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A simple explanation is given for the forward peaking observed in proton Compton scat-
tering cross sections at photon energies above 800 MeV, in a nonrelativistic constituent
quark model of the scattering process using intermediate resonances. This represents
an alternate explanation to that using the standard vector-dominance model. Cross
sections at these energices are calculated in a specific model, and the results compare
favorably with the data, but the mechanism for forward peaking can be explained on

rather general grounds.



I. INTRODUCTION

The high energy proton Compton scattering differential cross section, when
plotted versus angle, exhibits strong forward peaking and a depletion in the back-
ward direction. At 700 MeV, the forward peaking is already evident in the data
from the Bonn group (1, 2] and the Tokyo group [3-5], though it is accompanied
by a rise in the cross section at backward angles. As the photon energy increases
from 700 MeV to 1000 MeV, the backward cross section decreases, and the for-
ward peaking becomes more pronounced [1,4, 6]. At even higher energies, the
cross section data [2, 7-9] ate very strongly forward peaked, with essentially an
exponential falloff as a function of momentum transfer squared.

The shape of the cross section at the energies considered by the Bonn and
Tokyo groups is typical [10] of the behavior of elastic hadron-hadron scattering
cross sections at these energies. The rise in the cross section at backward angles
is compared, in Ref. [1], to a similar rise in the mean value of the elastic 7*+p and
T~ p cross sections. The magnitude of the cross section is also comparable to that
of this average, when multiplied by af)pp. Compatisons have also been made [1,
2,7-9] to the results of a vector dominance model {VDM), where the cross section
for high-energy Compton scattering is related to that for the photoproduction of
transversely polarized vector mesons. The Compton scattering cross section is

written as
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where the sum is over vector mesons V' = {(p, w, ¢), fi is the photon-vector meson
coupling constant, and an upper limit has been formed by assuming constructive
interference of the contributions from each meson. This procedure results in a
roughly exponential falloff with —¢ of the cross section away from the forward
direction at 700 MeV and at higher energies. However the resulting value of f,
needed to fit the data at lower energies is smaller by a factor of two than the
standard value [11] used in other processes.

The purpose of this paper is to provide a simple explanation for this forward

peaking of the cross section, and subsequent depletion at backward angles at
higher energies, in terms of a nonrelativistic constituent quark model of Comp-
ton scattering. Our model is particularly suited to describing Compton scattering
at these energies, where an intermediate-nucleon-resonance basis should be an ef-
ficient one. Three types of terms contribute to the Compton scattering amplitude
in this picture; a ‘contact’ term with a two-photon interaction coupling directly
to a quark line, a ‘direct’ term, corresponding to photoexcitation and deexcita-
tion of baryon resonances in the s channel, and the ‘crossed’ version of the latter,
corresponding to excitation and deexcitation of resonances in the « channel. We
will show that at these energies, the contact term is forward peaked, and that
the direct term for each resonance tends to enhance the forward amplitude, while
tending to cancel in the backward direction. The crossed term is relatively small
at higher energies due to large energy denominators.

This mechanism is demonstrated in a model of Compton scattering [12] us-
ing a nonrelativistic quark-photon interaction operator [13-15], and Isgur-Karl
model [16-18] wavefunctions of the proton and intermediate resonances. The
onset of strong forward peaking (and depletion at backward angles at higher en-
ergies} is evident in the shape of the differential cross sections which we calculate
at 800, 950, 1230, and 1500 MeV, and their magnitudes compare roughly with
the data from the Bonn and Tokyo groups [1-5].

This paper is organized as follows: the next section describes briefty our non-
relativistic constituent quark model for Compton scattering, with emphasis on
the form of the amplitudes. There follows a description, in general terms, of
the mechanism leading to forward peaking and depletion of the amplitude at
backward angles. Differential cross sections are then calculated in the model of
Ref. [12], illustrating this mechanism, and these calculations are compared with
the data. In the last section, we discuss how the forward peaking of Compton am-
plitudes is an expected prediction of calculations employing intermediate baryon

1esonances.



I1. COMPTON SCATTERING MODEL

Reference [12] provides extensive details for computing Compton scattering
amplitudes in a nontelativisiic constituent quark model. We provide here the
salient features most relevant to understanding the forward peaking mechanism.
In particular, in this section, we avoid specific reference to actual model eigen-
states, and discuss the origin of forward peaking on rather general grounds.

The Hamiltonian density for the interaction of photons with quark fields is [19]

H(z) = ) eiliu(z)4%(z), (2)
where e; is the charge of the i-th quark, I¥(2) = @(z)y"¢:(z) is the quark
current, and 4#(z) is the photon field. In a nonrelativistic valence quark model,

the effective Hamiltonian has both one-photon and two-photon terms:
lemton = H‘y + H‘y‘r~ (3)
The one-photon contribution is, for real transverse photons:

Hy= =) eli(r:)- Alry), (4)
i
and the two-photon contact interaction is
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The Compton amplitude can then be written as follows:
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where w and w’ are the initial and final photon energies, E; is the initial baryon
energy and E,, is the energy of the intermediate hadronic state.

In our constituent {valence) quark model, we assume that the Hilbert space
consists entirely of the set of baryons generated from that model. If the yN
system has an overall momentum P, and the initial and final photon momenta
are k and k', respectively, then the Compton amplitude is

" 1
T=e" Z ——¢'3.Tuaen, (7)
V2w viw

where
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The symbol X, stands for any baryon in the spectrum. The hadronic currents
I,(0) are represented in a constituent quark model as a sum of individual quark

currents, as in Eq. 4.

IIl. FORWARD PEAKING MECHANISM

We now examine the role of each of the three contributions to Eq. 8 with
regard to the forward peaking behavior. We consider explicitly the forward and
backward directions, because all momenta in those cases lie on a single axis, and
this simplifies greatly the expression for the Comton amplitude. In the forward
direction, there is coherent enhancement of the superposed contributions, while in
the backward direction, there is considerable cancellation. Because each resonant
contribution involves only a complex phase in going from zerc to 180 degrees,
we expect a smooth transition of the overall amplitude between forward and
backward directions.

The contact term consists of a positive definite quantity multiplying a po-

I x

larization product (€¢* - €). This product by itself gives rise to an unpolarized
(Thomson) cross section proportional to (1 + cos®8). However, the matrix el-

ement between initial and final nucleon states gives rise to a body form factor



which falls off with momentuimn transfer. These two features combine to give a

partial Compton amplitude which is forward peaked and backward suppressed.
The direct term involves a sum over all baryon resonances permitted by se-

lection rules. In the forward direction (k' = k), the Compton amplitude must be

diagonal in nucleon and photon spins:

t
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where v = \ + g, AY(X,,) is the helicity-v photoexcitation amplitude for the
resonance X,, and we have included the width [, of the intermediate resonances
in the energy denominators.

Equation 10 shows that the direct contribution to the forward amplitude from
any resonance X, has a real part which has the sign of /s — M,, and a nega-
tive imaginary part. For masses in the resonance sum which are less than Vs,
their forward direct contributions will add constructively to the forward-peaked
contact term. For masses above /s, their contributions will subtract from the
real part and add to the imaginary part. Since there is an unlimited spectrum
above /2, one might expect that these contributions would easily cancel those
contributions below /3, if not completely dominate the Compton amplitude.
However, this does not happen, and the amplitude is not strongiy affected by the
addition of these higher mass states. This is demonstrated in our explicit model
calculation, but can also be understood on general grounds; the energy denomi-
nators for high-mass intermediate resonances damp their contributions, and the
matrix elements for high-mass excitations rapidly become small for increasing
resonance energy and fixed photon frequency. Theoretically, the latter is to be
expected (and is confirmed in the discussion below for a specific quark model)
because the photon eventually does not provide the necessary phase matching

between the nucleon ground state and an excited state containing many nodes in

its spatial wave function. Experimentally [20], few of the high-mass resonances
established in the v N partial-wave analyses are resclved in the photoproduction
analyses. For baryons with mass in the vicinity of /5, the real parts of their
energy denominators are small, but the imaginary parts add coherently.

In the backward direction, the spins are all the same as they are for the
forward direction, but the photon and nucleon final momenta are now reversed.
The amplitude is

-y (N5 4kl T (0)] X3 00) (X; 0| In ()] N; ~keps)
)_ n \/-_Mn+irn/2

_ Z {Xni 00| N (0) IV +heps)* (X ; OviIN(0)| V5 ~keps)
B Vi — M, +il, /2

T:\iirect (kr = -k

> (X))
"ZP f M +il,/2 (11)

where we have used parity to replace (X,; 0v{I,(0)|N;ku) with — P, AY*(X.),
and P, is the parity of the resonance X,,.
/5=1800 MeV (E1,,=1250 MeV), i.c., at sufficiently high energy that many res-

onances play a role, the contributions from the band of low-lying negative parity

If we evaluate this sum at, say,

resonances in the spectrum will cancel against those from the ground and excited
state positive parity states below this emergy. This canceilation is not exact, as
it depends on the number of states of a given parity and the size of their photo-
couplings, but it is not an enhanced coherent sum as is the case in the forward
direction, and the contribution in the backward direction is therefore greatly re-
duced with respect to the forward direction. Those amplitudes with opposite
forward vs. backward phase essentially have a complex phase at intermediate
angles, so we expect a smooth transition from forward to backward angles.

As the photon energy is increased, more and more resonances add coherently
to the forward angle amplitude, and cancel each other with mixed phase at back-
ward angles. The backward-angle cross section will be roughly constant, while
the forward-angle cross section will continue to rise with increasing photon en-
ergy. Indeed this behavior is necessitated by the optical theorem: above 1000

MeV the total yp cross section saturates to a conmstant, and this in turn yields



a forward scattering amplitude whose imaginary part is deminant, and equal to
Wi/ 47m. The result is a lower bound for the forward Compton differential cross
section which is proportional to w?,

A similar analysis can be made for the crossed term. In the forward direction,

N P
T:\:;ossecl(kf — k) — Z }Au (Xu)i

~ 5 — 2w — /M2t 4k2 4 il /2

(12)
and at backward angles,
- | 4D (X0 )I?
Tuossed k= -k)= -PpP, v : 13
A =2 V5 — 2w — /M2 + 4k + 1T, /2 (13)

n

Considering the numerators of these expressions, the same analysis of forward
peaking and backward suppression applies as it does for the direct term. However,
at the energies considered here, the energy demominators for the crossed terms
are large, and their overall effect is negligible when compared to the direct sums

or the contact term.

IV. DIFFERENTIAL CROSS SECTIONS

We now demonstrate the forward peaking mechanism specifically for the non-
relativistic quark model used in Ref. [12]. We also make comparisons of calculated
differential cross sections to data at a set of energies where the onset of forward
peaking is clearly seen experimentally.

The Compton scattering amplitude is calculated in Ref. [12] with the for-
mulae of Eqs. 7 and 8, using a nonrelativistic reduction of the current I;,(z),
which is written in terms of the usual quark-spin-flip and orbit-flip {conveciion)
operators. The current matrix elements are evaluated using nonrelativistic qhiark
model wavefunctions of the Isgur-Karl model. These wavefunctions are based on
a harmonic oscillator basis set, with configuration mixing induced by the color-
hyperfine interaction. The formally infinite set of intermediate states in Compton
scattering is truncated at the mixed states in the N = 2 band in the osaillator,
which are positive-parity excited Nucleon and A states; this set of thirty states

exhausts, with a few exceptions, all of the well known states below about 2000

MeV. It also includes states present in the model which, for reasons well un-
derstood [13], have not been discovered in photoproduction or pion-production
experiments.

In Fig. 1 we have plotied the partial cross seciions at 1230 MeV lab photon
energy (E,) resulting from the contact term, the direct sum, and the crossed
sum, as well as the complete cross section from Eq. 8, formed with all thirty
intermediate states. In order to address the issue of the convergence of our
calculation, we have also plotted the complete cross section using only those
(thirteen) intermediate states which lie below /s = 1785 MeV. Both the contact
term and the direct sum show the expected forward peaking, and are small at
backward angles. The crossed sum is relatively small at all angles. The forward
cross section is thus dominated by a contact term and a direct sum which add
roughly in phase,

The effect of adding in the states in our model above /s is shown by the
difference between the two complete cross section curves in Fig. 1. The minor
difference at forward angiles is an indicator that the photocouplings to these states
are quite small. In the Isgur-Karl model, these photocouplings have been studied
by Koniuk and Isgur [13]. Table III from Ref. [13] expresses the photocouplings
as functions of K/a, where K = |k|, and « is oscillator size parameter. For
any given photon momentum K/a, the constant coeflicients multiplying these
expressions will eventually suppress the photocouplings of highly excited states,
if one goes high enough in the oscillator spectrum. The individual resonance
contributions to our sums are proportional to the square of these photocouplings,
which (for E, = 1230 MeV or K = 646 MeV) are generally smaller for the states
above /s = 1785 MeV. There is some reduction of the real part of the direct
sum of Eq. 11 from these states with negative \/s — M,,, and an increase of the
imaginary part; the net change to the magnitude of the complete sum is small.
This photon energy was chosen as an upper limit to the range of energies at
which our calculation can be argued roughly to have converged; the addition of
states neglected in the model of Ref. [12] will affect the cross section, but because
of the increase of the energy denominators and decrease of the photocoupling

amplitudes, we expect the final shape to retain the strong forward peaking and



backward angle depletion shown in Fig. 1.

Data in the energy range at which this forward peaking becomes evident have
been taken by groups at Bonn [1, 2], Tokyo [3-6] and MIT [21]. Figures 2, 3, 4
and 5 compare the differential cross section calculated with the model of Ref. [12]
and these data. In all cases the calculated cross section is shown along with the
partial cross sections from the contact term, the direct sum, and the crossed sum.

At 800 MeV the calculated cross section is slightly higher at forward angles
than at backward angles, with a dip at roughly 90 degrees, which agrees well
with the shape of the data. The cross section is dominated by the direct sum
which, when added to the forward-peaked contact term, shows this slight forward
peaking. As the energy is increased from 800 to 950 MeV {1/s = 1543 to 1632
MeV) the direct sum increases at forward angles, as more states contribute to
the sum with positive energy denominators, and decreases at backward angles, as
more of the negative parity states pick up positive energy denominators. When
added to the contact term the result is a more strongly forward peaked amplitude
which no longer increases at backward angles. Once again the calculation is in
rough agreement with both the shape and magnitude of the data.

As the energy is increased to 1230 MeV (/3 = 1785 MeV) and 1500 MeV
(v/s = 1922 MeV) the forward peaking becomes more pronounced, due to the co-
herent phase of the individual resonance contributions o the direct sum once /s
is above the mass of those resonances with the largest electromagnetic couplings.
The cancellation at backward angles is much more effective once sizeable numbers
of states with positive and negative parities lie below /s. Although the data at
these energies are limited to a range of angles between 30 and 90 degrees, they
also exhibit small cross sections at larger angles and a trend towards stronger
peaking at forward angles.

The calculation overshoots the forward cross section at these higher energies.
A discrepancy of the magnitude shown is not suprising, given the sensitivity of
the overall magnitude of the cross section to the size of the resonance electromag-
netic couplings, which enter to the fourth power. Furthermore, although these
couplings generally decrease as the mass of the resonances increase, the majority
of the intermediate states which have been neglected lie above these /3 values

10

and make negative contributions to real part of the direct sum at forward angles.
A more complete sum may decrease the direct sum but should not significantly
affect the cancellation at backward angles. These neglected states are less impor-

tant at lower /s values because of their relatively large energy denominators.

V. DISCUSSION

We have shown that the forward peaking behavior of proton Compton scat-
tering in the GeV region cap be explained in the context of the nonrelativistic
quark model. While the actual calculations which were compared to data in-
deed made use of this model, the basis for forward peaking can be understood
in more general terms. Equation 6 characterizes any theory in which the Hilbert
space is saturated by baryon resonances, and need not refer to any specific quark
model. The two-photon Hamiltonian H,, must have a specific structure at low
momentum transfer in order to be consistent with Low’s theorem [22], and would
generally be expected to have a body form factor commensurate with the spatial
structure of the proton, as evidenced by the so-called recoil contribution to the
proton polarizability, which is proportional to the mean square charge radins [23].
The arguments leading to Eqs. 10 and 12 are geometric in nature, and do not
depend upon specific details of a quark model. Thus, we expect on a qualitative
basis that any model based upon intermediate baryon resonances should pre-
dict a Compton amplitude which is forward peaked, and more sharply so with

increasing enexrgy.
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FIG. 1. Calculated center-of-momentum (CM) frame differential cross section for
Compton scattering at E, =1230 MeV with centributions from all states considered
in Ref. [12]. The dashed line is the partial cross section from the contact term, the
dashed-dotted from the direct sum, the dotted from the crossed sum, and the solid line
is the complete cross section. The long-dashed line is the complete cross section with
contributions from states with M., < /3.
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FIG. 2. CM frame differential cross section at E, =800 MeV with contributions
from all states considered in Ref. [12]. The dashed line is the partial cross section from
the contact term, the dashed-dotied from the direct sum, the dotted from the crossed
sum, and the solid line is the complete cross section. Data are from Ref. {1} (crosses),
Ref. [3] (boxes), Refs. [4,6) (X's), and Ref. {5] (diamonds).

15



do/dQe (nb/sr)

Lab E,=950 (MeV) Lab E,=1230 (MeV)
200 T T T T l T Y T T I T T T T I T T 300

-
-
-
-

—
-
-
-

—
-
-
-
-y

w——
-

250
150

lllr‘l’TTrI

200

LR

!

100 150 = ™~

do/d0Qg (nb/sr)

I
v

} 1 100

i ; 50 = __
» '-._._
E R ~~ gl"x
- ‘\ ~

50

llllllll|llllll|lllll]l[ljll

-~ “.\'\..__
0 s Lkl w T RN 0 - PR VO | I — -'x "é---ﬂ-_-_l-—ﬂ- -h‘:—--l’:-—-f L JL ikl i
150 0 50 100 150
Oy (deg)
FIG. 3. CM frame differential cross section at Ey =950 MeV. Legend as in Fig. 2. FIG. 4. CM frame differential cross section at F, =1230 MeV. Legend for the

calculation is as in Fig. 2; data are from Ref. [2} (X's), and Ref. [21] (diamonds).
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FIG.5. CM frame differential cross section at E, =1500 MeV. Legend as in Fig. 4.
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