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EDM and CP-violation

4 The CP violation allowed in the SM (the CKM phase) is insufficient for

Baryogenesis under Sakharov conditions, BSM interactions?
A. D. Sakharov, JETP Lett. 5 24-27 (1967)

4 QCD with non-vanishing theta term and the strong CP problem.

d A1 H df
4 A non-zero intrinsic electric dipole moment (EDM) of
a fundamental particle violates the CP(T) symmetry. 3 p ’ C :
d H

4 Nucleon EDM (nEDM) is a sensitive probe of BSM: the contribution to the nEDM from the
weak CP-violating (CPV) phase is ~ 102! e-cm, 10~ of the current experimental limit.



Experiments

First experiment: |d, | < 5 X 107 -cm
Smith et al., RP108:120-122 (1957)

Current neutron EDM limits: 1072° e-cm

Baker et al, PRL97:131801 (2006)
Graner et al, PRL116:161601 (2016)

Most recent result: 0.0(1.1)(0.2) X 107%° e-cm

C. Abel et al., PRL124:081803 (2020)

Neutron EDM Upper Limit [ecm]

10-19

| B ORNL, Harvard
10 ® MIT, BNL
102" A | NPI
% v Sussex, RAL, ILL
10%
o
10% u
N
10 ‘A v
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10 \ 4 A
\ 4
10 v
07 Supersymmetry Predictions
10-28
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-32
107+ ' | y | y | ' | y | ' |
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Year of Publication

During the past 50 60+ years of experiments, six orders of magnitude have been covered.

Many experiments are aiming at improving the limit down to10~2° e-cm in the next ~10 years.
It is still a long way to trek to finally detect a non-zero nEDM, but this leaves plenty of room for

the theta term and BSM physics.



CP-Violating Operators (P and CP Violation)

Operators at the energy scale of hadronic matter

~J/

4+ theta term /G, G, dim-4

4+ quark EDM [ F, 6" |y, dim-5

4 quark Chromo-EDM iy[G 6" |y, dim-5

~ Hard due to
4 glue Chromo-EDM (Weinberg term) f“chZ ‘G, "G, ", dim-6 o renormalization and
mixing
R. Gupta, arXiv:1904.00323

4 4-quark operators, e.g., yysyyy, dim-6

How to distinguish the contributions of different operators if we do observe
a non-zero EDM in experiments?



CP-Violating Operators (P and CP Violation)

~/

+iG,G,
+ wylF, 0"y
+ (G, 0"y

nEDM

+ freGarGA PG

* YUYy

Lattice QCD: first-principles connection between the CPV interactions (theta term and BSM
interactions) and the nEDM.



General Lattice Methodology

Introducing CPV interactions

4 MC simulation with an imaginary 0 term
4 Taylor expansion in terms of small couplings (theta term and Weinberg term)

4 Modifying the Dirac operator for inversions and re-weighting (quark bilinear terms)

Lattice observables

4 CPV EM from factor (FF) from nucleon matrix element

4 Nucleon energy shift in the present of a background electric field



Detailed Formula

4 Taylor expansion in terms of small couplings

2

_ 1 " ~
E E E.,a pE,uv - E B, uv
L —¢(l7 +m)¢+ZFMV Fa H _ZHSQWZF“VF H

/DA . Det [M] e~ Ps 0@

— / DA -Det [M]e 59 + 46 / DA - Det [M] Qe "9

o (Ve = (..) +i0(...Q;)



Detailed Formula

4 CPV EM from factor (FF) from nucleon matrix element

m™m
G = Gy +i0GY Gy =ZZ""e P! —alys

E
0 . Q _ 1 even _7’]52 +m | _i]éf +m even 1 | _ilﬁf +m odd _Zpi +m
GY =G3 +i0GY G5 =a' W, T Wiy + — — W o
F5(q?) F(0)
odd _ 3 d L 9
WM OuvquYs oM N n sz
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“OLD” Lattice Calculations

|10] E. Shintani, S. Aoki, N. Ishizuka, K. Kanaya,
Y. Kikukawa, Y. Kuramashi, M. Okawa, Y. Tanigchi,
A. Ukawa, and T. Yoshie. Neutron electric dipole mo-
ment from lattice QCD. Phys. Rev., D72:014504, 2005.

|11] F. Berruto, T. Blum, K. Orginos, and A. Soni. Calcu-
lation of the neutron electric dipole moment with two
dynamical flavors of domain wall fermions. Phys. Rev.,
D73:054509, 2006.

[12] F. K. Guo, R. Horsley, U. G. Meissner, Y. Nakamura,
H. Perlt, P. E. L. Rakow, G. Schierholz, A. Schiller,
and J. M. Zanotti. The electric dipole moment of the
neutron from 241 flavor lattice QCD. Phys. Rev. Lett.,

115(6):062001, 2015. 0
|13| Eigo Shintani, Thomas Blum, Taku Izubuchi, and Amar- :8:83 i
jit Soni. Neutron and proton electric dipole moments £ 003}
from Ny = 2+1 domain-wall fermion lattice QCD. Phys. Ky :8-8‘51 o ¢ I
Rev., D93(9)094503, 2016. EZ —0:06 a
|14] C. Alexandrou, A. Athenodorou, M. Constantinou, < _8'% -
K. Hadjiyiannakou, K. Jansen, G. Koutsou, K. Ottnad, % 009 L
and M. Petschlies. Neutron electric dipole moment us- 0.1 |
ing Nf = 241 4 1 twisted mass fermions. Phys. Rev., :8:5 I

D93(7) :074503, 2016. Wilson Symanzik Iwasaki



Correction to the CPV FF

The CPV terms alter the Dirac equation and spinors

(ip+m'e O\ (p,s) =0 ' =e@rsy G’ = jgei s

,uz/qu

10
(NP |y, | N(p)) o = a(p") [Fl(qz);fﬂ — |Fy(q?) + i0F3(q%)ys] Om ] “p)
N

10,4,
(NP |y |N(P)) op = T (p") [Fl(qz)y,,t — |Fy(g®) + i6F5(q%)ys] 2/;1 ] u(p)
N

u(p) = u(p) = y,u(p)
F°f = F; + 2a'F,

- oy ]
u'(p) = w'(p) = e "y u(p)
Abramczyk et al., PRD96:014501 (2017)
12



Correction to the CPV FF

10,4,

(NP 1wy, w IN(D)) o = W(P') | Fi(qy, — |Falg®) + i0F3(q%)ys) | w(p)
N

Ff = F, +2a'F,

More Crucial to Reduce the uncertainties!

—0.5+ —— m; =465MeV i
—— m,; = 360MeV

6 | | | | L
0.0 0.5 1.0 1.5 2.0 2.9 3.0

0

Abramczyk et al., PRD96:014501 (2017)



Error Reduction

The cluster decomposition error reduction (CDER):
Liu, Liang and Yang, PRD97:034507 (2018)

Bind the topological density to the sink or to the current

14



Error Reduction

Cylinder shape cutoff on the topological charge Truncation in t-direction

I. [zubuchi, H. Ohki and S. Syritsyn, arXiv:2004.10449 J. Dragos et al., arXiv:1902.03254

GE(BQ) (plv t,q,T, H7 "z tf’ ts)
ts/a B

— @ Z [ AgQ)(p,7t7anvTQ7H7,y.U7tf) +
Q

Aé@ (p',t,q, 7, T — 710, H,w,tf)]




Recent Results (Theta Term)

700 N o |
600
i = I
———————————————————— -]
000
F-mmmmmmmmmm M- mmmmmmmmmmmmommoo oo .

S 400 | . |
= IR S ninieiefefefefefefeteieiniiefeiefotote utuk ittt ]
=
& 300

tH  J.Dragos et al, 2019, a = 0.0907(13) fm [36]

200 a1 E.Shintani et al, 2005, a = 0.105(3) fm [40]
ra{  F. — K.Guo et al, 2015, a = 0.074(2) fm [44]
100 ta{  C.Alexandrou et al, 2016, a = 0.082(1) fm [54]

This work, a = 0.0801(4) fm

details.

—0.0025  0.0000 0.0025 0.0050 0.0075 0.0100 00125  0.0150

C. Alexandrou et. at., arXiv:2011.01084

iy [e-fm]

Neutron Proton

O e-fm O e-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)
ETMC [66] d,.| = 0.0009(24) -
Dragos et al. [44] dn = —0.00152(71) dp = 0.0011(10)
Syritsyn et al. [67] d», =~ 0.001 —

T o —————————————TTh A e e ) ‘

I. Bhattacharya et. at., arXiv:2101.07230

Figure 10: Comparison with other lattice QCD determinations of nEDM present in literature. Values from
Refs. [40, 44, 54| (dashed error bars) are not the ones from their original papers but are taken from Table III
of Ref. [45], where the spurious contribution coming from F5(Q?) is subtracted. See Ref. [45] for further
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Overlap Fermions

Nielsen-Ninomiya NO-GO theorem: No chiral fermions can be accommodated on the lattice without
doubles, if the lattice action has Translational invariance, Hermiticity and locality.

Ginsparg-Wilson relation: {75, D} = aDy;D. It defines the lattice version of chiral symmetry, which is
restored in a naive continuum limit.

1 H

The overlap fermion D_, = —[1 + yssgn(H)] with sgn(H ) = and H = ysD, is an exact solution
a \/ H?2

to the GW relation.

| 1 - %DOV 1 1
Effective propagator: D™ = D) =~ = , D is 175, D.} = 0.
0)Y '

|
R 7D0V
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Theta QCD With Chiral Fermions

For overlap fermions, the anomalous Ward identity (AWI) has been proven (with chiral axial vector
current) and numerically checked (with local axial current plus a normalization constant the same as

the iso-vector case) at finite lattice spacings.
P Hasenfratz, et. al., NPB643:280 (2002)
J. Liang et. al., PRD98:074505 (2018)

With the AWI, it can be shown that the topological charge term can be replaced with the 2mP term,

which grantees that ¢, — 0 when m, — () even at finite lattice spacings.

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

Topological charge can be defined from the overlap operator: ETr[}/SDOV]

19



Lattice Setups

Overlap fermions on three domain wall gauge ensembles

label L°xT a (fm) L (fm) mrs (MeV) Nt

241005 24° x 64 0.1105(3) 2.65 339 203
241010 24° x 64 0.1105(3) 2.65 432 143
241020 24° x 64 0.1105(3) 2.65 560 100

Multiple valence pion masses by using the Multi-Mass algorithm

label  my, (MeV)

241005 282 321 348 389
241010 391 426 519 600
241020 397 432 525 606

—— e




Our Strategy (Using Chiral Fermions)

A. Heavy pion masses and chiral extrapolation at finite lattice spacing.
B. Additional valence (partially-quenched) pion mass points in the extrapolation.
C. The cluster decomposition error reduction (CDER).

D. Smaller source-sink separations (hoping the excited-state effects are not larger
than the statistical errors).

E. Overlap defined topological charge density.

21



Preliminary Results

0.000 J) 0.000
X
—0.005 A —0.005 -
~0.010- 1 ~ -0.010-
g g
\(-U, —0.015 9 —-0.015
2l N _0.020- T
—0.020 A + 241005 ' O + 241005
O 241010 { 241010
—0.025 A O 241020 —0.025- O 241020
X -0.0049(23) X -0.00349(79)
—0.030 — . . . .
—0039°07% 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
m’?[ (GeVZ) m,% vV (GeV2)
e 0 my, m?2 m>
, : m% d,fLPQ) — 47T2fs’2& [F7r log ('u—;) + F; log (H—;> ]
dp/n(mw) = C1 m; + Cy my; log(m2 ) e [m
N,phys + 0 F [ zsea C(,U) + d(msea — mval) + fle (msea — mval)
X
W. H. Hockings and U. van Kolck, PLB605, 273 (2005) D.O’Connell and M. J. Savage, PLB633:319 (2006)

Chiral fermions + partially-quenched valence points really help

Data points are from source-sink separation ~ 0.9 fm (excited-state contaminations!)
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Summary and Outlook

CP Violation is an important physical topic, but getting the nucleon (neutron) EDM on the
lattice (especially directly at the physical point) is really hard.

We have tried a lot and made some progress. Hopefully, with the help of chiral fermions,
we may finally be able to have non-zero results at the physical pion mass limit.

The excited-state contaminations are quite important to study in order to have controlled
systematic uncertainties.

Different lattice spacings and light pion masses will be included in the next stage.

24



Thank you for Your attention!
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Backup and Old Slides
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Recent Results (Theta Term)

Neutron, d,(a, m,) Fit

0.004 — __ 0.06 ) . .
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0.000 2. — ................... AAAAAAAAAAAAAAAAAAA Cmtmuum EZ % ) .
E_O'Ooz ______________________________________________ N = 0.02 | % % | .
— .
E—o.om ? 0.00 ¢
h@g —0.006l . SRR | NOJ \T\
—0.008 g I T \é -0.02 |
o D N 2 i
—~0.010t [ .0.04 X /d0f=0517 1 1 |
_0.012 L 0 0.03 0.06 0.09 0.12
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J. Dragos et al., arXiv:1902.03254 B. Yoon et. al., arXiv:2003.05390
Chiral extrapolation with heavy pion Non-zero signal at the physical point, but

masses and with non-chiral fermion large order a extrapolation



Recent Results (Theta Term)

2 | | | | | |
® Sz+, E+
m Sz+ E-
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el s l | ¢ topological charge (no momentum transfer
- 1 S T | i - extrapolation is required): F3(0) at pion mass
A S S | ~330 MeV
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0 o " .
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f

I. [zubuchi, H. Ohki and S. Syritsyn, arXiv:2004. 10449
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Recent Results (Theta Term)
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Figure 9: Dependence of the F3(0) on the smoothing scale Taow for the gluonic (upper row) and cut-off Minr 3o 0114
for the fermionic (bottom row) definitions used in computation of the topological charge, for the three smaller
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Figure 10: Comparison with other lattice QCD determinations of nEDM present in literature. Values from
Refs. [40, 44, 54| (dashed error bars) are not the ones from their original papers but are taken from Table III
of Ref. [45], where the spurious contribution coming from F5(Q?) is subtracted. See Ref. [45] for further

C. Alexandrou et. at., arXiv:2011.01084

Physical pion mass directly, no signal...
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Recent
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Large statistical error in the
Weinberg term case
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Chirality

The term chirality originated from a Greek word which means the hand.

In geometry, an object is chiral if it is not identical to its mirror image.
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https://en.wikipedia.org/wiki/Geometry

Chiral Symmetry in QCD

1 —7s 1 +7s Right-handed: L eft-handed:
W = Y = W W = Yp = W
2 2
p g p
_ 1 +ys o 1 =5 (—
Y= Y = 5 Y= Yp = 5 S

Vs = — YL YsWr = T YR

SUQB); X SU@B)p X U(l)y X U(1)4

Y, — € ieLlI/L Y — € iHRl/fR / /

0, =0r 0, =—0g



Spontaneous Chiral Symmetry Breaking

Due to the gluon dynamics, the condensate () # 0 makes the
QCD vacuum NOT invariant under chiral transformation.

SU@3); X SUQ3)r — SUQ)y, 8 (Pseudo-)Goldstone bosons

https://www.quora.com/What-is-an-intuitive-explanation-of-chiral-symmetry-breaking

It gives the theory an intrinsic scale.

It explains the bulk of hadron masses, and, the bulk of the mass of the visible universe.

ucl), - Uy, Ninth one? Axial anomaly
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Chiral Symmetry on the Lattice

75, D} =0 D, =...+—yy the Wilson term fails in preserving chiral symmetry

Other ways to remove the doublers?

Nielsen-Ninomiya NO-GO theorem: No chiral fermions (in terms of the anti-commutator) can be accommodated on the
lattice without doubles, if the lattice action has

Translational invariance Hermiticity locality

Ginsparg-Wilson relation: {ys, D} = aDysD the chiral symmetry is restored in a naive continuum limit
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Ginsparg-Wilson Relation:

75, D} = aDysD *

It defines the lattice version of the chiral symmetry.

ysD~'(y,x) + D \(y,x)ys = ays6(y, x)

Ys = ¥s = ys(1 —aD)

1 =75 1+ %5

V=YL= 5 4 Y= Yr= >

VsWp = —y VsWr = + Wg

Zocplm = 0) =y Dy + yrDyp + £,

only a contact term

'4
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The Overlap Fermion

] H
D,, = Z[l + yssgn(H)] sgn(H) = N H(p) = ysD,(p) = y5ID, (m = 0) — p]

sgn’(H) = 1 [1 + yssgn(H)]ysl1 + yssgn(H)] = [1 + yssgn(H)]ys + [sgn(H) + ys]

Exponentially local:

| D(y,x)| < Ce 71 and C and y are independent of lattice spacing (gauge field).

The evaluation of the sign function is costly, deflation + polynomial
PRD82:114501 (2010)
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Massive Overlap Fermions and D

1
Massless overlap Dirac operator: pD_ (p)  {ys,D,,} = —D,.ysD,,
I,

Massive overlap Dirac operator: D (p, m) = pD_ (p) + m (1

D, (p)

2

1
Effective propagator: D™ = = =
DOV( 0, m) pD,\(p) L m Dc + m
1 - %Dov(p)

D is continuum-like.

)
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CDER
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Topological Charges
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The topological charges of individual configurations with
different definitions are different, which is natural as they
involve different regulations. Distributions are similar.

For physical quantities such as the topological
susceptibility, different definitions agree within statistical
errors.
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Excited-State Effects
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Smeared source to point sink!
After having more statistics, the excited-states contamination seems obvious, at least on the
sink side.



The Pion-Nucleon-State Effects
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G. S. Bali et al., JHEP05(2020)126
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The Pion-Nucleon-State Effects
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Interesting Behavior!
Can eta contribution explain?
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Smeared-to-Smeared Case
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source-sink separation ~ 0.9 fm, Seems very
promising!



