2, [

Theta Induced Nucleon EDM from
Overlap Fermions

e (Fmifie Ry T 0 5LEk)
XQCD Collaboration

04/28/2023 @ T2 AE RIS P BEAHT I 58055 B S SR AR HC(CCAST) R 570 H o o & W E AR
IR+ R BB S QCDE IR H PRS 51 45 ) e BBV % 5 B sl )2 e 2h &

arXiv:2301.04331




“It is also important to look for electron or neutron electric dipole
moments, which may give a new physical signal, and under the
energy scales we have already observed”

— Edward Witten: Where is the New Physics Lurking? (cern courier 2022)



Nucleon EDM and CP-Violation
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Nucleon EDM (NEDM) is a sensitive probe of
CP violation (CPV).

The contribution to the NEDM from the weak
CP-violating phase is 5 orders of magnitude
smaller than the current experimental limit.

Strong CPV (G ) and/or BSM physics?
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Nucleon EDM from Lattice QCD

m, [MeV] my [GeV] F, a F; F; !
PRD93:074503 (2016) [10] n 373 1.216(4) —1.50(16)" —0.217(18) —0.555(74) 0.094(74) |
PRD72:014504 (2005) [5] 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(1.7)b 0.284(81) 0.087(81)
PRD73:054509 (2006) [6] 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)
PRL115:062001 (2015) [8] 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)°
Watershed: Abramczyk et al, PRD96:014501 (2017)  F, = 'y + 2a'F,
Neutron Proton
O e-fm Oe-fm
This Work d, = —0.003(7)(20) d, = 0.024(10)(30)
This Work with N7 d, = —0.028(18)(54) d, = 0.068(25)(120)
PRD103:054501 (2021) ETMC [66] |d.| = 0.0009(24) —
PRC103:015202 (2021)  Dragos et al. [44] d, = —0.00152(71) dp, = 0.0011(10)
arXiv:1901.05455  Syritsyn et al. [67] dn ~ 0.001 —

I. Bhattacharya et al., PRD103:114507 (2021)



Chiral Symmetry on the Lattice

1 H
D, = —[1 + yssgn(H)] sgn(H) = H(p) = ysD,(p) = r5|D,(m = 0) — p]
a \/ H?2

Ginsparg-Wilson relation: {ys, D} = aDysD

Massless overlap Dirac operator: pD_ (p)

- . D, (p)
Massive overlap Dirac operator: D_ (p, m) = pD_(p) +m | 1 >
1
1 —=D_.(p) 1 1 . : B
Effective propagator: D~ = 2 [~ 3 — D, is continuum-like.
D, (p, m) pDo(p) .m Dctm (rs,D.} =0

I —3Dy\(p)



NEDM from Overlap Fermions

1. Well defined chiral
limit at finite lattice
spacing

2. Improved algorithms
& High statistics

3. CDER

4. Topological charge
defined from the
overlap operator

3 ensembles with lattice spacing ~0.11 fm

label |mr s (MeV)| Mz, (MeV) |Nctge

241005 339 282 321 348 389| 805
241010 432 426 519 600 | 508
241020 060 432 525 606 | 552

Y. Aoki et al. PRD83:074508 (2011)

The anomalous Ward identity holds for
overlap fermions, and it guarantees that
d, = 0 when m, — 0 even at finite lattice

q
spacings.

P Hasenfratz, et. al., NPB643:280 (2002)
J. Liang et. al., PRD98:074505 (2018)

D. Guadagnoli, et. al., JHEP 0304, 019 (2003)



NEDM from Overlap Fermions

3 ensembles with lattice spacing ~0.11 fm

1. we_" def!n_ed Chi'_‘al label |mr s (MeV)| mr, (MeV) | Netg
limit at finite lattice
spacing 241005 339 282 321 348 389| 805
241010 432 426 519 600| 508
241020 560 432 525 606| 552
D |mproved algorithms Y. Aoki et al. PRD83:074508 (2011)

& High statistics

3. CDER

Multiple coherent grid sources + inversion with
deflation + Stochastic Sandwich method + LMS
4. Topological charge

defined from the
overlap operator

Y.-B. Yang et al., PRD93():034503 (2016)



NEDM from Overlap Fermions

The cluster decomposition error reduction

1. Well defined chiral Liu, Liang and Yang, PRD97:034507 (2018)
limit at finite lattice

spacing
R
- =
X to Ly to ty
2. Improved algorithms
& High statistics 0-00~
° 2
/ ~0.02 - )
3. CDER n _ >
c”> —0.04 w
4. Topological charge N }Pﬁ‘
defined from the okos - i T M
overlap operator ¥ m, =347 Mev
010l X my=389 Mev
4 6 8 10 12



NEDM from Overlap Fermions
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Systematic Uncertainties

- —0.02 1 X m,=281Mev
0.02 - 4 )} 1075 % m, =321 Mev
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oc X m, =389 Mev
i - ~ 1 -6
0.00 )} % > 4 % _0.044 o 1o .
X HL
L(L“ —0.02 A % LIT —0.05 - + 1077
X ;I( S
—0.06 - )
T~ 1078
—0.04 1 w |«
—0.07 A =
X |
X 1 square fit 109
0061 g —0.08 1 7 linear fit
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te — te/2 Q? (GeV?) R/a

The total systematic uncertainty is found to be 22%, which comes from the two-state fits (18%), the
momentum extrapolation (4%), the CDER technique (12%) and the chiral extrapolation (3%).
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“Partially Quenched” Chiral Extrapolation and Results

dn,/6 (e:-fm)

d,/0 (e:fm)

e 0 Mgon m2 m?
47‘(’2f2 |: Fﬂ- lOg (F) -+ FJ lOg <—2> :|
N € msea
+ 0 F [ 9 C(,U) + d (msea — mval) =+ fle (msea — mval)
X
D.O’Connell and M. J. Savage, PLB633:319 (2006)
0.000
® 241005
X 241010
—0.002- 5 241020
¥ -0.00148(14)(31)
—0.004 - §
| S % e
—0.008 A %
—0.010 - n . . .
0.0 0.1 0.2 0.3 0.4
m2 (GeV?)

label |my s (MeV)| mg, (MeV) | Netg
241005 339 282 321 348 389| 805
241010 432 426 519 600| 508
241020 500 432 525 606| 552
0.000
® 241005
¥ 241010
—0.002- 5 241020
¥ -0.00142(20)(29)
—0.004 -
—0.006 A §
—0.008 A
—0.010 T . . T .
0.0 0.1 0.2 0.3 0.4

m2 (GeV?)

11



“Partially Quenched” Chiral Extrapolation and Results

label |my s (MeV)| mz ., (MeV) | Negg

n 2 2
(PQ) _ €Y Msea My my
& ey [F log (Mz + Fy log (u) ] 241005| 339  |282 321 348 389 805
405 | T e) + (e = ma) + fai (M —ma)| 241010 432 426 519 600| 508
’ 241020 560 432 525 606 | 552
D.O’Connell and M. J. Savage, PLB633:319 (2006)
0.030 0.030
| ® 241005
0.0251 0.025 - O 241010
® 241020
0.020 - 0.020 - ¥ 0.0037(19)(7)
E o0.015- E o0.015-
gL L
S 0.010- < 0.010-
S R S
0.005 - Q 241005 0.005 -
O 241010
0.000 - Q 241020 0.000 -
¥ 0.0038(11)(8)
~0.005 +— . . , . ~0.005 +— . . . l
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

m2 (GeV?) m2 (GeV?)



Summary and Outlook

4 Using overlap fermions, we are having very clear signal for
nucleon EDM.

4 Study with lighter pion masses and more lattice spacings is
onh going.

Thank you
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CP-violating Operators

~/

4+ theta term G, G, dim-4

4 quark EDM il/'/[FWa””]l/f dim-5
4 quark Chromo-EDM @G, 6" 1y dim-5

4 glue Chromo-EDM (Weinberg term)  f**“G%*G{ "G5 *  dim-6

4 4-quark operators? wysyywy dim-6

Problematic due to
renormalization and mixing
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