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Introduction
Standard Model CP Violation

Two sources of CP violation in the Standard Model.
L]

» Too small to explain baryon asymmetry
« Gives a tiny (~ 10732 e-cm) contribution to nEDM

» Effects suppressed at high energies
« nEDM limits constrain © < 1019

Contributions from beyond the standard model
® Needed to explain baryogenesis

» May have large contribution to EDM
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Experimental situation
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Introduction
Effective Field Theory

Energy /\

(/ fundamental CP—odd phase:
TeV N /

nuclear

v

atomic

Pospelov and Ritz, Ann. Phys. 318 (2005) 119.
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Introduction
BSM Operators

Standard model CP violation in the weak sector.
Strong CP violation from dimension 3 and 4 operators anomalously
small.

e Dimension 3 and 4:

» CP violating mass
« Toplogical charge
e Suppressed by vpw/Maq\:
s Electric Dipole Moment ’L@EWZ:?“’@/J.
e Chromo Dipole Moment 3, G"").
 Suppressed by 1/MZq\:

» Weinberg operator (Gluon chromo-electric moment):
GGG .
» Various four-fermi operators.

Tanmoy Bhattacharya nEDM from BSM on the lattice



Introduction

Impact on BSM physics

Introduction
Impact on BSM physics

1000

Il (TeV)

Tanmoy Bhattacharya nEDM from BSM on the lattice



Introduction Standard Model CP Violation

Quark EDM Experimental situation
Dirac Equation Effective Field Theory
Operator Mixing BSM Operators
Lattice Results Impact on BSM physics
Conclusions Form Factors

Introduction

Form Factors

Vector form-factors
Dirac F1, Pauli Fy, Electric dipole F3, and Anapole F4

Sachs electric Gg = F1 — (q2/4M2)F2 and magnetic Gy = F1 + Fa

Vs Y Fy(q?
(NVA@INY = Ty |7 Fi(qd) +i 0 220
2 2mN

+ (28 MmNV — Yu507) ——5
N
(V> W] F3(¢%)

' U
9 a5 F—— N
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The charge Gg(0) = F1(0) = 0.

Gpr(0)/2M = F2(0)/2M py is the (anomalous) magnetic dipole moment.
F3(0)/2m y is the electric dipole moment.

F 4 and F3 violate P; F'3 violates CP.

[} [ =
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Quark EDM

Tensor Charge

Tensor Charge

FLAG: Isovector Tensor Charge
FLAG: Isoscalar Tensor Charge
Impact on BSM

The only nEDM contribution known with certainty from the lattice
is that due to the quark EDM. In this case, the ratio of nEDM to

gEDM s just the tensor charge.

g% =0.784(28)(10) g% = —0.204(11)(10) g = —0.027(16)

The isovector combinations are known better:

g4 = 0.989(32)(10)
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FLAG: Isovector Tensor Charge

Quark EDM

FLAG: Isovector Tensor Charge

FLIAG2019

FLAG average for Ne=2+1+1

PNDME 18
PNDME 16
PNDME 15
PNDME 13

Mainz 18

JLQCD 18

LHPC 12
RBC/UKQCD 10D

ETM 17
ETM 15D
RQCD 14
RBC 08

@& Radici 15
I — Kang 15
—————@—— Goldstein 14
—e— Pitschmann 14
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FLAG: Isoscalar Tensor Charge

Quark EDM

FLAG: Isoscalar Tensor Charge

FLAG average for N,=21+1

jerage for Ny =2+1+1

PNDME 188 PNDME 188
PNDME 188
PNDME 16 PNDME 16
PNDME 15
PNDME 15 PNDME 15

JLocD 18
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Impact on BSM

Quark EDM

Impact on BSM
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Dirac Equation

Free neutrons
By Lorentz invariance, an on-shell spin—% massive field 1) obeys
(eﬁ%p — e Bm)yY = 0.

This ‘free’ equation has space-time discrete symmetries:

P P(E 1) = P 4 (2, 1)
C: Y(E,t) = i €71 3y (1)
T : (&, t) = — e y1y3 Y (=2, t)

Even when theory does not have these symmetries,
asymptotic states always do,

but operators have extra 5 phases.

e(=B+ia)15/2 4 has standard phases.
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Dirac Equation

Phase conventions

Consider N = (u“ysd)u with usual & = = 0 phases for u and d.
If theory has C, P, T, then N has the same phases.
Otherwise, by Lorentz invariance, we still have

P — {625(1)2)751-[(192)? _ 62ia(p2)752(p2)m} !

which means e(=#(#*)+ia(*))%5 N has the standard propagator (and
hence the standard asymptotic symmetry representation).

But e(—B8F*)+ia®®)5 is not locall
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Dirac Equation
State-dependent phases

By Kallen-Lehman spectral representation, the propagator is

> p(u?) Zn (1 )e%(/ﬂ)%% e~ 7, ()
p? — (Zm(p?)p)?

When there is no overall symmetry operator, phases are
state-dependent.

Ny = e(=Bmi)+ia(mi))s N has standard transformations and
equation of motion, but only for the neutron; the excited states
have non-standard phases.

Note that nontrivial « violates CP, whereas nontrivial § violates
PT.

Tanmoy Bhattacharya nEDM from BSM on the lattice



Introduction

Quark EDM Free neutrons
Dirac Equation Phase conventions
Operator Mixing State-dependent phases
Lattice Results Electric Dipole Moment

Conclusions

Dirac Equation

Electric Dipole Moment

eo - B is even under C, P and T,
eo - FE is odd under P and 7.

c-B ic-FE
> F )
“\ic-E ¢-B)"
which is o - B in the rest frame iffp +m = 0.
In general, we need to use e!®"Y - .
So, important to use Ny instead of N in analyses.
At the Green's function level, this is

(TN4ONy) = e(BmA)tia(mi))s/2(7 NO N)eBlmi)tio(mi))s/2

Abramczyk, Aoki, Blum, Izubichi, Ohki, and Syritsyn.-arXiv:1701.07792 [hep-lat]
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Operator Mixing

Divergent mixing

Divergent mixing

Nonperturbative renormalization condition
Gradient flow

Lattice implementation

The quark EDM and the CPV mass-term have no lower

dimensional operators they can mix with.

e The chromoEDM operator has a divergent mixing with the

CPV mass-term.

Anomaly relates the O-term to the CPV mass-term.

e The Weinberg operator has a divergent mixing with the

O-term.

We need to take a — 0 limit to control discretization errors
O(Agcpa)™ from the low scales inside the hadron.
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Operator Mixing

Nonperturbative renormalization condition

Divergent mixing

Nonperturbative renormalization condition
Gradient flow

Lattice implementation

The divergent mixing, e.g. Ocepuy — (¢/a?)Ocpy, means that in
matrix elements, large O(1/(Agcpa)?) cancel with the correct

choice of c.

Can use nonperturbative renormalization to remove divergence and

relate to MS scheme.

® RI-sMOM mixes with gauge-variant and Equation-of-motion
operators (about 60 for Weinberg).

® RI-sMOM with Background gauge-fixing still needs the EOM

operators.

» Position space renormalization needs multiloop calculations
(four-loop for cEDM to O(as)).
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Operator Mixing

Gradient flow

Regulate the theory before discretizing!

Gradient flow smears the point operators on a length scale /8ty
and commutes with the continuum limit along the line of constant
physics.

Z;"(a)CEDM(a, typ) S’ CEDM(twr)

Weinberg(a, twr) = Weinberg(tw r)

Continuum perturbation links these to MS quantities. Power
subtractions are proportional to 1/8A%q .

Need a window a? < 8t < Ac,_220D for being able to do this
perturbatively.
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Operator Mixing

Lattice implementation

Use Runge-Kutta integrator for gradient flow.

Save intermediate configurations in memory for the propagator
adjoint-flow.

Use large step-size for much of the calculation.
Use bias-correction with a few small step-size calculations.

Compare results at multiple tyy .
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Lattice Results

Lattice Results

Wilson flow on MILC lattices

Large fluctuations from configuration to configuration.
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Lattice Results

Lattice Results
Signal in a from Weinberg

a ~ 0.12fm; M, ~ 310MeV; 128 measurementsx 1012 configurations
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Lattice Results

Lattice Results
Signal in F3 from Weinberg
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Lattice Results
Signal in a from CEDM
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Lattice Results Signal in o from CEDM
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Conclusions

Exciting future

Gradient Flow seems to be a good next thing to try.
Have to establish signal and window.

Have to check excited states and extrapolation.
Perturbative calculations in progress.

Next one needs the four-fermion operators
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