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We here provide exact analytic formulas and therefrom derive a Monte Carlo program without ap-
proximations, for QED Compton events in the reaction ep —eyX produced in head-on ep collisions.
Those events correspond to final states with an electron and a photon, nearly coplanar, observed at a
finite angle within the detector. The process heré studied can be used, at high-energy electron-proton
colliders, for various purposes: measurement of the luminosity; electromagnetic calibration of detectors;
search for an e *; and finally, determination of the photon content of the proton.

PACS number(s): 13.60.Fz, 12.20.Ds, 29.20.Mr

I. INTRODUCTION

In a previous paper [1], we had suggested using QED
Compton scattering, which is one of the processes con-
tributing to the reaction ep —ey X produced in head-on
collisions, at high-energy electron-proton colliders, for
various purposes: the measurement of luminosity, the
electromagnetic calibration of detectors, and the search
for an excited electron e*. In that work we assumed that
the outgoing electron and photon would be measured at
finite angles, with their total transverse momentum limit-
ed to a value close to zero; this assumption allowed us to
isolate the QED Compton contribution, and also to per-
form a simplified and rough calculation, using the
equivalent-photon approximation for the proton, and in
addition by treating the latter like a pure Dirac particle.

In this paper we shall improve our calculation of the
QED Compton process by not using any approximation
in the Feynman graph computation and by introducing a
more precise expression of the photon content of the pro-
ton. Unavoidably that expression will remain model
dependent to some extent (mainly as far as its inelastic
part is concerned). Let us notice that the determination
of the exact photon content of the photon would actually
be an additional purpose of the experiment here suggest-
ed [2].

Before we start presenting our formalism, let us specify
briefly, and somewhat schematically, what is meant by
QED Compton scattering and how it is selected from the
reaction ep —»ey X.

For both Feynman diagrams of Fig. 1, the correspond-
ing amplitude contains the denominator (g3 —m2)q3
[(g2—m2)q3]. From there it results that the dominant
contribution stems from the configuration where both g2
() and g3 stay close to zero. This configuration corre-
sponds to the so-called bremsstrahlung process. It in-
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volves quite large counting rates but, in order to be mea-
sured, requires a specific small-angle detector [3].

Looking for particles within a finite-angle detector re-
quires that at least one of the two g?’s takes finite values;
the cross section will then be dominated by the range
where the other g? stays close to zero. One may thus
consider, in that case, two different configurations giving
rise to counting rates that are still relatively significant.

(i) g2 (g?)=0, g2 finite: the final photon is emitted
along the incident (final) electron line; in the detector one
observes the outgoing electron (nearly collinear, and
therefore indistinguishable, electron and photon) and at
least part of the outgoing hadronic system. That
configuration corresponds to the so-called radiative
correction to electron-proton scattering [4].

(ii) g52=0, g2 (¢}?) finite: the hadronic system goes
straightforwardly along the incident-proton line, and
what we observe in the detector is the electron and the
photon, with their total transverse momentum close to
zero. This configuration involves what we are calling the

‘QED Compton process, initiated by quasireal photons.

That process will thus be selected by performing a cut on
the total transverse momentum of the outgoing electron
and photon or, more or less equivalently, on the aco-

ep)

a

FIG. 1. Feynman diagrams here considered for ep —eyX.
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planarity of the electron-photon system. Such a cut will
also ensure that we can safely neglect contributions from
other reaction mechanisms, in particular from Feynman
diagrams (not shown in Fig. 1) where the outgoing pho-
ton is emitted at the hadron vertex.

In Sec. II we shall present the full and exact calcula-
tion of the Feynman graphs of Fig. 1. Section III con-
tains the description of a Monte Carlo program for the
generation of QED Compton events and some predictions
for distributions of various parameters in an experiment
of that type, assumed to be performed at the DESY ep

where the upper subscript (T,L) refers to the virtual
photon’s polarization (transverse or longitudinal) at the
hadron vertex, while the lower one (T, L, TL, TT) refers to
its polarization at the lepton vertex, i.e., defines the trans-
verse cross section, the longitudinal cross section, the
transverse-longitudinal interference term and the
transverse-transverse interference term of the virtual
Compton scattering process ¥ *e —vye.

In formula (1) the “virtual photon spectra” fTL are
given by

collider HERA. We shall finish with a brief conclusion, = 13;)‘3 Tx,x,,0%0 e @
where we shall discuss further extension of our work. 4mxx,
1—x
L — L 2y L
y*/p—mg (x,xy,Q )Uy*p (5)
II. EXACT ANALYTIC CALCULATION ¥
with
We start with the exact factorization formula, based on
helicity, for the process shown in Fig. 1: x?
d P : . ghx,x,, 00 =g (x,x,,00— —L
d4o,pe—>eyX fT ( QZ) do 2x
I AR — x,x., a0
dx dx,dQdq* v/ dQ* _ (=x,/x)Q*—x}m] ©
. [ do | 0 +axm]
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where the variables Q% x,x,, are defined as
with
2
—q) Q?
2= _ 42 = f—e
do do —do Q'=—aq x 2p. - 2_ 2 2
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calling my, my,, m, the respective masses of X, p, and e,
do _dor | 1+e doy and defining W2=(q,+p,), s=(pp+pe)2. The cross
do* | da* 2e dO* sections o X pertain to the virtual process y*p —X;
” their expressions will be given below.
+ 1 1+e€ dorp . do 20" In formulas (2) and (3) the virtual photon’s polarization
€ dO* cos « COScP parameter € is given by e=g%/gT [see (6)]. On the other
hand, the various polarization terms for the virtual
(3)  Compton scattering are given by [5]
J
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where dQ* =du *d ¢*, with u*= cos6*, 6* and @* being TABLE 1. Characteristics of the three resonances here

the orbital and azimuthal scattering angles in the center-  considered.

of-mass frame of the virtual Compton process. Finally, A N* N*

n=2m2W?/(W*+Q?)? (notice that we take the electron

mass into account only where it is required in order to =~ mg (GeV) 1236 1520 1688

avoid a divergency in the formulas). og (pb) 550 280 220
Now, in order to specify o 7, we shall consider vari- 'z (GeV) 0.12 0.12 0.12

ve Q% (GeV?) 2.5 3.0 3.0

ous separate contributions depending on the value (range)
of my involved [6].

A. Elastic contribution: my =m,
B. Resonant contribution m, +m, <my <1.8 GeV

2
ol, = izziG 2( QZ)M , (11) We assume that range to be essentially saturated by the
re o @ 1—=x contribution of the three resonances A (1236), N* (1520),
16m2am? 8(1—x) N* (1688). From experimental data on electroproduction
ol =———"GE(QY) , (12)  [7] we derive
YP Q4 1—x
. . m 2 FZ 2 172
where we use the conventional expressions of the proton’s oT= Sox R”R + o° (14)
electromagnetic form factors: S T (mi—mE)P+mir} Q3
Gy (Q? L—
GE(QZ)=—‘2L7Q9—)=(1+Q2/Q3>—2 (13) 7 =0 (15
’ with the values of the various parameters given in Table
with 02=0.71 GeV2. L

~ 4 ?180 g
535 B $ 160 =
o £ o 3
S 3 E £ 140 -
825 E 120 =
2 B 3
3 2100 =
1.5 E a 3
= I 80 K : : i
v E ® é ' ' .
0.5 §~ : : 60 & ; I A
0 'éémnmnmbqugegubuggagguf ............. 40 """" —;
0.5 Fl 20 o L =
_q El 0 oaatls:
-75 -5 -25 0 2.5 -75 -5 -25 0 2.5
10g:0(Q%/W?) 1og,o(Q°/W?)
—~ T 1 7T I 1 7T T ! T T 1 7T [ T T T !7 LR ! T T 1 1 I Y‘ﬁTT! T T T 7T I T 1T 7T
& 1600 : : : ‘ : : : :
1400
o 1200
=
<1000
800
600
400
200 :
0 20 40 60 80 100 120 14 160 180
A%, (degrees)

FIG. 2. .(a) Correlation between Q?/W? and weight (see Sec. III). (b) Correlation between Q2/W? and acoplanarity angle. (c)
Acoplanarity distribution; the shaded area represents the inelastic contribution. Those figures show weighted distributions computed
for HERA conditions (see Sec. III) before introducing acoplanarity and Py cuts.
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where F5(x,Q?) is the classical proton structure function.
(ii) When Q2 tends to zero, we are led to the well-
known cross section of real-photon production:

or=100 ub ,

ULZO .

(iii) Finally we set over the full Q2 range:
FIG. 3. Radiative correction on the incident-electron line for

QED Compton events. 47
or=—""—F(x,0M(x,0%) , 18
T (1—x)02 5(x,0%)é(x,Q (18)
C. Conti inelastic contribution: my > 1.8 GeV 2 4x'm}
ontinuum inelastic contribution: my e o= 4m°c . ZPF‘Z’(x,QZ)qS(x,QZ) (19)
(i) For large Q% with the assumption (justified (I=x)Q° Q@
by the quark-parton model) o, =(Q2?/v?*)o 1, defining
v = Qz /(ZmP x), we get where the interpolation function ¢(x,Q2) is defined as
4 2 2 VZ
or=—2"T% _ppix,0), (16) b(x,07)=——2 (GV)__ 20)
(1—x)Q Q(GeV )+ F5(x,07°)
4772(1 4._xzrnp2 .. h . 2 . .
- F2(x, 0?), (17) noticing that x goes to zero (while x /Q* stays finite) with

o
L (1—-x)0* @ 0?0, and that 47a®/(1 GeV?)~100 pb.
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FIG. 4. Distributions of (a) hadronic mass; (b) ey invariant mass; (c) ey total transverse momentum; (d) ey acoplanarity, for the
conditions defined in Sec. III (including acoplanarity and P cuts). Shaded areas represent the inelastic contribution.



III. MONTE CARLO COMPUTATIONS [8]

. Because of the presence of various poles in the expres-
sions given in Sec. II, it is practically impossible to gen-
erate at once a Monte Carlo program that would be
reasonably accurate in all phase-space regions (all experi-
mental configurations). Here we choose to generate
specific Compton events, i.e., events with the final elec-
tron and photon nearly coplanar, each observed at finite
angle (i.e., above a few degrees) in the detector; those
events are dominated by quasi-real photon exchange
(g% <<g?,q?). Our limitations of acoplanarity and polar
acceptance entail Q2< W? and [9] p<<1+u*. There-
fore, in a first step, we generate the events according to
an equivalent-photon-type approximation of the cross
section where terms of order Q2/W? (actually even of or-
der Q /W) are neglected in formulas (7)-(10), while 7 is
neglected as well. These are only dynamic approxima-
tions; all physical quantities (including Q?) are generated,
and the kinematics is treated exactly. The generation is
performed over the experimental phase space, i.e., over
the angular acceptance of the detector, defined at the be-
ginning of the program.

(pb)

Jondo

0 2.5
log,,(Q*GeV?)
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In a second step the events generated are weighted by
comparing, for their given parameters, the exact value of
the differential cross section defined in formula (1) to the
approximate one used in the first step. This allows us, in
principle, to provide an exact Monte Carlo simulation
over the whole phase space available. However, when we
increase Q2/W?, the weights of the events become larger
[see Fig. 2(a)]. Actually this corresponds to the fact that
we are essentially moving from the “QED Compton”
configuration to the “radiative correction” configuration
(see our discussion in Sec. I). We must reject such large-
weight events for two reasons: the first is that their sta-
tistical accuracy becomes small; the second is that we
should be able, through a limited increase of the cross-
section normalization, to get a weight factor smaller than
1, which would allow us to provide an output of individu-
al (unweighted) events.

Since Q2 is strongly correlated with, and essentially
close to, the total transverse momentum squared (P%) of
the outgoing electron-photon system, large Q2%/W?
values correspond to large acoplanarity angles between
the electron and the photon. This is clearly shown in Fig.
2(b).

FIG. 5. (a) Q? distribution; (b) x distribution; (c) @2, x correlation, for the conditions defined in Sec. III. Shaded areas in (a) and

(b) represent the inelastic contribution.
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We shall thus select relatively small Q%/W? values,
and consequently small weights, by defining a cut on the
ey acoplanarity angle, 7— A <45° [see Fig. 2(c)], calling
Ag the angle between the transverse momenta of e and y.
As mentioned in Sec. I, this cut also justifies our neglect
of any contributions from diagrams where the outgoing
photon is emitted at the hadron vertex.

The acoplanarity cut leads to sharp limitations on Q?
(P%) for the overwhelming contribution of small W
values. However, in order to eliminate large 0Q? values
even at high W (e.g., in the search for an e*), we intro-
duce an additional cut: P; <20 GeV.

Thus restricting ourselves to relatively small Q?, we
avoid having to include any contribution from weak in-
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Radiative corrections to the lowest-order diagrams of
Fig. 1 are affecting the cross section of the Compton pro-
cess, as well as the distributions of various parameters.
The most significant contribution proceeds from radia-
tion emitted by the incident electron (Fig. 3). We take
that contribution into account, using the so-called peak-
ing approximation; that procedure is justified by the fact
that the radiated photon and the scattered one are essen-
tially emitted at different angles, and thus can be dis-
tinguished, so that interference terms are suppressed.
Actually, we introduce an energy loss of the initial elec-
tron according to a probability law given by the semiclas-
sical formula [11]

g . ; dP(k)=B-kP~Y1—k +k?/2)dk , 22
teractions (i.e., virtual Z exchange) in our computations. (K)=p ( /2) 22)
In addition we feel allowed to choose, for simplicity, with
scale-invariant expressions of the photon’s electromag-
netic structure function, as, for instance [10], B= 2a In 2E 1 23)

T m, 2
— 1 — )3 — !

F(x)=35/32V/x (1—=x)°+0.2(1—x) . 2D and defining k =E, /E where E,, is the radiated energy
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and E the energy of the electron beam.

Note that the hard-photon tail of the radiated spec-
trum has a low emission probability, but on the other
hand it leads to smaller values of W, thus involving an in-
crease of the QED Compton cross section. In the com-
putations the Monte Carlo simulation uses the value of
the electron energy after radiation. However this leads to
weighting the events, since the absolute normalization
performed at the start of the program involves the nomi-
nal beam energy. It is possible to eliminate to a large ex-
tent the hard-photon tail by imposing a lower limit of the
ey visible energy; correspondingly, such a cut is neces-
sary and sufficient in order to eliminate large weight fac-
tors due to the radiation.

Let us make a short remark regarding the final-state
hadrons. The total outgoing-hadron invariant mass is
generated by our program, but we are not interested in
looking at possible hadron components inside the detec-
tor. As far as the elastic contribution is concerned, the
outgoing proton, anyway, does not enter the finite-angle
detector.

Figures 4-7 show various predictions (distributions,
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correlations) regarding different parameters of the pro-
cess considered, which are provided by our Monte Carlo
program with the experimental assumptions (valid for
HERA):

E,=30 GeV, E,=830GeV,
E,+E,>20GeV, E,,E,>2 GeV,
3.6°<6,, 0,<176°,

T—Ap<45°, Pr<20 GeV .

Notice that the same assumptions were used in Fig. 2, ex-
cept for the two last cuts.

Figures 4(a)—4(d) show the expected distributions of
W, my, Pr, and m—Ag; they are all sharply peaked to-
wards the minimal values of those parameters.

From Figure 5(a)-5(c), which show the distributions of
log,,Q? and log,yx, as well as their correlation, we con-
clude that the elastic contribution (x =1) is dominating
until Q?~1 GeV?, and that above that value only the in-
elastic one remains significant; however, even the latter
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FIG. 7. Angular correlation between outgoing electron and photon in various ranges of W. The points in the scatter plots corre-
spond to unweighted events in the indicated W ranges while the solid lines are iso-cross-section contours of d%o /d 6,dé, in pb/deg?
for all allowed values of W.
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falls down very rapidly when Q2 is further increased.
Figures 6(a) and 6(b) show the distributions predicted for
the outgoing photon and electron lab energies; both ap-
pear rather flat until a maximum value close to the
incident-electron energy E,. In Fig. 6(c) one observes
that (i) there is a very pronounced maximum for E
(ZE,.+E,)=E,, (ii) there are events with lower visible
energy, due to radiative corrections (we cut off for
E ;<20 GeV), and (iii) at higher E the cross section
decreases sharply, while E,. shows a somewhat longer tail
than E,. As for Fig. 6(d), it shows that both the electron
and the photon (especially the latter) tend to be emitted
backwards, i.e., along the incident electron beam, in the
laboratory frame. Finally, Fig. 7 shows again the 6,,6,
correlation, this time in different ranges of W. One ob-
serves that the angular correlation practically determines
the value of W involved. In particular the large accumu-
lation of events for both 9},,99 ~1r is clearly related to the
lower W range.

It appears that, with our experimental assumptions,
the inelastic contribution (shaded area in the figures)
represents about 36% of the integrated cross section, the
latter is 1770 pb.

IV. CONCLUSION

The present study should be fit to be practically ap-
plied in the near future, especially as HERA should start
running soon. In particular, it might be used (restricting
oneself to measuring small acoplanarity angles, where the
better known elastic contribution is by far dominating)
for the determination of luminosity.

In the future we shall study corrections that should be
included in our computations when the various restric-
tions (i.e., experimental cutoffs) introduced are relaxed to
some extent: the contribution of diagrams with the pho-
ton emitted at the hadron vertex, the contribution of
weak interactions; and the use of any type of proton
structure function in the calculation of the inelastic con-
tribution. In addition we shall study the hadronic final
state.
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conditions defined in Sec. III (including acoplanarity and Py cuts). Shaded areas represent the inelastic contribution.
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FIG. 5. (a) Q7 distribution; (b) x distribution; (c) @2, x correlation, for the conditions defined in Sec. III. Shaded areas in (a) and
(b) represent the inelastic contribution.
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FIG. 6. Energy distribution of the (a) outgoing photon and (b) outgoing electron, and (c) energy correlation and (d) angular corre-
lation between outgoing photon and electron, for the conditions defined in Sec. III. Shaded areas in (a) and (b) represent the inelastic
contribution. In (¢) and (d) the solid lines are level curves representing successive orders of magnitude of
d’c /dE,dE,(d*c /d0,d0,).



