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Selected Topics

Apologies 1in advance to those I cannot fit in today...
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§ The Old: Hadron Structure
&= Selected latest updates

§ The New: Applications to BSM Physics

& Neutron electric dipole moment
& New tensor and scalar interactions in neutron S decay

§ The Ugly: Nucleon Axial Charge
& Are we facing a new crisis?
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Building a Picture
of Hadrons

I



Hadron Structure

§ Structure function/distribution functions
& Deep Inelastic scattering (DIS)

& For example, OPE for unpolarized contribution

Q/dm " R (1, Q%) = Z ﬂ(lq;r)l(ﬁﬂz/Qz?9(#))@”)&

g=u.d

/d.m "2 (2, Q%) = Z (Q) (,LLQ/QQ g(p))(x")q

g=u.d
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Hadron Structure

§ Structure function/distribution functions
& Deep Inelastic scattering (DIS)

& TMDs (M. Engelhard)
&= Disconnected (x") (M. Sun)
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Gluonic Momentum Fraction

§ Exploratory stage: quenched results O, = —tr.F,.F,.
& 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 KF.Liuetal, 1203.6388

& Rewrite gluonic observables with massless overlap kernel
trs(GyvDoy) o< a” Fyyy

§ QCDSF R.Horseley et al., 1205.6410

& Feynman-Hellmann theorem with modification of the action

s 5+(1S, B (th 1-Pu()] — Y Retr[l Pfja-'ﬂ)

%i< ]
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Gluonic Momentum Fraction

§ YOQCD KF.Liuetal, 1203.6388 & private communication

& Rewrite gluonic observables  try(6,yDoy) < a”Fyy
& Use Z, noise sources to estimate D, stochastically
@& a~0.1 fm, 163 Wilson+Wilson, M_~=~480-650 MeV,

0.4

0.3

0.2

0.1

0

T van

1,9

500 confs, (x), = 0.313(56)

& Expensive!
(but D, reusable for
disconnected
contribution?)




Gluonic Momentum Fraction

§ QCDSF R. Horseley et al., 1205.6410

& Feynman-Hellmann theorem (absorbed operators in the action)

@ a~0.1 fm, 243 Wilson+ NP clover, M_~1100-600 MeV
O(500) confs, (x),= 0.43(7)

& Cheap, operator by operator; reweighting for dynamical lattices
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Medium Modification

§ The EMC effects 7J.J. Aubert et al. Phys. Lett. 123, 275 (1983)

&= Structure function changes significantly between
heavy nuclel and deuterium

& Not only significant for heavy nuclel, also important for
light-nuclear systems 7. seely et al., Phys. Rev. Lett. 103, 202301 (2009)
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I Standard Model
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§ Important for tests of SM; Standard Model
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Medium Modification

§ The EMC effects 7J.J. Aubert et al. Phys. Lett. 123, 275 (1983)

&= Structure function changes significantly between

heavy nuclel and deuterium

& Not only significant for heavy nuclel, also important for
J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009)

light-nuclear systems

0.250

§ Important for tests of SM;
e.g. NuTeV anomaly

& Evidence for medium g 020 |

modification effects?

I. Cloet, W. Bentz, A. Thomas,
Phys. Lett. B693, 462 (2010)
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Medium Modification

§ First lattice-QCD attempt to measure EMC effects

& Plon momentum fraction in pion medium |
O =Oyug — 3 (Ou1y + Opy + Op3y)
& With m_=290-490 MeV, 2 lattice spacings

§ (x)"N/{(x) ™0 with thermal-state degrees of freedom

3.0
mU|t|p|e t Used A g =009 fm, m, = 320 MeV
v a=0.12 fm, m, = 350 MeV | )
Preliminary - /]
'Q )
éf“
5~ L5}
Z
1.0
W. Detmold + HWL; and updated

o5.——— .. . . .. - . T
0.0 0.2 0.4 0.6 0.8 p n
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Form Factors

e &
3
§ Form factors
& Elastic scattering N : N
@ F1(Q?), F5(Q%), GA(Q?), Gp(Q?)
& For example, octet baryons
— = ( 2 F2(QQ) {
(B |V,u-| B)(q) = ugB(p) Yuti (¢°) + UW/QUW up(p)
1B
Dirac Pauli
| | , _ Gp(q? |
iB |*4,tt(ff)| B.} = up (f;' ) {T";ﬂ"ﬁ(;fl(fjg) + V5, %{jq up (}i’)
IR

Axial Induced Pseudoscalar
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winio|es

§ Form factors
o Elastic scattering N z

& F1(Q?), F5(Q%), GaA(Q?), Gp(Q?)

......

’ IMH ii.'m o/

LB /77 ] R

Laddice 2012

& Charges and radii (J. Green, S. Ohta, M. Lin, B. Owen,
T. Rae, B. Menadue, V. Guelpers;
C. Alexandrou, J. Zanotti)

&= Transition form factors
(X. Feng; B. Menadue; C. Alexandrou, S. Sasaki)
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Large 92 Form ‘Jactor

§ Fourier transform using large-Q? form factors to reveal

transverse charge densities in a polarized nucleon
National Academies Press




Transverse Charge Density

§ How d.‘?e?h‘.ghfqz .d.a.t.a .a.f.f.ec.t.the charge density?

| &= Red band uses
lattice data < 2.0 GeV?

| @ Blue band uses
lattice data < 4.0 GeV?

u ] HWL et al, arXiv: 1005.0799

ﬁ_“_....l....l....|....|....|....
(.00 0.05 0.1 015 020 025 0.30

b (fm)

§ Large-Q? Caveats

&= Essential to get coordinate-space distribution in central region
&= Further studies needed for discretization effects

&= Possible improvement: step-scaling method, ...

& Important for pion form factor
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Form Factors

§ Charge radii
& Lattice data way too low; no help for the proton-radius puzzle
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Form Factors

§ Charge radii

T T T | T T T | T T T | T T T | L
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Form Factors

§ Charge radu

& l L | B | B | . | B | B | B | B | B - ﬂ7_|e
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Form Factors

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

1'0._' ' % Experiment ] 1'0__' ' % Experiment )
- ¢ ETMC 2+1+1f TM | i ¢ ETMC 2+1+1f TM 1
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§ Induced-pseudoscalar —— RBC-UKQCD/DWF 2411
— 2 - SRR RBC/DWEF 2f
= [mﬂGP(O.E_SS m2)/2my]
&= Poor constraints i e o
(DWF numbers so far) e\ EWcor MuCap OMC
& Important for muon physics T

6. 8. 10. 12. 14,
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Generalized Parton Distribution

§ Generalized Parton Distribution

& Deeply virtual Compton scattering (DVCS)
o8

@ F1(Q%) = A1p(Q%), F5(Q?) = B1x(Q9),
GA(Q%) = Apo(Q?), Gp(Q?) = B1x(Q?)
& Nucleon spin A,,(0), B,4(0)

’ WASH INGTON Huey-Wen Lin — The XXX International Symposium on Lattice Field Theory



Generalized Parton Distribution

T ¥ I 1 T — ! ! [ 14 I' “ia CEPV} 1 ]- 1

(N(p', )| OWIN(p,s)) = an(p',s")|A20(q”) v'# P + Bao(q?) = 9:];; + C‘ED(QE)E@{”@ Hun(p,s),
Tiad of v T = roonl i 215 S {'UPV} E

(N(p',s ]|O;T5 IN(p,s)) = an(p',s')|A20(q?) v#P"}4° + Bao(q?) 1 o ".f'”} uyn(p, s).

§ Generalized Parton Distribution

& Deeply virtual Compton scattering (DVCS)
o8

@ F1(Q%) = A1p(Q%), F5(Q?) = B1x(Q9),
GA(Q%) = Apo(Q?), Gp(Q?) = B1x(Q?)
& Nucleon spin A,,(0), B,4(0)




Origin of Proton Spin

§ What is the makeup of the nucleon?
&= The origin of the nucleon’s spin (the “spin crisis™)

& For example,

LHPC + QCDSF

dynamical results

0.4—

[ LHPC, QCDSF > 4
03— } ok Q & @QQE A & ]
:T % Q Azu+d/2
X
0'2;‘ Renormalized at 2 GeV
' _ u+d b
0.1 - LHPC, L _
oi} P . L?»D . ]
L [e s Te 5 ¢ b
-0.1 I T I TR R SR ]
0 0.2 0.4 0.6 0.8

§ Ignore disconnected diagram
§ Gluon contribution estimated from sum rule

UNIVERSITY OF

1 WASHINGTON

®

A2: spin

L: orbital
angular
momentum

M2 (GeV?)
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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

07 — . . . . . 0.04 — ‘ . . .
Jusdol é
ol J X | oost
05 t total | '
04 t 1 4+ 0.02 7
u+d,Cl - -
03 ¢ el ——e ]
001
02 | J -
0.1 *g I 0
0 001 L— ‘ - - ' '
0 01 02 03 04 05 06 0 01 02 03 04 05 06
2 2
Mz (GeV?)

§ Breakdown:
& AZ,=50(2)%, Ly=25(12)% (mostly DI), J,=25(8)%

§ Looking forward to xQCD (overlap/DWF), QCDSF (clover)
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Applications Eey(mc[ QCD

ol T

I



Nucleons and BSM

Many opportunities to probe BSM with LQCD

§ Muon g-2 Tom Blum, Friday

Ross Young, Thursda
§ Strangeness and dark matter J Y

§ Electric dipole moment - o I i
@ CP-violating effect = * v Sussex, RAL, ILL
& Extremely small in g "al

SM: = 10730 e-cm = Tveav
& Best SUSY model killer I I
(T. Bhattacharya; E. Shintani) 2 :g_i;{sm'fda'dlm“":'Pfe:’iC‘i°f‘S I

§ Nucleon beta decay

& Non-V—A (e.g. scalar and tensor) interactions
&= Scalar and tensor charges R. Gupta (PNDME), J. Green (LHPC)
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. 2 ~
§ Lagrangian S=8gh"" -i0 55 [ G G,

§ Leading contribution

& Nucleon EM form factor eF;(0)/2M, RBC, J/E, CP-PACS(2005), ..
E. Shintani (Improved algorithm to increase statistics)

& Energy shift in nucleon mass with external E cP-PACs(2006, 2010),

& Calculate tan[2a(6)] F,(0) QCDSF(2011), ...
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NEDM

~

. 2
§ Lagrangian S=8gh"" -i0 55 [ G G,

§ Leading contribution

0 N DL L - ] . .
/_; {  Chiral extrapolation
R 1 1 K. Ottnad et al., 2010
£ _0.04f A QCDSF (2f clover, 20 '
< - v J/E (2f clover. 2008) -0.015(5) 0 e-fm
% ~0.06] ® CP-PACS (2f clover, 2008)
“o0sf -1 § Plenty of room to
- @& EBC (2f DWEF, 2005) . .
ool L 0 L B make improvement
HWL, 1112.2435 m;‘; (GEVE)
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NEDM

. 2 ~
§ Lagrangian S=8gp"™" -i®£5 [d% G G,y +

: : G

igyd,;, — - igyd; —-

=5 Qo ys A G#"AHU+—A23 L O0yys M GAHD
BSM BSM

§ Leading contribution § Higher-order operators

T. Bhattacharya
-~
= —0.041 & QCDSF (2f clover, 20
X - v J/E (2f clover, 2008}
= —0.06- m CP-PACS (2f clover, 2008)

(this conference)
Effective field theory
and proposed LQCD

< | 1 calculations
—0.081 .
@ RBC (2f DWF. 20053)
Sy [ ] A YR | SR S S TR S BTSSR
0 0.5 1.0 1.3 20
HWL, 1112.2435 m;‘; (GeV?)
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BSM Interactions

§ Neutron beta decay could be related to new interactions:

the scalar and tensor R. Gupta (PNDME), Tue.
H«.ﬁ‘ — (;F (J%Ept ]quuh + Z BH\[()IL]}t ()([ll%ll‘k)
()t_, — E([ X F(l — "}'5)ch — Js = <”‘Ed‘p>

Op = uo,,dxec" (1 —~)v. — gr = (n|ao,,dp)

@ ¢ and e are related to the masses of the new TeV-scale particles
& ... but the unknown coupling constants gg 1 are needed
§ Given precision g - and Og.),,, predict new-physics scales

B ] Precision LQCD input
Experiment /E)OBSI\/I — fO(f:S,TgS,T) (m =140 MeV, a—0)

—
Estoc NsT
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Tensor and Scalar Charges

§ Tensor charge: the zeroth moment of the transversity

=ou-6d

o Experlmentally, probed through SIDIS:g-(Q?%=0.8 GeV?)=0.7775:3%
& Model estimate: 0.8(4)

§ Scalar charge (n | udlp) Prlor model estlmate 1 > gsz 0. 25

12_ ] | T |

| _ 1.5'— .
L ' ® E g
: r T —__: 1.0 __
&10) ' { % :F%; -
. ® PNDME 2+1+1f Mixed ] "¢ 5 ® PNDME 2+1+1f MlXed -
: ® HSC 2+1f Anisoclover 1 @® HSC 2+1f Anis
0_9'_ v LHPC 2+1f Clover N v LHPC 2+1f Clox rer I
_ v LHPC 2+1f DWE ] 0. v LHPC 2+1f DWF
0 0 l 0 3 0.4 0 0 2 0.4

g7 -°=0. 988(42)() m? (GeV?) ggﬂw 0761(88)(?)
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Combined with Experiments

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

Nuclear Exp. :
Ogep = folEs,Tgs,7) %— Model input
_ ! I j T j 1 j T j I j T j _ _2
0.010F / 1 gs’Toc /\S,T
j | &= Nuclear beta decays
0.005[ 1 = 0" — 0" transitions
& - i = Basym in Gamow-Teller °Co
- = polarization ratio between
ol —~ _ Fermi and GT in 4In
_ Nuclear Exp + Model g5 1 | . pOSitron pOIarization In
- - - 107
0.0051 1 polarized _In
o0 0 ooz ooz ™ P-vcorrelation parameter a
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Combined with Experiments

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

New UCN Exp. Ogoy = fo(Es,7gs,7) ‘}_ Model input
T T T T ] —2
- gS,TOC /\S,T

0.010 _
ﬁ / LANL UCN neutron decay exp’t

0.005 } 1 dlx F(E.) |1+

ke i, m.\ G, p,
< el ( By + By 2|} Zle
v () %
’ ~V = .
; S | Expect by 2013:
I _ N}lclear E}{P + Model g5 r | |Bl_ b|BSI\/I <1073
Nuclear Exp + UCN + Model g5 r | 3
~0.005} | T Iblggm < 10

~0.002 0 0002 0.004 Gjmilar proposal at ORNL by 2015
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Combined with Experiments

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

New UCN Exp.

Precision LQCD input
(m, — 140 MeV, a—0)

/“\
|

Ogsy = folEs,7gs,7)

0.010+ /

0.005F
x |
W
[] w? -
Nuclear Exp + Model g5 v .
Nuclear Exp + UCN + Model g5 r |
—0.005F

| Nuclear E}{LJ + UCN + Llattice 8s,T 7]

20.002 0

0.002

—2
EsToc N T
LANL UCN neutron decay exp’t

dl" o< F(E.) |1+

n,. my.\ G, 1,
-fJ——<Bu+BlE) FIJ‘F“'}

Expect by 2013:
B;—Dlgsy < 107
blggm < 107

0094 Similar proposal at ORNL by 2015
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High-Energy Constraints

§ Constraints from high-energy experiments?
LHC current bounds and near-term expectation

T o FSZ71ev,sm e Estimated though effective L
0.010 L / 8 TeV, 25 fb~' LHC_ 15
_ / | L = ——5Vui(ud)(ePLv.)
S _ A2
j \ ' _ Iﬂtud( G0t Prd) (€0, PLve)
0.005} ,J B - L
. - g / \ 1 Looking at high transverse mass
_ . _ _
N - | 1 ] in ev+ X channel
of ’N(" '; | Compare with W background
L . L | Estimated 90% C.L. constraints on
Nuclear Exp + Model gs,r ] —92
Nuclear Exp + UCN + Model gs r | 85 TOC /\S T
=0.005r P\.uclear E}(LJ + UCI\ + Lattlce s, 1 ] g !
~0.002 0 0,002 oooa HWL, 1112.2435; 1109.2542
- T. Bhattacharya et al, 1110.6448
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W-

g a Crisis!

The ugly: when should we panic about it?
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Nucleon Axial Charge

§ A fundamental measure of nucleon structure

§ Important to the rate of pp fusion " P
§ Axial-vector—current matrix element
— ~u-d{A2— -
and g, = G/~ (Q*=0) us() e
§ Benchmark for nucleon structure
§ Survey of lattice studies (2011 Nov) v
— v | 4 :
1.4F + . I ~ ]
'- | - __._._.1._._{? ___________ ]
e e = -11.2}F = 0T, H -
1.2¢ . % 1 1 agi‘? I7% * $ ¥’ * :
! [ b 4 i ; | " } |
~ i 1.0- A RBC/UKQCD DWF(3fm) -
- A RBC DWE I v RBC/UKQCD DWEF(2fm) 1
1.0 v QCDSF CI(2005) 1 [ ¢ LHPC Mixed(2010) _
'- ETMC TM(2010) | 0-8F SC anisoC1(2011) -
2 sasgeny T 2HIT G :
0 02 04 06 08 1.0 0 o2 o1 oo




What's the Deal with g ,?

§ No longer gold-plated?
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“Welcome to the lattice and its dangerous animals.”

Karl Jansen

HtT
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PROCEED WITH CAUTION

HtT

§ Re-examine all the systematics
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The Trouble with Nucleons

Nucleons are more complicated than mesons because...

§ Noise issue
@ Large tg,, loses signal

§ Excited-state contamination
& Nearby excited-state Roper(1440)

§ Hard to extrapolate

& A resonance nearby; multiple expansions, poor convergence...
& May not be an issue in the physical pion-mass era

§ Requires large volume and statistics
& Ensembles are not always generated with nucleons in mind
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Excited-State Contamination

§ Trade off: signal-to-noise versus contamination

& Noise issue (P. Lepage; D. Kaplan 2011)
& For example, CLS/Mainz

2f NP clover, - f'fz ——
MEZBZO MeV 1.3 - %i? ——
a~0.063 fm o R
FiX Nipess= 200 A .
1.2 b
1.15 |
1205.0180 & : :
private communication IR SR NN o O |
1.05 |-




Excited-State Contamination

§ Trade off: signal-to-noise versus contamination
& Noise issue (P. Lepage; D. Kaplan 2011)

§ Options
@ Stay at large t;,.: RBC/UKQCD (need to check smaller pion mass)
&= Include excited-state degrees of freedom

o Multistate fitting or variational method from 3pt correlator matrix

o HWL (Lat 2008); ETMC/LHPC/Mainz-CLS (2011); CSSM 2012 (mesons)
& Extend to small t;,, to pick up better 5|gnal and

apply “summation” method i

ts 26

S(ta) =Y R(t.1s) =23 et {ghe + 0780} =

22

- g, obtained from slope o]

1L ‘ ; : : . .
0.6 07 08 09 1 11 12 13
ts [fm]
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Excited-State Contamination

§ ETMC C. Alexandrou et al. & private communication

> 2+1+1f, M_~=~380 MeV, APE + Gaussian
Increase N, t0 O(3000) at largest tg,
@ No effect due to t,,, from 0.31-1.01 fm
& Summation [5,13] is consistent with t=12a plateau fit

(tins—ts/2)/a

§ 0.31 fm, really? Would be interested to see other works
§ Check on lighter pion mass
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Excited-State Contamination

§ CLS/Mainz S. Capitani et al. 1205.0180
@ 21, NP Clover (“summation” vs “plateau” t,, =1.1 fm)

1.5
1.4
1.3

1.2
1.1

1 - ' : .
o 01 0z 03 04 05
§ LHPC (J. Green):

consistent results using largest t,,, and summation

§ My two cents: Not clearly superior
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Excited-State Contamination

Including excited-states in the analysis is the way to go

§ HWL (2008): simultaneous fit and 3pt correlator matrix

§ PNDME R. Gupta (Tuesday)
& 2+1+1f, clover/HISQ; t..,=0.96-1.44 fm

sep
@ Sim. fit gives consistent results with largest t.,, at each ensemble

& Will be more aggressive to try our smaller t

sep

§ ETMC: variational method
@ 2f, 300 MeV pion, t,,,=1.07 fm
§ CSSM: successful in meson cases B. Owen (Wednesday)

nucleon next

May still have an optimal t,,, but won’t lose as much signal
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Finite-Volume Effects

§ How big M_L is required?

10 ’ i ’ ’ | ’ i ’ ’ | ’ ’ ’ i |
+*
i - & * ° % i
o ® % t o * * —
~ _.,.Q_.Mf._"' S hex .. X |
S ™ X
y ]
S | X x X v LHPC 2+1f Clover
| X QCDSF 2f Clover ¢ ETMC 2f TM
olL® RBC/UKQCD 2+1f DSDR A CLS/Mainz 2f Clover
® PNDME 2+1+1f Mixed
" @ ETMC 2+1+1f TM v LHPC 2+1f DWF
[ @ HSC 2+1f Anisoclover @ RBC/UKQCD 2+1f DWF |
0 0.1 0.2 0.3 0.4
2 2
m; (GeV?)
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Finite-Volume Effects

§ How big M_L is required?
§ ChPT volume correction/used to estimate systematics
& ETMC, QCDSF, CLS/Mainz: possibly underestimated?

]_.4- T T T T I T T I T T T I
| I l T E .
1.2 T i § 3 -
I E . x
l % X 4
o5 1.0F X -
- m RBC/UKQCD 2+1f DSDR
0.8 *{Experiment ¢ ETMC 2f TM —
- X QCDSF 2f Clover v LHPC 2+1f Clover
-® HSC 2+1f Anisoclover 4 ETMC 2+1+1f TM .
0 6- A CLS/ Mahllz 2f Clover | ® PNDME|2+1+1f Mixei'd
2 4 6 8 10
m, L
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Finite-Volume Effects

§ How big M_L is required?
§ ChPT volume correction/used to estimate systematics
& ETMC, QCDSF, CLS/Mainz: possibly underestimated?

Example study (RBC/UKQCD
3 P Y (RBC/UKQCD) 54 g2+, (m, L)
1~ "1 " 1 rrrrr1 T rrrrr?
1.4 F
| exp 1'3;_ %
12 | % 8 = b ] 12:—%
2 3 gt ;
L %% i 1.]._—
1.0 1 % 7 1- /! , ° Eﬁyigﬂ ;
. o ‘ / N2 -
f Wilson, 1.5 fm © - ME / / ~ 37 :
0.8 - DBW2, 1.2 fm © 08k I .'"l -— 18fm -
7 A R R N DBW2|’ 274 f.mo | : I; /
[ 1L+ 4 3+ v 1l v v v g 1l s v vy Ly vy v Ly g g
0 0.2 0.4 0.6 0.8 0.7=5 01 02 03 04
My (GeV®) m 2[I‘SneTv'E]
T

RBC, Phys.Rev.D68:054509 (2003) RBC/UKQCD, Phys. Rev. Lett. 100:171602 (2008)
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Finite-Volume Effects

§ How big M_L is required?
§ How global data changes withacut A+BmZ+Cf,(m_L)
o MNocut ~ f,~emL
T f ' T ]V )
12 | } J— - (m L)

i :ﬁ% 1 | XI I fv~m7%e—m7[|_(m7[|_)—0.5
i )_ xperiment 7

X OCDSF2f Clover

—  m RBC/UKQCD 2+1f DSDR |
® PNDME 2+1+1f Mixed
¢ ETMC 2+1+1f TM ]
® HSC 2+1f Anisoclover
v LHPC 2+1f Clover -
¢ ETMC 2f TM
A CLS/Mainz 2f Clover

o 01 02 0.3 04
mﬁ (GeV?)
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Finite-Volume Effects

§ How big M_L is required?

§ How global data changes withacut A+BmZ+Cf,(m_L)
Cutbym L>4 f ~@ Ml
v

1.214——_{_’- —F— =

Vo (an)_3
fV _ m% e—mﬂ:L (an)—O.S

% Experiment

X QCDSF 2f Clover

| m RBC/UKQCD 2+1f DSDR
® PNDME 2+1+1f Mixed

i ¢ ETMC 2+1+1f T™M T

- @ HSC 2+1f Anisoclover

0.8F v LHPC 2+1f Clover .

¢ ETMC 2f T™M

A CLS/Mainz 2f Clover

o 01 02 0.3 04
mﬁ (GeV?)
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Finite-Volume Effects

§ How big M_L is required?
§ How global data changes withacut A+BmZ+Cf,(m_L)
Cutbym L>4 R

- ( % Experiment
b% 1.0F X QCDSF 2f Clover
_ = — mRBC/UKQCD 2+1f DSDR

® PNDME 2+1+1f Mixed
I ¢ ETMC 2+1+1f TM ]
- ® HSC 2+1f Anisoclover
0.8+ v LHPC 2+1f Clover .
¢ ETMC 2f TM

A CLS/Mainz 2f Clover

o 01 02 0.3 04
mﬁ (GeV?)
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Chiral Extrapolation

§ Small shift matters? CLS/Mainz, 1205.0180

1.5
1.4
1.3

1.2

1.1

1

§ Blind analysis?
§ More precise studies are needed
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Systematics

§ Answers?

&= | have more questions than when | started the review:
Q: Is large t, needed for summation method?

Do we gain anything? ETMC: “no”, CLS/Mainz: “yes”
Q: Can we get reliable ground-state signal from small t,,?

Current excited-state analysis (PNDME/LHPC) performed at
larger tg,,, O(1) fm and larger errorbar too big to tell

§ More VM basis analyses (all-to-all, AMA)
§ High-statistics studies are needed!
§ Disappointment?

&= Certainly not.
We are just entering into the precision era to explore these issues...

§ Difficulties = opportunities
§ Affects the whole community! When we fail at g,...

UNIVERSITY OF

’ WASH INGTON Huey-Wen Lin — The XXX International Symposium on Lattice Field Theory



Exciting time to explore

§ LQCD is building a picture of hadrons
& Revealed proton spin components, hadron impact-space distribution
& New techniques for gluonic, disconnected and in-medium quantities

shine new light for more calculations

§ Application of LQCD input to probe BSM
& Opportunities combining high- (TeV) and low- (GeV) energies

& Vital input when experiment is limited (e.g. gs)
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Backup Slides
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Renormalization

§ QCDSF hypothesis: Z, might be a problem?

T

& x :
O g X ]
— b % Experiment =
< | X OCDSF 2f Clover '
—

<C

00

2- . . . . I . . . . ] . . . . ] . . . .
0 0.1 0.2 0.3 0.4

mﬁ (GeV?)
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Renormalization

§ QCDSF hypothesis: Z, might be a problem?

§ Residual O(a) artifacts in

&= Clover: AR =7, (1+b,am,)(A,+ac,0,P)
10

@ Chiral fermions: m,

§ Other systematic
cancellations
(such as volume, ...)

g1/ [ (Gev'h

—

Need higher statistics
to be conclusive

% Experiment
X QCDSF 2f Clover

® RBC/UKQCD 2+1f DSDR |

® PNDME 2+1+1f Mixed
¢ ETMC 2+1+1f TM
\ 4 ETINIC 2f TM |

¥

0.2 0.3
m:ﬁ (GeV?)
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Nucleon Axial Charge

- i ® PNDME 2+1+1f Mixed
0.8* Experiment ¢ ETMC 2+1+1f TM -

- v LHPC 2+1f1 Clover ® HSC 2+1f Anisoclover 1

- X QCDSF 2f Clover ¢ ETMC 2f TM -
0 6- B RBC/UKQICD 2+1f DSDII{ A CLS/ Mail}z 21 Clover

0 0.1 0.2 0.3 0.4
2 2
m; (GeV?)
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Nucleon Axial Charge

™ '. | | |
vvw P v “ “
e ¢ ﬂ:' *0 L & R .
X *% A ’0 X #Q*X . |
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é s * A i
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v LHPC 2+1f DWF ¢ ETMC 2+1+1f TM
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Nucleon Axial Charge

A A A

' corr o T 33 A "
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§ Structure
& TMDs (M. Engelhardt); disconnected (x") (M. Sun)

§ Form Factors

& Charges and radii (J. Green, S. Ohta, M. Lin, B. Owen,
T. Rae, B. Menadue, V. Guelpers; C. Alexandrou)

&= Transition form factors (X. Feng; B. Menadue;
C. Alexandrou, S. Sasaki)

§ Generalized Parton Distribution
& yQCD (private communication)

§ Electric Dipole Moments
&= T. Bhattacharya; E. Shintani

§ Scalar and Tensor Charges
& R. Gupta (PNDME), J. Green (LHPC)
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Systematics

§ Excited-State Contamination

§ ETMC C. Alexandrou et al. & private communication

& 2+1+1, M_ = 380 MeV, N, Increase to O(3K), APE+Gaussian,
& Dramatic effects, g, from 0.39-1.01 fm for <x>

& Summation [6,13] , t=13a plat. Fit

0.4r

0.2} - e

-0.05

0.20

0.15 +

0.10 |

0.05 |

T';"a =8&.10, 12 plateau values —
i
I I{ Ff

) from 0.93-1.39 fm

SE

fit values ——=—

0.10

0.15 0.20 0.25
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Finite-Volume Effects

§ How big M_L is required?

§ Example study (RBC/UKQCD)

{:}-3-l';’_l""I""I""I""IIIII

0.3 — <X>u-d *

02%5— { ?
S

02F .
- ® 27fm ]
- W [8ftm A
0.15F ¥ .
[ expenment ]
[ I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I 1 1 1 1
01 0 0.1 0.2 0.3 0.4

ni[GeVZ]
RBC/UKQCD arXiv:1003.3387[hep-lat]
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Transversely Polarized Neutron

§ Fourier transform using large-Q? form factors to reveal
transverse charge densities in a polarlzed nucleon

PT(b) = pp ( 2:'
d 2
— sin(¢p — Os5) [ ?(;3 j?f\. Jq bQ)FE(Q;’) i
04r —— 1:
0.0} e
_ I &€ o
—u_z:- <
I 1L
_[}_ﬁ-_ L
—o8L . ]
-2 -1 0 1 2 I
b (fm) ol . . . ’
HWL and S. D. Cohen, LAT2010, 1104.4319 -2 - 0 (fmy :
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A Tale of Two Scales

§ LHC strikes out onto the high-energy frontier (8 TeV)
&= Direct measurement of Higgs and BSM particles

§ Many experiments refine low-energy measurements
&= Discern small discrepancies from the Standard Model

Muon g—2, Qear» CKM matrix...
&= Probe small signals that are suppressed in the SM

Ovpp, nEDM, dark matter, non-V—A interactions in f decay...

—
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Ultra-Cold Neutrons

§ Worldwide UCN sources

& A rapidly expanding resource for nuclear physics
> Many facilities available and under constructlon

Forschungs-Meutronenguelle
Heinz Maier-Leibnitz (FRM 1)




Nucleon Axial Charge

g

QCDSF (2f clover, 2006) . s . -
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LHPC (2+1f mixed, 2010) NP
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Chiral Extrapolation

§ Chiral extrapolation
§ Small shift matters? CLS/Mainz, 1205.0180

15
14 |
13|
12|

1.1

1
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Systematics Checklist

§ Focus on N:;=2,2+1, 2+1+1
& Those who sent me the numbers to establish a database

§ Excited-state contamination
&= Lots of studies in the past few years

§ Finite-volume effects

§ Lattice actions, renormalization and
O(a)-improved operators

§ Chiral extrapolation
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Excited-State Contamination

§ Trade off: signal-to-noise versus contamination
& Noise issue (P. Lepage; D. Kaplan 2011)

What you want: What you get:
» 7T >
N >
> - ) >
1_-1
N : e >

&= Signal falls exponentially as e Nt
& Noise falls as e~ (3/2)mzt
& Problem worsens with decreasing quark (pion) mass
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