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|
Ab-initio Calculation of Nucleon Structure

‘No satisfactory theoretical understanding of nucleon structure‘

Existing and coming experimental data:
@ Proton and neutron size and charge distribution
@ Partonic picture of nucleons

@ Origin of the nucleon spin: AM of gluons and quarks

Radius Momentum Spin
(r2)P=" ~ 0.85 fm” Py =pf +p) s=S;+ L+ Jg
r -p o SoA
6: —r Wi
=Py
8 ag .:>pg* .ii'

@ Next generation: JLab@12GeV, EIC, ...
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Solving QCD on a Lattice

0=¢ — —IT4 = —IT
@ Euclidean QFT: { p’ = E — 1Py
(N(E)N(0)) — e

@ Use a lattice regulator 7

Ap(x) = Uy = peili T dea g Y R

1
Sy [Au] — (1 — FCRGTYUP) X -
~ (Fw)® +0(a?)

o Sample Prob[U, ¢, ¢)] ~ e 5U4¥] to compute path integral

N
_ _ 1 _
_S[Uﬂz}?d}} R
/DUD¢D¢O@ —>N§:(’)[U,zp,¢}
@ Tune ag and m, to reproduce physical observables
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Nucleon Matrix Elements

Extract (NV(P")|O|N(P))
from 3-pt correlators:
e~ IR (N (AL, 7) O(7,§) N(0))

g
xiy

: : (My—3ma).
Signal / noise ~ e~ (My—3ma)At

Excited states can lead to systematic bias in m.e. :
NIat’Q>:|N>+C|X>, AM = My — My,
(NOIN )i = (NJOIN) +[CJ2 - (X[O]X) - =802
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Cost of QCD simulations

Solving QCD numerically is hard because
@ cost ~ m%r with light quarks / pions

@ physical box size L > - to avoid finite volume effects

ma
@ lattice size L,y = £ grows in the continuum limit a — 0

@ chiral symmetry is expensive to preserve in lattice regularization

Cost at fixed phys. volume ~ (£>5 : (fﬂ>7' <M>

fm a M

| || 2
/7-7;T & sea
a

lence My = Mg <K Ms
_gsea Gauge ensembles:

Wilson(prelim.) [onchive! [RBC/UKQCD,

1 f T T 1 ﬂ=7 RY MILC, BMW
0 100 200 300 400 m M€ collaborations]
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Chiral Symmetry on a Lattice

Chiral symmetry is important for
@ preserving original symmetries of QCD
@ removing O(a) term from the Lagrangian
Lise = Laco + OB + a? LO) +
@ simplifying quark operators renormalization

Domain Wall -
5D Fermions have chiral modes on a 4D “defect”

/%R

"Illll Xth @ spatially separate ¢;, and ¥y in 4 + 1 space
s o additional dimension Ly = 16 (Lgpace = 32!)
@ residual breaking ~ M5t YR,
Myes S 15% - my,
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Vector form factors
Electromagnetic Form Factors

(P'|gy"q| P) = U(P') | F{(Q*)y* + F(Q*) 37 | U(P),

20y
where g = P’ — P and Q? = —

Sachs form factors
Q2

Gu(Q®) = F(Q) - i5R(@),  Gp(0)
F(Q) + Ba(@), G (0)

Q?
1

Q

=

<
I

8
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Vector form factors
Electric Form Factor G% ? vs. Q?

1; " " " T " T i T i
t o mM_=297MeV, Fine | - Dipole fits
| = m_=355MeV, Fine | | 2\ 1
08 . m =403 MeV, Fine Q(Q) (1+Q?/M%)?
+ m_=330MeV, Coarse| | give
o 0.6 — Phenomenology 7 M3 ~097...1.07 GeV?
RITI 1 (M%) =0.71 GeV?
© 04 p | (b)es
L f; 4
0.2¢ o
O L 1 L 1 L 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1
Q’[Gev?]

Gu(Q?) = F(Q%) — 3= Fa(Q%) ~ (N(+DIQIN(-1))
Fit to experimental data: [J. J. Kelly '04]

S. N. Syritsyn (LBNL) Nucleon Structure from LQCD June 24, 2011



Vector form factors
Dirac Radius (r?)* ¢

el TRESER | Agreement for
S : ﬁg%%%%“m ] @ 2 lattice spacings
g 050 x_Belushkin et al 2007 | @ 2 volumes at
= 04F m, = 250 MeV
:;0-3f @ 3 LQCD actions
T 02f
il HBXPT+A at NLO:
A o[(r) =] ~ logmy
L | | | |
01 02 03 04 05 06 [V Bernard et al 93
m_ [GeV]
Extract (r}) from dipole fits,
2 1 ~ 1 2 1
FI(Q ) ~ (145 (12)Q2)2 1- §<7 Q° + O(Q )
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Lattice Results Vector form factors

Dirac Radius (r?)* ¢

T T T T
s * DWF a=0.084 fm
0.6 = DWF a=0.114 fm
. x + Mixed Action

x Wilson a=0.116 fm |
— 0.5 * PDG 2008 H
o £ L N % Belushkin et al 2007 |
< 04 ‘% 1
L ~ ]
030 B ot q
i'; = = 4
020 ]
0.1+ B
L | ]

01 02 03 04 05 06
mn[GeV]
Extract (r}) from dipole fits,

Agreement for
@ 2 lattice spacings

@ 2 volumes at
m, = 250 MeV

@ 3 LQCD actions

HBXPT+A at NLO:
0[(r)" =] ~ log m
[V. Bernard et al '98]

2 1 ~ 1/.2
R@) ~ mrper ¥ 1 sl
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Vector form factors
Anomalous Magnetic Moment &,

4r—~— ‘ i I i
E % x  Wilson g
35- % Experiment i
AN e DWF a=0.084 fm ||
3L \ —--- HBChPT + Phenom.||
S I \ |
[s\] \
L:'I‘ 2.5? \\\ ] ® = B
) \ s
| \
\
1.5r \ .
H \
\ |

L | L | L | L L
01 02 03 04 05 06
m_ [GeV]

@ NLO HBChPTHA prediction [V. Bernard et al 98]
@ Fit to NLO CBChPT [T. Gail & T. Hemmert '08]
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Vector form factors
Anomalous Magnetic Moment &,

4r—— i i I i
H ‘* x  Wilson i
35- % Experiment i
ERCN e DWF a=0.084 fm ||
b [Nt Cov. BChPT 1
S | vL .. |-—- HBChPT + Phenom.||
] \ Ly
a8 L IR TR S -
- 2.57 \\ I EeELLL
¥ 2 \\ -
| \
\
1.5F Y 4
H \
L | L \ | L | L | L
01 02 03 04 05 06
m_ [GeV]

@ NLO HBChPTHA prediction [V. Bernard et al 98]
@ Fit to NLO CBChPT [T. Gail & T. Hemmert '08]
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Axial form factors
Axial Form Factors

w
(N(p+ Qg 154N (p)) = Uprq [5G 4 + 577795Gp 1wy
with

e (4(Q?), axial form factor; axial charge g4 = G A(0)

e G'p(Q?), induced pseudoscalar form factor

Nucleon structure seen by electroweak probes:
@ v, v quasielastic scattering off protons & nuclei
@ charged pion electroproduction v* + N — 7@ + N’
@ muon capture p + p — n + v, (+7)
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Lattice Results Axial form factors

Axial Charge ¢4

@ Computations are performed with m, = 300 MeV;

~

@ need low-energy theory to extrapolate results to mP"s

1'47 x Wilson /
i LS ] Experiment  1.267(3)
L 2-param HBChPT+A [Hy]
1.3, —— 2-param HBChPT+A [DW] 7|
L Fit to HBChPT+A
o120 4 [T. Hemmert et al '03]

i 3 ] Hybrid 1.160(14)
1L1E 1 Domain Wall 1.139(20)
B ] ~ 10% smaller

‘ ‘ ! ‘ ! ‘ ! ‘ L L.
01 02 03 04 05 06 o Finite-volume effects?
m_ [GeV]

@ Low-energy dynamics?
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Axial form factors
Axial Form Factor G vs. Q2

I I
I
1.2z B
A ]
o o8~ ot i
s 09 S T
o 067 \\\ § z 5 T
mn:297 MeV (DW (2.7fm)3) - t= 3
0.4| « m=203Mev (Hy (25fm)? Te—a .
o m_=355MeV (DW (2.7 fm)’)
0.2 o m=asemev (Hy (25fm)3) 7
0 m=36Mev (Hy @5fm)d |
0 02 04 20.6 0.8 1 1.2
Q" [Gev]
2y _ ga MS® = (1.026 £ 0.021) GeV [PDG 2000
GA(Q ) T (14Q2/M3)? Mlat ~ 1(.5 GeV ) [ ]
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Axial form factors
[ ] [ ]
Axial Radius

0.5 w ‘ \ ‘ \
b * V-p scattering i
0.4- E + Mixed-action, a=0.124 fm || <7'124> = —%Z%‘g
‘ - Domain wall, a=0.082 fm A Q2%2=0
('\IE x Wilson, a=0.116 fm
= 03¢ 7 (dipole fits,
5 [ 1 ~ —9A
“02r [ e, - - Ga~ wtmy)
— L * b +
0.1- | v-scattering:
' (r3) = 14) fm)?
r%4) = (0.665(14) fm)

L | L | L | L L
81 02 03 04 05 06
m [GeV]

NLO Heavy Baryon ChPT prediction: | (r%) ~ const
[V. Bernard, H. Fearing, T. Hemmert, U.-G. Meissner (1998)]

@ rapid chiral dynamics beyond NLO?
Nucleon Structure from LQCD June 24, 2011



Axial form factors
Axial Form Factors and PCAC

Because of partial conservation of A, (PCAC), Ao irs,
Gp is not independent from G 4: ! N
<P/’8HA“|P> — N V’gun

2MNGA(Q) — 32— Gp(Q?) ~ Tapziey

From NLO ChPT:

2my Frgx 2
Gp(Q?) #QQN - ggAm?v@’i)
O(mZ,Q?)

[V. Bernard, H. Fearing, T. Hemmert,
U.-G. Meissner (1998)]

0 005 5 01 R 015 0.2
Q" [GeV]

@ important aspect of low-energy QCD dynamics
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Aodal form factors
Induced Pseudoscalar G *

207 L w— L e B B 02 VOIUmeS,
[ Y 4 m=356MeV (Hy (35fm)’) (2 5 fm)3
i £ \ o m=356MeV (Hy (25m)% ’ 3'
150 \ o m=355Mev (DW (2.7 fm)) (3-5 fm)
I %{ \ " mESBM (Hy (25 fm) @ Hybrid + Domain Wall
2 100 ; N ©  m=207MeV (DW (27 fm)®)
o . ]
I “fi%g i
5? = nf§ 7 ]
[ H =1
07 P S E U R S N N
0 02 04 06 08 1 12
Q" [Gev]

Phenomenology (dashed curve): |Gp(Q?) = %
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Axial form factors
Check Pion-pole Dominance

o6F T~ T = T 7 ‘ T

e DW a=0.084fm e
f 3]
0.5’ /E/ B
L I ,,/’ 4
5 0.4 i g i
o 03- P R
g2 1
E 02 1
ot .
07’//\/ 1 L 1 L 1 L 1 L 1 L 1 ]
0 01 02 03 04 05 06

m_ [GeV]

Fit|Gp(Q?) <= g +¢|for 0.1 <Q* < 0.5 GeV?
‘pole
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Lattice Results Quark Momentum and Angular Momentum
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Quark Momentum and Angular Momentum
Nucleon Momentum and Spin from Quarks

<
Energy-momentum tensor T} = gy iD"}g: -
(P'|Ty|P) — {Aso, Bao, C2}(Q%) R
@ quark momentum fraction 8 =P
(x)q = A%(0) it
@ quark angular momentum [X. Ji '97]:
Jq = 3[A5(0) + B3,(0)]

Separating contributions to nucleon spin:
@ quark spin |33, = (1), -

@ quark orbital angular momentum | L, = J, — 53,

@ gluons : the rest | Jgue = % — %Zq — L,
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Quark Momentum and Angular Momentum
Tensors on a Lattice

@ On a lattice, rotational symmetry is broken O(4) — H(4)
@ Tensors split into irred. reps. of H(4)

E.g., for a rank n = 2 tensor there are two components:
(41)®2 - 11 b 61 D 63 D 31
——

trace=0, symm.

179 : : ‘ : ‘ ‘
178 1 P P
177 1
176 | 1
175 |
174 Zscale—indep. _ Zlét(a/i)
173 o T ozrent
172 5o, ° : 1 o W
' 4@4%{@ S g2, e
171 % g ' RI’ 1
17 % Fread® e 3 6
has 1 1 3~
1.60 ‘ s s ‘ : : ZO /ZO ~ 0.98
2 4 6 g8 10 12 14
W2 [Gev?]
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Lattice Results Quark Momentum and Angular Momentum

Quark Momentum Fraction (z),_4

0.25— ‘
S
2
"R
<
1
2
N
\>/< i 5[<x>u7d] ~ m72r log mo
005j * Phenomenology (CTEQS6)
: * [DW (27fm)
O, L ¢ [Hy (25fm)
0 01 02 03
m.* [GeV]

@ Results are consistently above the phenomenological value by

15 — 25%.
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Quark Momentum and Angular Momentum
Quark Momentum Fraction (z),.4

T ' e |

s F S 7 (T)g = Ago(o)
= L ¢ [Hy (25fm ]

0.4’ . ] . o
5 g . Raiim creos) 1 —/dxac(q(x)—i—q(x))
T o3 .
T r
5, 02 E

0.1+ B

T or 02 03
m [GeVZ]

@ quarks carry & 1/2 of boosted nucleon momentum

@ qualitative agreement with phenomenology
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Quark Momentum and Angular Momentum
Quarks Angular Momentum (1): Jut¢

T ]
1 Following [X. Ji PRL '97],
| TP = (N| [ d®z MO12|N),

1M = TV gV TN

01 ] and
E 1 1
0.05F o [DW@7fm) E J9 = 5[A3,(0) + B,(0)]
C * Hy (25fm
O’ L L L L | L L L L | L L L L | L
0 0.1 0.2 0.3
mﬂ2 [GeVZ]

@ Gluon contribution J9 = % — J% ~ 52% of the nucleon spin

@ result agrees with QCD sum rule estimations [Balitsky, Ji (1997)]

June 24, 2011
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Lattice Results Quark Momentum and Angular Momentum

Quarks Angular Momentum (2): J¥, J¢

| Mew = grTov

o S [DW@27fm)]
o J [pw(27fm)]
0.1- o I'[Hy @5fm)]
0.05- v P Hy @5fm)7
g ,,,,,,,,_,,,,,i:%:::::::ﬁ::::::n:::::::j:f:,,;: ,,,,,,,,,,,,,,,,,,,, 7
- | g L L L L | L L L | L
0.05 0102 03
m? [Gev’]

Following [X. Ji PRL "97],
J3 = (N| [d®z M°?|N),
— aVToH

and

J1 = 3[A3)(0) + B, (0)]

Most contribution to the nucleon spine comes from wu-quarks:

S. N. Syritsyn (LBNL)
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Quark Momentum and Angular Momentum
Quark Angular Momentum: p,n-DVCS

[JLob Hall A PRL® 07; HERMES JHEP"08]
1.0
—T:
0.5
B LHPC arXiv:1001.3620 (this work)
° .
% 00 = - B LHPC PRD 08 0705.4295
[E QCDSF (Ohtani et al.) 0710.1534
[} Goloskokov&Kroll EPJC 09 0809.4126
-0.5 |:| Wakamatsu 0908.0972
[l DiFeJaKr EPJC 05 hep-ph/0408173
| | (Myhrer&)Thomas PRL"08 0803.2775
-1.0
-1.0 -05 0.0 05 1.0 —
~ MS at 4 GeV?

Ph. Hagler, MENU 2010, W&M

@ DVCS provides GPD values {H,E}(x,&,t) at x = ££

o Jud — %fdxx(?—[ +&) oo depend strongly on GPD ansatz used
=0,t=
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Lattice Results Quark Momentum and Angular Momentum

Quark Spin and OAM

0.5 L9=J7- 8%,

045 3 !

03" s ke e

0oz e = [ (e + b))
0_1; e ]

o1 E

0% "01 02 03
m_ [GeV]
|9 < |89, 1L

|L“T < |LY), | LY

In agreement with [Higler et a/ (2007)]

04 05
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Lattice Results Quark Momentum and Angular Momentum

Quark Spin and OAM

0.5;

0.4 ]
[ o LY

0.3 s &2 ;

02 T E

01; B « e " T E

o1
""""""""""""""""""""""" N ==

0% 01 02 03 04 05
m_ [GeV]
PARSEEENIA
L <L L
In agreement with [Higler et a/ (2007)]

L1 = J9— 89,

1
Sq = QAZq

= /da: (Aq(z) + Ag(z))
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Summary

@ Nucleon structure observables are calculated from the
fundamental theory, QCD

e accurate data with chiral quarks down to m, = 300 MeV

~

e preliminary studies with non-chiral quarks down to
my 2 150 MeV

@ “Nucleon size” observables (r?,)", (r%) undershoot

experimental values and weakly depend on m, contradicting the
predictions of ChPT

@ Quark contributions to nucleon momentum and spin are in
qualitative agreement with phenomenology

@ Peculiar pattern of quark contributions to the nucleon spin:
[ < {18 1L}, 1L < {ILM], 129}
@ Lattice calculations will constrain experimental GPD fits

S. N. Syritsyn (LBNL) Nucleon Structure from LQCD June 24, 2011



Backup slides

e GPDs
@ Proton and neutron form factors from experiments

@ Dipole fits of lattice vector form factors
@ Dirac and Pauli Radii vs ChPT
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Generalized Parton Distributions

@ Generalized Parton Distributions (P'|ON°1(z)|P) — {H,&,H,E}(x, €, ¢%),
O[’Y ] f dA 22)\1: q( An) |:VL[ }W(—)ﬂ’l, /\n)] Q()\n),
e x is the Iongltudma/ momentum fraction

o ¢ links to the transverse (impact parameter) space

@ Computed on a lattice using local operators
] _ - 51,79 Y
O ' = Q[W{m 1Dy, - 'lDun}}q

<~
corresponding to moments O,, = [ dz2"O(z) — gy (iDT)"q
and reducing to Generalized Form Factors
<PI|O ‘P> — {Anz Bn'L Cn nis Tll}((22)

e.g. fd.T.%‘an(.I,O,q ) - An-‘rl,()(q )a fdxmngq(x?07q2) = Bn+1,0(q2)

@ for higher n > 4, mixing with n’ < n occurs ~ q—(n—n")
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Proton Gz Discrepancy

[M. Vanderhaeghen,
Nucl.Phys.A805:210(2008)]
1.5

Different results from
@ Rosenbluth separation

0.0 t

@ Polarization transfer

due to 27y exchange

[Chen et al, 2004]

0.0

2.0 4.0

Q* (GeV?)

S. N. Syritsyn (LBNL)

Nucleon Structure from LQCD

[Blunden, Melnitchouk and Tjon, 2003]
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Proton Gz Discrepancy

[M. Vanderhaeghen, Different results from
Nucl.Phys.A805:210(2008)] @ Rosenbluth separation
15 U T T T e Polarization transfer
i 7 due to 2y exchange
: i | [Blunden, Melnitchouk and Tjon, 2003]
Sk I =T [Chen et al, 2004]
1 Lattice (systematics unclear!):
15 — ‘ ‘
LQCD, m=293 MeV —e—
(=%
&G 10 3
= ‘e
o t
~0.5
L 4 3
0.0 e E—
0.0 2.0 4.0 6.0 0-0O 0 2‘0 4‘0 6‘0
2 2 ) : . :
Q? (GeV?) Q2 (Gev?)
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Neutron Electric Form Factor

0.12
L %  Schiavilla & Sick [01] A Passchier et al. [99]
L Y Zhuetal. [01] O Rohe etal. [99]

0.1 — A Becker etal. [99] ¢ Edenetal. [94]

[ ®  Herberg et al. [99] o Meyerhoff et al. [94]
- O  Ostrick et al. [99] Galster [71]

0.08—

" 0.06— %
0.02—
ol v
0 0.5 1 15 2

Q? (GeVic)®

[H. Gao, Int.J.Mod.Phys.E12:1 (2003)]
@ deuterium targets

@ thermal neutron scattering:
(r3.,) = —0.113(3)(4) fm®
[PRL 74, 2427 (1995)]
Nucleon Structure from LQCD

(ra, )y < 0:

(+) core
(—) surface

n<—p+nt
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Neutron Electric Form Factor

0.12
L %  Schiavilla & Sick [01] A Passchier et al. [99]
L v Zhuetal. [01] O Rohe etal. [99]
0.1 — A Becker etal. [99] ¢ Edenetal. [94] 9
L ®  Herberg et al. [99] o Meyerhoff et al. [94] .
- O Ostrick et al. [99] Galster [71] <TE7L> <0
0.0Bj
. (+) core
©’ 0.06[— Jf (—) surface
0.04/— %;
- + n<—p+nt
0.02}
0 5 Y 0%5 R i R 1%5 Y 5 01 LQCD, m-‘-[:297 MeV
Q? (GeVic)® )
[H. Gao, Int.J.Mod.Phys.E12:1 (2003)] 5
O

@ deuterium targets

. o8
@ thermal neutron scattering: H ¢ !
2 2 : : :
(rg,) = —0.113(3)(4) fm 0 05,1 15 2
[PRL 74, 2427 (1995)] Q° [GevT]
Nucleon Structure from LQCD June 24, 2011




Dipole Fits to G5 (m, = 297 MeV)
1 T T T
AN ! ! — Q*<05Gev’
0.8 \_\ -—- ?<0.7GeV? o D|po|e fits
~ F < | 2. 2 2y 1
G osl- Q=iicy Gu(@) = wmoenny
% oal = 1 e Cut-off Q* < 0.5 GeV?
- =1 e Results are consistent for
02— T .
T higher cutoffs
] e s e
g 1o . M}, =0.97...1.07 GeV?
2 - N 2 - 2
I S . (M), = 0.71 GeV
ke 0.96_— ]
E w 0.92 — =
o - -
0.88— —
i NN NN NI NN B
0O 02 04 06 08 1

2
Q° [Gev’]
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Dipole Fits to G'{,¢ (m, = 297 MeV)
AT T Q%< 05 GeV?
- Q?<07Gev? @ Dipole fits
------- Q*<11Gev” Gu(Q*) = rrotfimy

e Cut-off Q% < 0.5 GeV?

@ Results are consistent for
higher cutoffs

IIIIIIIIIIIII

1.08
M3 =0.97...1.07 GeV?

(Mp),,, = 0-71 GeV*

“@Q)/dipole
o =
8 =~ B

02 0.92

Il Il Il Il I Il I
02 04 06 08 1

2
A
Nucleon Structure from LQCD June 24, 2011
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Dirac and Pauli Radii vs. ChPT

R " T~ Beushkin et a 2007 3 "~ [~ Beushkineta 2007]|
0.6/ * PDG 2008 Lattice a=0.084 fm
Lattice a=0.084 fm 2.5 —— Heavy BChPT+mod|
— 05" \ —— Heavy BChPT+mod c\ig — Heavy BChPT |
c — Heavy BChPT £ 2 N [ Cov. BChPT
= 04F N L Cov. BChPT v 15
%~ 03 < 1 g
:,0-27 ....... ] NS 1 4
0.1f ] 05- i
81 02 03 04 05 06 81 02 03 05 06
m_[GeV] m_ [GeV]

Div. “pion cloud” contribution: HBChPTHA [V. Bernard, H. Fearing,
. T. Hemmert, U.-G. Meissner (1998
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