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Abstract

One month of beam time is requested in order to determine the sum
of the electric and magnetic polarimabilities of the charged pion by
measuring pion photoproduction, ¢ — yrtn. The experiment will
be performeed using a liquid hydrogen target in the CLAS at Jefferson
Laboratory, and will wtilize hnearly-polarized G00-1000 MeV phobons
prosluced by the Compton back-scattering from the electeon heam
of laser photons stored in & Fabry-Perot cavity. In addition to high
linear polarization, the Compton source promises very high tagging of-
ficiency amd a low-backgronnd environment, features that, when come-
hined with the comprehensive acceptance and excellent resolution of
CLAS, parmit the sum of the pion polarizabilities to be extracted with
goeod precision. In particular, the large acceptance of CLAS provides
the means to make essential checks on the reliability of the polaris-
ability extraction.



1 Introduction

Electric (o) and magnetic {3) intrinsic polarizabilities characterize the in-
duced transient dipole moments of hadrons subjected to external electro-
magnetic fields. They are a measure of the rigidicy of the internal structure
of baryons and mesons, as directly probed, for example, in y-hadron Comp-
ton scattering. As such, polarizabilities are fundamental quantities predicted
by madels of hadrons. Due to its light mass and the relative simplicity of the
qq system, the polarizabilities of the pion are especially important. Indesd,
calculations for the pion have been performed using a variety of models, such
as the work of Bernard, Hiller, and Weise[1] emphasizing vector meson dom-
inance diagrams, and Bernard et al. [2] within generalized SU[3) models.
Another theoretical approach is based on the s-channel (vr = 7)) and t-
channel {vy — wx) dispersion sum rules[3] [4]. For the  — 7 interaction at
low energy, Chiral Perturbation Theory (ChPT) provides a rigorous way to
make predictions, because it is obtained directly from QCD and relies only
on the solid assumptions of spontanecusly broken SUT{3); = SU(3) g chiral
symmetry, Lorentz invariance, and low momentum transfor [5]-

Experimental determinations of the pion polarizabilities are especially chal-
lenging since no stable target is available, and indirect processes are required.
Moreover, background contributions are always present. For charged pi-
ong, three experimental methods have been used: radiative pion-nucleon
scattering 7V — 7Ny, pion photoproduction in photon-nucleon scatter-
ing YN — wNw, and y7 = = as ohserved in e*-e~ colliding interactions,
Nevertheless, due to background uncertainties and model dependence in the
analysis procedures, existing results lack consistency and are generally im-
precise,

Chiral symmetry is a property of QCD manifested in the low energy inter-
actions of hadrons. In this domain it has enjoyed much success, and, maost
particularly for the lightest hadron, the pion, is expected to give reliable
predictions for the polarizabilities, Indeed, any disagreement would raise se-
rious questions about our understanding of low-energy QCD [6]. In the chiral
symmetry limit of zero quark mass, ChPT predicts the electric and magnetic



polarizabilities of the charged pion to be
@y =07 = (2.8 x 107" £ 0.5)fm®

Muost experimental determinations have failed to confirm this prediction. In
view of the close connection between ChPT prediction and the underlving va-
lidity of QCD, any discrepancy would be considered serious. As emphasized
by Holstein (7] that “indeed if QD iz the correct model for the interactions
of quarks and gluons then the low energy predictions described here which are
predicted on chiral symmetry must oblamn. Correspondingly if a strong viola-
fion of one or more of these predictions is confirmed, it will be very difficult
to reconcile with QCD. Thus the stakes are high and this makes such fests
all the more inleresting and importent”.

We are proposing an experimental test of the 7+ polarizabilities by measuring
4p =+ m*ny scattering with photons derived from the Compton backscatter-
ing source proposed for Hall B, a facility which promises to provide tagged
photons with energies up to 1.1 GeV (for a 6 GeV electron beam) and linear
polarizations in excess of 0%, The experiment will be most sensitive to the
polarizability sum & + 3. As with the ChPT predictions noted above, all ex-
iating theoretical treatments indicate that this sum should be close to zero,
however these predictions have never been adequately tested. The proposed
investigation will complement experiments planned at CERMN, Frascati, and
at Mainz.



2 Theoretical Models

Polarizability is a classical concept which describes the extent to which a
svatem is polarized in the presence of an external electromagnetic field. When
an external electric field £ induces an electric dipole moment

F=drak |

the constant o is identified as the electric polarizability. Similarly, the mag-
netie polarizability 3 is defined by

i =draH.

In an atomic system, for example, the electric and magnetic polarizabilitics
are directly related to the index of refraction, which describes forward photon
scattering. Therefore, the polarizabilities can be investigated by means of
Compton scattering. Traditionally, the polarizabilities have been split into
an intrinsic contribution, & or 4, given by the sum over all possible dipole
transitions to excited states, and an additional term, Ao or A3, representing
recoil, retardation, and relativistic effects|5], e.g.

= i + Dew

In non-relativistic theory, the latter term is determined by the electric rms
radius of the pion,

An = [0 f3p) < 2 =215 % 107" fm®,

where a, is the fine structure constant and g the pion mass. The recoil term
Aa is positive and if, according to some maodels, it is larger than values pre-
dicted for &, the intrinsic electric polarizability should be negative[6]. This is
speculated to arise from negative-energy intermediate states involving quark
sea components(8] in the pion wave function and from disconnected diagrams
for the dissociation of a photon into a particle-antiparticle pair. Holstein|6]
has associated a sizable negative intrinsic polarizability with vector meson
comtributions, noting that meson exchange via an axial meson pole diagram
provides the essential contribution to the polarizability. Various theories pre-
dict rather different values for the pion polarizabilities. For example, an early



evaluation of the polarizability difference & — 3 by application of the disper-
ston sum rule (DSR) at finite energy[3] gave (& — )0 = 10.6 x 1077 fm®
This is consistent with the DSE result of (f— ﬁ},i = 10.9 x 10" fm® ob-
tained at a fixed value of the Mandelstam variable uw = p*[3], but disagrees
strongly with the result of a caleulation in the linear o-model with quarks
and vector mesons which gave[1]

(= F)y= = 20 = 107" fm®.

An even larger value was obtained in the Nambuo-Jona-Lasinio model|2], lead-
ing to the conclusion that the polarizability should be essentially described
by the classical finite size term, d,+ = Aa. ChPT has been particularly
successful in describing low energy hadronic properties, and provides a firm
prediction of the pion polarizabilities. If this prediction were shown to be
in error, grave concerns would be raised regarding the validity of low-energy
QCD[7). Because it is obtained directly from QCD and relies only on the
fundamental assumptions of spontanecusly broken SU[3)p = SU(3) g chiral
symmetry, ChPT provides rigorous predictions for the v —« interaction at Low
energy. Unitarity is achieved by adding low-order pion loop corrections, and
the resulting infinite divergences are absorbed into physical {renormalized)
coupling constants[9, 10). By means of a perturbative expansion of momenta
and quark masses, the method establishes relationships between different
processes. For example, at order @(p') the charged pion polarizabilities are
simply related to radiative pion beta decay 7% — ey hy[10]

L

VaF.u

where Fy = 93.1 MeV([11] is the pion decay constant, fiy = (0.0117 +
0.0020):~" is the axial vector coupling constant, and e, is the fine struc-
ture constant. In the ChPT predictions, contributions of negative sign to
the intrinsic polarizability cancel positive contributions from vector mesons
to the finite sizge terms,[12, 13] leaving only the relatively small component
belonging to axial mesons[G). Beginning at order Op%), additional terms
appear in Eq. 1. For example, at order O(p"), ChPT predicts that a polar-
izability sum of

=a&=—F=(28+0.3) % 1077 fm?*, (1)

(& + @)es = 0.3 = 107 m* |
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compared to the null result obtained at O(p'). It remains to be shown
whether the cumulative effect of O(p®) and higher-order corrections modify
the Op') predictions significantly. The convergence properties of ChPT
are tested more conclusively with the pion. Dispersion sum rules have also
been utilized to predict pion polarizabilities. For charged pions, for example,
s—channel (vr =+ yx) and &channel (45 — 7x) analyses[3, 4] give

a+ 7= (0.39+ 0.04) x 107 fm®,

and .
f— g =108 x 10~ fm?,

implying & = 5.6 and § = —5.2. Because of the difficulties in evaluating
the high-energy asymptotic contributions, these results are model-dependent.
Pion polarizabilities have also heen evaluated in the Dubna quark confine-
ment model|14], with the result & = 3.63. These and other predictions are
listed in Table 1. Whereas varying values are obtained for the individual
electric and magnetic polarizabilities, the different theories coneur that the
sum of the polarizabilities ¢, + 3, of the charged pion should be small. The
reason for this is that the lowest order contributions of the internal structure
to an effective Lagrangian depend on the electromagnetic fields E and B
according to Lopp ~ F F* ~ E* = B* henee & = — 3 [7]. All higher order
contributions involve additional gradients in the Lagrangian, f.e. momenta
and mass terms, which are small near threshold due to the small mass of the
piomn.



3 Experimental Results

In the absence of a free pion or photon target, experimental studies of pon
polarizability must be made indirectly, relying on virtual target particles, For
example, with an incident beam of real photons, the elementary Compton
scattering process shown as Fig. la can be accessed as one of the two vertices
of the disgram represented in Fig. 1b, where the target is a virtoal pion in
the pion field of a proton. At small values of |t], the squared invariant
mass of the virtual pion, the interaction takes place at a relatively large
distance from the proton, and is mediated by a single pion. The reaction
represented by Fig, 1h can be measured over a wide kinematic range, and,
in principle, all three inal products can be detected. Although this aids the
separation of the two vertices, the desired cross section lies at the pion pole
in an experimentally inaccessible region, and reconrse is needed to a model-
dependent extrapolation procedure, such as the Chew-Low[15] method.

In an alternative method of radiative pion scattering, an incident high-energy
pion scatters from a virtual photon in the electromagnetic field of a nucleus,
as represented in shown in Fig. le. In this case[16] extrapelation is also
required, however, in an entirely physical parameter, the four-momentum
squared: * — 0, The primary disadvantage of this technique is the large
hadronic backgrounds: Compton scattering is electromagnetic, whereas the
interaction of the pion with the target is predominantly by means of the
strong force.

Compton scattering from the pion also occurs in high-energy et-e~ collisions,
by means of the reaction %y — #¥5~ represented in Fig. 1d. The Compton
amplitude in this case is obtained by crossing symmetry, At threshold the
reaction depends heavily on the s-wave ¥ — 7 interaction, and the threshold
cross section is modeled by ficting data in the kinematic region 5, < —p®
and #; > 4p®, where s, and t, are the square of the total energy, and the
momentum transfer in the yx-channel, respectively. The result of this fit is
then extrapolated to the point §; = g £ = 0 of the reaction v7 = 77 in
order to determine the pion polarizabilities. The extrapolation is over a large
range and model-dependent|17].
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All three methods cutlined above have been exploited in order to obtain infor-
mation on the pion polarizabilities. For example, pion photoproduction was
measured|18] at the Lebedev Institute with bremsstrahlung photons ranging
from 350 to 800 MeV, All three final products, =, #t, and n were detected
using small solid-angle detectors. There was no tracking of charged parti-
cles and statistics were limited to 2200 events extracted from 147k raw dats
events. The deduced electric polarizability, obtained under the assumption
G+ 0 =0, was & = (20 £ 12) = 10" m".

Radiative pion scattering was measured|19, 20] at Serpukov with a 40 GeV x—
beam on targets of Be, C, Al, Fe, Cu. and Ph. From 2100k raw data events, Tk
Compton events were identified over a wide range of photon scattering angles.
For photons backward-scattered in the pion rest frame, the polarizability
contribution to the Compton cross section is proportional to & — 3. For
forward scattered photons, polarizability contributes as @ + 4. By analyzing
data over the extended angular range, Antipov ef ol [19, 20] obtained

G- = {136+28) % 10 m*

ani )
f+F={14£31 %25 = 10 m* .

Two-photon interactions observed in e~ —e* collisions have been measured at
several facilities, including PLUTO, DM1, DM2, MARK2[21, 22, 23, 24, 23],
Unfortunately, statistics are typically poor and a discrepant range of answers
has resulted. Nevertheless, impressive precision has heen reported in some of
these analyses. For example, assuming &+ 3 = 0, Babuscl et al.[5] extracted a
charged plon polarizability of & = (2.2 4+ 1.6) = 107" fm? from data obtained
with the MARK2 detector. However, the precision claimed in this result
seems unduly optimistic in light of a subsequent theoretical study[10]. Even
maore striking results have been obtained by analyses of ¥4 — 7= data that
employ dispersion sum rules. For example, from the same MARK?2 data,
Kaloshin ef al[26] derived a value of & + 7 = [0.22 £ 0.06) = 107 f?
for the charged-pion polarizability sum. Such analyses are acknowledged to
have considerable model sensitivity, and have received severe eriticism. For
example, in the Dadne handbook Portoles and Pennington[27] conclude that
the only way to measure the pion polarizabilities is in the Compton scattering
provess near threshold and not in v = .



Figure 1: Diagrams for pion Compton scattering. {a) Elementary diagram:
() radiative pion photoproduetion; (c) radiative pion scattering: and (d)
diagram for double pion production in two photon scatiering,



As revealed by the summary presented in Table 1, notwithstanding signifi-
cant effort, the present experimental information on the polarizabilities of the
pion is unsatisfactory. More accurate and reliable determinations are needed
to test the precise predictions provided by recent theoretical advances, such
as ChPT. Accordingly, a new round of experimental studies have been pro-
posed including radiative pion scattering at COMPASS (CERN) and pion
photoproduction using tagged photons at Mainz[28). A pion photoproduction
using tagged polarized photons with CLAS can complement these studies.
In particular, the similar experiment at Mainz is confipured for backward-
scattered photons and will therefore be primarily sensitive to the polariz-
ability difference. On the other hand, with CLAS there is large accoptance
to forward-seattered photons, allowing us to greatly improve experimental
information on the polarizability sum. The nearly 47 CLAS detector is of
considerable benefit in this regard, and the availability of a highly polarized
photon beam will enbance the polarizability contribution while, at the same
time, diminishing backgrounds.

The polarizabilities of the pion have heretofore resisted precise determina-
tion and none of the experiments listed above will be easy. As previously
noted, irrespective of the experimental method, large backgrounds are al-
ways present, Moreover, even when the Compton amplitude is isolated, the
contribution of the polarizabilities constitutes only a small correction to the
dominant Born term. Nevertheless, by means of a multi-pronged attack that
draws upon the diverse strengths of different facilities, we can expect that the
experimental situation regarding the plon polarizabilities will be significantly
improved during the next few years. CLAS offers the opportunity to make a
notable contribution to this progress.
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Muodel | Data Reaction & (107 fim™) | Ref.
ChPT 270 71
DSR 56| (4]
Bernard T-14 | [1][2]
Lebedev | vp— yv'tn 20412 | [18] |
Serpukov | mTA —+yr A | 68+14+£1.2 | |19
PLUTQ | yy = a°n~ 191+ 4857 [21]
D1 Ay = ata 17246 | [22]
DM2 ¥y —+ate” 6.3 74| [23]
MARK II | vy = a2~ 22+1.6 | [24]
Diata Reaction d+ 0 | Ref |
Serpukoy |7 A s qr”A | 14+ 31+£28 ] [19]
Diata Reaction - | Ref
Serpukov | 1m7Ad = yw-A 13.6+ 28| [19]

Tahle 1: Values of & for =% from data and model.
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4 Kinematics and Cross Sections

4.1 Kinematics

The reaction from which we seek to determine the pion polarizabilities is
Fp = yrtn . As defined in Fig. 1b, the 4-momentum of the incoming photon
in the laboratory system is &, = (k, &), and ks = (&, ¥) for the outgoing
photon. Other four-momenta are g = (§, E) for the pion, Py = {0, M) for
the target proton, and /% = (3, Ey) for the recoil neutron. We set M, M,,
and p to represent the masses of the proton, neutron, and pion. For incident
tagged photons, we can reconstruct all kinematics if we know the 4-momenta
of any two reaction products. Two other reconstructed variables serve to
describe the multi-particle system. The first is the 4-momentum transfer
delivered to the neutron. This is equal to the squared invariant mass of the
off-shell pion, and is represented by

b= (M. — M) - 2T, M,, (2)

where T, is the kinetic energy of the neutron. Neglecting the p-n mass
difference, ¢ is negative and proportional to T,,. For an on-shell pion, t = T
the location of the pion pole. The variable t specifies the off-shell mass of the
struck virtual pion, and it is the variable over which extrapolation is made
Lo obtain the Compton scattering cross section for a free pion. By restricting
data to small ¢, we ensure that the measured reaction is mediated by one-
pion exchange. The other variable of importance is 5, the sepuared invariant
mass of the v — v system:

§ = (K+EPF-(F+§P°. (3)

The lower limit of 5, is 1p*, and the higher limit is set by the incoming
photon energy. It is convenient to use i as the unit of ¢ and 5,. From the
phase-space of ¢ and 5y, shown in Fig. 2, we see that at constant 5, higher
photon energies give access to the smaller |¢j-values that are favorable for
making reliable extrapolations. Three other independent kinematic varizhles
are 5, the squared invariant mass of the initial state, ¢;, the 4-momentum
transfer delivered to the pion, and 5y, the squared invariant mass of the the
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Figure 2: For f-channel pion photoproduction the allowed phase space lies
within the contours. The smallest (inner) contour belongs to 500 MeV pho-
tons and the largest to 300 MeV. Contours are indicated for 100 MeV energy
INETEMETnLE.
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pion-neatron system:

5 = [k| -|-.|r'!||_]'H .
ty = (ka—H)*.
o= (g4 )% (4)

4.2 Scattering of Unpolarized Photons from Free Pi-
ons

The differential cross section for the Compton scattering of an unpolarized
photon from a free charged pion can be written[17]:

ey fdo, (51 - 1)
an (:ﬂTlﬂ_mv-sﬂ[s. 1)+ (5 - 1)e]
[(1— =)@ — 3) + 5{(1+2) (& + #) + .. (5)

where z = cos#77. The leading-order Born term gives the threshold cross
section. This Thomson limit is defined by the charge of the pion. The polar-
izabilities enter as corrections, beginning with the next term that represents
the interference with the Born amplitnde. Equation 5 shows that backward
scattering, i.e. negative z, favors the polarizability difference a - 3, while for-
waridl scattering, ve. positive z, favors the polarizability sum &+ 3. Although
the polarzability sum is expected to be small relative to the difference, its
contribution is enhanced for 5, even slightly removed from threshold, The
Born cross section depends only on 5; and the center-of-mass photon scat-
tering angle. For unpolarized photons it is[29]

(d-:r,,) _ (c')“ 1 (SE+ 101+ 2%) + 2(SF - 1)z )
I F]

il ] 8 [Si+1+(8 - 1)
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4.3 Scattering of Linearly-Polarized Photons from Free
Pions

When the plane of polarization of an incident linearly-polarized photon beam
is in the scattering plane, the Compton eross section is[17]

doy (ﬂ)ii[l_ 25,(1 + z) G G
dn ) (5 + 1)+ (5 — 1)z ir 457

dm

(1 _25(1+3) )x
(S1+ 1)+ (5 -1)=

[(1 = zh@ — B} — Si(1 + zha@ + 3)] + ... (7l

For photons polarized perpendicular to the scattering plane the cross section
15

der eV 1 e s =12 . -
- (E) T T [{1 —z)fa— 3+ &1+ z](r.t+,u‘}] ko (8)

Tl

As in the case of unpolarized incident photons, the cross section is seen o be
sensitive to & — 3 for backward seattering and to &4 3 for forward scattering
at large 5. Inspection of these equations further reveals that for a scattering
angle given by
5 -1
T Iy m— 9
. S +1 )

the interference contribution to the cross section for parallel polarization
vanishes. For 5 < 5; < 10 the corresponding center-of-mass scattering an-
gle varies from 132° to 145°. Measurements at this backward scattering
angle could be utilized to check the reliability of the extrapolation proce-
dure and the known Born cross section should be obtained. In principle,
higher-order terms such as &° would modify this expectation, but the effect
would be difficult to observe. At this same angle zp, only the electric po-
larizability & contributes to the cross sections for unpolarized photons and
for perpendicularly-pelarized photons, In principle then, by means of pre-
clsion measurements at zp, the electric polarizability of the pion could be
unigquely determined, More generally however, the availability of precision
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data over an extended range of photon scattering angles #5 would permit
both polarizations, & and J, to be determined. This holds independent of the
polarization properties of the incident photon. Figure 3 shows the anpgular
dependence of the Compton scattering differential erass section for two val-
ues of 5 and various values of & — 3 and &+ J; The Born term is represented
by & = F =@+ 3 = 0. Three conclusions may be drawn from these graphs:
The polarizability contribution to the cross section increases with increasing
S1; the sensitivity to G + 3 at forward angles is considerably greater than
the sensitivity to & — 7 at backward angles; and perpendicularly-polarized
incident photons are most sensitive to pion polarizability.

A favorable condition to determine 6+ 3 hence oceurs for perpendicularly po-
larized photons scattering at relatively forward angles with values of 5, not
too close to threshold. A further advantage of perpendicular polarization,
mdicated by calculations of Drechsel and Fil'kov[17], is that the contribu-
tion of diagrams that constitute a background to the f-channel diagram are
decreased, Such an experiment is well-suited to CLAS, especially with the
availability of highly-polarized photons from the Compton back-scattering
source, Moreover, the comprehensive angular acceptance of CLAS provides
simultaneous detection of all possible alignments of the photon polarization
angle with respect to the scattering plane. The enhanced sensitivity to &+ 3,
indicated by Fig. 3, provides a severe test of theoretical notions that 6+ = 0,
As we will see, another, more practical, reason for not setting as our primary
objective the determination of the polarizability difference & — 3 is that at
very backward scattering angles, where this combination is emphasized, the
pion recoils close to the beam-pipe in the forward direction, where it escapes
detection.

4.4 Pion Photoproduction

As previously noted, the free v — @ scattering cross section is not measured
directly, but instead through the reaction vp <+ vw'n. In the late fifties Chew
and Low([15] showed how unstable particles, e.g. virtual pions in the pion
cloud of a nucleon, could serve as targets for scattering experiments. When
t], the squared invariant mass of the virtual plon, is small, it is relatively
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distant away from the nueleon, and in interacting with an external particle
may gain sufficient energy to escape as a real pion. In order to obtain the free
pion cross section an extrapolation in £ is needed to the plon pole at § = +u7,
whereas the physical region accessed in such an experiment is restricted to
t < 0. This technique has been successfully employed to determine the
pion-nucleon coupling constant through 4p — 7p reaction[30], as well as
from N-N scattering[31]. It is also used in the determination of 77 — &7
scattering from the mp = wp reaction[32]. The method will be also used in
JLab experiments 94-106, & chiral anomaly study[33].

In the present case, the Chew-Low relation between the 4p and <7 cross
sections may be expressed as34):

IIII'II {Fﬂ'lF—i'Tﬂl"l' g.'..’ {'BI = l.:l { E] ,.-—-i {'t_:l (dﬂ) {lﬂ:]
TH—TE

t=1 o5y di} -h'ﬁm'lrf‘E‘l:t 12

where ¢° /47 = 14.7 is the picn-nuclecn conpling constant and the axial form
factor of the nucleon %[t} is normalized to unity at ¢ = ), The +p cross
section depends on the NaN and = vertices and a f-channel propagator.
For the purpose of illustration, we assume that the above relation holds for
values of ¢ moved away from the pion pole. The corresponding t-chanmnel
cross section is plotted in Fig. 4 as a function of ¢ for £, = 700 MeV and
5 = 6. The cross section passes through zero at £ = 0, rises to a maximum
at t = —1, and then decreases. The f-channel cross section is seen to be large

near £ = =1, and very small for £ = 0. Multiplying the vp cross section by
the pole term (¢t — 12, we define

A0y e

| 5 — 1)
adsdn <= -f*.'r[ éﬂE’l] ’m{f}[dn) o)

S LEE e ]

Ft)

a straight line passing through the origin. This proportional f-dependence
results from the the nature of psendoscalar one-pion exchange. For a pure
t-channel process then, the extrapolation to the plon pole at £ = 1 simply
follows a straight line. At the pole,

3
Fit=1)= 4::.; iwgr *‘m(:;) ' (12)
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And
||_'|!'|:|r.rr . g lim F .
o = K5, E) xlimF(t) (13)
where
W ol ol ¥
Kisy. = — g 14
f ] E‘r] EJLIS[—]-} { 'J

In practice, as the pion moves off the mass shell the two vertices become
described by form factors and accordingly F{1) becomes more complicated.
Moreover, at larger values of [¢| reaction diagrams other than the ¢- channel
process contribute, such as s-channel, w-channel, and two-pion exchange.
Calculations of these processes are model-dependent.

4.5 Extraction of Pion Polarizability

Reliahle extrapolation demands the availability of statistically precise data
extending to values of —f that are as close to zero as possible. As indicated
in Fig. 2, the lower limit of ~# accessible in this experiment is set by the
photon encrgy and 5;. The f-channel cross section has been shown to reach
a maximum at § = —1, for which the kinetic energy of the recoil neutron
is approximately 10 MeV, Much smaller values of —¢ are difficult to access
becanse the nentron Kinetic energy diminishes and the range of the time-of-
Hight TDCs precludes the detection. Small values of —# are best measured at
higher photon energies; however, count rates decrease sinee the cross section
is proportional to le,,.'!. Also demanding care is the presence of singularities
in the extrapolation path. Drechsel and Fil'kov[17] have described how the
effect of such singularities can be minimized by constructing subsets of the
data having fixed values of the kinematie parameters E, S, ¢; and ;. The
comprehensive acceptance of CLAS makes this requirement easv to meet,
Figure 3 shows an example of quality of data expected in this experiment,
as well as the results of two linear extrapolation fits.

Much effort has been invested to test the reliability of the extrapolation pro-
cedure. Here we will briefly summarize the findings. Pseudodata, generated
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in the physical —t region using a variety of models, have been extrapolated to
the pion pole using polynomial expansions and Pade approximant of various
orders. The extrapolation error is determined from the error matrix for the
extrapolation fit. These simulations show that the extrapolation is reliable
provided if is made over @ region in ¢ for which the function F(t) remains
elose to linear.

When curvature in F(t) dictates fitting with a quadratic polynomial or Pade
approximant, the extrapolation becomes unreliable: not only does the ex-
trapolation uncertainty increase markedly, but the pole cross section of the
generating function is not reproduced within this magnified error. Just how
linear is the function F{t) in the region of extrapolation” As has been shown,
if only the t-channel diagram were present, F{t] would be perfectly linear.
Because only published data[18] in this region are uninstructive due to very
large statistical errors, one turns to the theoretical evaluations of Fil'kov[28),
which include many of the important background diagrams. An example
of these calculations, shown in Fig. 6 indicates that F(f) remains close to
linear up to —t = 3.5, More detailed caleulations recently made suggest that
the linearity persists up to at least — = 5 We have found that a 10%
quadratic change over the fitting range introduces an uneertainty in the ex-
tracted polarizability parameter that is comparahle to the overall statistical
uncertainty. However, to date calculations have been made only for back-
ward photon scattering, not for the forward-scattering that is the emphasis
of this proposal. In any case, whatever the kinematics, the t-dependence of
F(t) can only be confirmed by experiment.

An alternative way to investigate the pion polarizability is suggested by
Fig. 6. This shows the polarizability contribution to the cross section in
the physical region for S; = 6. At larger 5 the polarizability contribution
is enhanced; at small 5, the polarizability contribution becomes negligible.
In the CLAS experiment we propose, data will be simultaneously acquired
throughout this comprehensive range in 5. The low-5; results can be used
to test and refine the best available theoretical evaluations of threshold pion
photoproduction.  Observed departures from these predictions at large S
could be used to assess any polarizability contributions,
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5 CLAS Experiment

This measurement of §p — 47" n requires a 6 GeV electron beam, a tagged
polarized photon source, a liquid hydrogen target, and CLAS.

5.1 Photon Source

Even after the data are binned in various kinematic parameters such as 5,
good statistical precision is mandatory for a reliable extraction of the pion
polarizability from this experiment. Furthermaore, since we seek to measure
by time-of-flight a relatively slow neutron in the final state, the experiment
has acute sensitivity to background. These two requirements demand a pho-
ton source that has very high tagging efficiency and is quite background-free.
We therefore believe that the Compton polarized photon source proposed|35)
for Hall B is the snly acceptable source for this particular experiment. With
this source, polarized photons with energies up to 1.08 GeV will be produced
by the Compton backseattering of 2.4 eV laser light from the 6 GeV Jef-
ferson Lab electrons. The intensity of the electron beam is limited by the
beam dump eapacity so a high photon fux demands an intense light source,
This will be achieved by storing the output of a 10 W laser in a Fabry-Perot
rescnant cavity with a gain of 30,000 and then colliding the electron beam
with the stored light. A flux of about 0.05 = 10% F-rays/s/MeV is expected
for photon energies of about 1000 MeV'.

Thiz source has features which make it ideal for the proposed measurements,
First, the two-body kinematies of the Compton process strictly limit the
energy of photons produced by the backscattering of B .. = 2.4 eV photons
from electrons with an energy of E, = 6.0 GeV to be less than 1.08 GeV.
Unlike the case with bremsstrahlung beams, there will be no flux of untagged
high energy photons. Maoreover, the two-body character of the kinematics of
Lhe reaction being investigated also dictates that there be a fixed relationship
between the energy and emission angle of the polarized photon . A suitably
sized collimator will limit the energies of the photons on target to he above
200 MeV. In principle then, the Compton source provides 100% tagging
efficiency. There will be no background of either low- or high-energy photons
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upon the target: neglecting the small inefficiency of the tagging scintillators,
every photon that hits the target will be tagged and will lie in the desired
energy range. These features cannot be matched by any other photon source.

Second, the cross section for the production of photons varies by no more than
a factor of two across the entire photon energy & range, peaking at the highest
= energy and falling as kb decreases, while the polarization varies smoothly
from almost 100% at the maximum v energy of 1080 MeV, to about B5% at
GO0 MeV, As a result, the figure of merit of the % beam has its maximum at
the highest energies, just where the cross section for photonuclear reaction
is the smallest. Moreover, the entire energy range of interest can be covered
in a single run.

Third, both the ¥ and the “recoiling” electron emerge within very amall
cones centered on the electron beam direction. The restricted divergence
of the v beam means that the transverse size of the beam on target will
only be a few mm. Hence a narrow target can be used with the result that
photoproduced charged particles need only pass throngh a relatively small
amount of material in order to reach the CLAS. Furthermore, the divergence
of the recoiling electron “beam™ will be sufficiently small that the focussing
properties of the tagging spectrometer will play no role in determining the
energy resolution of the beam. Thus the photon energy will be sufficiently
tagged simply by detecting the position of the recoiling electron at a distance
from the tagger dipole magnet, Because the required photon energies lie
between L3 and 10 GeV, we will have to detect electrons with energies
between 5.0 and 5.5 GeV, t.e., between about 83% and 91% of E,. This will
pequice & new, albeit simple, detector for the tagging spectrometer. An array
of seintillating fibers with a position sensitivity of 1 mm will be adequate to
cosure a photon energy resolution of about 1 MeV.

Fourth, there will be no material target in the electron beam. Elevated
backgrounds have besn experienced in Hall B with the use of the tagged
bremsstrahlung photon source. These backgrounds derive from the presence
in the beam of a radiating foil. With the proposed Complon source, there
i no radictor, Instead, the potential sources of background are [electron)
beam-gas bremsstrahlung scattering and pair production from the beam col-
limator, The former should be completely negligible. To first order, the
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beam-gas bremsstrahlung flux scales with the produet of electron current
and pgas pressure in the beam pipe. Based on nominal beam currents and
vacuum pressures the luminosity for this process at LEGS is 1-2 orders of
magnitude higher than in Hall B. Beam neutralization effects make the ra-
tin even more favorable. The 5 flux in Hall B will be at least one order
of magnitude higher than at LEGS, so the background to 5 flux ratio in
Hall B is 2-3 orders of magnitude lower than at LEGS where it is already
almost negligible. The collimator background, also small to begin with, can
be significantly reduced by following the collimator with a sweep magnet in
order to deflect charged particles photoproduced at the collimator entrance
A second, larger aperture, collimator stops these prodoets. Consequently,
backgrounds are expected to be extremely low,

5.2 Target and Detector

The liquid 'H target designed by the Saclay group [36] will be used. The
present target cell is 17 em long, 4.3 cm in diameter, and is constructed
of 170 pm mylar foil. Because of the very small size of the 5 beam, the
diameter will be reduced to between 1 cm and 2 cm. We believe a 1 em
diameter target could he used. By virtue of its large angular and momentum
acceptances, charged particle tracking and momentum reconstruction, and
particle identification capabilities, CLAS is an excellent detector for this
experiment. Coincident observations of a scattered electron in the tagging
spectrometer and w7 in the CLAS start counter will serve as the trigger
for this experiment. The start counter[37] consists of three pieces of plastic
scintillator, each 3 mm thick, that surround around the target,

5.3 Particle Detection

The minimum requirements for event reconstruction are a tagzed photon, a
positively-charged pion, and a recoil neutron in the TOF counter. Although
this information is adequate to reconstruct the entire reaction kinematics,
the 300 to 600 MeV photons scattered at relatively forward angles may also
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be detected in the forward-angle electromagnetic shower counter, albeit with
mediocre resolution. This provides valuable independent checks on the kine-
matic reconstructions and background rejection.

For the selected kinematics, the momentum of the pion ranges from 250 to
GO0 MeV/e. A magnetic field of one-third to one-half the nominal torus
field value provides good acceptance and momentum reconstruction for such
pions. Pions will be detected in the start counter and tracked through the
drift chambers to the TOF counter, where they can be identified from other
charged particles by TOF, In principle, neutrons can be detected in either the
TOF counter or electromagnetic calorimeters. However, for this experiment,
the 10 to 60 MeV kinetic energy of the neutrons is inadequate to exceed the
calorimeter threshold. The TOF counter consists of long seintillator bars
sitnated about 5 meter from the target. These bars are 20 cm wide and 5
cm thick, and light is collected by photomultiplier tubes at each end. From
the time difference of the two signals, the azimuthal angle will be given
to better than 1° resolution. Similarly, the polar angle 1= established to
about 1% by the position of the hit scintillator bar. As indicated in Fig. 7,
the TOF scintillators have about 10% detection efficiency for neuwtrons in
this energy range. This detection efficiency can be precisely calibrated by
analyzing vd — pn or vp — 7tn data. The neutron energy resolution
relies on the timing resolution of the TOF counter, & = 150 ps. With such
precision, 1% energy resolution can be expected for neutrons of 10 to 60
MeV, corresponding to a resolution 1 % in £. Finally, the FWHM resolution
of the tagged photon beam is assumed to be 2 MeV,

5.4 Event Generator

An event generator was written in order to assess the kinematic distribu-
tions of the final-state particles, and to estimate acceptances and resolutions,
Starting with a given photon energy, values of §; and ¢ are randomly gener-
ated ensuring that the event lies within the allowed Chew-Low phase-space
shown in Fig. 2. With the fived values of the thres variables k, 5,, and , the
kinematic variables of the recoil nentron can be derived. The kinetic Energy
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of the nentron T, follows from Eq, 2:

(Mg — M) —t -
3, . (13)

T,

With p, and E, representing the momentum and total energy of the neutron,
S o= (k+M, - E.)?=(k-p)t _
= (k+ M, = E)* = (K* = Zkpy cos by +p}) , (16)
and the polar angle of the nentron is given by

—E —E 4 k4 p?
cosll, = 5 —(k+ M, ] +r (a7
2k
The momentum of the virtual pion is equal and opposite to that of the
neutron, and it has energy:

Epw = M,—E. (18)

In the center-of-mass frame, the momentum, energy, and velocity of the
system are

Py = {k“+pf,—2;-,,kmsﬂ,,}é,
E‘il = k+ﬁ'.f:|_|_.E-..

Doym
e = B
w E‘rl'

(&% + p2 — Bp.kecosd,)i
k+ M, - E,

(19)

In crder to determine the event acceptances, random polar and azimuthal
angles are generated for the scattered photon relative to the incident photon
direction. Within the yr system the produced real pion has a momentum
apposite to that of the scattered photon, The laboratory system s recoverad
by means of coordinate rotations and Lorentz hoosts.

5.5 Kinematic Resolutions and Acceptances

Event kinematics were generated for photon energy & = 700 MeV, 0.3 <
=t = B, 4 < 5 < 10, and 0° = @7 < 180°. The response of CLAS for
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these events was then simulated using the SDA code[39]. Figure 8 shows the
caleulated missing mass spectrum. By virtue of the excellent resolution for
the pion and recoil newtron, the FWHM missing mass resolution is less than
0.002 GeV®, much smaller than 0.018 Gel?, the square of the pion mass.
This favors the rejection of potential backgrounds from two-pion production,
Figure 9 indicates the corresponding resolution for 5y, less than 1 p*, Good
resolution in 5, is important for evaluating the Born term contribition to
the Compton cross section.  Figures 10-12 show the calculated acceptances
as [unctions of ¢, 5, and the center-of-mass scattering angle 857, All these
plots include an assumed neutron detection efficiency of 10%. The lower
limit of the neutron kinetic energy was set around 10 MeV, corresponding to
a flight time of 120 ns. Because the available range of the TDC extends to
150 ns and the discriminator threshold s = 1.5 MeV, < 10 MeV neutrons
can be measured in practice, corresponding to events with —f < 1.

OF partieular importanee for event reconstruction is the precise measurement
of the =% that CLAS provides. However, for backward photon scattering,
(S == 1B0F, pions recoil at small angles relative to the beam direction and
are not detected in CLAS. Hence, as seen in Fig. 12, the acceptance for large
=™ 15 poor. Conversely, for forward-scattered photons the recoil pions are
efficiently detected and the acceptance is high. For the kinematic range of in-
terest the recoil neutrons have relatively low kinetic energies, favoring precise
momentum measurements by time-of-flight. The photon angular distribution
is found to span a large range. Most easily measured in the calorimeter will
be the highest energy photons that result from forward scattering.

56 Hates

The data event rates rely on the cross section d¥e [/ dedS)d0}, however for
this experiment the full dependence of this eross section is unknown. The
only existing data, from Lebedev]34], are confined to the region &% > 100°
and are of poor quality. Fil'koev[18, 17| has performed theoretical calcula-
ticns of the cross section that include diagrams other than the t-channel,
one-pion exchange terms. For the kinematics of the Lebedev experiment the
results of these caloulations are in approximate quantitative agreement with
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the data, Nevertheless, Fil'kov's caleulations to date are also confined to rel-
atively backward photon seattering angles. Hence, although we have a good
indication of the cross section expected for B = 100°, there is less informa-
tion on the size of the cross section at forward angles. For the purposes of
estimating event rates in the absence of such information, we assume that the
Tp —+ ¥'ntn cross section is ongle-independent. Possibly, it could not be all
the same. In particular, additional diagrams may have more contribution at
forward angles and this would lead certain change on the eross section, How-
ever, since we are looking at at low |t| events in a small region of the phase
space, this change should not be too large to get a reasonable estimation. On
the other hand, the results of Fil'kov that we utilize are for an unpolarized
photon beam, but for photons polarized perpendicular to the reaction plane,
the contribution of background diagrams is predicted to decrease{17).

To estimate precision, we assume an incident flux of 0.05 x 10° /MeV/s
photons in the energy range 700 to 900 MeV. A 20 em long, liquid hydrogen
target is assumed. Table 2 gives the caleulated acceptances for a 700 MeV
photon beam with coincident deteetion of the 7+ and neutron. For one full
month of beam, & 407 range in the photon scattering angle o, and a torus
ficld that is one-half the nominal value, we obtain the event numbers listed
in Table 3, the last column of which is the estimated statistical error for the
crosg section in the corresponding £ region. The total number of events for
& 30 day tun is about 60k, 28 times the number obtained at Lebedev. [t
should be noted, the above estimation covers only 200 MeV range, including
data from 600 to 700 MeV and data from 900 to 1000 MeV, the anticipated
precision will be higher.

For an averaged total photoproduction cross section of 220ub and an energy
range of 400 MeV, the total trigger rate is about 3.7 kHz. However, due
to gaps in the # and ¢ acceptances of CLAS, the actual trigger rate should
be about 1.8 kHe, suitable to the current data acquisition system. This
trigger rate can be reduced by an additional 309 by imposing a veto that
excludes two-photon events in the calorimeter, events attributed to the =°
photoproduction.  Moreover, for the Compton photon source there is no
huge flux of low-energy photons, dramatically decreasing the electromagnetic
backgronnd in the start counter, The resultant more efficient use of the data
acquisition system that will permit us to utilize higher tagzed photon fluxes
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or cover a wider range in photon energy, In Table 3, the last column lists the
estimated statistical error for the cross section in the corresponding ¢ region.



—NG5, |45 |55 |65 |75 |&5

075 | 0.068 | 0.062 | 0.046 | 0.036 | 0.033
L1265 | 0.062 | 0.059 | 0.056 | 0.043 | 0.031
L1753 | 0.060 | 0,061 | (L0458 | 0.043 | 0.033
1225 | 0.070 | 0.060 | 0056 | 0.047 | 0.042
1275 | 0.063 | 0,064 | 0,057 | 0.046 | 0.043
(323 | 0065 | 0.058 | 0.066 | 0.054 | 0.049
L3750 | 0.069 | 0.070 | 0,066 | 0.060 | 0.054
1425 | 0.065 | 0,069 | 0,066 | 0.059 | 0.058
| 475 | 0.068 | 0.066 | 0,063 | 0.05T | 0.058
| 525 | 0.040 [ 0070 | 0,064 | 0LO61 | 0.057
V575 | 0.0d1 | 0070 | 0.071 | 0.066 | 0.056
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Table 2 Acceptance for coincident detection of the ™ and recoil neutron
for 300 MeV incident photons, A 10 % detection efficiency is included for

nEntrons.
—i\5) | 4.5 5.5 6.3 7.0 8.5 sum Eqx 0]
0.75 212, | 248, [ 225 208, | 220, | 1115 | 2,995
1.25 250, | 317, | 368, | 334, | 278 | 1306, | 2,533
1.75 313, | 409, | 393 | 416, | 360, | 1900. | 2204
2.25 447. | 493. | 562. | 357. | 675, | 2633. | 1.949
2.7 491. | 642. | 698, | 666. | T19. | 3216. | 1.7G3
3.25 620, | 712. | 840. | 957. | 1002. | 4132, | 1.556
175 80D, | 1056. | 1217. | 1307. | 1357, | 5746, | 1.319
4.25 S41. | 1284. | 1502, | 1586. | 1800, | 7113. | 1.186
4.75 1220. | 1523. | 1777, | 1900, | 2231. | B651. | 1.075
3.253 1095, | 2010 | 2247, | 2531. | 2728, | 10611. | 0.971
5.75 1144. | 2512. [ 3113. | 3420. | 3349, | 13538, | 0,859

Table 3: Owverall event numbers for incident 700 — 900 MeV photons and one
month of beam time.
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5.7 Backgrounds

For this experiment the two main sources of background will be from the
ap =+ #Fn and vp = 7770 reactions, Events from the one-pion produoc-
tion reaction can be rejected by applving a cut in missing energy.  This
reaction has only two particles in the final state and these will be confined
to a narrow band in & plot of Eye versus @ca, whereas events from the
~p — 7Ty reaction of interest, will be spread out over & larger phase space.
Due to the = 1% energy resolution for measuring the 7% and the nentron,
events having a missing energy of less than 10 MeV, corresponding approx-
imately to the threshold of the calorimeter, should, in principle, be readily
distinguishable from two-pion production events provided these are not over-
whelmingly abundant. Measurements at Mainz{40] of the total cross section
for vp =+ 77 *n show it to be 46.3 pb at 770 MeV, roughly 500 times larger
than the 0.09 ub cross section predicted for 4p = 7 n. However, at Maine
the total cross section was measured, whereas the 5p — 95 n cross section
is & partial cross section, with kinematic cuts in t, 5, and photon scatternng
angle &% Thus recourse must be made to theory in order to fairly compare
the two cross sections.

For photon energies near 700 MeV' the model of Gomez ef al.[42] underes-
timates the observed total 4p — 77770 cross section by about a factor of
two. Im contrast, caleulations by Ochi et al[41], shown in Fig. 13, are in
better agreement with experiment and these are therefore preferred for our
purposes, The results of Ochi indicate that the restriction of t© and 5, as
weell as the 7% and newtron angles to 30°-807 and 20°-50°, respectively as is
appropriate for the three-body kinematie distribution, leads to a partial cross
section roughly two orders of magnitude smaller than the total 4p — 7%7%n
cross section for photon energies above 700 MeV. Thus we anticipate that,
with the same kinematic cuts, the background p — #°r*n cross section
should be only several times larger than the 5p — 97t n reaction of inter-
ost. As indicated by Fig. 14, at this level the two reactions can be cleanty
separated. Of course, a further reduction of backgrounds can be achieved
when scattered photons are detected in the electromagnetic shower counters,
as will occur for much of the phase space.
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Figure 13: Cross section for two-pion produoction, calenlated by Ochil41).
The solid curve is the total cross section; dashed curve is for |£] < 6 and
9 = 5| = 4; and dash-dotted curve includes the additional constraints the
angles of the 7 and newtron are restricted to 30° — 80° and 20° — 50°,
respectively.
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Figure 14: Missing mass spectrum for the 4p — 2% n reaction with an
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ten times than photon scattering events,
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5.8 Projected Results

Estimated uncertainties for the polarizability difference @ — 3 and sum &+ 3
are shown in Table 4. The results, for a one-month run with the numbers of
events given in Table 3, include the extrapolation error as well the resolution
uncertainty in 5, the invariant squared mass of the 4-r system. Following
the extrapolation to the pion pole, the dominant Born contribution must
be subtracted. This I8 exactly calculable, provided 5, and M are known,
In the present case, however, the experimental resolution for §; and #om
i5 good enough such that their effect on the overall error is ltlﬁlgﬂlf‘lf‘a[LL
compared to the Fxtral.u:r]auun uncertainty. The overall projected uncertainty
of < 1% 107% fm® in & + § is about one order-of-magnitude better than
the overall uncertainty in & — 5. As previously noted, one reason for this
is that the polarizability difference is most important at backwand photon
scattering angles for which the pion, recoiling in the forward direction, may
avoid detection. In addition, compared to the polarizability difference, in the
expression for the Compton cross sections the polarizability sum is favored
by & factor of 5.

The results given in Table 4 assume, in accord with present theoretical predic-
tions, that F{f) has a near-linear dependence within the t-range of the data
and extrapolation. In particolar, there 15 no consideration of the model-
dependence of Fit). An indication of the effect of this model-dependence is
that a curvature in F{t) amounting to a 10% quadratic contribution over the
range of the data and H:tra.pu].mun would change the linearly-extrapolated
value of &+ 3 by = 1 x 107* fm”. Thus we attribute to model- dependence an
uncerteinty comparable to the overall error due to extrapolation of data that
have statistical limits. For larger 5, the Born term decreases with the result
that the expected precision for both & — 7 and &+ 3 improves, Of course. the
values obtained for the polarizabilities should not depend on 5. However, in
order to test the reliability of the extrapolation procedure, it is valuable to
obtain independent resales for different ranges of 5, The table shows that
meaningful comparisons could be made between different 3, ranges for & + 3,
but not for & — @, The overall uncertainty projected for & — 3 is comparable
to the expected magnitude of the term itself. By itself, this would not merit a
CLAS experiment to determine the polarizability difference, In contrast, the
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5 |5-G|6-7]7-B[8-0]0-10[5-10]
368 | 240 | 168 | 125 | 104 | &7 |
67 | 37 | 22 | 15 | 1] 0.8

[ -]
+

|
it

Table 4: Frojected uncertainties of values extracted for the polarizability
difference and polarizability sum. Results are given for various bins in the
invariant squared mass of the 7 svstem.

uncertainty projected for the polarizability sum G+ 3 represents a significant
improvement over the previous experimental determination, enabling us to
better test the theoretical notion that & + 3 =0,

The comprehensive acceptance of CLAS facilitates additional checks on the
reliability of the analysis. For example, the extracted polarizability con-
tribution should also be independent of the Treiman-Yang angle, the angle
between the scattering and production planes.  Furthermore, with CLAS
measurements will be automatically made over the full range of ¢, the an-
gle between the plane of polarization of the incident photon beam, and the
scattering plane. The polarizability contribution to the cross section has a
known dependence on @, and this can be checked. Data will also be oltained
in medinm 877 kinematic regions, where the polarizability contribution to
the Compton cross section is known to be negligible. With these data, we
can extrapolate to a Compton cross section that is defined by the precisely-
caleulable Thomson limit. Finally, possible singnlarities in the extrapolation
path to the pion pole[l7] must be avoided. The large acceptance of CLAS
makes it straightforward to do this. The power of the combination of CLAS
and the hackscattering Compton polarized photon souree is that all these var-
ions measurements are made simultaneously, no separate beam or detector
set=ups are required. We consider this capability to be one of the most com-
pelling justifications for using CLAS to investigate the Compton scattering
from the pion.
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5.9 Comparison with Other Experiments

As previously noted, a new series of experiments have been proposed to
study Compton scattenng from pions. For example, the vy — 77 reaction
constitutes part of the core research program of the Dadne collider, recently
commissioned in Frascati. The second Dadne handhook[43] contains detailed
consideration about what the vy — 77 reaction can say regarding pion polar-
izahilities. As previously indicated, this subject has generated considerable
controversy, Nevertheless, the conclusion is expressed, wnthin the Dadne
handbook, that whereas there are good reasons for MEASUTIOG ¥y — TH Teac-
tion, i 1s nol a means by which one should attempt to determine the pion
polarizabilify.

A separate experimental effort[28] is approved at Mainz to measure the pion
polarizability using radiative photoproduction, the same reaction we seek
to exploit at JLab. This experiment has an advantage over the proposed
JLab investigation in that the the Mainz investigation will employ an AITAY
of BaFs crystals capable of measuring the seattered photons with an energy
resolution of 3 = 5%, about four times better than CLAS can achieve, At
Mainz, produced pions will be detected using a forward planes of multi-wire
proportional chambers, and, as with the JLab proposal, nentrons are to he
measured by TOF scintillators,. While this detector configuration provides
versatility lacking in CLAS, it does not have the comprehensive acoceptance
CLAS offers. In particular, becanse their detectors are restricted in their solid
angle coverage, the Mainz experiment is configured to measure exclusively
the backward-angle photon scattering that is sensitive to the polarizability
difference. It is projected that &— F will be determined with an extrapolation
uncertainty of approximately 3= 10-% fin®. A determination of the sum &+ 3
would require a different detector set-up, and this has not been proposed.

Additional differences distinguish the JLab and Mainz experiments. At
Mainz it is intended to utilize photons from the high-rate GEM tagging
facility[44] that is presently under development. While this facility has the
potential to tag photons at rates up to 3x 10® Hz, it utilizes a bremsstrahlung
radiator, and hence a large flux of untageed photons will be directed on the
target. Consequently, backgrounds will be more difficult to deal with than at
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CLAS. Moreover, the photon beam tagged by GEM will be unpolarized, and
hence, as with the more restricted detector acceptance, there is no capability
of using this tool as a means for ensuring the reliability of the extrapolation
to the pion pole. To summarize, we consider the Mainz and JLab studies to
be complementary. The versatility of the relatively simple Mainz set-up per-
mits a determination of the polarizability difference, The JLab experiment
wonld be sensitive to the polanizability sum, and provide the extensive detec-
tor acceplance Lthat is entical for testing the systematics of the extrapolation
needed to determine Compton scattering from the pion.

The COMPASS[45] collaboration at CERN also includes a determination
of the polarizability of the pion among its broad range of goals. To be
commissioned in 1999, COMPASS will employ a fixed targets and beams of
muans, pion, kaons, and protons with momenta up to 300 GeV /e, Particles
will be detected by the forward magnetic spectrometers that include drife-
chamber tracking and lead-glass calorimetry. RICH counters provide particle
ilentification, and the electronics feature dedicated triggers and fast read-
out. The polarizability of the pion will be determined[46] from the Primakoff
process of pion scattering from virtual photons in the field of a heavy nucleus.
Kaon polarizabilities will likewise be investigated using kaon beams. In the
meson rest frame, the cquivalent energy of incident photons ranges from 100-
20000 MeV . These studies rely upon the identification of the Primakoff eross
section by means of its strong peaking at very small ¢, Similar to the cross
section measured in radiative photoproduction, the Primakoff cross section
is mainly given by the Thomson term, but also contains contributions from
the electric and magnetic polarizabilities that vary according to the photon
scattering angle 827 in the meson rest frame. Values for both & and 5 may
be extracted by fitting data over the full range of 8., angles that COMPASS
has aceess to. It is projected[46] that for a COMPASS pion beam rate of 5
MHe about 2 % 10° Primakoff events per month should be ohserved, vielding
polarizabilities with statistical uncertainties of the order of 0.2, considerably
better than will be achieved in the proposed JLab experiment,

Perhaps the main concern regarding the COMPASS experiment are back-
grounds, for example the high rate of non-interacting beam picns that enter
the forward spectrometer. The Primakoff trigger is designed to reject this
background. Although several other backgrounds[47], both strong and elec-
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tromagnetic, are also present, these do not display the low-t peaking that is
the signature of the Primakofl process. As a result, most backgrounds can be
assessed] by extrapolating to low-t their contributions observed at higher £
What is important then is the relative size of the Primakoff and background
contributions at low-¢, but this remains to e established.

Another attempt[46] to determine the pion polarizabilities by means of ra-
diative pion scattering was recently made in the SELEX/ET8] experiment
at Fermilab using a mixed pion-hyperon beam of G0 GeV. This experi-
ment yielded only limited statisties for Primakoff events, Moreover, the
SELEX beam was of a siee that made it difficult to distinguish Primakoff pi-
ons from non-interacting beam pions. Although the COMPASS experiment
has much promise, the issue of backgrounds remains to be confronted. Re-
call also that the single published radiative pion scattering measurement[19]
gave (6.8 2 1.4+ 1.2) » 107 fm? for the electric polarizability, a value that
disagrees with the 2.7 = 107" fin® that is the firm prediction of chiral sym-
metry. The different experimental approaches have given results for the pion
polarizability that disagree.

In the absence of a free pion or photon target, there is no experimentally
clean means of determining pion polarizability. Al experimental methods
are subject to appreciable backgrounds, and, polarizability generally pro-
vides only a small correetion to the Compron cross section. Consistency
between the results of varous experiments is essential for a satisfactory ex-
perimental understanding of pion polarizability. Experimentally, radiative
pion photoproduction and radiative pion seattering are subject to different
tvpes of backgrounds, and the analysis procedures also differ. Hence con-
sistency between these two methods would serve to establish experimental
values for pion polarizability that are on a much more secure footing.
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6 Summary

We seck one month of beam time in order to investigate the polarizabilities
of the charged pion. Our method relies upon pion photoproduction using a
back-scattering Compton source o provide polarized photons between 600
and 1000 MeV. The Compton photon source in particular is characterized
by high flux, high pelarization, and low background. The combination of the
polarized photon source and the CLAS detector is particularly well-suited for
a determination of the sum of the electric and magnetic pion polarizabilities,
¢ + (. Indeed, Chiral Perturbation Theory makes a firm prediction, for up
to four pion loops, that & + 3 = 0. A six-loop calculation yields & + 3 =
0.3 x 10-*fm*. A one-month run using CLAS will permit us to test this
prediction to a precision of better than 1% 107m?, an improvement of almost
one-order of magnitude over the cnly previous experimental determination
of the polarizability sum, derived from radiative pion scattering. This would
permit us to make a needed check of the convergence properties of ChPT.

The polarizabilities of the pion have heretofore resisted precise determination.
Experiments are in the planning stages at & number of laboratories, but none
of these experiments will be casy. Nevertheless, by means of a multi-pronged
attack that draws upon the diverse strengths of different facilities, we can
expect that the experimental situation regarding the pion polarizabilities will
be significantly improved during the next few years. At CLAS we have & real
opportunity to contribute to this progress.
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