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Physics Motivation
— Baryogenesis, an open problem
— Novel CP violation
— Neutron EDM
Matrix elements within nucleon states

Status of control over systematic errors

Results: g, g, g7
Quark EDM

Quark Chromo EDM



Baryogenesis

* Matter-antimatter asymmetry of the universe

— The observed universe has 6.1, x10-!Ybaryons
for every black body photon rather than 10-2°

* Sakharov's three necessary conditions:
— Baryon number violation
— Evolution out of equilibrium
— T-Violation (CP violation)
* Need CPV much larger than in the SM
— CKM phase gives d, ~ 107 e cm
— ® determined from d, (=0 with Pecchi-Quinn)



Novel CP violation
Standard Model

— CKM matrix of flavor mixing
e d ~10%¢cm
— O-term (Strong CP violation)

e Pecchi-Quinn

* Suppressed at high T
Most BSM theories have new sources of CP violation

Effective field theory: a model-independent tower of
operators made of SM fields & ordered by dimension

We are working with 2 leading operators
— Quark EDM (contribution of each quark EDM to nEDM)

— Quark chromo EDM (CPV contribution of each quark flavor’s
interaction with the color electric field)



Probing New Interactions: Mgq, >> My, >> 1 GeV

Many BSM possibilities for novel Scalar & Tensor interactions: Higgs-like, leptoquark, loop eftects, ...
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Novel CP violation: operators in EFT

%
E ~ A~ Msusy
- —
qL aL EH 69 dr q,
X
YSGuv

vy attaches to the vertex

Quark-EDM
q ) /J#$5 q F H

E ~ v ~ Mweak

>

* 4-pt function as y can attach to any quark line
* Gluon free end can attach to any quark line

Chromo-EDM

q",+%q NG,



Neutron Electric Dipole Moment

New (larger) CP violation needed to explain
weak scale Baryogenesis

All CPV (T-violating) interactions contribute
to the nEDM

NnEDM provides stringent constraints on BSM
theories

Need precise values of matrix elements of
CP violating effective operators to convert
bounds on nEDM into bounds on BSM
parameters.

Next gen experiments will reduce the bound
d.<2.9x10%%ecm to =I10?%ecm
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If we can extract the matrix elements of quark bilinear
operators within the nucleon state by calculating the
“connected” and “disconnected” correlation functions with
high precision, we can address a number of physics questions.

R

Connected Disconnected

10



A number of matrix elements within
nucleon states become accessible

[so-vector charges g,, g¢, &1

Axial vector form factors

Vector form factors

Flavor diagonal matrix elements

Quark EDM and quark chromo EDM

(plald|n)

(p(q)
(p(q)

iy, ysd(q)|n(0))
uy,d(q)|n(0))

(plgdlp)

Generalized Parton Distribution Functions

11



Full quantum
£ |state at time T

From nucleon
3-point function
matrix element
of probe H; , in

a nucleon state

Quark-
Antiquark-

Gluon Pair



Simplest quantities to calculate
are the charges

gAa gS» gT



Charges: What we know

* Experiment: Neutron decay
— g, = 1.276(2)

CVC + Lattice QCD

Gonzalez-Alonso & Camalich
Phy. Rev. Lett. 112 (2014) 042501

gs _ (MN _MP)QCD

gv (md _ mu)QCD

= 1.02(8)(7)

Our result g = 0.97(12) ® (my;-m,)"49=2.67(35) MeV

) | (My-M,)%P =2.59(49) MeV

14



[Ultra]Cold Neutron Decay:
Parameters sensitive to new physics

Neutron decay can be parameterized as V\ Ton

-

(IFO(F(E}) 1 + )% — (BO_‘_Bl%) Op * Py Lo

N\

b. Deviations from the leading order electron spectrum:
Fierz interference term

B,: Energy dependent part of correlation of antineutrino
momentum with the neutron spin



Relating b, B; to gg» & BSM couplings & ;

H, DG, [gs. e(l-y;)v, + & [0 ea" (1-y5)v, |

l l
gS:ZS<p‘ﬁd‘n> gT:ZT <p‘ﬁ0-/,w d‘n>

Lattice
QCD

Linear order relations from n — p e vdecay

b®M " 03494 $5.220,#

0')BBSM (Ee)

om

e

BSM _ pBSM _
b,v =B1 _Ee

~044g.e,-4.85g,¢€;
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Impact of reducing errors in g¢ and g, from 50—10%

Allowed region in [es, €7 ] (90% contours) . .
Experimental input

N4 e ~ i)
| &/%/ | gr N<P ﬁawd|n>

f 0g/g = Herczeg 2001
-0005 A
—-0.0004 -0.0002 0.0000  0.0002  0.0004 0.0006

T

0015~
- 08d/0s=10% Bi-b| < 10
- 08g/0s =20 % b| < 10-3
0010, by, = 2.6 (4.3)x107
O 0005 Impact limited by precision
- of ME from Lattice QCD

‘ Goal: 10% accuracy in g and gd 17




Achieving <10% uncertainty in nuclear charges <p[u I'djn>

1 1
Isolate the neutron eMn® Project on the proton eMp*

Reached <10% uncertainty in nuclear charges. It required:
— High Statistics: O(1,000,000) measurements

— Demonstrating control over all Systematic Errors:
» Contamination from excited states

« Non-perturbative renormalization of bilinear operators (Rl,,, SCheme)
» Finite volume effects

» Chiral extrapolation to physical m, and m, (simulate at physical point)

» Extrapolation to the continuum limit (lattice spacing a — 0)

18



Toolkit

Multigrid invertor

Truncated solver method + bias correction
(AMA)

Coherent source sequential propagator

3-5 values of 7, with smeared sources
2-state (3-state fit) to multiple values of £,
Combined extrapolation ina, M_, M_L

Variation of results with extrapolation Ansatz
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Truncated solver + bias correction (AMA)

Nip 1 Npp

CAMA — NLECLP(XiLP) +N_ E {CHP(XiHP) _ CLP(XiHP)}
LP i=l1 HP i=1

* Multigrid mverter with

- 1p= 107

- Iyp = 107

- N;p=64-160, N, = 3-5 per configuration
* The bias term 1s negligible (~1% of the error)
* The AMA error 1s <15% larger than LP
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2+1+1 flavor HISQ lattices from MILC

M, tuned to its physical value using M

m,/m, | Lattice M. L # of AMA
Volume MeV) Configs 64LP +
4(HP-LP)

0.12 | 243 x 64 455 310 1013 8,104 64,832
012 ' 0.1 243 x 64  3.29 225 1000 24,000
012! 0.1 323x64 4.38 228 958 7,664

012 1 01 403 x 64 5.49 228 1010 8,080 68,680

009 ! 02 323x96 4.51 313 881 7,048
0.09 ! 0.1 483 x 96 4.79 226 890 7,120
0.09 O 0.037 643x96 3.90 138 883 7,064 84,768

006 [ 0.2 483 x 144 4,52 320 1000 8,000 64,000
0.06 I 0.1 643 x 144 4.41 235 650 2,600 41,600




2+1 flavor Clover lattices (Jlab)

M, tuned to its physical value using @Mm_.! M},)/M?,

0.114

0.081

0.081

0.081

0.081

0.079

0.079

316

312

312

312

312

192

198

Lattice | M_L Smearlng # of
Volume Configs

323x96  5.85 8,10,12,14 1000 4000
323x64 411 10,12,14,16,18 5 1005 3,015
323x64 4.1 8,10,12,14,16 7 1005 3,015
323x64 411 10,12,14,16,18 9 1005 3,015
323x64 4.1 12 V357, V579 443 0,1329
483 x 96 3.7 8,10,12,14,16 7 629 2,516
643x 128 508 8,10,12,14,16 7 467 2,335

LP
Src

128,480

96,480

96,480

96,480

42,528

80,512

74,720
22




6, (N) / <o, (96)>

4.5
4.0
3.5

g 3.0

2.5
2.0

§ 15

1.0
0.5

Statistics

« Sample phase space adequately (ergodicity)

 Estimate of auto-correlation time

‘t_6 |—E—I|
t=10 —e— -
A t=14 —a—
[0}
g I
k3
= 1) 3
g m
m .
3 6 12 24 48 96

Number of Sources

Gcg;ﬁ(N) / <Gc§;{(96)>

4.5
4.0
3.5
3.0
2.5
2.0
15
1.0
0.5

B

Axial —8—
Scalar —e—
Tensor —a—
Vector —s—

e

11 4

teep=10, t=5

sep

6

12 24
Number of Sources
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Tests of Statistics

* AIC: criteria for adding more parameters:
— y? decrease by 2 units for each parameter added

e 2-sample K-S test:
— Divide data into bins/streams

— Are data 1n different bins drawn from the same
[unknown] distribution

1.42 —

1.40
1.38

=L

tsep=12 R4;SgSg —o—
1 30 1 1 1 1 1 1

6 -4 -2 0 2 4 6
2

8A

| - tygp/
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Coherent source sequential propagator

*4 (% & & (y (-
seq [\seq \Va

0 &v @ 8" £ B
# 5y ) # Pe # # 3 &
#) S, # 5, # G #)

tli tlf ------------------------------------------------------------------------------

| S T T e T
u—FP e O W O &

* Need only 1 sequential propagator instead of N

meas

* No significant increase in errors



Controlling excited-state contamination: 2-state fit
T2(1) = |4 e +]A [ e™ +...

121, 1) =|A, [ (0]0]0) ™" +]A[ (1|0[1)e " +
A,AT(O|O[1) ™™ MO 1 A% A (1]0]0)e* M e 4

M,, M, ... masses of the ground & excited states
Ay, A, ... corresponding amplitudes
(1)
@ = O
n p
L At = tsep = l}c- ; tf

Make a simultaneous fit to data at multiple A7 = Leon

—l-1

27




Controlling excited-state contamination

* Reduce A /A,1n an n-state fit
— Tune source smearing size G
— Tune the interpolating operator
* Variational method
* 2-versus 3-state fits to data at multiple values of t




0.56 —

054 F&m ¥ gggﬁ '_'._Z_.._' |
Efficacy of tuned i «i..-. )
0.48 | %%%mv?
; 33 % 1
smearing versus o v ‘1
" ” " 2T 6 8 10 12 14 16 18 20
variational analysis t
A T
054 9 m A4 SgSy —8— g
052 4@ ° Visy e
. . EZ 0.50 | %mm:]vw
* Errors increase with ossf 3% %%ﬁ@‘ﬂ #
. . 0.46 r
larger smearing size 0.44 | ﬂ |
 Excited state 2T 6 8 10 12 14 16 18 20
. . t
contamination reduced 056 — E—
with larger o 054 4o s ]

o 8989 ce_c¢ V579 SZ 0.50 | %;%%

L T}

042 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20
t




g - Excited State Contamination

1.40 ‘ ‘ 1.40 —— ‘ 1.40 ———————————
135 | a12m310 AMA 135 | a09m310 tSEeerap — | 135 | 206m310AMA  Extrap ——
1.30 | . 1.30 | lsep=12 —e— 1.30 t
S fep=14 —8— | & i
S 125 1.25 S 125 t
=
z<g 120 1.20 1.20
%9 115 1.15 1.15
110 ¢ 1.10 1.10
1.05 1.05 1.05
1.40 1.40 1.40 ———— T
Extrap —— =22 —x—
1.35 1.35 135 | tsep=18 e €024 ]
. 130 1.30 1.30 | tsep=20 -
8 125 1.05 1 o5 a06m220 AMA
=
i< 120 1.20 1.20
s 1.15 115
1.10 ¢ 1.10 1.10
1.05 1.05 1.05
1.40 S— ‘
135 | a09m130 AMA  Extrap —— |
: v X
190
S 125
=
$< 1.20
%0 415
1.10
1.05

7 clover-on-HISQ ensembles: Bhattacharya et al, arXiv:1606:07049
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Analyzing lattice data Q(a, M_, M_L):
Extrapolations in a, M °, M_L

We use lowest order corrections when fitting lattice data w.r.t.

* Lattice spacing: a
* Dependence on light quark mass: m, ~ M~

* Finite volume: M_L

giraM_ ,L)y=¢g+Aa+B M; +CMe ™"+ ...

g(a,M_,Ly=g+Aa+BM_+CM_e™"" +...

31



135
1.30¢ b 1.30+
S 125 s 125
%5 120 LX5 1200
1.15¢ ] 1.15¢
1106, .~ 1.10¢L
0.00 0.05 0.10 0.15
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s |
Lo i i
!
¥
G %

Simultaneous extrapolation in «a, M °, M_L
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100
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0
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003 006 009 0.12 3
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7 clover-on-HISQ ensembles: Bhattacharya et al, arXiv:1606:07049
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Results on 1sovector charges
of the proton

(clover-on-HISQ)
(Bhattacharya et al, arXiv:1606:07049)

Isovector charges Flavor diagonal charges
wk g =(),987(51) o= 0.792(42)
** g, =1.195(33) g.4=-0.194(14)
** g.=0.97(12)
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8A

Taming excited state contamination

* For an n-state analysis reduce A /A,
— Tune smeared sources and/or operators

* Variational: construct matrix S;S; of correlators

* n-state fit to many t with tuned sources

Anatomy of ESC: variational V579 versus SyS,

146 T T T T T T T 130 T T T T T T T 130 T T T T T T
: Tekip=3 V579 (12) +—%— 1.20 I ot ] Vi V579 (12) ——
142 | Teipmt P [% 1.25 e b
140 F 5 l{( >|< 1 o 110+ l 1 =

XXk % |1 F (@) bo 1.20 |
1.38 I A [ S p | y S.S (12) 44\ |

g 1.00 7 929 —e— ]
136 Ptk {){) """" N B verag - g
. L 'skipf \ 1.15 F
1 34 r % % % J% % % % % % - 090 /,’ ; : klp:i ******** ‘: ‘
132 1 il 1 1 1 1 1 080 1 i | : | 1 [ 1 110
6 -4 2 0 2 4 6 6 -4 2 0 2 4 6 6 4 2 0 2 4
T- tsep/Z I - tseplz T-t../2

sep

2+1f Clover-on-Clover t, =12 data on a=0.081fm, M, =312 MeV, 32° x 64 lattices




What 1s needed for obtaining 1sovector
charges with 2% total errors?

5000 lattices (30K trajectories) with
M_L>4
a= 0.1, 0.075, 0.05 fm
M_ =300, 200, 140 MeV

0O(1,000,000) measurements
This 1s attainable by 2020
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Constraints on |¢s,¢7]: P-decay versus LHC

« LHC: (u+d — e+v) look for events with an electron
and missing energy at high transverse mass

* low-energy experiments + lattice with og¢/gs ~10%

CURRENT CONSTRAINTS
0.015[ Lov'v-energyll: | Low-énergy: §
gst from quark model _ + - gsrfrom lattice ;
// \ .
0.010} / N
A
T R
el N\
A s
0.005} ! AN
III I [ \\\
! | \
0.000 ' f
a 7
\‘ \ / ’I
\‘ ~ - _ 7 II
-0.005}
.. /" LHC:
e " 1 s=8TeV]
------------ ’ L =20, fbo! 1
-0010t,_ . . ., ]

~0.003 -0.002 -0.001 0000 0.001

0.002 0.003

ET

0.015¢

0.010f

0.005}

0.000

-0.005F

W’HBSM

u
LHC

PROSPECTIVE CONSTRAINTS

Lo'w-energ'y:
gst from quark model

' Low-eﬁergy: ]

gsT from lattice

-0.010¢

-

| s=14TeV
L = 10, 300 fb?

~0.0010 -0.0005 0.0000 00005 00010

ET



Neutron Electric Dipole Moment

Tu
# Y
 Quark EDM: contribution of quark EDM to the \;' )
* Quark Chromo EDM: CPV contribution due !
to the interaction of quarks with the color
electric field v
— ~10Bfm
0
EMB
v
J



Evolution of EDM Experiments

Theoretical
T T T I ] Prediction:

—Electro-
magnetic

—Milliweak

—Weinberg
.[ Mu.lti-Higgs

N
On

Supersymmetry

s J]-Cosmolo gy
—Superweak

Neutron EDM Experimental Limit (¢ cm)
=
I

e
o
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S
=

i 1-Standard
Model

1950 1960 1970 1980 1990
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CP violating operators

Dimension 3 and 4:

— CP violating mass y y.y

— Toplogical charge GWGNW.
Suppressed by vEW/M2 : BSM

— Electric Dipole Moment ¢ GWFNW\V.
— Chromo Dipole Moment vy 6,,G "y.

BSM:Suppressed
by v/M?

Weinberg operator (Gluon chromo-electric moment):

~/

B Guv G?w G A
Various four-fermi operators.

BSM:Suppressed
by 1/M?



Novel CP violation: operators in EFT

v
Y,: g
ﬂ E ~ A ~ Msusy 172 E ~ v ~ Mweak
—————- — —

q, q, H G5 qr q, % 9r a,
X X v
150 1Y YSGHV
vy attaches to the vertex * 4-pt function as y can attach to any quark line

* Gluon free end can attach to any quark line

Quark-EDM Chromo-EDM

q",$aF" q",+%q NG,

40



BSM — Couplings in EFT — EDM

I"#$%&
A 7/"8) #'4)042< —+884=>)62
# —— 4444444444444
123 —— — [G,dq,ch,w]
[ ge’ qq ]
"1.0#)$ —— / E A l
| C SP T] | [ 9NN ] "H#*$+"4135
Y Y \\ WYy
4444'3564+7 444'3564+7
e R | B
4A0V%s 649'0: +,649:%:

Pospelov and Ritz. Ann. Phvs. 318 (2005) 119



QCD + novel CPV Interactions

The low-energy effective Lagrangian 1s

Lepy = Locp +10G,,G" + iE digo"'F,q+ iE d°go"" G, q+"
q q
The electromagnetic current, given by oL/0Au, becomes

Jr=Jom *+ Jepy = ezq)/#q + ié‘aﬁwpvzdﬁl "#q+!
9 q
Need to calculate 3-point functions
(QIN(,p)ji(x. p'= PIN(O, p)|R) =

@ININ,Ye T (N |k p = Ny T (V)| ) -

J

@INEOIN e T U Hop )N | g + g IN YA = Hopde T (N [N ()] Q)

J
z<Q|N(p')\Nj>e‘f‘”H<N].\j;;M w o H +...|Nl.>e_fdtH<Nl.|N(p)|Q>
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Form-factors in the presence of P, CP
violating interactions

<pfasf‘J%(Q)

P8y =u(p,.s T (@u(p,.s,)

| /J(q) — )/'u Fl(qz) Charge F,(0)=1
2
+ i()"uqu F2 (q ) Anomalous i (a,=F,(0))
2M
+ ()/'u‘)/sq2 " 2M )/5q/'l)FA(q2) Anapole moment
2
+otq,y° H(d) EDM (d, =F;(0)/2M)

2M
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Diagrams to be calculated using Lattice QCD

§ Q
CW & %
)

| £ 2
i

D

M-term

I I [ :
quark EDM O g O \/ % & O

.........................................................................................................

quark Chromo EDM /Q\ /Q\
(4-pt function) e S——

\_’/ \’/
44



Constraining BSM using nEDM

O puvYs E E
(g & : v
A= &

Assuming only quark EDM contribute to nEDM, then

Ours

000100

QQQRQQ

quark EDM O 1

I New 1n 2016

g U= —0.232(28):-0.192(12)
gd= 0.774(68)' 0.800(38)
g5 = 0.008(9)

Bhattacharya et al, PRL 115 (2015) 212002
Bhattacharya et al, PRD92 (2015) 094511 45




Split Supersymmetry

» All scalars but one Higgs doublet are much heavier than Agy,
« Has gauge coupling unification, dark matter candidate
* Avoids flavor and CP constraints mediated by 1-loop terms with scalars

 Fermion EDMs arise at 2-loops: phases in gaugino-Higgsino sector
communicated to SM fermions through yh, Zh, WW exchanges

* chromoEDM, Weinberg, ..., operators do not arise at 2-loop

Our analysis followed the work of Giudice & Romanino, PL B634 (2006) 307
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Constraint on Split Supersymmetry

» The correlation between d, and d, provides a constraint on Split SUSY.
« Using our estimates of g(u,d,s) and d,=8.7 X 10-*° e cm gives a stringent upper bound:

d <4x102%®ecm

1x10*f 10000
7000
5000 r 5000
%\ 2000 . _> 3000
O (5 2000
- loool = 1500
1000
500 b
dy=5x10-28 ¢ cm‘ \\.\
d,=10"2 ¢ cm‘ \ '
2004 ~ N ] | | | | |
200 500 1000 2000 5000 1x10* 500 1000 2000 5000 11 10*
M, (GeV) M, 1GeV'
Contours of d,,, d, versus gaugino (M,) Correlation between d, , d, in split SUSY. Bands
and Higgsino (p) mass parameters are for different d /d, (¢ independent) and solid
setting tanf=1 and sin¢=1 lines are for d,=8.7 x 10-*° e cm & sing=0.2 and 1.
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Quark Chromo EDM: 4-pt functions
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cEDM: Schwinger Source Method

The chromo EDM operator contribution arises due to the change
in the Dirac action. The gEDM and cEDM terms are bilinear in
the quark fields, so fermions can still be integrated out.

Change 1: Modifty Dirac operator when calculating the inverse

D+m! %Dz‘*cswu N!Gu/ # D+m! %D2+" H (CSWG/J! +i"éu./)

Change 2: Correct the Boltzmann weight of each gauge
configuration. Reweight with the ratio of determinants:

Det[ D +m! %DZ +"H (CyGy +1"G,)]

Det[ D +m! %DZ +Cy" "G,y
= exp{Tr Ln[1+i"™ # &, (D +m! %DZ +Cgy" ¥ Gy ) M)

#exp{Tri™ ”‘Iéw (D +m! %DZ +Cyy" u! G, )4
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Connected Contribution
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Disconnected Contribution
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Reweight by the ratio of determinants

Det[ D +m! %DZ +"H (CgyGy, +i"G, )]

Det[ D +m! %D2+CSW" “G, ]
= exp{Tr Ln[1+i™ ¥ &, (D +m! %DZ +Cgy" G, ) T}

#exp{Tri™* &, (D+m! %Dz +Co "G, )Y
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a’Ppo -Gy and Py

mix under renormalization

4

Need to do the same calculation as
CEDM with insertion of ¥YsY¥



Does the method work?

With CP violation uy(p)yu(p)= gl NS (ip+ MN)e"-’ N's
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2-pt function: Phase a should be
linear 1n € for small €

0.00
-0.04
-0.08
-0.12
-0.16
-0.20
-0.24

" " #0.010 —o—
: "2 #0.005
"< #0.0025 —o—

@@@@@@@o®¢¢{>+T

@IJ)

14

9 fm)

oy (=

0.2

—-0.2

¢ Aggpm

a09m310)

| T T T T | T ]
a09m310) ¢ agppy(a12m310)

O
a?’s

(a12m310)

8




D, d-u
F;

D, d-u

1

0.5

0

-0.5

-1

-1.5

0.5

-0.5

-1.5

F3: Connected part of CEDM

4#%44@@é$ééé@

t =10 ———
" toep=12 —o— )
—-— =1
tsep_14 —8— g
-6 -4 -2 0 2 4 6
T - tsep/2

TEEEEERREREEKN:

tsep=1 0 —— ey
! tsep::l 4 ! ! ! q| ~ !
-6 -4 -2 0 2 4 6
T- tsep/2

U, d-u
F;

U, d-u
EF;

0.5

0

-0.5

-1

-1.5

0.5

-0.5

-1.5

éiqgé%§é$54§¥

Sep=l14 —F—

-6 -4 -2 0 2 4 6
T-1

sep™

t
" teon=12 —e—
t:2g=14 —B—

6 -4 -2 0 2 - 6



0.5
N
= 0
=
S 05
L
1
15
1
0.5
™
= 0
=
S 05
L
1
15

F3: Connected part of vy
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Conclusions and Future

Controlled excited state contamination to < 2%

Renormalization Factors—Z: Parameterize and Control
O(4) breaking to <2%: g, (3%), g5 (10%), g (3%)

Higher Statistics: 9 ensembles; O(2000) configurations;
O(100) measurements: g, (1-2%), g¢ (8%), g1 (2%)

Improve the calculation of flavor-diagonal operators:
qEDM- high precision s,c quark EDM g5, g°

quark chromo EDM operator:
— Signal in connected diagrams

— Start calculations of disconnected diagram

— Non-perturbation calculations of renormalization and mixing



Happy Birthday Martin



