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Abstract

We present results for the 1sovector and 1soscalar
charges of the nucleon. The 2+1+1-flavor calculations
were done using MILC HISQ ensembles with three
lattice spacings a=0.12, 0.09, 0.06 fm and three pion
masses approximately 310, 220, 130 MeV. The 2+1-
flavor clover calculations were done on four ensembles
with approximately 300 and 190 MeV pion masses.
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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.

Connected Disconnected



Phenomenology requires a number of
matrix elements within nucleon states

[sovector 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



Simplest quantities to calculate
are the 1sovector charges

g4 8s 871



Challenges to obtaining high
precision results for matrix elements
within nucleon states

— High Statistics: 0(1,000,000) measurements

— Demonstrating control over all Systematic Errors:

* Non-perturbative renormalization of bilinear operators (R, Scheme)
« Contamination from excited states

> Finite volume effects

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

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

Perform simulations on ensembles with multiple values of
» Lattice size M L— o

» Light quark masses — physical m, and m,
» Lattice spacing a — 0




Toolkit

Multigrid Dirac invertor — propagator S, = Dy
Truncated solver method with bias correction (AMA)
Coherent source sequential propagator

Deflation + hierarchical probing (for disconnected)

3-5 values of 7, with smeared sources

2-state (3-state fit) to multiple values of 7
Non-perturbative methods for renormalization constants
Combined extrapolation ina, M_, M L

Variation of results with extrapolation Ansatz
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Coherent Source Sequential Propagator
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0 8 L 9 L L
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3 measurements being done 1n a single computer job

-
-
-
o
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.....

Bias = 0 after gauge integral: Increase in Variance ???



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

T3(1,Ar) = |4, (0]0]0) e +]A [ (1/O]1)e™™* +

AgA” (0[O[1) €00 4 474 (1]0]0)e e 4

M,, M,, ... masses of the ground & excited states
Ay, A,, ... corresponding amplitudes

e x

l. At:tsep:tf_ ti

1

?

Iy

Make a simultaneous fit to data at multiple 41 =1¢,,, =t, - ¢,

sep

12




Controlling excited-state contamination

* Reduce A /A,1n an n-state fit
— Tune source smearing size€ G
— Tune the mterpolating operator
— Variational method

* Generate data at multiple values of t

* 2— 3 — ... state fits to data at multiple values of t

Yoon et al, PRD D93 (2016) 114506
Yoon el al, PRD D95 (2017) 074508



g . Excited State Contamination
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1.10 | 1.10 1.10
1.05 1.05 1.05
1.40 — ‘
1.35 | a09m130 AMA  Extrap ——
. r )
. 10
S 125
=
$< 1.20
%0 4 15
1.10
1.05

Data and fits on 7 clover-on-HISQ ensembles: Bhattacharya et al, PRD94 (2016) 054508
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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 ~°

q
* Finite volume: M_L

giraM_,L)y=¢g+Aa+B M; +C M e ™"+ ...

g(aM_Ly=g+Aa+BM_+CM_e""+...

16



2+1+1 flavor HISQ lattices from MILC

M, tuned to its physical value using M

0.12 243 X 64 4.55 1013 8,104 64,832
0.12 0.1 243 X 64 3.29 225 1000 24,000

0.12 0.1 323 X 64 4.38 228 958 7,664

0.12 0.1 403 x 64 5.49 228 1010 8,080 68,680
009 ] 0.2 323 X 96 4.51 313 881 7,048

0.09 @ 0.1 483 X 96 4.79 226 890 7,120

0.09 O 0.037 643 X 96 3.90 138 883 7,064 56,512
0.06 [ 0.2 483 X 144 4.52 320 1000 8,000 64,000

006 ¢ 0.1 643 X 144 4.41 235 650 2,600 41,600

17



2+1 flavor Clover lattices (Jlab/W&M)

M, tuned to its physical value using @m:, -m?)/ M.

a
fm

0.114

0.081

0.081

0.081

0.081

0.079

0.079

\7 Lattice Smearing ¢ # of HP

MeV | Volume Configs Srec.

316 322x96 585  810,12,14 5 1000 4000
312 323 X 64 4.11 10,12,14,16,18 3) 1005 3,015
312 323 X 64 4.11 8,10,12,14,16 7 1005 3,015
312 323 X 64 4.11 10,12,14,16,18 9 1005 3,015
312 322X 64 4.1 12 V357, V579 443 0,1329
192 483 X 96 3.7 8,10,12,14,16 7 629 2,516
198 643 X 128 5.08 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



Simultaneous extrapolation in a, M °, M_L
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12¢ ] 12¢
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090" ‘ ‘ k 0.90 & ‘ ‘ ‘ : 090 .. ‘ ‘ ‘ .
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a (fm) Mz? (GeV?) ML

9 clover-on-HISQ ensembles: Bhattacharya et al, PRD94 (2016) 054508



Results on 1sovector charges of the proton

(clover-on-HISQ)
(Bhattacharya et al, PRD94 (2016) 054508)

Isovector charges

xi% o = ().987(51)
#% o =1.195(33)
% g =0.97(12)

Flavor diagonal charges

g U= (.792(42)
g4 =-0.194(14)

2-state fits to 2-point and 3-point functions

20



€S

Constraints on [¢s,e7]: B-decay versus LHC W

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

» low-energy experiments + lattice with 0g¢/gq ~10%
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Update: 2+1+1 flavor HISQ lattices from MILC

M, tuned to its physical value using M

0.12 243 X 64 4.55 1013 8,104 64,832
0.12 0.1 243 X 64 3.29 225 1000 60,544
0.12 0.1 323 X 64 4.38 228 958 47,616
0.12 0.1 403 x 64 5.49 228 1010 8,080 68,680
009 ] 0.2 323 X 96 4.51 313 881 42,176
0.09 @ 0.1 483 X 96 4.79 226 890 53,312
0.09 O 0.037 643 X 96 3.90 138 883 7,064 56,512
0.06 [ 0.2 483 X 144 4.52 320 1000 8,000 64,000
006 ¢ 0.1 643 X 144 4.41 235 650 2,600 41,600

0.06 (O 0.037 96° X 192 3.7 135 322 1,610 51,520



2017: New results on 1sovector charges
PNDME (Preliminary):

Better smearing on a09
Added a06m135 ensemble
All ensembles with AMA

4-state fits to 2-point functions
3-state fits to 3-point functions

Covariant error matrix

-d, con

2 <

1.40 — . . . .
Extra
1.35 | a09m310 tsep=1 i
1.30 } tsep=12 —e— |
tsep=14 ——
1.25 I =

1.20
115
1.10 |
1.05 -

:’,v
| .
L ,

5 ¥
2 : » > w

CalLLAT (DWF-on-HISQ)

Multistate fit to
C3(t+1) C3(7)

Cr+1) (1)

a0Sm310

= =1

g, = 1.278(21)(26)
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1.4

1.2

(1l

Multistate fits: CallLat versus PNDM]

8 10 12

1.0 }

al2m?220L , tskip = 2

1 10

CalLat: Gain in signal comes mainly from including much smaller t, in fit for extracting g,

24



g,. Simultaneous extrapolation in

)

M2 ML

1.35j‘ 1.35f‘ 135’ A
1.30 ] 1.30: 1.30} ]
v 125 s o125 - s 125 %{ é
3T E 1 3<T E 3<C % ]
115 : LIS} 115 :
) 1 S 1.10% : : : > 1.10¢ A
000 005 010 0.15 0 003 006 009 0.12 3 4 5 6 7
2
a (fm) M;? (GeV?) M,L
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al2m310 ~=~ a06m310 £ al2m310 ~~ a06m310 4 al2m310 ~~ a06m310 A
al2m220L ~&~ a06m?220 ~&- al2m220L ~&+ a06m?220 o~ al2m220L +&+ a06m?220 &+
14| al2m220 re~ a06m135 = | 14 [ al2m220 -~ a06m135 = | 14 L al2m220 ~e~ a06m135 =+ |
: al2m220S o extrap. =k ’ al2m220S o~ extrap. =i : al2m220S ~o extrap. B
a09m310 +a a extrap. »é& a09m310 +a M2 extrap. »¢ a09m310 +a Berkowitz extrap. =
a09m220 ~@- Berkowitz extrap. a09m220 ~e- Berkowitz extrap. w= a09m220 ~@~
- 1.3 * B 3+ 14 13F %
|
Yy e BN T
2 R e C=—— {) ----------------------------- % %, ............ #
12+ B 2+ 4 4 12F B
1.1 ¢ 1.1 B 1.1+
0 0.03 0.06 0.09 0.12 0.15 0.02 0.04 0.06 0.08 0.1 0.12 3 4 5 6 7
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PNDME 2017: CallLat:

PNDME+ Call at:

s, =1.223(39) | |1.278(21)(26)

s, = 1.265(25)

10 clover-on-HISQ ensembles: PNDME

8 DWF-on-HISQ ensembles: CalLAT
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g,. Simultaneous extrapolation in a, M °, M L
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Physics probed by flavor diagonal charges
gy = <Nl|qlq|N>

Axial charges g,

— Contribution of quarks to the nucleon spin (X =g/ + g, + g,
— Spin dependent interactions of dark matter
Scalar charges g

— Dependence of nucleon mass on the quark masses
(0,5 = m<N| uu+dd|N>; o, = m<N| ss|N>)

— Coupling of dark matter to nucleons (needed for direct detection of dark matter
via scattering off nucleons)

— Constraining BSM theories: bounds on effective scalar interactions
(e.g. Higgs mediated lepton flavor violation)

Tensor charges g,
— Contributions of quarks to the neutron EDM

— Constraining BSM theories: bounds on effective tensor interactions

— Transversity

Chromo EDM
— Constraining BSM via their CP violating interactions, e.g., Higgs CP odd couplings



Evolution of the tensor charge g/
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Continuum and chiral extrapolations for g*

Ensembles
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Disconnected light quark contribution

The a09m220 point

(green diamond) 1s
new

Extrapolation
a— 0 leveraged
by noisy
a06m310 (blue
square) data.

Need to increase
statistics.
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Goal: Provide first analysis of continuum and chiral
extrapolations for ¢* and tighten estimates of g’

al2m310 243%64 1013 5000 1013 1500
alZ2m220 323x64 958 11000 958 4000
a09m310 323x96 1081 4000 1081 2000

a09m220 48396 712 8000 3000
a09m130 643%96 . 877 10000
< >
a06m310 483x144 m 10000 @ 5000
ToDo  406m220 643144 . .

Improvements:
conf

e Statistics: N
* N,.: 128 noise vectors x 64 Hadamard vectors

e Full 4-D Sources

< X < v B



