arXiv:hep-lat/0610118 vl 25 Oct 2006

PoS(LAT2006)120
DESY 06-183
Edinburgh 2006/26

PROCEEDINGS

OF SCIENCE

DESY 06-183
Edinburgh 2006/26

Nucleon Form Factors: Probing the Chiral Limit

QCDSF/UKQCD Collaboration: Meinulf Géckeler, 2 Philipp Hagler, ? Roger Horsley, ©
Yoshifumi Nakamura, ¢ Dirk Pleiter *9 Paul E.L. Rakow, ¢ Andreas Schéfer, 2 Gerrit
Schierholz, ¢ Wolfram Schroers, 9 Thomas Streuer, 9 Hinnerk Stiiben " and James
M. Zanotti ©

a |nstitut fur Theoretische Physik, Universitat Regensb@8P40 Regensburg, Germany

b Institut fiir Theoretische Physik T39, Physik-DepartmemtTl Miinchen, 85747 Garching,
Germany

¢ School of Physics, University of Edinburgh, Edinburgh ERZ,3UK

d John von Neumann-Institut fiir Computing NIC, DeutschektEren-Synchrotron DESY,
15738 Zeuthen, Germany

€ Theoretical Physics Division, Department of Mathematf®eiences, University of Liverpool,
Liverpool L69 3BX, UK

f Deutsches Elektronen-Synchrotron DESY, 22603 Hamburmpn&sy

9 Department of Physics and Astronomy, University of Kentuskxington KY 40506, USA

h Konrad-Zuse-Zentrum fiir Informationstechnik Berlin, 28 Berlin, Germany
Email: i rk. pl ei t er @lesy. de|

The electromagnetic form factors provide important hiotlie internal structure of the nucleon
and continue to be of major interest for experimentalists. &h intermediate range of momen-
tum transfers the form factors can be calculated on theattiowever, reliability of the results
is limited by systematic errors due to the required extragpmh to physical quark masses. Chi-
ral effective field theories predict a rather strong quarlssndependence in a range which was
yet unaccessible for lattice simulations. We give an updateecent results from the QCDSF
collaboration using gauge configurations with= 2, non-perturbatively O(a)-improved Wilson
fermions at very small quark masses down to 340 MeV pion makere we start to probe the
relevant quark mass region.

XXIV International Symposium on Lattice Field Theory
July 23-28 2006
Tucson Arizona, US

*Speaker.

@© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/


mailto:dirk.pleiter@desy.de

Nucleon Form Factors: Probing the Chiral Limit Dirk Pleiter

1. Introduction

In recent years the phenomenological interest in the eleeignetic form factors of the nu-
cleon has revived. This was triggered by the Jefferson Lddrisation experiment$][f] 2] measur-
ing the ratio of the proton electric to magnetic form factar® G (Q2) /G (Q?). From these
measurements an unexpected decrease of this ratio hasdugeh Which means that the proton’s
electric form factor falls off faster than the magnetic fdiawtor.

Many theoretical calculations have been done to investigassible interpretations of a de-
crease of this ratio (see, e.d] [2] for an overview). Lattiechniques allow the calculation of the
form factors from first principles. Such calculations do aoly yield phenomenologically interest-
ing quantities such as magnetic and electric charge radinzagnetic moments. These techniques
also allow, e.g., the investigation of tf¢ dependence of the nucleon electromagnetic form factors,
which can be compared with experimental results and algushielunderstanding the asymptotic
behaviour of these form factors.

In practice, the calculation of these form factors on thédatremains a challenge. In recent
years progress has been made to improve control on systegnais which are related to the fact
that the calculations are performed on finite volumes, akfilaittice spacings and at quark masses
which are still relatively large. For making reliable pretitbns at physical quark masses it turned
out that numerical results at smaller quark masses areatrWith recent advances in computing
power available to lattice QCD calculations and the spgedfalgorithms for simulating dynam-
ical fermions it is now possible to reach much smaller quasalsses with pseudoscalar masses in
the range of 300 MeV.

2. Calculation details

In this talk we present results obtained on configurationk tvio mass degenerate flavours of
non-perturbativelyD(a)-improved Wilson fermions. We choose Wilson glue for thegmaction.
To scale the lattice results for differefitandkseawe use the Sommer parametg(f3, Kseg /a and
the conversion factary = 0.467 fm to translate our results into physical units.

The form factors are obtained from the standard decompaosifithe nucleon electromagnetic
matrix elements

(p,813#1p.9) =u(p,9) | VuFL(Q?) +i0“V2|(3,|—VNFz(Q2) u(p.s), (2.1)
wherep (s) andp’ () denote initial and final momenta (sping)= p’' — p the momentum transfer
(with Q% = —g?) andMy, the nucleon mass. By calculating the matrix elements on.the. land
the nucleon mass we obtain the Dirac form fa®giQ?) and Pauli form factoF,(Q?).

The nucleon matrix elements are extracted from ratios efethand two-point functions:

: NCo(t, B)Calt — 12
R(t,‘[,pl,ﬁ) _ C3(t7T7pl7 ﬁ) % CZ(Tvﬁ ) 2( 7ﬁ) 2( Tvﬁ/) ) (22)
CZ(tvﬁ ) CZ(Tvﬁ)CZ(tvﬁ)CZ(t_Tvﬁ )
Heret denotes the location of the sink. Assuming the source baiogtéd at time slice 0, we
expect an plateau for & 1 <t (source and sink are separated by a distance dfl fm). For
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Figure 1: The iso-vector Pauli form factor radius @&, kseg = (5.25,0.13575 (left plot) and the ratio
of the iso-vectod- andu-flavour Dirac form factors (right) as a function @f. In the right plot we show
results for similamps~ 400 MeV but different lattice spacings.

further details sed][3]. We use three different polarisetiQnpoi= 3 (1+ ya), F'1 = 2(1+ ya) iysy1,
M2 = (14 ya)iysy2 as well as three different sink momerfia = (0,0,0), p1 = (p,0,0), P =
(0, p,0) (wherep = 2m/Lg). 17 different choices for the momentum transfenave been used.
Due to statistical fluctuations the operand of the squaréiro&q. (2.2) may become negative.
Results for which this happens are discarded from the cotise@nalysis steps.

We use the local vector current, which needs to be renorethisd improved:

Vi = 2y (1+byamy) [qyuq-+icvady (Gouaq)] - (2.3)

The renormalisation coefficiedt, and the parametdx, have been determined non-perturbatively
[A]. The improvement coefficiers, is only known perturbatively. However, since this coeffitie
is expected to be a small number and because the improveemantvas found to be small in the
quenched approximatiofi [5], we will ignore the improvemefithe operator.

In the following we will consider the iso-vector, iso-saatad the proton form factors. The
latter two might receive contributions from quark-lineabsnected terms, which are notoriously
hard to calculate on the lattice and will not be considerad.he

3. Parameterisation and Q? dependence

First we will investigate th&? dependence of the Dirac and Pauli form factors. Both lattice

and experimental data can be reasonably well parametrisaghble ansatz
F(O
RIQY = O

(1+Q%/Mf)P

From naive dimensional counting one would expect the DiratRauli form factors to scale
differently, i.e. F1 0 Q~* andF, 0 Q~%, which corresponds tp = 2 and p = 3, respectively.
Experimental data as well as theoretical calculationsceugi deviations from this naive picture.
For instance, the JLab results fofQ2F,” (Q?)/F”(Q?) were found to be surprisingly flat. A
perturbative QCD analysis of the Pauli and Dirac form fagfmedicts the ratio

(Q%/1og? ¥/ PIQ? /N\2)Fy(QP) /Fa(QP) (3.2)

(3.1)
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(with B = 11— 2N;/3) to scale as a constarf} [6]. In an investigation of@Raedependence of the
experimental nucleon form factor data using empirical pei@risations, Diehl and collaborators
found indications for the form factor scaling to be flavoupdedent([[[7]. By comparing the Dirac
form factor results for proton and nucleon they found thedilmcontributiorFl(d) (Q?) to decrease
faster withQ? thanF.") (Q?).

From a first inspection of the lattice results one finds that eéffects from changing in
Eq. (3:1) are small with respect to the statistical errarssig. [1 (left plot) we show the results of a
fit to FZ(V) for one particular data set usimg= 2 and 3. Itis clear that it is difficult to obtain lattice
data with high enough precision over a large enough rang@?ofalues to distinguish between
a dipole or tripole behaviour. It may, however, be instnetio consider ratios of form factors
in order to reveal significant deviations from the naive isgphypothesis. In the right plot of
Fig. [} we show the ratiGl(d)/Fl(“) and find that it does not scale as a constant. This is consisten
with the observation by Diehl et al. We should however emjdeathat we are ignoring possible
contributions from disconnected terms.

Based on the above observation we perform fits to the DiradPadi form factors for each
flavour separately using the ansatz Hq.](3.1). To eventdaityde whichp should be used, we
perform these fits for various.8 < p < 4 and search for the “optimalp for which x2/d.o.f.
becomes minimal. We observe strong variations of the rieguloptimal” p for data sets which
differ in (B,KseaKval). HOwever, we nevertheless see clear trends. In case aftlagour Dirac
form factorFl(“)(QZ) we find for most data sefsto be close to 2. On the other hand, for the other
form factorsF,¥ (Q2), F/"(Q?) andF,? (Q?) we typically getp ~ 3.

4. Form factor radii and magnetic moments

From the fits to Eq[(3]1) we obtain the form factors at zero mwium transfef; (0) and the
di- or tripole masseb;. Equivalently, we can use the same fit to obtain the form faetdii r; and
the magnetic moment. These quantities are defined as follows:

RIQY = F(0) |1- 5 P +0(QY] (4.1)
H = FRi(0)+F(0). (42)

From the magnetic moment we can calculate the anomalousatiagmoment, e.gk V) = uV) — 1,
For comparison with phenomenological results we use thmalised anomalous magnetic mo-
ment, e.g. k"M = k) my(my;) /my(mes), wheremy(mps) refers to the nucleon mass calcu-
lated on the lattice at the quark mass corresponding to tedascalar masses andmy (my) the
experimental value of the nucleon mass.

In Fig.[2 we show results fd‘mf’) andFZ(V)(O) as a function ofdg which have been calculated
for different values of the gauge couplifyand various sea quark masses. These results seem
to lie on a universal curve, which indicates that discréiigaerrors are small. In the following
we will consider them as negligible compared to the sta@terrors. We furthermore observe
that the iso-vector anomalous magnetic moments and gol&imasses show a linear quark mass
dependence for a very large range of quark masses. Howesieg an ansatz linear ifromps)?
to extrapolate our results to the physical point, we obtailues which differ significantly from
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Figure 2: The iso-vector Dirac form factor dipole mass (left plot) ahd iso-vector Pauli form factor at
zero momentum transfer (right plot) as a functiomé,fs.

those extracted from experiment. This is consistent witbutations based on a chiral effective
field theory (ChEFT) that includes nucleons, pions and desmnances as explicit degrees of
freedom [P[B[1B]. These calculations predict for the isoteeform factor radii and the iso-vector
anomalous magnetic moment a strong quark mass dependéheesimall quark mass region. This
region is just starting to become accessible for simulatieith dynamical Wilson quarks.

In the left plot of Fig[B we compare the lattice results fag tbo-vector Dirac form factor ra-
dius with the following result from ChEFT, where we used thme phenomenological parameters

asin [3]:

vyr_ 1 2 2 Mes
(") = (4m:n)2{l—|—7gA—|—(lOgA—|—2) log | - |} (4.3)
Ca2 Mps A A N2

For the iso-vector Pauli form facto'é"), and the anomalous magnetic momeit), we per-
formed a combined fit of the lattice results to the followixgeessions from ChEFT:

2
V)2 _ 9a"Mn 4.4
(rz ) 8F7T2K(V)(mps)mﬂps+ ( . )
ca’My A A2 24My
log| — +4/— —1| + .
2K V) (Mpg) T2\ /% — M2 J Mps me KV (meg) -

2 2 m3
(v) _ o wo_ 9a"MpsMy | 2cA"AMy Mg Mps
kY (mps) = K a2 + 91PF2 1 A2 logR(mps) + log {—} (4.5)

4CACng|V|Nm%glog[2A] 4ca0y gaAMNMEg

(1)
—8E) (A)Mnpst Om2F2 A 27nF2A

A

3/2
8ca0y galA° My M3 3mds Mps
- 21RE {< T2 ) 1gR(Mes 1T og| 2A} '
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Figure 3. Lattice results for the Dirac (left) and Pauli (right) radihe solid lines show the ChEFT results

given in Egs. (4.3) and (4.4). Note that the left curve is rasgdal on a fit. In the right-hand plot the dashed
line is the result of a fit to the tripole masses lineafrigmps)?. The star denotes the experimental value.
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Here we keep the chiral limit of the anomalous magnetic mamé??, the iso-vectoN-A coupling

oy and the ChEFT parameteBg, and EY) as free parameters. The result of this fit is displayed in
the right plot of Fig[B for(r}"))2 and the left plot of Fig[]4 fokx¥) together with the lattice data
and phenomenological resultsrags = my.

The lattice data for the Dirac radius do not seem to agreewvtilithe ChEFT result. Since it
is not clear up to which quark masses the ChEFT expressialits vesults at even smaller quark
masses will be needed to actually clarify this issue. Fohllo¢ Pauli radius and the anomalous
magnetic moment the lattice and ChEFT results look corislteis somewhat surprising that this
seems to hold also for rather heavy quarks. From our predimiresults at very low quark masses
we see first indications for the Pauli radius to bend towdrdgphenomenogical value.

Finally, in the right plot of Fig[J4, we show our results foetiso-scalar form factor. From
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Figure 4. Lattice results for the iso-vector (left) and iso-scalégl{t) anomalous magnetic moment. The
solid lines in the left plot show the result from a fit to the GfiEexpression in Eqg. (4.5). In the right-hand
plot an ansatz linear ifromps)? has been used to fit the data. The star denotes the phenomieabialue.
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ChEFT a linear quark mass dependence is expected, whichlysclinsistent with our lattice
calculations.

5. Conclusions

We have presented the current status of the calculatioredflgctromagnetic form factors of
the nucleon by the QCDSF collaboration. At the currentlyiemdd level of statistical errors, still
large uncertainties remain for the parameterisation ofdha factor results. However, qualitative
agreement with the experimental data has been found, edlatour dependence of the Dirac
form factorF;. As new configurations at very small quark masses are ggddibecome available,
we are improving our control on the extrapolation of theid¢attesults towards the chiral limit. We
have found first indications for strong effects at small guarasses, which have been predicted
by ChEFT calculations. However, results at even lower quaakses with higher statistics will be
required in order to confirm these predictions.
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