PROCEEDINGS

OF SCIENCE

Nucleon electromagnetic form factors with 2+1
flavors of domain wall fermions

M. F. Lin*a J. D. Bratt @, M. Engelhardt , Ph. Hagler ¢, T. R. Hemmert 9, H. B. Meyer?2,
J. W. Negele @, A. V. Pochinsky 2, M. Procura 2, W. Schroers €, S. Syritsyn 2

aCenter for Theoretical Physics, Massachusetts Instittifechnology, Cambridge, MA 02139, USA
b Physics Department, New Mexico State University, Las Grudii 88003-8001, USA

¢ Institut fur Theoretische Physik T39, Physik-DepartmeamtidJ Miinchen,
James-Franck-Stral3e, D-85747 Garching, Germany

d Theoretische Physik, Universitat Regensburg, D-9304@f/&murg, Germany

€ Institute of Physics, Academia Sinica, Taipei 115, Taiwan

We present the recent high-statistics calculations of tngleon electromagnetic form factors
with fully dynamical domain wall fermions on the 32 64 lattices generated by the RBC and
UKQCD collaborations, with pion masses at roughly 297 Me&5 3MeV and 403 MeV. We
study the phenomenological fits to the momentum transfeem#gnce of the form factors and
investigate chiral extrapolations for the Dirac radiusylPeadius and the anomalous magnetic
moment using two variants of chiral effective field theorita® small scale expansion (SSE) and
covariant baryon chiral perturbation theory.

The XXVII International Symposium on Lattice Field TheonAT2009
July 26-31 2009
Peking University, Beijing, China

*Speaker.
TPresent affiliation: Department of Physics, Yale University, New Ha@I 06520, USA

(© Copyright owned by the author(s) under the terms of the Cre@mmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Nucleon electromagnetic form factors with 2+1 flavors of DAWF M. F. Lin

1. Introduction

Nucleon electromagnetic form factors contain information about the siapeshiind current
distributions inside a nucleon. Conventionally the Dirkg) @nd Pauli E,) form factors are used
to parametrize the nucleon electromagnetic matrix element through the followingide:

IN(P) JE(0IN(P)) = & PPTP) | HR(QP) +ioH - R(@) | uP),  (1.1)

whereQ? = —¢? = —(P' — P)? is the momentum transfer of the nucleodgm(x) is the elec-
tromagnetic current, with the explicit fordbmp = 20y*u — 2dy#d for the proton andlmn =
—tuyHu+ Zdy#d for the neutron.

Sachs electricgg) and magnetic@y) form factors are also frequently used by experimental-
ists, and they are defined as the following linear combinations of the DiraPamldform factors:

QZ

Ge(Q) = R(Q) — 12 R(Q7), (1.2)
N
Gm(Q?) = F(Q®) +R(QP). (1.3)
The isovectorl(il‘fz) and isoscalarF(fz) form factors are defined, respectively, as
FYo(QP) = F5(Q) — F1o(Q?) = Fia(Q?) — Fa(Q®) = Fi34(Q0), (1.4)

Fa(@) = FR(Q) +FILQ) = 5 (FL(@) +FL(@) = 2@, (5)

whereF}, andF¢, are Dirac and Pauli form factors which parametrize the up and dowrk quar
vector currents, respectively. Calculations of the isoscalar formraatgolve the evaluation of
disconnected quark loops in the three-point correlation functions andwamnerically expensive.

In this talk we summarize the highlights of the recent res{ljts [1] for the isovémtm factors, in
which the disconnected quark loop contributions cancel in the exactinshsyt. In particular,

we discuss the phenomenological dipole and tripole fits taQthdependence of the form factors,
and study the chiral extrapolations using the formula from the small-scabnsixm (SSE) and
the covariant baryon chiral perturbation theory (BChPT). Similar studis the mixed-action
approach (domain wall valence on an Asqtad sea) can be found in[Réd%.

2. Computational Details

The calculations were performed on thre€ 3264 2+1-flavor domain wall fermion gauge
ensembles generated by the RBC and UKQCD collaboratidr]d [4, 5] with th light quark
masses set tam = 0.004,0.006 and 0008 and the strange quark mass fixedng = 0.03. The
corresponding pion masses are roughly 297 MeV, 355 MeV and 403 Wie®/ Iwasaki gauge
action was used witf8 = 2.25, which gives a lattice spacing af= 0.084 fm [}]. The extent of
the fifth dimensionLs, was chosen to be 16, and the domain wall heightMias- 1.8. The choice
of these parameters gives rise to a residual maasnf = 0.00066d8) in the chiral limit, which
is about 1/6 of the lightest input quark mass. A coarse ensemblefnitl2.13 andam /ams =
0.005/0.04 on the 23 x 64 lattice, with a pion mass of roughly 330 MeV, was also analyzed to
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study the discretization errors. On this ensemble, the residual mass wanideteto beames =
0.003151), and the lattice spacing was found tode 0.114 fm [8].

We computed the forward quark propagators with a Gaussian smeareg: smnstructed
from APE smeared gauge links. The parameters for the Gaussian snmepadlitite APE smearing
were carefully tuned to minimize the overlap with the excited states and redufle¢hetions
from the source itself (see the Appendix in Réf. [1] for details.). On egige configuration
we calculated forward quark propagators at time slices10,26,42 and 58. The source-sink
separation was chosen to be 12 for the fine ensembles, and 9 for tke enaemble, which both
amount to about 1 fm in physical units. Tbeherent sinkechnique[[R] was employed to calculate
the four sequential propagators associated with the four source Iaaiionltaneously, leading
to a factor of 4 reduction in the computation time. In this technique contaminationsdther
sinks are averaged to zero over the gauge configurations. We hafiedvehat the results from
the coherent-sink calculations were consistent with those from the indepesink calculations,
in which the sequential propagators were computed independently forsearce. The form
factors were obtained from the nucleon three-point functions usinguwbeletermined analysis
as described in detail in Ref] [1]. And we obtained the vector curremrnealization constargy
by settingZy F)'(0) = 1 for each ensemble.

3. Phenomenological Fitsto the Q% Dependence

The Q? dependence of the isovector electromagnetic form factors is often fioubed well
described by a dipole form over a lar@8 range. Since there is no theoretical foundation for such
a Q? dependence, we performed fits to Q& dependence of,’ to the one-parameter dipole or
tripole form of

1
F(Q)=—F _ n=23, 3.1
while F) was fit to the two-parameter dipole or tripole form of
F(0)
EV(O2?) — 2 ,n=23. 3.2

We saw no statistically significant difference between the dipole and tripaléAfésalso investi-
gated stability of the fits by varying the maximu@? values included in the fits, as shown in ffig 3.
While the fit quality decreases with largéf cutoffs, the fit parameters do not show statistically
significant changes. Another feature of the dipole fits is that at s@fallalues, the Dirac form
factor appears to be lower than the dipole fit, while at la@feit tends to be higher, which is
consistent with the observation of the experimental datf [7, 8]. The Did®auli mean-squared
radii, (r{)? and(r¥)?, and the anomalous magnetic momeptwere obtained from the dipole fits
with a Q? cutoff of 0.5 Ge\# through

()% = %Zu =1,2; k, = F}(0). (3.3)
|
Similar behaviors of th&? dependence were observed for the Sachs form faGp(Q?) and
GY,(Q?). We show the results foBY.(Q?) from all the four ensembles in Fi. 2(a) where the

phenomenological parametrizatigh [9] of the experimental results is alsogfotteomparison.



Nucleon electromagnetic form factors with 2+1 flavors of DAWF

M. F. Lin

1_\|||||||||||||||||||||||_ I L I L L I L LY L LA L
\
0.9\ — 3 —
0.8— \i — RN -
- X — \
N@ 0.7 _— \'\\% —_ N@ 21— ?\\\\ ]
L 0.6 < q =~ L L i
B o _ ..
05| — Qcut=o056e? L. — l=— Qcut=05ce¥ Cmeel .
——— Qcut=07Ge¥ B 7] ——— QPcut=07Ge?
0.4 f O B - i —
------- QPcut=1.1Ge? : | s QPeut=1.1Ged
03 I I | | | | | | | | | | | | | O T I T I T T T I | | | | | | | | | | | |
L L L L L L L L L LA L L L I L L L L L LI L
112 — e 7
° i 1 o 1.08— T —
© 1.08— — ©° L i
=% S
) - 4 © 1.04— —
o 104 1o L e $ T _
> > L= — -
Ty 1o S T T -
1€ ] 0.961— ?+; ......... _|
0.92— —
(O] il I A I A O O R R R T bbb b b b b b b by b

0 0.10.20.30405060.70.809 1 11
2
Q’[GeV]

0 0102030405060.70.809 1 1.
2
Q’[GeV]

Figure 1: Dipole fits toF)(Q?) andF)(Q?) with three different cutoffs ilQ?, 0.5, 0.7 and 1.1 Ge¥/ on the
m; = 297 MeV ensemble. The top two graphs show the actual dipsl&fihe lattice data. The bottom two
graphs show the ratios of the data to the dipole fits W@th< 0.5 Ge\2. Fits with the other two fit ranges
are normalized relative to tHg? < 0.5 Ge\A fits.

4. Chiral Extrapolations

To compare the lattice results for the form factors at non-zero momentusidrawe need to
do chiral extrapolations at fini®? values. Chiral perturbation theory requires that the momentum
transfer values in the chiral expansions are small compared to the otatal &f about 1 GeV.
The available non-zer@? values in our simulations range from 0.2 to 1.05 GeWhich makes
it unreliable to utilize the chiral formula for th@2 dependence of the form factors. Instead, we
performed chiral fits tgr¥)?, (r%)2- ky (to get rid of the explicik, dependence in the chiral formula)
andky. As discussed in Ref[][[L,]10], the values«pfused in the chiral extrapolations should be
rescaled with a factor d#t/2 /MP™5to get rid of the pion mass dependent magneton. We used two
variants of the chiral effective field theories to perform the extrapolati@me is the heavy baryon
chiral perturbation theory with the expliclt degrees of freedonj JlL1], the so-called small-scale
expansion (SSE), t&(¢3). The other is theZ(p*) SU(2) covariant baryon chiral perturbation
theory (BChPT)[[1R2[ 13]. In order to disentangle the investigations adipdicability of the chiral
effective field theories from the discretization effects, we included odyitte domain wall results
in the chiral extrapolations discussed below.

In the SSE chiral extrapolations, we performed simultaneous fis/}é and (r¥)?2 - ky (solid
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Figure 2: (a) Comparison of lattice results for the isovector Sackstst form factorGE with the phe-
nomenological parametrization of the experimental res@]t (b) Chiral extrapolations of the nucleon mass
using @ (p*) SU(2) covariant baryon chiral perturbation theory. Onlg @h= 0.084 fm domain wall results
(solid circles) are included in the fits.

lines in Figs[3(&) anfl 3(c)), leaving the pion-nucl@doeupling constant, and a counter term,
BYo(A), as free parameters, while other low-energy constants were fixed tptegiomenological
values. Then the value af obtained from such fits was used as an input to determine three other
unknown parameters:\(,KS,Ei()\)) in ky (solid line in Fig.[3(d)). As seen from the figures, the
fits do not describe the lattice data very well. Adding a constant term to theufarfor (r})2 - k,
(dashed lines in Fig$. 3[a) ahd 3(c)) improves the fit quality, but thetirg@xtrapolated values
at the physical point miss the empirical resuftd [14, 15] by 10-20%. THiewltf is that the lattice
data show a weaker curvature than the SSE expansion at the givenvandd can be a result of
i) the pion masses are still too heavy for the SSE formula to be accurate to-#@d.evel at the
given order; or ii) the curvature of the data is obscured by un-contrsifstematic errors, such as
finite volume effects.

A prerequisite to use the BChPT formula is to know the pion mass dependiiheenucleon
mass,Mn(my). We determined some of the low-energy constants needed it tp&) BChPT
formula for My (my) from our three fine domain wall points, as shown in fig.]2(b). In the BChPT
chiral extrapolations, we performed simultaneous fité{o?, (r%)2- ky andk, with four free pa-
rameters. The resulting fits are shown in F[gs.]3(®)] 3(d)[anH 3(f)e@gein, the data show less
curvature than the BChPT expansion at this given order. And the eftag physical values are
also 10-20% lower than the empirical results.

5. Conclusions

We calculated the nucleon electromagnetic form factors with 2+1 flavorsowfacth wall
fermions on three fine ensembles wih= 0.084 fm, and one coarse ensemble wath- 0.114
fm. Focuses have been given to the study of the phenomenological diggale fhe momentum
transfer dependence of the isovector Dirac and Pauli form factodsthe investigations of chiral
extrapolations to the isovector Dirac and Pauli mean-squared radii arehtimalous magnetic
moment of the nucleon. We used two formulations of the baryon chiraltiziéeield theories to
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Figure 3: Chiral fits for the isovector Dirac and Pauli mean-squaredi rand the anomalous magnetic
moment of nucleon. The left panel shows the fits usingadtie’) SSE formula. The right panel shows the
fits using the/(p*) BChPT formula. Only the = 0.084 fm results are included in the fits.

describe our data, the SSE formulation and the covariant baryon cleiairpation theory, and
found that neither of these formulations can describe our data well. Thisomagused by the
relatively heavy pion masses in our simulations or the uncontrolled systenyatis,esuch as the
finite volume effects at the lightest pion mass. To address these questomayneed to simulate
at several lighter pion masses at several different volumes to pin dansyttematic errors. This

remains a task for future investigations.
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