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Electric polarizability of neutral hadrons from lattice QCD
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By simulating a uniform electric field on a lattice and measuring the change in the rest mass, we
calculate the electric polarizability of neutral mesons and baryons using the methods of quenched lattice
QCD. Specifically, we measure the electric polarizability coefficient from the quadratic response to the
electric field for 10 particles: the vector mesons pO and K*9; the octet baryons n, 30 A% and E°; and the
decuplet baryons A°, 3*0 and Z*0. Independent calculations using two fermion actions were done for
consistency and comparison purposes. One calculation uses Wilson fermions with a lattice spacing of
a = 0.10 fm. The other uses tadpole-improved Liischer-Weisz gauge fields and clover quark action with a
lattice spacing a = 0.17 fm. Our results for neutron electric polarizability are compared to experiment.
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I. INTRODUCTION AND REVIEW

Electric and magnetic polarizabilities characterize the
rigidity of both charged and uncharged hadrons in external
fields and are important fundamental properties of parti-
cles. In particular, the electric polarizability of a hadron
characterizes the reaction of quarks to a weak external
electric field and can be measured by experiment via
Compton scattering. In this paper we describe a lattice
quantum chromodynamics (QCD) calculation of neutral
hadron electric polarizabilities using an external field
method. The goal of Monte Carlo lattice QCD is to extract
fundamental, measurable quantities directly from the the-
ory without model assumptions. Learning about such as-
pects of particles tests our understanding and formulation
of the underlying theory and makes new aspects and pre-
dictions of the theory subject to experimental verification.
Such calculations can give insights on the internal structure
of hadrons and the applicability of chiral perturbation
theory to various low energy aspects of lattice QCD.

Conceptually, electric and magnetic fields, even from a
single photon, will distort the shape of a hadron, thereby
affecting the internal energy and thus the mass. The elec-
tric and magnetic polarizabilities are defined as the coef-
ficients of the quadratic electric and magnetic field terms in
the mass shift formula (7 = ¢ = 1 gaussian units):

1 - 1 -
Am = —-aE* — - BB, 1
m=—sak” —>f (D

where a (B) is the electric (magnetic) polarizability that
compares to experiment. When the terms in Eq. (1) are
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viewed as the nonrelativistic interaction Hamiltonian, one
obtains the polarized on-shell Compton scattering cross
section for neutral particles:

d_o-:L 2 | (g -é *)
a0 (dny <w1> Feroer T e
+ B(&) X ky) - (& X k). )

), and 121,2 are the initial, final photon angular frequen-
cies and wave vectors and € , are the polarization vectors.
(The quantity w,/w, is a recoil factor and can be ignored
nonrelativistically.) This allows hadron polarizabilities to
be measured in scattering experiments. (For charged spin-
less particles one must also add the Thompson scattering
amplitude from the particle’s charge and, if virtual, a
charge radius term before calculating the cross section.
See Eq. (11) of [1].) Compilations of experimental results
for neutron electric polarizability have been given in [2,3].
Although the polarizabilities of the other particles inves-
tigated here have not been measured, we hope that the
comparison of the results from the various types of mesons
and baryons investigated will give insights on their relative
rigidity and structure.

The lattice calculation of electric polarizabilities began
with the paper by Fiebig er al. [4] using the staggered
fermion formulation of lattice quarks. An external electric
field was simulated on the lattice and mass shifts measured
directly for the neutron and neutral pion. Although the
simulation errors were large, the neutron electric polar-
izability extracted there is now seen to be in remarkable
agreement with recent experiments. Lattice four point
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function techniques have also been designed to extract
neutral or charged particle electric polarizabilities [1] (chi-
ral symmetry can sometimes be used to reduce the calcu-
lation to two point functions [5]), but these methods are
more difficult to carry out on the lattice. Early results of the
present study have been reported in [2]. See [6] for pre-
liminary results of a companion calculation of the mag-
netic polarizability of both charged and uncharged
hadrons.

I1. LATTICE DETAILS

The clover part [7] of this calculation uses the tadpole-
improved clover action with coupling constant cgy =
1/ug, where ug is the average plaquette. We use the zero-
loop, tadpole-improved Liischer-Weisz gauge field action
on a quenched 123 X 24 lattice with 8 = 7.26 (aover =
0.17 fm). In both Wilson and clover cases the gauge field
was thermalized by 10000 sweeps (quasiheatbath with
overrelaxation) and then saved every 1000. We have used
100 configurations in the clover case. In the Wilson case
the lattice is 24* and we used 109 configurations with
standard gauge field action with B8 = 6.0 (awjson =
0.1 fm) [8]. Our quark propagator time origin, t = 0, was
chosen to be the third lattice time step for clover fermions
and the second time step in the Wilson case. Point quark
sources were constructed for the zero momentum quark
propagators. The standard particle interpolation fields for
the octet [9] (nonrelativistically nonvanishing) and decup-
let [10] baryons were used. Periodic boundary conditions
in the spatial directions and free or Dirichlet boundary
conditions for the time links on the lattice time edges
were used.

As is usual in lattice calculations, the mass of a hadron
can be calculated from the exponential time decay of a
correlation function. By calculating the ratio of the corre-
lation function in the field to that without the field, we have
a ratio of exponentials which decays at the rate of the mass
difference. According to Eq. (1), the electric mass shifts
should be parabolic, negative mass shifts giving positive
polarizability coefficients and positive shifts giving nega-
tive coefficients. We use four values of the electric field to
establish the parabola. Following the technique in [4], we
will average the correlation functions over E and —E in
order to remove the spurious linear term in the parabolic
fits. We include the uniform static E-field as a phase on the
gauge links in a particular direction (with fermion charge

q = Qe):
eian _ ei(aqu)(x4/a) — eim’ N (1 + ”,]7.) (3)

Since the electric field is linearized in the continuum, we
used the linearized form on the lattice. Fiebig et al. found
no significant difference between the exponential and lin-
earized formats for similar electric fields. The Dirichlet
boundary conditions prevent the quarks from propagating
across the time edges of the lattice and thus experiencing a
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discontinuity in the vector potential, which would other-
wise be present with periodic boundary conditions for the
linearized form. (All of our correlation functions are far
from the time edges.)

On the lattice we have an exact SU(2) isospin symmetry.
This symmetry is broken by the different electric charges
on the u- and d-quarks in the presence of the external
electric field. Consequently the 70 and p° I = 1 particles
can mix with / = 0 glueballs and disconnected quark loops
(self-contractions of the interpolation fields) can propagate
these particles. Disconnected loop methods have been
considerably improved in recent years [11]; however, cal-
culation of these diagrams is still extremely time consum-
ing. In this paper, we will ignore the effect of the
disconnected loops.

Including the static electric field as a phase on the links
affects the Wilson term, but not the clover loops. This is
clear since the conserved vector current derived by the
Noether procedure is identical for the clover and Wilson
actions. In units of 1073e~ a2, the electric field took the
values £1.08, =£2.16, =4.32, and *=8.64 via the parameter
n = a’QeE in Eq. (3) for both the clover and Wilson
cases. (The mn wvalues were =*0.00036, =0.00072,
*+0.00144, =0.00288, and =0.00576, the same as in
Ref. [4].) In conventional units the smallest electric field
is approximately 7.4 X 10! N/C in the clover case
[(.17/.1)> = 2.35 times larger in the Wilson case], which
is about the same electric field strength .26 fm from a
d-quark. Although these are huge fields, we will never-
theless see that the lattice mass shifts are small and that
there is no evidence of E* or higher terms in the electric
field fits. We will in fact check that a drastic reduction in
the field does not change the polarizability coefficients.

We did the calculation with both Wilson and clover
fermions in order to test the consistency of our results as
well as to set benchmarks for future polarizability calcu-
lations. We do not expect that the two formulations will
agree with one another throughout the mass range inves-
tigated. As in any lattice calculation, there are many
sources of systematic error, including quenching, finite
volume, and discretization errors. The finite volume errors
for the Wilson case (L = 2.4 fm) should be slightly smaller
than for clover (L = 2 fm); however, discretization errors
should be smaller for the clover case. In addition, to
achieve physical results, a chiral extrapolation to physical
quark masses is necessary. The quenched chiral regime has
been estimated to extend to pion masses of only about
300 MeV [12] for the pseudoscalar decay constant, fp,
and the ratio m2 /m, where m is the quark mass, although
this does not exclude the range being larger for other
quantities. Our pion masses are almost certainly too large
to get into the chiral regime and we do not attempt a chiral
extrapolation here. However, we would expect the agree-
ment between the two calculations to improve at our lower
pion masses, which is what is seen. Our pion masses here
range from about 1 GeV to about 500 MeV; we achieve the
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smallest pion mass in the case of clover fermions,
483 MeV.

With k. = 0.1232(1) in the clover case, we used six
values of k = 0.1182,0.1194, 0.1201, 0.1209, 0.1214, and
0.1219, which roughly correspond to mgy ~ 200, 150, 120,
90, 70, and 50 MeV. The critical value of k for the Wilson
case is 0.157096(28)*3% [13]. The values of  used in the
Wilson calculation were 0.1515, 0.1525, 0.1535, 0.1540,
0.15454, and 0.1555, which correspond to approximate
quark masses of m, ~ 232, 189, 147, 126, 106, and
65 MeV. We choose « = 0.1201 to represent clover strange
quarks and k = 0.1540 to represent Wilson strange quarks.
We used multimass BiCGStab as the inversion algorithm
for both the clover and Wilson cases. The number of quark
inversions per gauge field and quark mass was 11 : ten
values of 7 in Eq. (3), associated with four nonzero electric
fields for both the u and d-quarks, plus the zero-field
inversion. Our Wilson and clover calculations were done
completely independently from one another.

III. RESULTS

We start with an examination of the effective mass shifts
of the four nonstrange particles in this study, 7%, p°,
neutron, and A°, as a function of lattice time; see
Figs. 1-8. The effective mass shift for each particle is
defined to be

_ Ggly)
R(1) = Gol)’ “4)
AMa(r) = 1%%). )

where G (7) is the particle propagator without an electric
field and Gg(7) is the value with the field. The notation
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FIG. 1. The effective lattice mass shift, AMa, for the 7° for

the six quark masses in the clover study for the smallest electric
field value. Error bars are shown only on the k = 0.1182, 0.1219
values.
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FIG. 2. The effective lattice mass shift, AMa, for the 7° for
the six quark masses in the Wilson study for the smallest electric
field value. Error bars are shown only on the x = 0.1515, 0.1555
values.
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FIG. 3. Same as Fig. 1 (clover case) except for the p°.
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FIG. 4. Same as Fig. 2 (Wilson case) except for the p°.
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FIG. 5.

Same as Fig. 1 (clover case) except for the neutron.
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FIG. 6. Same as Fig. 2 (Wilson case) except for the neutron.
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FIG. 7. Same as Fig. 1 (clover case) except for the A°.
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FIG. 8. Same as Fig. 2 (Wilson case) except for the A°.

AMa(r) indicates this value is being associated with the
time point ¢ (measured from the hadron source) in the
graphs. These figures are used to guide us in the choice
of optimal propagator time points in the fits. Just as single
exponential behavior should emerge for each particle chan-
nel in Euclidean time, the ratio of particle propagators must
also become single exponential. This means, from Eq. (5),
that the effective mass shift plot should become time
independent. As in most lattice simulations, particle propa-
gators become increasingly noisy as lattice time increases,
so the mass shift data will eventually become dominated by
statistical errors at large time separations. We will examine
the results at the lowest electric field value; the effective
mass shifts at larger fields we will soon see is simply scaled
with the E? value.

Figures 1, 3, 5, and 7 give the nonstrange hadron mass
shifts for six quark masses of clover fermions; Figs. 2, 4, 6,
and 8 give similar shifts for six Wilson masses. Error bars
computed with the jackknife technique are shown on the
largest and smallest quark mass results to give an idea of
the statistical errors. We show only those lattice time points
which we feel have meaningful Monte Carlo values in each
of these graphs for clarity. Our pion result, Figs. 1 and 2, is
surprising. We never do see the expected time indepen-
dence of the mass shift for any value of the quark mass. Our
results in Figs. 1 and 2 are plotted out to the final time step
(20 in the clover case, 21 in the Wilson) to show the
complete time history. There is apparently a dip in the
time behavior for clover fermions near ¢t = 15, but our
error bars are too large at this point to confirm this as a
plateau. The Wilson case also has no convincing plateau.
We note that Fiebig et al. [4] isolated a small signal for the
neutral pion in their calculations. They used staggered
fermions, which have a reminant exact chiral symmetry.
Of course the chiral symmetry is broken for both Wilson
and clover fermions, and this could be the crucial differ-
ence in the calculations. It is possible that the neglect of the
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disconnected diagrams could be responsible for the bad
pion behavior. The prediction from chiral perturbation
theory is that «_o should be small and negative: o o =
—0.35 +.1 X 107* fm? [14].

The other particle channels studied behave convention-
ally. Figures 3 and 4 show the time evolution of the p°
signal, which is very noisy. Although the signal decays
quickly, a short time plateau is apparent in the data for both
clover and Wilson fermions. Similar behavior is seen in
Figs. 5 and 6 in the case of the neutron, for which the
statistical signal is better. (Figure 9 shows the clover neu-
tron mass shifts out to ¢t = 16, and will be discussed
below.) A plateau also appears in Figs. 7 and 8 for the
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A°. The time plateaus appear at larger time steps for the
Wilson data, as would be expected from the smaller value
of the lattice spacing. The optimal time fit ranges are a
compromise between statistical errors and systematic time
evolution. Using the effective mass shift results and
chi-square values as a guide, and assuming single expo-
nential time fits of the ratio, R(r), we fit propagator ratio
data for a given particle, mass, and electric field across
three time steps. Although we find that it is often possible
to fit at smaller times for larger «, we prefer to choose time
plateau ranges independent of the quark mass being
studied in order to avoid introducing spurious systematic
effects.
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FIG. 9. The neutron effective lattice mass shifts, AMa, evaluated for 4 values of the external electric field, E; = —1.08 X

1073¢ a2,

—2E;, 4E;, and —8E; in (a)—(d), respectively, for six quark mass values. Error bars shown only on the x =

0.1182, 0.1219 values. The vertical axis scale increases by a factor of 4 in each case, resulting in strikingly similar figures.
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For clover data, a time plateau in the mass shift data for
the neutron, Fig. 5, begins about time step 5. We take this
as typical of the octet baryons and fit the others in this same
time range. The A in Fig. 7 is noisier than the neutron but
also has a plateau in the same region, evident for the
heavier masses; we fit the same time range for the decup-
lets as for the octets. The p° in Fig. 3 is even noisier than
the A?, but has a plateau with acceptable chi-square values
slightly further from the time origin. Our final choices for
the optimal time plateaus are t = 5 — 7 for the octets and
decuplet particles, and t = 6 — 8 for the p° and K*.
Similar considerations guide our choices of time plateaus
in the Wilson case, and we choose to fit time steps 14 — 16
in the case of octet baryons (see Fig. 6) and 9 — 11 for the
decuplets (Fig. 8), which again are noisier. We also fit the
p° (Fig. 4) and K* with time steps 13 — 15 and 10 — 12,
respectively.

Figures 9(a)—9(d) are a striking demonstration of the E*
dependence of all of our mass shifts. These figures show
the mass shifts, Eq. (5), for the neutron for all quark masses
and all four nonzero electric field values for clover fermi-
ons. Since our nonzero electric field values differ by factors
of 2, we have rescaled the mass shifts for each of these by a
factor of 4. Clearly, the time evolution of the mass shifts is
essentially identical in these graphs—even the error bars
scale with the factor of 4. This means that quadratic de-
pendence on the electric field is assured for any choice of

PHYSICAL REVIEW D 72, 034503 (2005)

time fit range. The other particles, including the pion,
display the same type of behavior, and this is seen for
both clover and Wilson fermions. When we fit both E?
and E* coefficients, we find no evidence of E* or higher
terms and the chi-squared values on our electric field
parabola fits are quite small.

Although Fig. 9 leaves little doubt about the E> depen-
dence in our electric field range, we decreased the field in
the clover calculation by a factor of 10 for the first 20
configurations and reexamined the mass shift plots to see if
the parabola shapes changed. The shifts were 100 times
smaller than before, but the time behavior of the plots was
almost identical to the original field strength configurations
for the same 20 configurations.

Figures 10 and 11 show examples of fit parabolas and
error bars for the neutron for all six values of quark mass.
The time fit range of the propagators is 5 — 7 in the clover
case and 14 — 16 in the Wilson case. Again, Fig. 9 guar-
antees a quadratic field dependence The averaging proce-
dure described earlier over £ and —E has removed odd
terms in the electric field, and we just saw that there is no
evidence of E* or higher terms in the results. Figures 12—
20 show the pion mass dependence of the extracted values
of the electric polarizability, «, for both clover and Wilson
fermions. We do not attempt to extract the 7° or K°
polarizabilities because of the problems encountered in
finding a fitting plateau. Our clover results for the other
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FIG. 10. The effective lattice mass shift, AM (in units of a_;

clover

) as a function of electric field in units of 107 3¢ for the

clover

neutron for the six values of quark mass for clover fermions. The time fit range of propagators is 5-7.
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nonstrange particles are very similar to the preliminary
results given in [2]. We will discuss the particles by groups:
first the mesons, next the octet baryons, and finally the
decuplet baryons. All polarizabilities are plotted in the
same units (10™* fm?). Table I tabulates the final results
for the electric polarizability coefficient for various had-
rons for clover fermions; Table II gives the same results for

20 T T T T T
®  p° (Wilson 14 — 16)
A (Clover 6 - 8)
15 -
8 I
T 10 —
')
: [ ]
S Y]
5 {. % {_ ¢ '
0 [ I I I I
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E

FIG. 12. The p° meson electric polarizability coefficient, e, in

units 10™* fm? as a function of the lattice pion mass squared in
GeV?2.

The same as Fig. 10, but for Wilson fermions. The time fit range of propagators is 14-16.

the Wilson case. Included in these tables is also a mea-
surement of the zero-field mass of each particle on a given
fit range. Note that the nucleon and decuplet baryon masses
in the clover case are fit slightly closer to the time origin
than the other particles because of larger error bars encoun-
tered at low quark mass. Also note that the delta decuplet
interpolation field consists of a sum of the correlators

T T T T
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% I @ ®
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FIG. 13. The same as for Fig. 12, except for the K*.
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FIG. 14. The same as for Fig. 12, except for the neutron. The
world average is shown at the physical pion mass squared.
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FIG. 16. The same as for Fig. 12, except for the A°.
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FIG. 17. The same as for Fig. 12, except for the Z°.
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FIG. 19. The same as for Fig. 12, except for the 3*°.
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FIG. 20. The same as for Fig. 12, except for the Z*0.

defined in Ref. [10] (G, + Gy, + G33), whereas the 3*0
and E*° consist of a single term (Gs3).

The results for the p° meson are given in Fig. 12. There
are definite incompatibilities in the Wilson and clover
signals at the larger pion masses. However, as discussed
in the last section, we do not necessarily expect the Wilson
and clover formulations to agree at the larger pion masses.
At the smallest pion masses, the results seem to be becom-
ing more compatible, although the error bars in both cases

TABLE I.

PHYSICAL REVIEW D 72, 034503 (2005)

are getting quite large. The result at our smallest quark
mass is in the range ~5 — 10 X 10™% fm3. The results for
the K*0 are given in Fig. 13. In both calculations there is a
significant reduction in the polarizability coefficient for
K*0 as compared to the p°; the reduction is slightly larger
in the Wilson case. The results for the K** do not seem to
be converging as well as for the p° at the smallest quark
mass. Note that the fit in the Wilson K** case has been
moved 4 time steps closer to the propagator origin to
achieve a signal; this could be contributing to the larger
reduction of the Wilson results. The result here is in the
range ~1 — 4 X 10™* fm?.

The octet baryons (n, 2°, A°, E°) are represented by
Figs. 14-17. The signals here are the best of all the
particles for both Wilson and clover fermions. The behav-
ior of the all four octet members are quite similar to one
another when the Wilson or clover results are compared
among themselves. The clover results tend to be a bit larger
than the Wilson ones in all cases. All tend to move toward
larger values as the pion mass is decreased. There is a
convergence of the results for smaller masses. (The Z° in
Fig. 17 is a possible exception.) As we will discuss shortly,
the trend of the neutron results are compatible with experi-
ment. All particles in Figs. 14—17 end up with values in the
range of ~10 — 15 X 10™* fm? at our smallest pion mass.

The decuplet baryons (A°, 3*0, E*0) are represented by
Figs. 18—-20. Here the relative signals are not as strong as

The electric polarizabilities and masses for neutral hadrons from the clover action calculation using six « values. The units

of the electric polarizability are 10™# fm3. All masses are given in GeV.

K 0.1182 0.1194 0.1201 0.1209 0.1214 0.1219 fit range
m, 0.937(6) 0.814(7) 0.735(8) 0.635(8) 0.564(9) 0.483(11) 11-13
Mesons

an 11.4(7) 12.0(10) 12.2(14) 11.8(20) 10.7(30) 5.9(56) 6-8
) 1.12(2) 1.02(2) 0.97(3) 0.92(4) 0.90(6) 0.88(10) 11-13
Qg 4.7(4) 4.8(5) 4.9(5) 4.8(7) 4.8(8) 4.1(10) 6-8
Mo 1.04(2) 1.00(2) 0.97(3) 0.95(3) 0.93(4) 0.91(5) 11-13
Baryon octet

a, 12.8(4) 13.6(6) 14.0(8) 14.5(12) 14.6(16) 14.0(25) 5-7
m, 1.74(2) 1.57(3) 1.46(3) 1.32(4) 1.22(6) 1.08(10) 9-11
ayo 11.9(5) 12.0(7) 12.009) 11.9(12) 11.8(16) 11.5(24) 5-7
Mo 1.62(3) 1.50(4) 1.43(5) 1.33(6) 1.26(0)7 1.17(8) 11-13
apo 12.5(4) 13.0(6) 13.3(8) 13.6(11) 13.9(14) 14.1(17) 5-7
m o 1.66(4) 1.52(4) 1.43(5) 1.30(5) 1.21(6) 1.09(6) 11-13
azo 13.4(5) 13.8(7) 14.0(8) 14.2(10) 14.5(11) 15.1(13) 5-7
Mgo 1.55(4) 1.47(5) 1.43(5) 1.36(5) 1.31(5) 1.26(5) 11-13
Baryon decuplet

ap0 8.8(4) 8.4(6) 8.1(9) 7.6(14) 6.9(21) 5.6(33) 5-7
N 1.86(2) 1.72(3) 1.62(4) 1.54(6) 1.51(10) 1.54(20) 9-11
s+ 8.0(4) 7.2(6) 6.5(7) 5.5(10) 4.5(14) 3.5(20) 5-7
M0 1.80(4) 1.73(5) 1.68(6) 1.65(8) 1.64(11) 1.66(16) 9-11
azeo 7.3(5) 6.8(6) 6.5(7) 6.1(9) 5.6(12) 5.2(15) 5-7
Mg 1.74(5) 1.70(6) 1.68(6) 1.66(7) 1.65(8) 1.65(9) 9-11
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TABLE II. The electric polarizabilities and masses for neutral hadrons from the Wilson action calculation using six « values. The
units of the electric polarizability are 10™* fm>. All masses are given in GeV.

K 0.1515 0.1525 0.1535 0.1540 0.1545 0.1555 fit range
m, 1.000(5) 0.895(6) 0.782(6) 0.721(6) 0.657(7) 0.512(7) 14-16
Meson

a 5.005) 4.8(7) 4.409) 4.0(12) 3.5(16) 2.8(48) 13-15
) 1.125(8) 1.043(9) 0.961(9) 0.921(10) 0.880(11) 0.799(14) 14-16
Qg 1.2(2) 1.2(2) 1.3(3) 1.3(3) 1.3(4) 1.2(6) 10-12
Mo 1.024(9) 0.982(9) 0.941(10) 0.921(10) 0.900(11) 0.860(12) 14--16
Baryon octet

a, 7.9(5) 8.6(7) 9.5(10) 10.2(14) 10.8(19) 10.6(57) 14-16
m, 1.77(2) 1.63(2) 1.49(2) 1.42(3) 1.34(3) 1.19(3) 14-16
ayo 7.7(7) 8.1(9) 8.8(13) 9.3(15) 10.0(19) 11.5(40) 14-16
) 1.65(2) 1.55(2) 1.46(3) 1.42(3) 1.37(3) 1.28(3) 14-16
apo 8.2(7) 8.8(8) 9.7(11) 10.2(12) 10.8(16) 13.2(32) 14-16
m o 1.66(2) 1.56(2) 1.47(2) 1.42(3) 1.36(3) 1.26(3) 14-16
azo 9.3(9) 9.7(10) 10.0(12) 10.2(14) 10.3(16) 10.1(23) 14-16
Mmgo 1.54(2) 1.49(2) 1.44(3) 1.42(3) 1.39(3) 1.34(3) 14-16
Baryon decuplet

ap0 1.7(1) 1.6(2) 1.5(3) 1.5(4) 1.6(6) 2.3(12) 9-11
M po 1.86(2) 1.73(2) 1.61(2) 1.55(3) 1.49(3) 1.36(4) 14-16
s+ 1.7(2) 1.6(2) 1.5(4) 1.5(4) 1.6(5) 2.009) 9-11
M0 1.75(2) 1.67(2) 1.59(3) 1.55(3) 1.51(3) 1.42(3) 14-16
azeo 1.7(2) 1.6(3) 1.5(4) 1.5(4) 1.5(5) 1.6(8) 9-11
Mg 1.65(2) 1.61(2) 1.57(3) 1.55(3) 1.53(3) 1.49(3) 14-16

for the octets (most evident at smaller pion mass) and the
values themselves are smaller. Like the octet case, the
Wilson or clover decuplet results are quite similar to one
another when compared among themselves. While we still
have the usual incompatibilities at large pion masses, there
is a trend for the results to approach one another for the
smaller masses. (The largest disagreement is the Z*° in
Fig. 20). The results at the smallest pion masses are all on
the order of ~2 —5 X 107 fm?. This is quite reduced
from the octets, whose values range ~10— 15X
10~ fm? for small mass. As in the case of the K** meson,
it was necessary to move the time steps toward the propa-
gator origin in order to achieve a signal in the Wilson case;
this could contribute to the relatively large disagreements
here between Wilson and clover as opposed to the octet
case.

The only experimental result available to us for com-
parison is the neutron. Because of the absence of free
neutron targets, actual Compton scattering experiments
must use neutrons bound in the deuteron or other nuclei.
The most recent experiments have used either quasifree
deuteron Compton scattering(yd — ypn) or elastic deu-
teron scattering (yd — vyd). The Particle Data Group
result from 2004 for the neutron is @, = 11.6715 [15].
The result of a calculation using heavy baryon chiral
perturbation theory for the neutron has been given as
13.4 £ 1.5 [16], where the error bars are associated with
numerical integration and higher order contributions. Our
Wilson and clover results are consistent with these values

within Monte Carlo errors at our lowest pion masses,
which is very encouraging. However, more work needs to
be done, including chiral extrapolations of the present data,
before more precise comparisons can be done.

Since the polarizability coefficient scales like length
cubed, it is extremely sensitive to the assigned lattice scale,
a. Clearly, we must get this right if we are to extract
experimentally meaningful values for the polarizabilty
coefficient. The fact that both our clover and Wilson results
for the neutron are tending toward the experimental result
at the smallest pion masses is a strong indication of the
correctness of our methods. Turning this around, this is an
excellent place to set the lattice scale from experiment,
once the neutron electric polarizability is determined with
greater accuracy.

IV. CONCLUSIONS

In this study we have used the methods of lattice QCD to
evaluate the electric polarizability coefficient for neutral
hadrons with both Wilson and clover fermions using im-
proved Liischer-Weisz gauge fields. We were able to ex-
tract and compare electric polarizability coefficients for the
vector mesons p° and K*; the octet baryons n, 2°, A°, and
=0; and the decuplet baryons A, 30, and Z*0. As a rule,
the Wilson polarizability results are smaller than the clo-
ver; however, the two calculations tend to converge at the
smallest pion masses studied. We find that the polarizabil-
ities of the octet baryons and of the decuplet baryons
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behave as a group; all have similar mass dependencies and
values when the clover or Wilson results are compared
among themselves. This is in stark contrast to the similarity
in the charge radii of the proton and charged delta seen in
Ref. [10]. Apparently, the electric polarizability is not
correlated to the overall electromagnetic size of the hadron.
In addition, Ref. [10] sees a nontrivial squared charge
radius behavior for the neutral baryons, the neutron having
a negative charge radius and the others being zero or
positive, which also does not seem to be reflected in the
polarizability. A simple harmonic oscillator model [17] for
charges q and -q in an electric field gives a = 2¢*/(mw?)
(more generally, one obtains a sum over the squared
charges of the constituents), where mw? = k is the spring
constant. Assuming the constitutent mass, m, of the quarks
is a constant, a larger energy frequency @ would explain
the smaller polarizability of the decuplets in this model. On
the other hand, chiral perturbation theory accounts for the
baryon results from polarization of the pion cloud, not
from explicit quark contributions. From this point of
view, our results imply that the pion cloud surrounding
the decuplet baryons is weaker than that surrounding the
octets.

The polarizabilities of the octet baryons show the best
agreement between clover and Wilson. The polarizabilities
mostly tend upward as the pion mass is decreased. They all
have values in the neighborhood of ~10 — 15 X 10~* fm?
at the smallest pion mass. Agreement of our results with
experiment for the neutron is an encouraging sign. There is
more disagreement in the values of the decuplet baryons.
Both fermion formulations agree that the values are de-
creased relative to the octets, but like the K*0 relative to the
po, the reduction is larger for the Wilson case than the
clover case. Nevertheless, the clover results are tending
downward toward the Wilson values, and both end up with
values in the range 2 — 5 X 10™* fm? at the lowest pion
mass. The greatest incompatibility in the calculations ap-
pears in the meson sector, especially the K*° vector meson.
A possible source of the disagreement between Wilson and

PHYSICAL REVIEW D 72, 034503 (2005)

clover vector mesons and decuplet baryons seems to be the
shorter time interval that was necessary to achieve a signal
for these particles in the Wilson case. We have also seen
that the pseudoscalar mesons do not have an identifiable
mass shift plateau region for either lattice fermion
formulation.

Much theoretical work remains to be done in the field of
hadron polarizability. Besides extending the present calcu-
lations to the chiral regime, magnetic polarizabilities can
be measured using external field techniques for both
charged and neutral hadrons. Generalized polarizabilities,
measured in polarized photon, polarized proton scattering,
are beginning to be studied and measured [18], and are
candidates for lattice calculations. There is also a need to
extend chiral perturbation theory calculations of Compton
scattering to isolate the polarizability coefficients for me-
sons and the other octet and decuplet baryons so that chiral
extrapolations of lattice data may be done. In addition, the
disconnected diagram contribution to the meson polariz-
abilities should be investigated, especially in the pseudo-
scalar channel.
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