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| Measures separation
between centers of dT TS
(+) and () charges

IH=d 8 E @
l Current bound:
ld| < 2.9 1026elcm Td

I NonzeronEDM violates
Pand T (CP if CPT holds)
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7 Predictions

\Standard Mode!

\ Rredictions

Year of Publication

| ¢ Predictions

— Standard Model
d,|! 103! €ctm

— Supersymmetry
d,|! 10 - 1022 €tm

1 * Experiments targeting

5 X 10?8 €'cm precision
— PSI EDM

— Munich FRMII

— RCNP/TRIUMF

— SNS nEDM

— JPARC

— LANL nEDM
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 New source of CP violation

— CPV In SM is not sufficient to explain observed
baryon asymmetry

 Test of Supersymmetry and other BSM models

— In many BSM theories, nEDM is predicted
to be in the range 10%0-10-%8 e-cm
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2
L5 :—3‘2gsl . GG dim=4 QCD 6-term
_IE E d, gl -F)! g dim=5 Quark EDM (QEDM)
g=u,d,s
—% E Cliqgﬁ(-' -G)!.qg  dim=5 Quark Chromo EDM (CEDM)
q=u,d,s
+ dW%GGG dim=6 Weinberg 3g operator
+EC,(4q)Oi(4O') dim=6 Four-quark operators

* T <0107 -10"): Strong CP problem
« effectively dim=5 suppressed by ! . = #/Agepi?
* Dim=6 terms
Lattice QCD calculations of matrix elements can play an important role



Spinor transformation under Parity

P, CP-even P, CP-violating
Dirac Eq. ( Pt .+ m)u 0 (ipuyu +me‘2i“YS)zk =0
Parity Op. Y4 "y,

Us Iy U, i, — e Ty b

I CPV interactions !

phase in neutron mass term

v, no longer parity op of neutron state

I Introduce new parity operator or

| Rotate neutron state so that v, remains the parity op:
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Abramczyk, et al., PRD96 (2017) 014501



F,: The CP Violating Form Factor

Expanding the matrix element in terms of form factors

5al78
¢ER de ) 2 A:56(78) 9 (1 <2474 ? 444.78) @;(g )
] 8( 8) D( 8) *+( )|:
9 1A#B7B 9 A#BCB4> E2 0
With  G.2(1 K20 XK) ) L$FM'\'8+$C°FQR
Fs(q2 =0)

The contribution tmEDM is given by d = 5
Ian



Two equally important challenges

« Signal in the CP violating form factor F;
* Needs very high statistics
 Renormalization and divergent mixing between operators
* Needs nonperturbative calculations of mixing coefficients in

order to obtain results that are finite in the continuum limit
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QCD ! -term

I Calculatedy in presence of CP violatingterm
S=Sep ¥
S =1/ "d*xGG/32/ 2 =1i! Q,,

| Lattice calculation strategies
" Expansion in
" External electric field method
" Simulation with imaginary



"#$%&' (%) %)

(009), =~ dU,qa10() e ™

=(0(x)), o +i! {O(x)Qyp)  +O (32)

it) Orop

Measurements performed on regular (! =0) lattices

Nucleon interpolating operator N =¢g™ (d fac )/SMb) d*
O(X)=(! (")#g! % ) nucleon 3-pt tn with insertion of vector current
(( O)* 4. ) “reweights” the nucleon 3-point fn O(X) by Qtop

d, extracted from form-factor F5extrapolated to g*=0



Correlation oft I" with nucleon 3point
function with#; Insertion
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| Otherwise Phase'

mixesk, andF,

[ETMC 2016]

[Shintani et al 2005]
[Berruto et al 2006]

[Guo et al 2015]
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F, =cos(2/ )&, ! sin(2! )&,
F,=sin(2! )F, +cos(2/ ) F,

[M.Abramczyk, S.Abki, SIN.S., et al, (2017)]

™~

m~ [MeV] my [GeV] | F2 o F3 F3
n| 373  1.216(4) |—1.50(16)° —0.217(18) |—0.555(74) | 0.094(74)
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)
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)
n| 465  1.246(7) |—1.491(22)¢ —0.079(27)¢| —0.375(48) [—0.130(76)?
n| 360  1.138(13)|-1473(37)° —0.092(14)¢| —0.248(29) | 0.020(58)¢




Noise reduction

T 4 Atg
1T
RBC: 4d cylinder about the correlator
XQCD: 4-d sphere around the sink

MSU: Intime around around source
Shintani in time around current
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STATUS! inducedd,

() T4+ 01207 3 "H#'$%"8 "()*+(,-./0/(123445(06(

RBC/LHP (M, = 330MeV)

|2Mn dn| = F3n(0)|" 0.05? e
dn" 0.003 efm

Need much higher statistics as « # $%&MeV
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Quark EDM !5 " dat #)a

g=u,d,s

I nEDM from qgEDMsgiven by the tensor charggs
d,=d!¥+d,!1%+d!S

(N[@/ .aN)=17 0/ . u,

' d,! m,in many models; gimy! 1/2, m/my! 20
Precise determination gf® is important




"HS00& (B&"H#)"*)+(,%-)./10)$")#1($%"#)./0

02 $ (3(4)FB8y. 758;4<)

n 1 1 0.002 ; ; ; ; ; 0.002 : . :
! #$%&& $() al5m310-v~ a09m310-4— Extrap—¥- al5m310+ a09m3104- M!Z—Extrap'-)e
0.000 - a12m310-+ a09m220-e- 1 0.000 | a12m310<~ a09m220-e- Extrap-#+
al2m220-e—~ a06m310-4— al2zm220e+ a06m3104-
-0.002 R -0.002 1
(@] (6]
R -0.004 b L -0.004
© ©
—= — -
_ * o -0.006 % o -0.006 +——— & - - -IT
TS, YRA%N(>*) o
-0.010 -0.010
-0.012 : : : : : -0.012 : : :
0 0.03 006 0.09 0.12 0.15 0 0.03 0.06 0.09 0.12
a[fm] M? [GeV?]
0.004 : ‘ : ‘ ‘ 0.004 ‘ s ‘
al5m310-v~ a09m310-4—~ a06m310-4— ’ al5m310v= a09m3104- 6m3104-
I . 0 0/~ %! 0.002 | agm%gi aggm%g Bxtrap- | alzm310s~ a09m220e- M;-Extrap>¢
' , /@W) /0 - atem anom 0.002 | a12m220e« a09M130®:  Extrap=-
[&]
[} 0.000 r 8}
R %} 0.000
o e
@ -0.002 1 % 1 %5 0002 Y V]ﬁ
10.004 | -0.004
-0.006 L L L L L L
-0.006 : - -
0 0.03 0.06 f 0.09 0.12 0.5 0 003 0.06 0.09 012
affmi M? [GeV?]

*%&&'$()+,H"#$%&E&'$()+-%.+(/'+0.%(VeEIBCDEA® B H

1FS9%&) (*(); '4T%, 9% (- ); 1:+$, Y% (-/ )
1.2"345676879:;9 ’3



"#$%E&' ($&"#)"*)+(,%-)./0)$")#1($%"#)./0
1FSUR) (*(); 4%, %% (- ) !:$, %®0%*(-/ )

*p-< > A?2@A F S UR) (1) 1TSS, URBB(*( ) !+$ , Y®%%(C)
7*18H#()%8'89")%4" 1,396 ;%4 (-<*#):$96%/)= %8 %) -&, () %0 12%
4 4 4
1, $ 1535287 1558 7 1552 7
I"#$%& (#90)"#Y (H#)*+,(%)*-*.

less
ds [><10'25e-cm]

10
0 -
-10 -

high

" 1Ge V!

[90% CL]

5 du [xlO'zse-cm]

2
d d [x10'25e-cm] 4 -10 500

500 1000 5000  10%
M, 1GeV'

"H#5Y64#$968."%6()*+%6, $-*&I6IIYR/, YQY*I8.8H#4' Y51

PhysRevLett.115.212002; PhysRevD.92.094511; PhysRevD.92.114026 ; ArXiv:1808.07597 23



" 1GeV
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Quark Chromo EDM
* Calculate dy 1n presence of CP violating cEDM term
S= SQCD +_ Seom
Seom = IE #d4X &qgsq(a "G)ysd
* Three methods explored
— Expansion ind,

— External electric field method

— Schwinger source method



Expansion in d,
<NVMN>CPV =(NV,N)+d, <NVMN Y O (x)> +0(d)

|
Oom = Egsq (0-G)rQ

Needs calculation dbur-point correlator <N V.N EQEDM (x)>

d, = £00) g e with F, obtained fron(NVHN)CPV

2Mpy
N7 - 2 Fz(qz) v F3(q2)
(NV,N)  =i|F(q )y, +i ST Ay

CPV

%
Guvq )/5 U




Expansion in d, (RBC/LHP)

uud uud uud uud uud uud uud

(J. (cEDM),,) (J4 (cEDM), « (cEDM), (J4 (cEDM)y

"HHSY0&S )+, +./
= IR

| Fourpointcorrelatons evaluated using
Regular and backward prods, B),

cEDM sequential propd) anddoubly-sequential props (E, G)
"#$%8&'() *+,-+$./*+01234+56789:+78;<78
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I DWF
l a=0.11fm
' M,=340MeV



Expansion in c'{q
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Schwinger Source Method

Il Quark chromo EDM operator iscaark bilinear

1g(/ 'G)"g

I IncludecEDM term in valence quark propagatons
changing Dirac op inversion routine

Dyoy ! Duo, +i! " "8G,

clov

clov

Effectively — " |
Co! "Gt 1 (g, +iAK)G,
I No fourpointcorrelatorsdy extracted front;

I Fermion determinant givesweighting factor ei‘9®
det(Dyo, +i/ " 4G, )
det ( Dclov)

| exp§! Tr(" &G, Dy, )4



The full calculation requires

Reweight factor for the configurations

Det[D +m! %DZ +" 1 (CyG,, +i"G,)]

Det[ ) +m! %D2+csw" “G, ]
=exp{Tr Ln[1+i"* G, (D +m! %DZ +Ca"'G,) 1}

# exp{Tr 1" MV(_I-)'U! (D +m! %Dz +C5W" u! Gy! )! 1}

Calculate — —
$" ok

P7 # O S s O o
G ° e - 2 S = p
( !) Pe _@‘E) (g) Pe (g) M‘@ @';L‘@
Pe : Pe @ s $% # e $% #

i/ — + —
e @P—ex—PSE_q@ D —° & @ﬂ@ @&@
—L—9 —2r 9 7 M S— 7 T
o—F——4g @LX—P—@ Sy B —




Schwinger Source Method

Calculation performed at small
so thatresults are linear ia

cEDM mixes withys, S0

Investigated both operators

Test ata = 0.09fm, m =310 MeV
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F3CEDM, D / Oy

FBCEDM' D / Oy

Variance reduction

&'« "' 1.y and exploit correlations
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I Renormalization oEEDM Operators are studied

" 1-loop perturbation on twisteghass fermion
[Constantinouet al, 2015]

" Nonperturbative RI-SM OM
[Bhattacharya, et al, 2015]

I Mixing with lowerdimensional operator
O EDM — azq_l H”’%Gu"q

C

O, =0%4(1
" Divergentl/aZ mixing




Ongoing Work

« Weinberg Thregluon Operator 4 GGG
"6

* Renormalization and mixing
— Gradient Flow




Summary

I QCD ! -term
Actively being calculated and progress at# $$%MeV;
need better variance reduction to get precisidn-a& '$( MeV

' Quark EDM
Calculatedig,? =0.784(28); g/ =-0.204(11); g, =-0.0027(16)
Quark Chromo EDM

Exploratory studies show signal in connected contribution;
next step: disconnected diagrams & renormalization/mixing

Weinberg Three-gluon Operator
Exploratory studies just started

I Four-quark Operators
Not yet explored

Should have better estimate of accuracy achievable in2lyears




