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§ Lattice QCD for Nucleon Structure

&= A brief introduction and
selected results near physical pion mass

§ Spotlight on New Calculations
& Work in progress with great future prospects

§ Applications ta New-Physics Searches
& nEDM, neutron beta decays, ...

Huey-Wen Lin — Quarks and Nuclear Physics



Nucleon Structure

§ Study nucleon structure since "60s o €

& Deep inelastic scattering @ SLAC, more

§ Fundamental QCD property N
& Exploration of the valence and sea-quark content of the nucleon
§ Important for BSM searches

& Provides SM cross-section prediction for LHC new-physics search
§ Still limited knowledge

& Many on-going/planned experiments:  This conference:

(Jlab, J-PARC, GSI, EIC, LHe, ...)

S T
l ot - i =
f

McKeown, Nagae, Foka, ...

TR~ odd
ot
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How Can LICD Help?

§ Lattice QCD is an ideal theoretical tool for investigating

strong-coupling regime of quantum field theories
&= (reat for studying nonperturbative hadron structure

§ Physical observables are calculated from the path integral
_ 1 _ ol _
(0loGp, v, A)[0) = f DA D DY eSPPA)0 (3,1, A)

quark field _§
in Euclidian space A
S

& Impose a UV cutoff gluon field
discretize spacetime

& Impose an infrared cutoff ,
finite volume
t St

B@]:l(ﬁ'ley Huey-Wen Lin — Quarks and Nuclear Physics



Are We There Jet?

§ Lattice gauge theory was proposed in the
1970s by Wilson
& Why haven’t we solved QCD yet?

§ Progress is limited by computational resources

& Evolution of technology
80’s Today

§ Greatly assisted by advances in algorithms

ﬁigglgg,i?y Huey-Wen Lin — Quarks and Nuclear Physics



Are We There Jet?

§ From “guenched” to “dynamical” QCD vacuum

& Include quark loops in vacuum
& Degenerate up/down quarks 2f
& Add strange (2+1f)
& Add charm 2+1+1f

MILC (HISQ), ETMC (TMW), ...
& Some now include isospin

breaking (1+1+...) with QED
PACS-CS, BMWc, RBC/UKQCD

§ Physical pion-mass ensembles are not uncommon!
§ Generate QCD vacuum closer to real world

& Around the year 2000,
pure Yang-Mills theory
starts to become obsolete
as a QCD approximation

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



Nucleon Matrix Elements

Lattice-QCD calculation of (N|gTqg|N)
O

§ Construct correlators (hadronic observables)
& Requires “quark propagator”
Invert Dirac-operator matrix (rank 0(101#))

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



Nucleon Matrix Elements

Lattice-QCD calculation of (N|gTqg|N)

L 07

Berkeley

tsep
§ Analysis (extract couplings)
C2PY(tr, t;) =
+AgA1(0|0r
+AgeAL(1|0r
+|A4|2(1]|0p|1)e Ma(tr=ti)

Ag|2eMoltr=t) 4 |4, |2 Maltr—ti)y

Ao|*(010r|0)e ~oltr 10
1>e—M0(t—ti)e—M1(tf—t)
0>e—M1(t—ti)e—M0(tf—t)

Huey-Wen Lin — Quarks and Nuclear Physics



Nucleon Matrix Elements

Lattice-QCD calculation of (N|gTqg|N)
O

§ Construct correlators (hadronic observables)
& Invert Dirac-operator matrix (rank 0(1014))

§ Analysis (extract couplings)

§ Extrapolate to continuum limit

phys
VA

§ Control all systematic errors:

@ Choice of extrapolation (e.g. dipole for form factors),
renormalization to 2 GeV MS scheme, etc.

& Takem,; - m ,a—>0,L > o

B@]:l(ﬁ'ley Huey-Wen Lin — Quarks and Nuclear Physics



Progress

§ Much effort has been devoted to controlling systematics

Characteristics
§ Lighter pion masses
& More measurements at the physical pion mass!

§ More intense systematics study

@ Remove assumptions in the simulation (a, L, m,)
& 10* measurements not uncommon

§ Investigate previously difficult calculations
& Such as disconnected diagrams, etc.

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics




Progress

§ Much effort has been devoted to controlling systematics

§ For example, PNDME’s calculations

a (fm) ‘ "4 ‘M,TL‘ M__ (MeV) ‘ teep ‘ # Meas.
0.12 243 X 64 4.54 310 8,9,10,11,12 8104
0.12 243 x 64 3.21 220 8,10,12 24000
0.12 323 x 64 4.29 220 8,10,12 7664
0.12 403 X 64 5.36 220 10 8080
0.09 323 x96 4.50 310 10,12,14 7048
0.09 483 x96 4.73 220 10,12,14 7120
0.09 643 x96 3.80 130 10,12,14 7064
0.06 483 X 144 4.53 310 16,20,22,24 4000
0.06 643 X 144 4.28 220 16,20,22,24 2400
0.06 963 x 192 3.80 130 0

Berkeley
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§ Much effort has been devoted to controlling systematics
§ For example, PNDME’s calculations a = 0.12 fm, 310-MeV pion

P
& Move the 1.35_ otwo- two  otwo- simRR _
excited-state systematic ok g ey =
into the statistical error e |0.F. =Yars oo
C3P(tr,t,t;) = Ao |2(0]Op| 0)e ~Moltr—t) l | | | | |
+AgAT(0]0p| D)eMolt=t)e=Malty=0) - 1.0F S TR
_I_dqgc/ll(l|0F|0>e—M1(t—ti)e—Mo(tf—t) ] 8s 1 - i
+HlA (1O 1)e (=) “l | =0=F,.=,-=1 ]
& No obvious contamination % ~ 096im 1.20fm  1.44fm -
between 0.96 and 1.44 fm 1 gr oo
separation Lo O =gy :

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



§ Much effort has been devoted to controlling systematics
§ For example, PNDME’s calculations a = 0.09 fm, 310-MeV pion

L e ey

@& Move the | 3l °tWO- tWo o two- SiImRR E

excited-state systematic L 8a ! NS
into the statistical error |

L]:::I::’.*.I%r:I::::I::’.*.I.lr:I:::

C3PY(tp, t,t;) = |Ao|*(0]0p|0)eMoltr i) . _
teA g A (0] Op|1)e~Mo(t=td g =Ma(ty~1) LOF g s 4 P -
+ALAL(1]0p|0)e Ma (=t g =Mo(tr—t) :

+1eA; (1] Op| 1)e ~Ma(tr=t) “-5; S .
& Much stronger effect at l2- 0.90fm 1.08fm 1.26fm -

finer lattice spacing! 11F —
& Needs to be studied 10} &1 ¢

case by case T 1 12 13 14

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



§ Much effort has been devoted to controlling systematics

§ For example, PNDME’s g calculations

& Study the pion-mass, volume and lattice spacing dependences
(sometimes they are mild)

1.15¢

1.10;

~
)
1.00

090"

1.05}

0.95

PNDME, in preparation

-

ﬁ

0

Berkeley

002 004 006 008 0102
mﬁ(GEVZ}
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0.05 0.10
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§ Much effort has been devoted to controlling systematics

§ For example, PNDME’s g calculations
& Extrapolate to physical limit
(assume no dependence on L or a)

gr= 1026(14) PNDME, in preparation

115_ I T T LI LA L B B

I
|
I
|
L

1107

1.05: T j
!

I
1,00

0.95 - 1

U.QU:"' R PR PR P P TR 1 | ]
0 002 004 006 008 010 ! 3 4 5 6 7 80 0.05 0.10 0.15
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§ Much effort has been devoted to controlling systematics

§ For example, PNDME’s g calculations
& Extrapolate to physical limit
gr(a,mg,L) = c; + c,a + cam2 + cpe Ml

gr= 1018(42) PNDME, in preparation

1.15 I T T T L il LA I N I
1.10F T I
[ s i 6 1 o
N
1.05| - |- g 1
g | TL {} K ““;——J}_T 4 fl
' _ ' A ')
e = T
095 : 1
ﬂ.ﬁﬂ: A S I, SR P P PR R PO 1 | o R
0 002 004 006 008 010 2 3 4 5 6 7 80 0,05 0.10 0.15

m’ (Gev") m,L a(fm)
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§ Much effort has been devoted to controlling systematics

§ For example, PNDME’s g calculations

& Extrapolate to physical limit

gr(a,mg,L) = c; + c,a + cam2 + cpe Ml

gr= = 1. 018(42) PNDME, in preparation

15T e ‘. -

1.10F -
- Bacchetta, et al., JHEP 2013

105 g% = 0.55(8), g% = —0.11(33) at 0% = 1.0 GeV?

——

- ’
R T Anselmino, et al., PRD 2013 f
Tl 0.18 +0.30 2 2
- gT — O 39+0 12 gT — 0 25 —0.10 atQ = 0.8 GeV
0.95 T
{]gﬂ: | l I | | | [ R T -Fu o b b b b | i e ]
0 002 004 006 008 010 2 3 4 5 b 7 810 0.05 0.10 0.15

m’ (Gev") m,L a(fm)
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Progress

§ World players in LQCD nucleon structure
& Majority use a < 0.1fm

8 0 ' ' ' | ' ' ' ' | ' ’ ' ' [ '
-
6_ .. mul‘L ]
A oo A * i
'_ +* -» 111; & -
~ 4] "‘h:. . #

= __* A CLS/Mainz 2f clover ]
E 21> QCDSF 2f clover ¢ ETMC 4f TMF _

- « ETMC 2f TMFE ® CSSM 3f clover
| ® PNDME 4f clover/HISQ ]
O|-*-LHPC 3f clover v LHPC 3f DWF |
[ = RBC; UKQCD 3f DWF = RBC/UK 2+11 DWF 7

0 | 01 | 02 | 03
m (GeVZ)
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Progress

§ Tensor charge: the zeroth moment of transversity

& Experimentally, probed through SIDIS, ...
& Poor determination so far

Berkeley

1.2:---|'--- ] 1z
| J et oadi ﬁ i '

: I{ { %% ﬁ 1.0f |
1.0p | } { ] 095. a (fm) .

- 0 0.05 0.10 0.15
0.9r, m;‘mc 2f TMF ¢ ETMC 4f TMF 1 Y

[ & PNDME 4f clover/HISQ | S . t
0.8k Y LHPC 3f clover v LHPC 3f DWF - ‘l%‘ i EE = t 1
Ob » R s RBC/UK 2+41f DWF ] : }* i34

- | 1.0f { ¢ ]
0./t N

0 0.05 0.10 0.15 0.20 92, 4 6 8

M; (GeV*) M L
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Progress

§ Scalar charge

& Hadronic inputs in nucleon(nuclear) beta decay BSM search
& Related CP-violating pion-nucleon coupling in nEDM EFT

1.5 ] [ ; _
o ; | 100 KT ]
1.0r 1o } 't - ]
i 7 H 1 0.5 a (fm) B .
0.5; { # ETMC 2f TMF ] (I) - IU-;}SI B IO.IlOI B ID.15
- ® PNDME 4f clover/HISQ - T ]
ol v LHPC 3f clover 1 1.5¢ T .

: * ETMC 4f TME f : T T l }i ]
0.5F v LHPC 3f DWE ] 1'0;_ ’ﬁ {Tﬁ% ¥ ;
I NSRS R R 0.5:_ . 1

0 0.05 0.10 0.15 020 - o o
4 6 8 10

M? (GeV?) -
M, L
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Progress

§ Axial charge

& Most well-known coupling with subpercent errors
& Important to the rate of pp fusion, n-lifetime, ...

@ Significant lattice systematics QAT T T -
1.4r % 1 1.2 i
1.2r 3 Ehé 5 E‘ﬂi # =851 ] 1.0 .
1.0' } } ] D. Q.15

1 1.4 7
A CLS clover -
0.8F *E‘*?J”?%“%‘F'lﬁw &Hrfﬁ‘ﬁ”%m‘r R B
o PEVC 2f TV » CSSM 3f clover 1 4
 PNDME 4f clover/HISQ 1.21 ]
0.6} LEPC 3f clover v LHPC 3f DWF 1 1
IIRE}CIIUKIQEP 3.f ].JWP " RBCLK I2+}f .le_‘ 1 1. U__ _

0 0.05 0.10 0.15 0.20 .

2 2 2 10
M* (GeVH)

Berkeley
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§ Form factors
& Elastic scattering

@ F1(Q%), F5(Q%), G,(Q%), Gp(Q?)

& For example, octet baryons

F 2
(B|V,,|B)(q) = up(p") [V/,LFl(qz) + 0,1,y %‘ ug(p)
B

Dirac Pauli
_ , GP(CIZ)
(B|4,|B)(q) = uz(p") [VMVSGA(CIZ) sty ug(p)
Axial Induced Pseudoscalar
Sachs: )
6£(Q?) = F1(Q?) — 25 F,(Q2), Gu(Q?) = F1(Q?) + F,(Q%)
Electric B Magnetic

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



§ EM form factors very close to physical pion mass

& Examples from LHPC and PNDME J. Green et al, 1404.4029
PNDME, in preparation

1.0x }t . . ] R— . .
0.8 1 4f Ei :
L, T [ -
0.6- =3t 1 qf &g &ii ;
F'-J | - = L ¥ - .

O L X7 s 1 =
o4- 0 ATealL E - | 7+ - ‘-L.'ITT____‘ *-E_
0.2- ﬁ %-_ 1F -

U l i - D | |

0 01 02 03 04 05 0 01 02 03 04 05

0" (GeV) 0% (GeVd)

§ Expecting more precise results in the next couple years

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



§ What is the makeup of the nucleon?

Origin of Proton Spin

& The origin of the nucleon’s spin (the “spin crisis”)

& Results from LHPC QCDSF ETMC

% * !ﬁEEJ o4 meﬂévzp -

u+
ETMC, LHPC, QCDSF A X

1* %? Df%p iy @ “ﬂ& =

+ u+d-
ETMC, LHPC, QCDSF L :

M (GeV )
§ Ignore disconnected diagram

%

AX: quark spin

L: orbital angular
momentum

§ Gluon contribution estimated from sum rule

Berkeley
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Spotlight on

New Calculations

Berkeley



Disconnected Diagrams

§ Disconnected diagram

& Multiple ways to calculate this notorious contribution...

& Truncated solver, hopping-parameter expansion,
hierarchical probing, ...

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



Disconnected Diagrams

§ High statistics reveals the previously neglected contribution
& Reduces total quark contribution to nucleon spin by 0(0.1)

disc
£a

I I I |- I I I
o s ﬁ
: I ok . ]
: % . 1 ;
0,051 ﬁ | 1 [ % } 4‘( L {
: } w = —0.05 =1
-0.10F —
T . -0.10~x QCDSF 2f clover -
~0.15[x QCDSF 2f clover ¢ ETMC 41 TMF ] ' ® PNDME 4f clover/HISQ 4 Englehardt 3f DWF/asqtad ]
| ® PNDME 4f ClOVE‘T;’HlSQ s CSSM 31 clover | [ ¢ ETMC 4f TMF 1
- v LHPC 3f clover ' | % CSSM 3f clover
020! | I I L ] [ 1| S SN E N R
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
M? (GeV?) M? (GeV?)

& More work needs to be done on disconnected OAM

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics
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Disconnected Diagrams

§ Disconnected diagram in form factors

& For example, LHPC work using clover fermions
> 0(1001{) statistics G‘é‘;%m (disconnected)

Proton '
EE L;;'}m (connected)
DD-II:] | | | II | | | |
] ]
0.005 |- X 1 _
- g :3
0.000 |-£
L3 [1
—0.005 ﬁ II L -
[ o
LHPC preliminary Ge
—0.010 |- My = 317 MeV b G
b s == 1.14 fm I M
_0.015 L | | |

| | | |
00 01 02 03 04 05 06 07
2 (GeV?) S. Meinel et al. (LHPC) 2014
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PDFs on the Lattice

§ Lattice calculations rely on operator product expansion,
only provide moments

\ 1 most well known
—@:’+ :@" (xn—1>q :f dx xn—lq(x)
-1

spin-averaged/unpolarized

- - e 21180

spin-dependent -1
longitudinally polarized

1
(b — ¢ (x"‘1>5q=j dx x™"18q(x)
-1

spin-dependent very poorly known
transversely polarized

§ True distribution can only be recovered with all moments

B@]:l(ﬁ'ley Huey-Wen Lin — Quarks and Nuclear Physics



PDFs on the Lattice

§ Limited to the lowest few moments

& For higher moments, all ops mix with lower-dimension ops
& No practical proposal yet to overcome this problem

§ Relative error grows in higher moments

& Calculation would be costly
& Cannot separate valence contrib. from sea

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



PDFs on the Lattice

§ Limited to the lowest few moments

& For higher moments, all ops mix with lower-dimension ops
& No practical proposal yet to overcome this problem

§ Relative error grows in higher moments
& Calculation would be costly
& Cannot separate valence contrib. from sea

New Strategy: Xiangdong Ji, PRL 111, 039103 (2013);
this conference

§ Adopt lightcone description for PDFs

§ Calculate finite-boost quark distribution

& In P,— oo limit, parton distribution recovered
&= For finite P, corrections are applied
through effective theory

§ Demonstration: Feasible with today’s resources!

X t
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Sea Flavor Asymmetry

§ Lattice exploratory study
& M, ~ 310 MeV

HWL et al 1402.1462; in preparation

1.2 .
: H\ CJ12
LOF | | MSTW 3y
4\ XQSM
U'B-_ '% E866 NuSea
= o6k | Lattice

0.2

0.4

Compared with E866
Too good to be true?

Lost resolution in

small-x region

Future improvement to
have larger lattice volume

f dx ((x) —d(x)) = —0.16(7)

Experiment x range [3d(x) —u(x))dx
E866 0.015<x<<0.35 0.118+0.012
NMC 0.004<x=<<0.80 0.148=0.039
HERMES 0.020<x=<0.30 0.16=0.03

R. Towell et al. (E866/NuSea), Phys.Rev. D64, 052002 (2001)

Berkeley
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Sea Flavor Asymmetry

§ Lattice exploratory study
& M ~ 310 MeV Compared with E866

HWL et al 1402.1462; in preparation Too good to be true?
1.2 — — — —
A '

1.0}

_—

First sea flavor asymmetry
ever calculated!

nent to

0.8 |4
; % e volume
I:.;i ﬂ_ﬁ: | OVEI‘COmES
Ul N decades of obstacles in ) ~ —0.16(7)
%%t | LQCD structure calculations
U.Ej" ;'; : [3d(x) —u(x))dx
,’J 0.015<x<0.35 0.118%0.012
0F NMC 0.004<x<0.80 0.1480.039
[ o T - HERMES 0.020<x<0.30 0.16=0.03
0, 01 0.2 0.3 0.4
R. Towell et al. (E866/NuSea), Phys.Rev. D64, 052002 (2001)
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Gluon

Helicity

§ Gluon helicity in long. pol. proton AG = f01 dx Ag(x)

Ag(x) = yo— J dA e*4 <PS

§ It can be calculated throug

. A _
FE(An)Peid Jo A+tmiang (o) \ps)

N large-momentum frame

X. Ji et al., PRL. 111 (2013) 112002; 110 (2013) 262002; PRD 89, 085030 (2014)

(PS| f dx (E  Agnys),

ps|

] o m =380Mev]

= 640 MeV

015

AG S, = T
§ Preliminary study by xQCD
& Overlap/DWEF
& Mass corrections and

large-P, extrapolation
needed

R. Sufian et al., 1412.7168

i% P~0.4 GeV

o L . | . | . | . |
0 1 2 3 4

ol

0.05

Proton Momentum Squared (pf}

Berkeley
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Applications Eeyom[ QCD
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Low-Precision Experiments

Many opportunities to probe BSM with LQCD

§ Dark-Matter Searches Andre Walker-Loud, this conference
& Nucleon (nuclear) sigma terms, strangeness

§ Nucleon beta decay Susan Gardner, this conference
& Probing non-V-A (e.g. isovector scalar and tensor) interactions

§ Electric dipole moment
& CP-violating effect o

ORNL, Harvard

= 10 : MIT, BNL
& Extremely small in = o] T Sussen, RAL 1L
SM: = 1073Y e-cm E "a.
& Best SUSY model killer = Tvaay
g | Supereymmety Precitons

T T T T T T T T T d T T 1
1950 1960 1970 1980 1990 2000 2010
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BSM Interactions

§ Neutron beta decay could be related to new interactions:
the scalar and tensor

Hﬁ_\ﬂ: — (_;F (“]-71(-"51:_1 % ]([11 lll\_ _|_ E IH\I(_)lLl'}t ¢ (){1””1\)

Og = ud X e(1 — v5)ve —  gs = (n|ud|p)
(j-;,_n = uo,,d xec" (1 —y)v. — gr = (n|uo,,d|p)

& . and ¢, are related to the masses of the new TeV-scale particles
@ ... but the unknown coupling constants g are needed
§ Given precision g, rand Ogg),, predict new-physics scales
Precision LQCD input
Experiment— Ogsm = folesrgs)< (m, =140 MeV, a->0)

)
EsT X AgT

Bel‘kdey Huey-Wen Lin — Quarks and Nuclear Physics



Beta Decavys & BSM

§ Given precision g5 ; and Ogg),, predict new-physics scales

Experlment

————> Og. = fole€s,Tgs, 1) «—

0. 010

0. 005 /

¢ 1Q

/__
\

)

0

—l.-" — —

Nuclear E;p + Model g5 1]
Nuclear Exp + Lattice gg 7]

0.005.

Future Exp + Future gg 7

—-0.002-0.001

Berkeley

0 0.001 0.002 0.003

ET

Precision LQCD input
(m_— 140 MeV, a—0)
esT « AsF

LANL UCN neutron decay exp’t

Expect by 2013:
|B1 = b|ggy < 1072
|b|gsy < 1072

Proposal at ORNL by 2015
Expect at CENPA: ®He(b.;) at 1073

PNDME, PRD85 054512 (2012);
1306.5435
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Beta Decavys & BSM

§ Given precision g5 ; and Ogg),, predict new-physics scales
Experlment

PreC|S|on LQCD input
——> Oggy = foles,Tgs,7) <— (m,.— 140 MeV, a—0)
7 8 TeV, 3.7 b LHC. —2
0010” EV’ 25ﬂa}LHc EgT OCAST
f}ﬂ' be BHC / ’
W\ _

LANL UCN neutron decay exp’t

\
. \
0.005- / \ ‘1 Expect by 2013:
AN

f_)_ \t\ |By=blgsy < 107

'UJ

S = |b|gsy < 107
Nll{,]ed]f' EXp + Model ¢sri Proposalat ORNL by 2015
- Nuclear Exp + Lattice gg 7/ .6 _3
~0.005 Future Exp + Future gg 7 EXpeCt at CENPA: He(bGT) at 10

-0.002-0.001 O 0.001 0.002 0.003

'.

PNDME, PRD85 054512 (2012);
E 1306.5435
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§ Lagrangian L = L%%gven + Lo + -

k 92 ~
10 f d*x G“VGW

1672

§ Leading contribution

& Using CP-even QCD vacuum with f-term expansion
RBC, J/E, CP-PACS(2005), CP-PACS(2006, 2010), QCDSF(2011), ...
0

'/J < 1 Chiral extrapolation
0027 1 1 K. Ottnad et al., 2010
E _oo04f A QCDSF (2f clover, 20 1
5 : v J/E (2f clover, 2008) : -0.015(5) 6 e-fm
:;; -n_nﬁ'_— m CP-PACS (2f clover. 2008) - HWL. 1112.2435
_o0sf- 1 § Plenty of room for
: ® REC (2f DWE, 2005) | .
T SR N T B S D Improvement
0 0.5 1.0 1.5 2.0
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§ Lagrangian L = LG5 " + Lg + -

k 92 ~
1Q) f d*x G’“’GW

1672

§ Leading contribution

& CP-odd QCD vacuum in dynamical quarks by QCDSF
& Demonstrated of concept at 3f clover at M; = 360 and 465 MeV

0 = |
-0.01 |- HH‘H‘“MHM _
s o0 I ““% ,, -0.0038(2)(9) 0 e-fm
T - Ve QCDSF  1502.02295
~  -0.03 | “‘E%_ i
§ Stay-tuned for lighter
-0.04 _ ]
pion mass results
-0.05 !
0 0.1 0.2 0.3

mﬁ [GEVE]
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§ Lagrangian L = LYep"" + Lo + L + -+

L _
L - _qa-,uvysqFﬂv

2
§ Hadronic contribution: (quawq‘N>
§ Quark EDM PNDME, in preparation
& Strange /light disconnected contributions consistent with zero
S u,d disc
gr gr

0.015 —r=ia I R S | g 0.02 — Extap Top= 9 —o— Logp=1T —5—
0.010 | tsgp= —i— t59p=11} —8— tsep=12 e 001 | tsep= ——t taep=10 —— tsep=12 —
L00s 0.00 I
0.000 E—_'- e — _—— j_—_'_-:_l'-'..-_- _—

- 0.01 F—p=F ~———
-0.005
0.010 b -0.02 +
-0.015 -0.03
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NEDM

§ Lagrangian L = LYep"" + Lo + L + -+

!

2 q(fuv]/s qFIW

§ Quark EDM
@ Quark tensor charge analysis

0.95 =

PNDME, in preparation

085 ———r————r——r——r——r— ngs —mmm——m—m—rrrrrrr
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§ Lagrangian L = Lzp"®" + Lg + Louare +

L o _ vVSqFIW

2

§ Quark EDM

@ Quark tensor charge analysis
(at 2 GeV, MS scheme)

PNDME, in preparation
— less

p—,

- [90% CL]

g¥ = 0.788(75)
g% = —0.223(25)

d [xl()'?jc-cm]

u

& Assuming this is only source,
gives constraint

COONALANONIAD®O
I D D D e e

'
—

1 1 1 1 L hlgh
4 3 2 1 0 1 2 3 4
dd [x10'25e~cm]
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§ Lagrangian L = L{ep"" + Lo + Limane + Liromo—quark +

C_Io-uv Vs AA GMVA q

§ Chromo-quark operators

& Complicated quark/gluon structure,
non-trivial mixings at non-zero lattice spacing,
symmetry breaking, and further problems

& Work progressing in understanding these issues and
preliminary numerical simulations are on the way

T. Bhattacharya et al, 1403.2445
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§ Exciting era using LQCD to study nucleon structure

& Well-studied systematics — precision inputs
& Ensembles with physical pion masses

§ Overcoming longstanding obstacles

& Address neglected contributions to many quantities
& Bjorken-x dependence of parton distribution functions
& First lattice study on gluon helicity

§ Precision low-E exp’ts to probe BSM physics

& Probe high-energy (TeV) physics at low energy (GeV)
& Combined effort from experiment and theory sides
& More work devoted to the intensity frontier, e.g. nEDM

§ Fill gaps in experimental coverage, provide SM backgrounds

& LQCD necessary when experiment is limited (e.g. g¢)
& Many topics omitted due to time; see Lattice Conference for more
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Gluonic Momentum Fraction

§ Exploratory stage: quenched results Oy = —treFuaFoa
& Quenched, heavy pion masses, linear chiral extrapolation

§ QCDSF ('97) and LHPC ('07)

@ Direct matrix-element calculation: (x),=0.53(23) QCDSF
@ HYP-smearing, study pion: (x),=0.6(2)(1)

§ XQCD K Liu et al., 1203.6388

& Rewrite gluonic observables with massless overlap kernel
‘[rs(g,uvDov) o< fizF_uv

§ QCDSF R. Horseley et al., 1205.6410

& Feynman-Hellmann theorem with modification of the action

S-S @ > ﬂl%(Z Retr.[1 — Py, (x)] — Z.Re tre[1 — Pij(f)]>
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Gluonic Momentum Fraction

§ XQCD K.FE. Liu et al., 1203.6388 & private communication

& Rewrite gluonic observables as trg (JWDOV) x asz,

& Use Z, noise sources to estimate D_, stochastically
& ax0.1 fm, 163 Wilson + Wilson, M_x480-650 MeV,
500 confs, (x), = 0.313(56)

04 ' ' ' T - & Expensive!
0.3 M (but D, reusable for
02 | {  disconnected
G
o1 | <X>g |  contribution?)
0
J
o1} |
0.2

0 01 02 03 04 05 06
m,“(GeV?)
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Gluonic Momentum Fraction
§ QCDSF

& Feynman-Hellmann theorem (absorbed operators in the action)
& a= (0.1 fm, 243 Wilson + NP clover, M_x~1100-600 MeV
0(500) confs, (x), = 0.43(7)

& Cheap, operator by operator; reweighting for dynamical lattices

R. Horseley et al., 1205.6410

M"Me—_— L —
o MaELAGEV o (aMy) T (X0
o ca 0o7E L 21 aMy(A)
0.9 06 i (x)g = 3My  OA =0
e 05 | I
0.8 T . 04 F J l} { ]
S P 03| {
07 | - 02 ! ]
'M_x0.62 GeV o1}
00 — 5o 2002 0.00 0.02 0.04 00 50 o5 om0 6_25' TT020 025 030
3 (am,)

Berkeley
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Origin of Proton Spin

§ What is the makeup of the nucleon?
XQCD, 1203.6388 [hep-ph] and private communication w/ Y. Yang
0.7

- s 0.04 — | | | |
Jurdol T é
06 | Iy Lo
e i ——
04 | ] 1 | 002t | ]u/d _
u+d . i
o3 |y utdCll -~ [ — ] . | |
02} | o ] _ |

04 [ ¥ ]g 1o )

0

] I I ] 1 ] _0.01 L L 1 1 I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6

M2 (GeV?)

§ Breakdown:
@AY =50(2)%, L,=25(12)% (mostly DI), J,=25(8)%

§ Looking forward to xQCD (overlap/DWF), QCDSF (clover)
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Pion Distribution Amplitude

§ Exploratory study

f% o izk: <0 ‘ d(2) v, Vs exp(—igfzdz’ Az(zf)) u(0) ‘ ?T+(P))
0

1.0_ T T T T T T T T T T T T | T T T T T T T T | T T T T

«-  PREL l{Y |

P X))/ f;

O . 2 - -\"‘-.._ N

Only leading mass
correction applied

|Dominated by
10(N§cp/P?) errors

40 -5 o 05 10 15 20 PZD{l, 2, 3}27T/L
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Parton Distribution Functions

§ Quark distribution _

& Processes: DIS (F,, 0), Drell-Yan, —@:b + :@"
W-asymmetry, Z-rapidity, (y+) jet, ... _ .

& Experiments: BCDMS, NMC, SLAG, JLab, ~ SPin-averaged/unpolarized
HERA, E866, CDF, D@,...

§ Helicity distribution —@:P B %
& Processes: polarized DIS, semi-inclusive DIS,

photo- and electroproduction of hadrons and spin-dep./long. polarized
charm, pp collisions

& Experiments: EMC, HERMES, Hall A, CLAS,
COMPASS, STAR, PHENIX, ...

§ Transversity distribution

& Process: single-spin asymmetry in SIDIS, ...
& Experiments: HERMES, COMPASS, Belle... transversely polarized
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Form Factors

§ Charge radii
& Lattice data way too low
& No help for the proton-radius puzzle
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Generalized Parton Distribution

— “* AL
Ofrkn = galig prz g D #nly

e =
(f),ltl...,ttrt _ -'_m-{-‘“-' D k2 D Bt a y
A = 1 ew o b Ly

IAT i ot L | AT vl e igiua &PI’}
f"-h; (p ] } (/)in |*I?|I|"I [p* S}} = Uy [P \'S} 44-2[3[[}2) "‘."'{'LP } +BQ(](QE‘J'I q

1
—I—lff‘a 2y & dp v} un(m. 8) .
om 20(47) —q"q" |un(p.5).

{e pr}
2m

(N, 8O IN(p,s)) = an(p',s) | A20(q?) v#P"I4° + Bao(g?) 1

"‘,r'c"'] un(p, s).

§ Generalized Parton Distribution
& Deeply virtual Compton scattering (DVCS)
%

@ F1(Q%) = Ap(Q?), Fo(Q%) = B1(Q9),
GA(Q?) = A(Q9), Gp(Q?) = B1y(Q?)
@ Nucleon spin A,,(0), B,4(0)
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Form Factors

§ Charge radii

& Lattice data way too low; no help for the proton-radius puzzle
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§ Induced-pseudoscalar

r o | RBC-UKQCD/DWF 2+1f
g p= [m G (O 38 mz)/sz] et RBC/DWF 2f
& Poor constraints
(DWF numbers so far) .

i EW corr. MuCap OMC

& Important for muon physics
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