Hadron Structure from Lattice QCD

Robert Edwards
Jefferson Lab

- DWF Valence on a Asqtad light sea

« Nucleon Properties:

* Form Factors
* Momentum and Spin Fraction
« GPDs

 Pion Form Factor

 Radiative transitions - Hybrid meson decays
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SciDAC Initiative

« DOE Scientific Discovery through Advanced Computing Initiative:
develop software/hardware infrastructure for next generation
computers

« U.S. Lattice QCD Collaboration consists of 64 senior scientists.
Research closely coupled to DOE’s experimental program:

« Weak Decays of Strongly Interacting Particles
« Babar (SLAC)
» Tevatron B-Meson program (FNAL)
* CLEO-c program
* Quark-Gluon Plasma
 RHIC (BNL)
« Structure and Interactions of Hadrons
« Bates, BNL, FNAL, JLab, SLAC

« The JLab-MIT led LQCD Hadron Physics Collaboration includes 25
theorists from 14 institutions.

* Evolved into USQCD Collaboration
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Lattice QCD Hardware

e JLab SciDAC Clusters:
2002: 128 singles, 0.1 TFlops®
2003: 256 singles, 0.37 TFlops® ~~

004: 384 singles, 0.65 TFlops® \

First teraflops LQCD machine to achieve $1 per MFlops!
T Sustained performance on lattice QCD code

e Other resources: BNL QCDOC and FNAL Cluster

.~ e~

— eferson CLal T n—

O Thomas Jefferson National Accelerator Facility

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy ANL — August 2005



State of the Art

« Current resources enable us to begin exploiting

these advances in full QCD
« Employ computationally efficient full QCD lattices generated by
MILC Collaboration using “staggered” fermions for sea quarks
 Employ DWF for valence quarks

* Pion masses down to less than 300 MeV to yield
 Moments of GPD’s and PDF’s
- Elastic form factors
* Resonance spectrum of baryons and mesons

« Approach requires introducing multiplicity of
pions and approximation to fermion determinant

Next step: fully consistent treatment of chiral
symmetry for both sea and valence quarks
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Onward to light pion masses....

* Achievable precision limited by lightest pion mass

Flavor-non-singlet
momentum fraction in

nucleon.

Detmold et al, PRL87,
172001 (2001) y Light quark masses

|
0.8

T~
i Expt value

0 | 0.2 0.4 0.6
mﬁQ (GeV?)

* Exact chiral symmetry at Finite Spacing a
* Domain-wall fermions (DWF) in five dimensions

ANL — August 2005
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Partially Quenched Chiral Perturbation Theory

Full QCD expensive!

« Leverage off cheap(er) n
valence calcs Moy

» Correct low-energy
constants, in principle

 Must be in domain of
validity

E‘IED\\ :

- Extend partially quenched
XPT to include O(a) terms

 Mixed actions

Y= Bar, Rupak, Shoresh, 2002, 2003
] a I -

OV Thomas Jefferson National Accelerator Facility
Operated by the Southeastern Universities Research Association for the U.S. Department of Energy

(

ANL — August 2005



Hybrid Lattice Action

« MILC Asqtad lattices — staggered sea quarks

« Conventional DWF valence quarks (L.=16) computed on HYP-

smeared lattices

PRD64, 034504
« Parameter matching — tune DWF pion to match Asqgtad

Goldstone pion mass m_

e a=0.125 fm two voliimes at linhtest nion mass

qyneoatad | . G | s a.m.D}MF m ?WF #
w,/d : w/d m
fm MeV
0.05 20 | 2,52 | B.0810 | TT5 425
0.04 ! H 0.0644 | 696 350
0.03 - . 0.0478 | 605 564
0.02 4 i 0.0313 | 498 486
0.01 - - 0.0138 | 359 656
0.01 28 (3.3 | 00138 | 359 270
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“Decay” in Quenched Approximation

Quark lines

R - Dramatic behavior in isotriplet

scalar particle a,—nrttintermediate

e, state
== T,
. « Loss of positivity of a, propagator

= T o from missing bubble insertions

- « Quenched a, has double pole in
a, Correlation Fn
0.005 - X PT
: . Also appearsinm,
a
5
& -0.005
3
0.01
0 2 4 6 8 10 12
time (lattice units) Bardeen, Duncan, Eichten, Thacker, 2000
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Partially Quenched Singularity

- Non-positivity of a, correlator P e g g e e c oy

o ET e Nr=3, mow moe=0.05/0,06, m_dwl=0,06
- ¥ NI=B+1, m_u/m_s=0.01,/005, m_dwl=0.05

o
I R |

m a=m 1 %1070 : o Ni=24 1, m_u/m_s=0,01,/0.05. m_dwl=0.0] ]
T, valence™ — TI, sea A s {:
= = 3 1
- Suggests not single staggeredpion § *° [ g
in chiral loops — taste breaking not = {
neglible 2 bRy
W

e =
§
¢ Ox1073 E iEalﬁsuﬂ‘ﬁllllﬁlllﬂ’hﬁnﬂli‘i

L h‘“m H'I'“I*,i, }

- Vary valence and sea masses o= NN PR I
0 10 20 'EJEI

« Theory under development...
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DIS and GPD’s for Nucleons

« Measures light-cone correlation functions

| 4 ] i ]
Ox):f—e” —_ “} —
| | |

* DIS gives diagonal matrix element

q q

LP|O(x)|P>=q(x)
- DVCS gives off-diagonal matrix ’ !
element

Pl i |

: | q q

= i I

I

H n ! p v
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Moments of Structure Functions and
GPD’s

] p
 Generates tower of twist-two \ ) \

operators /}&
« Expand O(x) around light-cone N v N

OéﬂlﬂQ...Mn} — 77Zq,y{,uliD,UQ o D,U,n}wq

« Diagonal matrix element
(P\Oé“l"'“n}|P> ~ /da: " Lq(z)

- Off-diagonal matrix element
(PlOJp) = [ dea M H (w,6,0), B(a,€,0)
— Api(t), Bri(t), Cn(t)

N~

— eferson CLal T n—

W v Thomas Jefferson National Accelerator Facility

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy ANL — August 2005



Moments.....

. GPDsland GFFs are related through Mellin Transformation:
/_1 dx :En_lHq(xaga QQ) — Z?:_(%, even A%@(QQ)(_Qg)Z + 571, evean(Qz)(—QS)n
Sride e EY(2,6,Q%) = Y23 even Bai(@2)(—2€)" — dn, evenC(Q?)(—28)"

« Generalized Form Factors related to familiar quantities
o 4{4(Q%) = F{(Q?). B{y(Q%) = F5(Q?)

A],(@Q?%) = G4(Q?), B Q%) = G%H(Q?),

J1 = 5 (A%,(0) + B3y(0)), 3459 = A41,(0)

L1=J1— A%

(5174, = @) ()5, = A0, ), =
TnO(O)
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Renormalization of Operators

« One-loop renormalization of operators in boosted perturbation

theory:
operator H(4) NOS HYP APE
7[Yslq I 0.68 0.971 1.07
alYsYugq 45 0.765 0.964 0.99
qlvslowa 61 0.821 0.987 0.989
alvslviDvyq 63 0.986 0.968 0.929
alvslvy.Dyya 3f 0.972 0.962 0.925
alvslvDvDayg | 8T 1.206 0.982 0.898
q[}g]“{ «DvDoyq mixing | 8.78 x 1073 2.88x 1073 1.26x 1073
c?h's]v DyDoyg | 45 1.191 0.98 0.898
éh's]v DVD(IDB}Q i 1.375 0.989 0.876
qlyslo ,u{v Dyyq 8t 1.018 0.991 0.945
alysIDvja 67 0.967 0.973 0.983
Q[YS]“{[}JD{V]DOL}Q g+ 0.931 0.937 0.947

B. Bistrovic, PhD
Thesis, MIT
2005

Table 11.17: Full MS to lattice renormalization coefficients for M = 1.7 and 1-loop expres-
sion for g. By chiral symmetry matrix elements are the same (except for parity) with and
without s, and this is indicated by the [ys| notation where the upper parity arises in the

absence of s.

HYP Constants close to unity
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Anatomy of a Matrix Element Calculation

J;i' - Current with desired quantum numbers of state A,B
(T I (t)O®)II(t7)) = S (0] |n)(n|O|m)(m|JT|0)e™ Enlt2==Em(i=t:)

m,n

; s (0[JT|BY(B|O| A A|J|0Yye Er(tr=t) o= Eilt=t)

1,4
2 *  Want|({ 0lJn)I> ~ &, , for best plateau
(TI(tp)IT(t)) = (0] JT|n)|PeEnlts—t)
Normalize: n
= (0] JT) e Folts =t
moy = Boh _
Compute ratio: <JfJT><J JT> O D
< & W T!:h;;;s Jefferson National Accelerator Faclllty_
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Example plateau: g,

Time plot of current insertion: Nucleon source, t=10, nucleon sink, t=20

[

N~

— eferson CLal T n—

W v Thomas Jefferson National Accelerator Facility

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy ANL — August 2005



Nucleon Isovector I, (or A,,) Form Factor

— Expt: F/7iT}| |

® m =TIEMeY | |

v m =AMV | | T 2 2
iy . Charge radii { r?)°, and ( r%)",

. =458 MW |+

s m =35 MeV || _ . .
T o $ =008 | . Dirac charge radius ( r?)u4_ using
| dipole ansatz and Q2 <1 GeV?
R RO (- » Chiral extrap. Using LNA and LA
LEL 0z {4 (Lh 18 1.4 1.2 .
&' (Gevy’ terms and finite-range regulator
_ Diacecor chargeradin: - u_dPRL 86,25((114—)5gi§1| m?
| T T A0 2y 109 m2 + A2
£,
& § P ' . Bestfit: A~ 740 MeV
by TTET TS » As the pion mass approaches the

F oo W e W W e W

physical value, the size

(G

-‘icfj%f/wmm %a [ — Thomas Jefferson Natio%ggrgeqc ht%rsFugl%tC%

- W W W W
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Nucleon Isovector I, at Higher Q”2

Preliminary .
MILC_206412 Ih68 lmO030m030, a=0.124 fm, nrnﬂﬁﬂﬁ MeV ° Brelt frame at mT[ ~ 600 MeV
LU I I B I B B N L O I O B L I B O B I
ip°l = Ipl ‘@ p =000 | .
- ol w p-0om- * Need more statistics as Q?
[ p =(1.1,0) :
e |4 p =200
= i 1= Both polarization transfer
| . 8 | experiments and lattice data
Ak 8, ] consistent with dipole ansatz up
e " : )
| S, 4 | to 4 GeV
L iy, |
Il?f_ ‘1; Tk, St il
I:_I': A 3

.~ e~
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Nucleon Isovector I, and I,

F, F

2
Q =287x32, m_ =352 MeV Q = 28’532 m_=352 MeV
125 — .
I 3
5 |
T 075+
<

025 -
| | : |
0 0.2 04 0.6 08 ¢ 02 04 06 08
—Q_ [ GeV —Qz | GeV©
Y oy
- \}JW a\, N Thomas Jefferson National Accelerator Facility
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Nucleon Axial Charge g, in a Finite Volume

« @, strongly suppressed by finite volume when m_L <4

- hep-lat/0409161 (QCDSF), m_= 717 MeV, curve is LO x PT finite
volume correction

| ' |
14 =
12 K |
< s !
=1
Q
10 - =
08 ]
1 | 1 I 1 I 1
1.0 1.5 2.0 2.3 3.0
L [fm]
f\( A~ -~
L i
—-— \(;/ %f/fmff gav Thomas Jefferson National Accelerator Facility
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Axial Form Factor

Fu_dA(Q2)=Au_d1o(Qz)

A 3
i . - = Aud Q=28x32,m =352 MeV
Axial charge: g, = (1 )a,.aq = A¥9,,(0) x32.m_ e
T T T T T T T T T 2 T T T T :
14 T -
b2 1258 |
1 k=4 i :
- i Euu 1_ EE —
.osF  Two volumes J e F ¢ 3 _
s | ~ 0.75F F 2
0.6 — E"‘ - p
I » QCDSF/UKQCD 1 &< 03 |
041 » RBCK == i |
K » LHPC/MILC . 05k 1
021 * LHPC/SESAM o s
i i . | . | . | \
0 02 04 o8 08 0 0.2 0.4 0.6 0.8
- 2 1 ' 2 2
m_ (GeV ) -Q / GeV
i
f\(’\ ~ ~ Z
— —
Y _ . (3 K]
- \;J %f/fwff g”v Thomas Jefferson National Accelerator Facﬂlty_
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Tensor Charge: g; = (1 )5,54 = A" ,(0)

I I 1 I I I
L n _ﬁ = e
1.2 - : - ]
S = - R
1= f £ B =
08 =
sl i ]
0o =
g ® DWF/MILCL=33fm i
04 ® DWE/MIOCL=25fm =
i & WILSON/SESAML=14fm |
0.2 ]

D 1 I 1 I 1 I 1 I

0.2 D--ii " 0.6 0.8
m_ (GeV')
Dru B. Renner, Lattice 2005
= s o —
- \;J %/fmff g"f’, WSS Thomas Jefferson National Accelerator Facility_
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Momentum Fraction: ( x ) , = A*,(0)

' | ' | ' | ' |
- I I ‘ -
0.2 E : -
= s i
= [
Q 015 -
¥ - .
01+ ® DWE/MILCL=35fm —
& DWE/MILCL=25fm
- & WILSON/SESAML=14fm .
w Expemment
D05 -
D 1 I 1 I 1 I 1 I
0.2 0.4 0.6 0.8

.~ e~
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Polarized Momentum Fraction: ( x),, ,.= A", (0)

1 1 I I I I 1 I I I
09 =
: {
B T L 2
<]
A E ]
¢ 081y $ =
h__'q I =3 2 |
% L
‘:-f'f 0.7 & DWF/MILCL=35fm Bl
v & DWF/MILCL=25fm
| & Expeniment |
0.6 -
1 | 1 | 1 I 1 | 1 | 1 I 1
0 0.1 0.2 0.3 0.4 0.5 D.6 0.7
2 2
m_ (GeV')
= O —
- \;J %/fmff g"f’, WSS Thomas Jefferson National Accelerator Facility_
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Transverse Quark Distributions

. 1
:> 1(-A7) = /dzblelArbL /_1Xn_1Q(X7 b))

A(0)
(b1){ () = V47 _(0) qO(O)

LT lim e x002)

b [

Higher moments A_, weight
X ~ 1

Scaled GFFs

Slope of A, decreases as n
Increases

0.25F —
Burkardt |
1 I 1 I 1 I 1
0 0.2 04 0.6 0.8
PV ¥ Ve -Q / GeV™
7 — — .
Q,/ %\Z/fmff %g”v Thomas Jefferson National Accelerator Facility
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Pion Electromagnetic Form Factor: F_(Q?)

« Transition between perturbative and non-perturbative
aspects of QCD

« Asymptotic normalization determined (?)

2N\ r2
Fr(Q?) = Bras(@IT a5 7 - oo

QQ

« Small Q?, vector-meson dominance provides faithful
description

1
Fr(Q%) ~ 57 5 for Q% < mymp-
1+Q /mVMD

» Free of disconnected contributions — straightforward lattice
calculation

.~ e~
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Pion Form Factor: Experimental Results

- Existing data fit VMD monopole e
’ +—-— Tachello & Wan
formulae too well. Where's — ——————{—~-— Cardarelli etal.

------- NLO pQCD: hep-ph/0405062

Amendolia et al.
JLab E93-021
Brauel er al. (reanalvzed)

Bebek et al. (reanalyzed)
TLab E01-004 (projected)
JLab 12 GeV (projected)

perturbative QCD?

- Because of simple valence §
structure, argued that PQCD R % ) M T _
should apply to lower Q2 than ' . o
other hadrons

L

"
-
-

=g

_________________________
-------
......

« PQCD calc. far off.

« Experimental interpretation
problematic — must extrapolate
to the pion pole

« Use lattice QCD!

.~ e~
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Pion Form Factor -I11

— VMD: o= 7710 MeV

— — — Maris & Tandy
+—-— TIachello & Wan 1
T ! ! ! +=--— Cardarelli et al. i ' ' ' ' : : ' ' ; | ' :
------- NLO pQCD: hep-ph/0405062
Amendolia et al. MW My = 1030(73) MeV
0.5 JLab E93-021 ; me‘mp =758/1060 (MeV)
’ Brauel eral (reanalyzed) 08 ' -
Bebelk et al. (reanalvzed) — Myup T BBEL3E) MV
TLab E01-004 (projected) L 8] m| mﬂ:fmp =318/956 (MeV) ]
0.4 TLab 12 GeV (projected) i @® ILabE93-021
m); 06— S .- NLO pQCD: hep-ph/0405062 | _|
L T e L i—ia T, el
B rial  JBA K 0 [Teeeaa,, |0 el &
e P B T, i R e PR - = I
S R < i N . C O Lt.'==
"o MR 0.4}
0.2 —
o v e L ol
ol 0 T Al 0.2
0 I | 0 1 ]
A 0

0" (GeVy’

* Pion Form factor over Q2 commensurate with experiment
« Pion GPDs and transition form factors

N~

— (‘C/ Qf%’wmm %ﬂﬂ/ T
- W W W W
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Rho—Pion Transition Form-Factor

- Electro-disintegration of deuteron intensively studied Rho->Pon Transion For Factor Wl S
 Isovector exchange currents identified ‘ ‘ i
 Isoscalar exchange currents not clear e

o (TP lPu(p)) ~ 2 V(Q?) pypy/ (M+m,) i ¢ un ]

B ; * %JI‘]()))(WOMeV) i

« Extracted coupling rough agreement to expt S ]

* Need higher Q2 to discern VMD ]

e First lattice calc! : ]

Rho->Pion Transition Form-Factor - Wall Sink T e F— T——
mt='?58 MeV, 171 cfgs G GV
1 T T T T
I I I B, I |
m (1,10 .
0sl + (LY B Maris-Tandy (2002)
‘ v (200 N ‘ T ‘ T ‘ T ‘ T
* (2,10 !
VMD (770MeV) —— DSE calculation -
0.6 | ---- VMD o monopole :
— A v S Mitchel-Tandy 1995| 1
r-g * |HEP data
=
04— -
|
B |
00 0|2 0.|4 . . 0|6 0|8 1
Q (GeV) -
50 1o 2o 30 —= 20 50
P, Q’[GeV]]

] :OC/ effersan g{faﬂf T — 1
- W W W W
Operated by the Southeastern Universities Research Association for the U.S. Department of Energy
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Photo-couplings and Transition FF: H - yM

* Photo-couplings between hybrid and conventional mesons
need to be calculated!

« GlueX proposal to produce hybrid mesons using real
photons supported by flux-tube model calculations

No suppression of conventional-hybrid photo-couplings for hybrids near 2 GeV

F(WTH — as v) ~  O(100)keV Close and Dudek,
PRL91, 142001 (2003);

Ly, — ptvy) ~ O(1000)keV  PRD 69 034010 (2004)
(c.f.T(bT — p*~) =230 + 60keV)

Investigate and attempt to verify prediction using
lattice QCD

.~ e~
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First tests: V— S +y in Charmonium

* Many new techniques: test using conventional mesons

« Chiral fermions at charm scale — automatic O(a) improvement
« Quenched anisotropic lattices —a, = 0.1fm, a, = 0.033 fm

e Extraction of excited transition form-factors
(S(Fs) 7" (0)|V(pv, A) = EL(Q*)Ke1(Q7) + CL(Q*) K1 (Q7)

Time plateaus: C1

4 T I 0.4 T T T ] T 7 T T T I
- i
3 | =] -/ D)
03% L/ -
) _
2 | 202 §
4 pr
g4 Tz = ]
iy -
, ~ |00 =1.03752 GeV* 0-0Q = 1.03752 GeV"
T -8 Q7 =3.1729 GeV’ 0.1F G-8Q'=3.1729 GeV’ 7
0 ‘ HQ2:4_159? GeV- O 0 =4.1597 GeV~
1 ) | I | i | I | | 1 | i | I | I | L 1 L 0 A = | - : - | L | L | L - L L
0 2 4 6 8 0 12 14 16 18 20 22 24 0 2 4 6 8 10 lt? 4 16 18 20 22 24
t
S~ p—
| J WM al ] . .7+, I
W Thomas Jefferson National Accelerator Facility
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Lattice calculation of E, transition form
factor . 2
€

Extrapolate using quark-model wavefunc

1 ‘ q_)‘ 2 2
D(xeo = J/97) = -y 2 (260)* | E1(0)
0.4 : ; . . : Mg
: |
03
- ol
= ]
3 0.2
0 pf=(03090)‘
0.1 x o} pfz(laﬂs{}} ]
* PDG
_ * CLEO -
| . | . | . | . | . |
@ 0 1 2 3 4 5
Q (GeV') Dudek, Edwards, Richards, Lattice 2005
P~
L — -
- d %\Z/fmff gav N Thomas Jefferson National Accelerator Facility
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Lattice calculation of V— P transition forW&%a
2T\ T padp

(P 7" (0) [V (pi, A)) = e Praliscs (Fi, A)

2y — -Q*/1687
Extrapolate using quark-model wavefunc VI(Q7) = V(0)e

ﬁ?‘x_\
N
- .
V(Q"2) S
-3 & xk"‘--_\_‘_
exp ! e k
1 _ & ----.ﬂ-%"‘---q___-i-
4 - o
T
A —
Q2 (GeV2) Dudek, Edwards, Richards, Lattice 2005

I~~~
\(,/ %/fmg g"v Thomas Jefferson National Accelerator Facility
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Conclusions and Perspective

« Use of hybrid Asqtad/DWF calculation providing entry
into pion-cloud regime for range of physical quantities —
spectrum, nucleon and meson form factors and transition
form factors, moments of PDF’s and GPD’s...

« Computations being extended both to smaller values of
lattice spacing (2=0.9, 0.6 fm), and to lighter m_ = 250

MeV — reveal effects of pion cloud.

« Disconnected diagrams, transition form factors...

Vo W e W N NI
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