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1. Introduction

Most of our knowledge of the internal structure of hadrons is encaudégeneralised) form
factors. They allow to study quantities like charge radii or multipole moments.

A number of lattice results is available for the nucleeg, [1] and the pion [2] electromagnetic
form factors, and a first attempt in the quenched approximation to compuferthefactors of
vector mesons can be found in [3]. All these analyses are based ohlsuitadron three-point
functions. Another interesting ansatz based on density-density coreetato be found in [4]. A
recent overview of the subject can be found in[5].

In this contribution, we present results for vector meson form factors\quenched lattice
QCD employing the standard three-point functions, obtained for naiHpetively clover im-
proved Wilson fermions and Wilson gauge action.

2. Vector meson form factors

We consider the interaction of a vector meson with an electromagnetic cudfferin this
section, all quantities are expressed in Minkowski spage,= diag(—1,1,1,1). The relevant
matrix elementp/,s'|J%| p,s) can be parametrised

N(p',¢ 3% p;s) = —G1(Q?) (¢" - ) P°
~Go(Q) [("-a) e — (¢-q) "]
+Gg(Q?) (£-a) (€™ -q) P*/(2mp)%. (2.2)
Heres(s) is the spin angd(p’) the momentum of the incoming (outgoing) vector me$da, p+ p/,
andN = 2,/Ex(P)E,(P) is a normalisation factor. The meson’s polarisatiore {0,+,—} is

encoded in the polarisation vectogéA, p), which obeypte,(pB,A) = 0 and the completeness
relation

)*€(B.A) = —gij + pip;/nP.
A=0+,—

The form factorsG; depend on the momentum transf@t = —g?> = —(p' — p)2. They can be
rewritten in terms of the Sachs charge, magnetic and quadrupole formsfacto

Ge (QF) = G1(Q%) +2/3n Go (@)

Gm (@) = G2(QY)

G (Q%) = G1(Q%) —G2(Q¥) +(1+1)G3 (), (2.2)
wheren = Q?/(2m,)2. The momentum transfer dependence of the electric form f@&jcontains

information on the charge radius
dGc

r?)y = — , 2.3
(r) = 3@, (2.3)
while Gy gives the magnetic moment of tipemeson
Hp = TGM (@*=0).
Mp
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The forward limit of Gy = G; itself is also called the meson’sy-factorg,. In the simulation,
it can be accessed only from an extrapolatiogfin- 0 because th&, contribution in Eq. (2.1)
vanishes in the forward case. Information about the shape of the wieeswn is encoded in the
quadrupole momerig = e/mf,GQ(O); for g < 0 the meson is oblate, and fag > 0 its shape is
prolate. Alsopg can only be determined fromgg — 0 extrapolation.

3. Lattice calculation

On the lattice, the calculation of form factors requires an analysis of suitaigle-point func-
tions. A meson with momentur is created at time = 0, interacts with the electromagnetic
current at intermediate tlme and gets annihilated at tinhe= tgjn. Its creation is described by an
interpolating operatoxu = dyuu which has non-vanishing overlap with a chargecheson:

QX0 P(.9) = \/2E0(P) Ap(PlEu(P.9).

Here, A, describes the overlap of, with the p meson, and,, is the polarisation vector. The
corresponding three-point function is given by

2T 0.P) = ze'“f &% (Q[xu(02(E)x](0)] @).

which can be written for large time separations as

e Eo(B)(t-T) g Ep(B)T _

lim GY ' B) = Ao (BHA
t_Tl?rgooo uv(LRﬁ»p) 4Ep(ﬁ/)Ep(ﬁ) P(ﬁ) P(ﬁ)
p;.ld[ a0 pUpV
X (gIJT_ n,% )‘J (gav_ n'% )7 (31)

where we have neglected the exponentially suppressed contributiomexmted states, and where
JI99 is defined vial® = £;*J"%%¢,. Two-point functions are defined by

Guv(t, B) = Ze"f’*Q\xu )X(0)]Q).

For a sufficiently large separation of source and sink they read

) B e En(Pt — Pu Py
lim Gy (t, p) = —m)‘p(ﬁ))\p(ﬁ) <9uv - m%) : (3.2)

Consequently, the overlap factoks and the exponentials from Egs. (3.1) and (3.2) cancel in the
ratio

Rﬂv(rv ﬁlv ﬁ) =

GﬂV(t7 T, ﬁlv ﬁ) \/va(t —T, ﬁ)GHH(Tv ﬁ’)GlJH(t? ﬁ/) (33)

GUU(LW) GVV(Tv 5)Gu“(t—T, W)va(taﬁ) 7

which is independent af for large time separations. Thus, we obtain a system of linear equations

ﬁ,) = ZCiGi (3.4)
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Volume | f3 K my[MeV] | my[MeV] | alfm] | tsink
16332 | 5.29 | 0.13500| 9292) 12284) | 0.089| 14
1632 | 5.29 | 0.13550| 784(3) 10908) | 0.084| 14
2448 | 529 | 0.13590| 591(2) 9656) | 0.080| 18
2448 | 5.29 | 0.13620| 406(6) 898(10) | 0.077| 18

Table 1. Compilation of parameters.

with easily computable coefficients of the G; for each value of)?. This overdetermined system
is solved byy? minimisation to finally obtain the form facto(3;.

For our computation, we use QCDSF configurations, generated with twauflawf clover
improved Wilson fermions and the Wilson gauge action. The improvement deeffcsy was
determined non-perturbatively[6], givirggyw = 1.9192 at3 = 5.29. Parameters, lattice constants
etc. are summarised in Tab. 1. The scale was set using the nucleon ncagssf#earing is applied
(k =0.21,N = 60) in order to enhance the ground state overlap of our source andsindtors.

We use the sequential source technique for the calculation of the thirgtefyoactions. The
sink timetgjnk is fixed to the values in Tab. 1, where the source for the secondargiokds con-
structed from the quark propagator. Without further inversions, {hoe# functions with insertions
of arbitrary operators on all time slices can be computed.

Because each value of the sink momenfgim 217/Lsii (Ls being the spatial lattice extent) re-
guires separate secondary inversions and is thus expensive, welydearee values for', namely
(0,0,0), (—1,0,0), and(0,—1,0). For the source momentum, we take/2sf, with i assuming
(0,0,0), (1,0,0), (1,1,0), (1,1,1), (2,0,0), (2,1,1), (2,2,1) and all possible permutations of the
vector components.

There is no need to consider the disconnected part of the three-poaticius, because their
contributions from a gauge configuratibhand its complex conjugatd* (which have the same
weight) cancel in the ensemble average.

The physicap meson is a resonance and decays predominantly into two pions. In cothigast,
vector mesons on the lattices we consider here are stable, because tlsas tnasmall to create
two pions in a relativd® wave. This means that the quantities we compute here are not directly
accessible to any experiment, and should rather be considered as keinpglay for a generic
spin-1 particle.

4. Results

Fig. 1 shows the Sachs form factors (2.2) for the smallest pion mass weahalysed so far.
On this lattice, the smallest momentum transfer we ha@?js ~ 0.44 Ge\?. This is relatively
large, and will be improved in the future by the use of partially twisted boynclamditions [7].

The electric form factor is fitted with the phenomenologically motivated monopaiata

o Gc(0)

In the forward caseQ? = 0, this is equal to the electric charge. Because we use the non-cahserve
local vector curreny*, then measured electric form factor in the forward c@g&€°{(0) gives us
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Figure 1. Example plot of form factors, together with fits describe&ac. 4.

the renormalisation factafy = 1/GE"*0), that has to be applied to all three-point functions.
However, we do not fixG¢(0) in the monopole fit. The charge radius is computed according to
Eqg. (2.3).

For the magnetic form factor, a monopole ansatz would be inadequatesegb#s would lead
to divergencies in the magnetisation density one obtains after Fourierdramsfy to coordinate
space. Thus, we use a dipole ansatz

Gm(0)
(1+Q/me)>

The quadrupole form factor shows relatively large error bars, affariall but the smallest
non-vanishing momentum transfer compatible with zero. To get a first idma #te quadrupole
moment, we use an ansatz linearQd to extrapolate the lattice data @ = 0. An analysis
with partially twisted boundary conditions will be helpful here, too, in ordedécide about the
magnitude of the quadrupole moment.

The results for charge radii, magnetic and quadrupole moment for all sathlgttices are
summarised in table 2. In Fig. 2 we plot these results as functioms’cdnd attempt a linear
extrapolation to the chiral limit. The (squared) charge ra«ihﬁé behaves as one would expect
from the pion cloud picture, showing the growth of the pion cloud with destngaquark mass.
The value of the charge radius is similar to the value known from the nuckewh)arger than
the pion charge radius. This would also be the expectation from quarklsndlat attribute the
larger size of a vector meson to the repulsive hyperfine interaction oflifreed spins, whereas
the anti-aligned spins in the pion experience hyperfine attraction. Our kxé@polation gives a
charge radius ofr?) = 0.49(5) fm?.

Gu(Q) = (4.1)
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K volume | (r2)[fm?] | pm pol fm?]
0.13500 1632 | 033(5) | 2.1(3) | 0.0025)
0.13550 1632 | 0.42(8) | 1.7(3) | —0.004(2)
0.13500 2448 | 0.38(3) | 1.8(2) | —0.007(3)
0.13620 2448 | 0.49(4) | 17(3) | —0.0154)

Table 2: Charge radii, magnetic and quadrupole moments on the athlgHices.
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Figure 2: Chiral extrapolation for charge radiugfactor and quadrupole moment.

For theg-factor we obtairg, = 1.6(1). This is compatible with expectations based on sum rule
calculationsg, = 2.0(3)[8]. The quark model calculation in [9] givep = 1.92, and [10] obtain
gp = 2.01, based on Dyson-Schwinger equations. It is considerably smallerthieagquenched
lattice resultg, ~ 2.3 of [3]. Their result, however, was not based on an extrapolati@p?jrbut
on an estimate assumi@: L1 Gy, using only one non-zero value of the momentum transfer.

A phenomenologically interesting quantity is the quadrupole moment. For laggk oquasses,
and for large momentum transfers, the quadrupole form factor is haistigglishable from zero.
For small quark masses, however, we see a tren@gpbecoming increasingly negative, being
clearly different from zero for our lightest pion and small values of thenmatum transfer. The
linear extrapolation gives a value pf = —0.017(2) fm?. The negative sign is interpreted as the
P meson having oblate shape, an observation also found in [3], andHd]sfatistical uncertainty,
and the systematic uncertainties from the extrapolations to the forward limitilhratker large.
Our results should therefore be considered as preliminary. Calculatiemsadier quark masses
and smaller values of the momentum transfer using, e.g., partially twisted bgwutalitions, are
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clearly desirable to reach firm conclusions.

5. Summary

We have computed the electromagnetic vector meson form factors in a dyhsmaidtavour
lattice simulation. We determined the charge radius ofgtimeeson from a monopole fit of the#
dependence of the electric form factor, obtain(m6> = 0.49(5) fm? from a linear extrapolation
to vanishing quark mass. From a dipole extrapolation of the magnetic fotor fae obtained a
g-factor ofg, = 1.6(1) as forward limit of the magnetic form factor. The result for the quadrupole
form factor implies an oblate shape of thaneson, manifesting itself in a quadrupole moment of
tg = —0.017(2) fm?. We are currently improving our study by repeating the analysis for more
ensembles and by employing partially twisted boundary conditions.
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