,) Fit
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¢  Neutron
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0.000 C’ontmuum dn(e) 5 dn 87-‘-2F M2 Mereghe'ﬁ'i e'l' Cll.: 2011
Dragos, Luu, =002 |
A.S., S~ 2
- . (L, 700 . D 2 nip 2 g n/p 2
de Vries, Yousif: = o006 A joh, M ¥ = O de O 5w n 72 Coivg

2019 N

—0.008

—0.010

proton | —3.6(5.3) ><10—4 —6.8(6.6) x 10~* 02031 2014 —9.9(9.6) x 1073

neutron | 3.1(3.2) x 10~% | 8.8(4.4) x 10~* ~12.8(6.4) x 1073

—0.0125—160 200 300 400 500 600 700

m, | MeV]

0] < 1.98 x 10~ '°(90%CL)

—0.00152(71) 0 e fm

g = —1.28(64) . 10 % go = —1.47(23) - 10720

0 Crewther et al.: 1980
Ab-initio determination of g 8¢ Vrles et ol 2015



darker shades = common

Prelimina darker shades =
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http://openlat1.gitlab.io

OpenLat

Neutron

Wilson current_improved order6, smaller tsep

Fs fit: -0.00055(34), x2/dof=0.15

EDM & Schiff moment

Wilson current_improved order6, larger tsep

F5 fit: -0.00025(62), x?/dof=0.07

My = 400 MeV
titoi= 1.9

a = 0.065-0.12 fm o l

cv still missing

F, Fs fit - F3: -0.00055(36), x?/dof =0.15 F, F; fit - F3: -0.00036(63), x2/dof=0.07

PRELIMINARY
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@ Excited state contamination
@ Finite volume effects

@ Pion mass dependence
@ Different definition of charge

Wilson current_improved order6, smaller tse, Wilson current_improved order6, larger tee,

F5 fit: -0.000053(19), x¥2/dof=0.80 0.00002

F, F5 fit = F3: -0.000057(19), x2/dof=0.80
0.00000

—0.00006
¥ ~0.00008
Sn| = 1.7(3) x 100 € fm® o PRELIMINARY
F5 fit: -0.000016(36), y2/dof=1.91
Mereghe’r’ri et al.: 2011 PRELIMINARY —0.00012 E, 5 fit - F: -0.000(il8(34),x2/dof=1.91
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Theta-term Neutron EDM - status

vadl
Crewther, Di Vecchia,
Veneziano, Witten: 1980

SymLat
Dragos, Luu, A.S.,
de Vries, Yousif: 2019

ETMC
Alexandrou, Athenodorou,
Hadjiyiannakou, Todaro: 2021

Acharya et al.: 2023
(White Paper for 2023 NSAC LRP)

10

LANL
Bhattacharya, Cirigliano,
Gupta, Mereghetti: 2021

yQCD
Liang, Alexandru, Draper, Liu,

B. G. Wang, Wang, Yang: 2023



Quark-Chromwo EDM




() ([ )
Renormalization o o

Ocr(z) = Y(2)¥50 Gt Y () Ocklg = ZqcepM |OCE et <

P(z) = ¢(z)y5t"P(2)
RI-MOM Off-shell

" d=4 —> 2 operators + 3 O(m)

a

loga  d=5 —> 3 operators + (7 + 5) O(m,m2) + 4 “nuisance”

Power divergences need to be subtracted non-perturbatively

Maiani, Martinelli, Sachrajda: 1992



Luscher: 2013

Gradient flow

LTl = - Y P
—— -’ g - = - - P — >y’ -y - = - E —p. —
AT 2 , ot AN o > &N -TV 4 79 & , =< F AN P = AW - har 7 =y % IKSE > 7D

| ox(a,6) = Ax(@t)  Ox(@.t) = x(@.)B Togn riblamtamiind . e
\ )Z(:E,t —= ) o ZD(ZE)

xr(@,t) = Z7(x,t)  O(z,t) =X(@, O (¢, )x(x,1) ~ O = 2,0

p v <Y(x7 t)X($7 t)> Yit B Ly Liischer: 2010, 2013

Luscher, Weisz: 2011

No additive divergences
All fermion operators renormalize multiplicatively with same factor



Strategy - Short flow-time expansion

A.S., Luu, de Vries: 2014-2015
Dragos, Luu, A.S. de Vries: 2018-2019
Rizik, Monahan, A.S.: 2018-2020
Oi(t)]g = Z cij(t, 1) [Oi(t = 0, p)|g + O(F) A.S.: 2020
Kim, Luu, Rizik, A.S.: 2020
Mereghetti, Monahan, Rizik,
A.S., Stoffer: 2021

| Oés(:u) (1)(t,,u) +O(a§) Crosas, Monahan, Rizik,

LQCD T o LQCD cij (¢, 1) = 0ij AR A.S., Stoffer: 2023

@ Calculation of matrix elements with flowed fields
@ Multiplicative renormalization (no power divergences and no mixing)

@ Calculation of Wilson coefficients
@ Insert OPE in off-shell amputated 1PI Greens functions

@ Power divergences subtracted non-perturbatively (LQCD)

@ Determination of the physical renormalized matrix
element at zero flow-time
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Quark—ChromO EDM Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S.,
Stoffer : 2021

Oi(D)]g = 2 cij(t, 1) [Oi(t = 0, p)]g + O(F)

@.M

. r 1
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Rizik, Monahan, A.S.: 2020

Quark-Chromo EDM Mereghetti, Monahan, Rizik, A.S.,

Stoffer : 2021

@ Expand integrands of loop integrals in all scales excluding t

@ Analytic structure altered — distortion of IR structure

@

in matching equation the IR modification drops out in the difference

@

Expanding loop integrals in the RHS vanish in DR — UV and IR are identical

Q@

The LHS is UV-finite, beside the renormalization of the bare parameters and
flowed fermion fields

@ The IR singularities on the LHS exactly match the UV MS counterterms

O 1 :
CCE(t, ,u) == ;1 | A Q(CF A CA) log(87r,u2t) e 5 ((4 i 55HV)CA -+ (3 e 45HV)CF)
=14 ZS (5CF — 2C'4) log(8mu’t)
it

: _
i ((4 + 50nv)Ca + (3 — 45HV)CF> — log(432)CFr
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3 glUOn CP—Odd Rizik, Monahan, A.S.: 2020

Crosas, Monahan, Rizik,
A.S., Stoffer : 2023

O;(t)]g =Y cij(t, 1) [0i(t = 0, p)]g +O(2)

i Op = 5Tr|GLuG )
90
1 ~ b -
Oé($, t) = g_QTr[GFWGV)‘G)‘U] Oé — g_gTr[GMVGMGAu]
Ogiizs o ila,, X
1 2
Qo= =0, Tr|(D, G )Gy
Oé(xy t) s Z Cz(t, M)Oi\/IS(z’ ,u) ity 98 [( v ,u)\) A]
A 1 N
O LR TI[GLU/G,LLI/]
90
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3 glUOn CP—Odd Rizik, Monahan, A.S.: 2020

Crosas, Monahan, Rizik,
A.S., Stoffer : 2023

Sla @ i
Lo &

0.Ca  36.04log(8mut)

C&= B9 |
Og(x,t) = Zci(taﬂ)O%v[S(CE,,u) o - 12r | o
; O i 312 O‘sCA | 31 OéscA 10g(87r,u2t)
CaG 2, 1790430A

907
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Sl Status

® Theta-term nucleon EDM —> first results 1409.2735
1507.02343

@ Renormalization, S/N 1809.03487
1902.03254

® Quark-chromo EDM —> renormalization

® Power divergences — PT 1810.05637 2005.04199 2111.1149
Non-perturbative 1810.10301 = 2106.07633
@ Logs/mixing —> 2111.1149  2212.09824
@ 3 gluon operator — PT power divergences 2005.04199

Preliminary studies for renormalization (power divergences) 1711.04730 1810.05637
—> Logs/mixing 2308.16221


https://arxiv.org/abs/2308.16221

Neutron EDM from Lattice QCD

Quark-chromo EDM —>
First result with LO renormalization

Quark EDM —>
simplest calculation with Lattice QCD. Precision

3%-5%. No Disc.

Theta-term nucleon EDM — few calculations: 2 o
effect

—> new result have stronger signal

3 gluon operator — No Lattice QCD calculation,
1-loop matching

4-fermion operators — No Lattice QCD
calculation, 1-loop matching

New promising approach based on gradient flow —

1-loop matching, NP power divergence,
2-loop In progress

Renormalizati
on

Continuum
limit

Chiral
extrapolation

Finite Volume

Excited
States

0 - term

quark
EDM

quark-

chromo |

3-gluon

40
fermion




Work In progress

@ Improve determination of nEDM from theta-term OpenLat
@ Matching coefficients of qCEDM at 2-loops Borgulat, Harlander, Rizik, A.S.

@ Non-perturbative determination of power divergences with SWF

Kim, Luu, Pederiva,

@ Calculation of the qCEDM in a nucleon Rizik, A.S.

@ OpenlLat: open science initiative. Gauges with SWF open to the whole

communlfy Cuteri, Francis, Fritzsch, Pederiva,
Rago, A.S., Walker-Loud, Zafeiropoulos
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Near term goals

® Several calculations of the theta EDM. ChiPT is consistent with our results

@ Calculate theta-term contribution to the nucleon EDM with GF and improved S-to-N ratios.
0(20%) for theta-term in the next 2-3 years

@ Extension to 2-loops the calculation of the matching factors

® Non-perturbative renormalization and first calculations of qCEDM and 3 gluon operator
matrix elements. Use of the gradient flow is critical.

Lattice QCD is moving tfowards a determination of nucleon EDM
Stay tuned

23
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Quark-Chromo EDM: power divergences

FCP($4;t) — CL3 Z O?E($4,X;t)Pﬂ(O,O;O)

' ppl(radl =@ Z Pij(maX;t)Pﬂ(OyO)

A(§2) = _12_52 + A(2)§4 + A(3)§6 + A(4)§8 — _12_52 + A(2)§4 + A(3)§6 + A(4)§8 + A(S)alo
: 1.2
—— perturbation
chiral, continuum limit

—— perturbation —— perturbation
chiral, continuum limit chiral, continuum limit
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The role of lattice QCD

dy = M2G + ( ) ZM% (N|J,OppIN) 5 d E- S

theta _ B

Hadronic matrix element topological charge

Hadronic matrix element CP odd operators

Alarcon et al.: 2022
Snowmass Summer Study Report

d, = — (1.5+0.7)-10"3fe fm GEDM
— (0.2+£0.01)d, + (0.78 £ 0.03)dg + (0.0027 £ 0.016)d S
Shintani et al.: 2005

7 (0.55 0.28)66% e (1.1 ik O.55)6€Zd = (50 g 40)M6VGCZG Berruto, Blum, Orginos, Soni 2006
Leptoquark

MSSM

dneg [10728 ¢ cm]

1074 1073 1072

d, [10726
[ e cm] (UTho [mrad/s]

de Vries et al.: 2021



Gradien'l' ﬂOW Lischer: 2013

1 2
e 4t
Art?

x(z,t) = /d4yK(x—y,t)¢(y) K(z,t) =

@ Smoothing over a range /8¢

@ Gaussian damping at large momenta

XR(xvt) e Z>1</2X(:E7t) O(:C‘,t) i Y(xvt)r(xvt)X(xvt) Op = ZXO

Y = (X2, v, 1)) Yit B Ly Liischer: 2010, 2013

Luscher, Weisz: 2011

No additive divergences
All fermion operators renormalize multiplicatively with same factor



New physics scale

2580 1029 50 TeV, ifl=1
i . g mf b dmax A ~ e CI1l J 9
dy ~ eqs sin(dcpv) (16W2> SFV 2 i S| gmax g IEV = af ] -

@ The discovery potential in EDM searches can be
roughly quantified by the reach in mass scale,
Operator Loop order Mass reach

assumlng maximal CP violation. Electron EDM 48 TeV /10~ 2 e cm/dmax
2 TeV4/10=29 e cm / dax
130 TeV,/10~2% e cm /diP2x
13 TeV,/10=2 ecm/dpax
210 TeV4/10~29 cm /dmax

Up/down quark EDM

@ In all cases we see that the mass reach is very
high - EDMs are exploring uncharted territory. Up-quark CEDM

20 TeV4/10~29 cm /dmax
290 TeV4/10-29 cm /dax
28 TeV4/10~29 cm/dpa>

the electroweak scale, EDMs probe very small CP- Gluon CEDM | 2 (ccmy) | 22TeV {/10~2 cm /(100 MeV) /dg™

Down-quark CEDM

N = N =N =N

@ if we insist that the scale of new physics is close to

260 TeV41/10~29 cm /(100 MeV') /d%2*

violating couplings, still providing invaluable
information for model building and understanding e e
the nature of CP symmetry and its breaking. Snowmass Summer Study Report



Dragos, Luu, A.S.,

ChPT-inspired fit e

d, C parameters d, C parameters

dnp(ma) = C7/Pm2 + C3Pm2in == d,, . (m,) = C}Pm2 + C}/Pm

Data naturally favor the ChiPT-inspired pion mass dependence ==> log dominance



CP-odd form factor i

c=-0.00195(41), x%/dof=0.47

My = 400 MeV
t/to = 1.9 l l

PRELIMINARY

FP/N QQ
s =dp/N — SP/NQ2 5 HP/N(Q2>
2M N
d_P < (0 S—P < 0 Mereghetti et al.: 2011

d N SN
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Matter antimatter asymmetry

baryon density parameter Qgh?

n = nB nB =mnp — Ny __ (matter) - antimatter
_ T~y relic photons
g n = (43090 M0T%  Concordance range
s
2 = 2~ ph2/974 x 1010 = 0.02244 + 0.00069 h~2
" Pcrit
Qph? = 0.02230 £ 0.00021 = n = (6:104 £0.058) x 10~
baryon-to-photon ratio n = n;/n, PLANCK

Fields, Olive, Yeh, Young: 2020

PDG 2021



EDM from O-term

(05 (0o +18 (0 Qg +O@) Q= [ 'z o(a)

Problem: definition of Q on the lattice S ook 2008
Berruto, Blum, Orginos, Soni: 2005



Topological charge on the lattice

|

q(x) = 2972 €uvpatt {1G ()G po () §

Continuity in space is lost
On the lattice it has no fopological significance

Discretize

Geometrical definition: iischer 1982

extend the lattice gauge field fo a continuous one Phillips, Stones: 1986
Field between lattice points -> judicious interpolation
Smooth gauge fields (bound on field tensor)

Fermionic definition: e
Anomalous Ward Identity
dy A — 2B T exitateriis
QL xm Z Tr (v59) Atiyah, Singer: 1971

0, A, =2mP + 2N
pwlip faL P. Hasenfratz: 1998

=T R
Q Bl P. Hasenfratz, Laliena, Niedermeyer: 1998



Topological charge

i/ = 191(7) MeV

1
q(a:‘, tf) = 3972 € po UL {GMV (ZI’), tf)G,OU (l‘, tf)}

Integrated Autocorrelation Time

| |

‘ i
s
J{ e
B e N o "
= iii

T015 peip bR b




Perturbation theory with flowed fields

Luscher, Weisz:2010,2011
Luscher: 2013

t
d, N7 I S

/ 4% {A,“, —y)Ay) + /0 dsByuw (@ = y3t = )Ry .s)], Rizik, Monhahan, A.S.:

t 2018, 2020

/dd |:](J — 1y t)Y(y) + / ds J(x — y:t — s)A'x(y: s)] ,

Jo

,ldt

L
d%y [9(/ (. —y:t) + / ds X(y; ) A" T (2 — y;t — S)] -
J 0

= [ ds 0t 9A0I- )T ),
= '/Ox ds 0(t — .S')F(s)jt_,,.(p)A(t) :



Sample calculation: quark propagator

Luscher: 2013

Rizik, Monhahan, A.S.:
2018, 2020

A7 112 _ 1
' /2 ) —YE +1] 'l.;b+4 |:-+l()g‘< .'/

P €

= Y0 (471')2

2 Co(F) [1 .
_ 22 - 2.
= @4 e [; + log (87r/.t .s) +1

o Ca(F) |1 .
2 C2(F) [— + log (8’1T/.l,2t) + 1
€

LSpis) = o §i % s =0+0(s),
' p P

Oy (F) [1

(2) (. ) — _ o2 - 2,y o 1
Ly a(pit) = S = —QQOW ; + log (8mpt) + 5] + Oe, t),
p

,Co(F) 1
- -2 |

. 1
- + log (87r,u,2.5') + —] + Ofe, s),
€ 2




Dragos, Luu, A.S.,

Numerical details i e 200

NP improved Wilson +
Iwasaki gauge

a=0.1-0.068 fm

mpi=400-700 MeV 5
P 40
3 | 2.0: 28
O(L/2a) Stochastic

source locations PACS-CS: 2009

DB: 060.bov Topological Charge

3 Gaussian smearings




Signal-to-noise improvement

Is there a space-time region dominated by noise that can be neglected
in the 4-d integration?

A
2
[
R
g &i‘/ £
AR -
y \‘
R a
\

K
b3
R L - >
PG, Dl s o
S %%.—;s

,é )

Dragos, Luu, A.S.,
de Vries, Yousif: 2019




Signal-to-noise improvement

1+ R&(t,=054fm) R
¢ RW@Q

Dragos, Luu, A.S.,
de Vries, Yousif: 2019



Chiral interpolation

Neutron, d,,(a, m,) Fit

Neutron
d,= —1.52(71) x 1072 O e fm

Continuum

100 200 300 400 500 600 700 | 0.003 0.006 0.009 0.012

m|MeV]
lp o i, 8 m72r G AARLD D i emig  m?
Aripla, My )= O mo + Os nid i s Sl e 8 dn®) = d = g o 35
N
Dragos, Luu, A.S., Ottnad et al.: 2010

de Vries, Yousif: 2019 Mereghetti et al.: 2011



4+1 Local field theory

5 = 5g + 5a,a + Sr,qcp + SF A

SFH—/ dt /d4 _ Oy — A) x(t,x) + Xx(t, )((‘9,5—Z))\(t,az)}
® Wick contractions
® Renormalization. All order proof for gauge sector Liischer, Weisz: 2011
: : g Luscher: 2013
@ Chiral symmetry and Ward identities o

@ Wilson twisted mass A.S.: 2013
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EDM from the Standard Model

@ No EDMs at 1-loop
@ At 2-loops individual diagrams are non-zero, but the sum vanishes
@ Quark EDM are induced at 3-loops

@ Electron EDM are induced at 4-loops

Electron EDM can be larger due fto hadronic loops
EDM of not elementary particles can be larger

(dn)SM=(1—8) %10 P2:  ci




