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We discuss the theory of jet events in high-energy photon-proton interactions using a model which
gives a good description of the data available on total inelastic pp cross sections up to ~a=210 GeV.
We show how to calculate the jet cross sections and jet multiplicities and give predictions for these
quantities for energies appropriate for experiments at the DESY ep collider HERA and for very-
high-energy cosmic ray observations.
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The hadronic structure of the photon and its inter-
action with hadrons are currently subjects of consider-
able interest. The ZEUS and Hl groups at the ep col-
lider HERA have presented preliminary results [1] on the
pp photoproduction cross section at 210 GeV center-of-
mass energy which show the rise with energy typical of
other hadronic interactions. Et was shown by Gandhi and
Sarcevic [2] in a simple model that this rise can be used
to discriminate between difFerent sets of photon structure
functions. The hadronic behavior of the photon at very
high energies ( 10 GeV photon energy) is also of inter-
est for the theory of air showers triggered by cosmic ray
photons [3].

We have developed an improved @CD-based model of
the photon interaction with nucleons [4] which gives pre-
dictions for the total inelastic pp cross section which
agree well with the data from the DESY ep collider
HERA. The model has the interesting feature that the in-
formation needed to calculate o~",

&
is largely determined

by high-energy xN scattering. In this paper, we will use
the model to discuss the total jet cross section o,~

and
the probabilities for multiple-jet events, and give our pre-
dictions for those quantities at HERA energies and the
energies relevant for cosmic ray experiments.

We begin by sketching our model for inelastic pp scat-
tering. The theory is developed in detail in [4]. The
incoming physical photon state lp)vhy, can be expressed
as a superposition of the bare photon and the set of vir-
tual hadronic states ]m) which can be distinguished in
the subsequent interaction, and appear with probabili-
ties 7 ~. Accordingly, the total inelastic pp cross section
is given in a semiclassical picture as

cr~~~i = (1 +had)&dir + ) +m cr

&had = ) .&m &( 1.
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Included among the states
I m) are low-mass vector meson

states such as the p, cu, and (b, and complex nonresonant
final states which can be described on the average in a
quark-gluon basis.

Whether the photon appears as a virtual vector me-
son state or a high-mass nonresonant state depends on
the relative transverse momentum 2pgp of the quark and
antiquark in the virtual transition p ~ qq which initi-
ates the hadronic interaction. We note that p~p 1/r~,
where r~ is the average transverse separation of the vir-
tual quarks during the lifetime of the qq system. If r~ is
greater than, or on the order of, the average transverse
radius R~ = 1/Qo of a vector meson, @CD confinement
eKects will clearly set in, and the qq system will most
likely appear in a hadronic collision as a light vector me-
son. For r~ ( R~ the qq system will be smaller than a
vector meson. In this picture, the virtual hadronic sys-
tem behaves for p~() ( Qo like a vector meson, and for

p~o ) Qo, like a system with a transverse area smaller
than that of a vector meson by a factor (Qo/@~0) . Its
interaction cross section will be reduced accordingly.

After eikonalizing the hadronic cross sections using an
impact parameter representation to account for possible
multiple parton scatterings in a single pp collision, the
total inelastic pp cross section is given by [4] as

o~"„= crd;, + APp d b(1 —e R'~
)

A'"(b) = d'b'p, (b)p (lb —b'I) d bA~" (b) = 1,

(4)

and o.~"«and o.&D are the soft- and hard-scattering

parts of the intrinsic cross section. cr, "«was parametrized
in [4] using a Regge-like form,

Here P~ is the probability that a photon exists in the p
meson state, p~ = 4qro., / f~, where f2 is the pp coupling
in the vector meson dominance modef. We will treat the
p, a, and P as equivalent, and will use the quark model
ratios for the couplings fv, then A = 4/3 for equal pp,
wp, and Pp cross sections, and A = 10/9 for complete
suppression of the P contribution at low @~0 [5]. The
third term in Eq. (2) includes the contributions from the
excited hadronic states of the photon, which we collec-
tively call qg states. The factor (eqa, ~/7rp&0)dp&o is
just the di8'erential probability of producing a qq pair at
a relative transverse momentum 2p~0.

The real part of the eikonal function for the pp inter-
action can be written in the form [6]

Rey~" (b, s) = Rey~"«(s) + Rey~&&D(b, s)
1

A (b) [o' «(s) + o'QCD(s)]

where A "(b) is the density overlap function,

2 &em+ (E'.
q

q

d~J 0
2

() ~l0
e »~x"-")

(2)

(7,"« ——(7o + o i (s —m„) + o 2 (s —m„)

while oQ~"cD was identified with the inclusive parton-level
cross section for pp scattering,

~PP 1
QCD )~1+P

U U
6X] dX2 deaf,"(* R.)f,'(* 6)„". (6)

Using the equivalence of the p and qr states in the quark model, we can equate the parton distribution and density
profile functions for the p meson to the corresponding functions for the pion and take f~=f, and p~(b)=p (b) [7].
The parton distributions in the pion are known reasonably well [8]. The density profile functions p„(b) and p (b) can
be taken as the Fourier transforms of the electromagnetic form factors of the proton and the x meson. The density
overlap function A~" = A " is then given by [9]

1 v p 2v
A «(b) = «««bK1(«b) — ««]K ( b) —K«««(yb)]),

where K„(x) is a hyperbolic Bessel function, and the
"size" parameters of the pion and the proton are p,

2 =
0.47 GeV2 and v2 = 0.71 GeV2, respectively. The former
corresponds to a root-mean-square transverse radius for
the pion or p meson R~=l/Qo —2/)(i with Q() = 340
MeV.

The eikonal function for the qqp scattering terms in
Eq. (2) can be expressed similarly as

2ReX A (b P&o)[o.':~"(s u»)+oQCD(s P~o)l

(8)

We assume that pqq(b) has the same form as p~(b) ex-

cept with the size parameter p = 2QO of the p meson re-
placed by 2@~0 [4]. With this replacement, Aqqi'(b, p~p)
and pqq(b, @~0) are continuous with the corresponding
functions for the p meson at p~p = Qo, but describe
a shrinking system for @~0 ) Qo. Finally, the cross-
seetions a,g~(s, p~o) and crQCD(s, p~„) were assumed to
scale with the physical cross-sectional area of the qq sys-
tem so that

oqqp(s p ) + oQQp (s p )
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This model guarantees that o»fq and open are contin-
uous at p~o = Qp, and that the soft contributions from
the qq states die out as 1/pro as expected for higher
twist terms. It neglects contributions to the qqp cross
section from the "pointlike" structure of the photon at
high p~, but these are known to be very small at the mo-
mentum transfers of interest [10]. The approximations
used are closely connected to those used in vector domi-
nance models, which describe the excited hadronic states
as vector mesons with Vp cross sections that fall as 1/M&~

[4, 7].
We have calculated the total inelastic pp cross section

using Eq. (2) and the assumptions above. The soft cross
section in Eq. (5) was determined [4] using the low-energy
7p data [ll]. The fits in [4] give the values oo= 25.8 mb,
o q

——14.0 mb GeV, and o2= 14.0 mb GeV for the param-
eters in Eq. (5). The calculation used the parton distri-
butions of Owens [8] for the pion and those of Eichten
ef, ot. [12] for the proton. The value of the parameter
p~ ~;„ in Eq. (6) which determines the transverse mo-
mentum at which hard parton-level collisions come into
play was taken from a similar fit to vr+p scattering [9],
p~;„——1.45 GeV. The predicted cross section agrees
with the preliminary HERA data [1] and those at lower
energies as shown by the top curve in Fig. 1(a). The
calculated rise in o,„",

&
at higher energies arises from the

hard-scattering contributions, and is a prediction of the
model rather than a fit to the HERA data. It is therefore
of interest to look for other tests of the model. The jet
cross sections predicted by the model provide one such
test.

The total jet cross section cr;,"„(s,Q ) is defined for
a cutoff Q for the transverse momentum of the ob-
served jets to be the part of the inelastic pp cross sec-
tion which includes events with at least one semihard
parton-parton (or p-parton) scattering with p2& & Q2,
irrespective of any soft processes that may occur. To
find an expression for the jet cross section o;,t" in the
interaction between the proton and the hadronic state
~m) of the photon, we use the fact that semiclassically
exp [

—2 ReXclcn(b, s, Q )] can be interpreted as the prob-
ability that there is no parton-parton scattering with

I
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FIG. l. (a) The calculated total jet cross sections as func-
tions of ~s and the transverse momentum cutoff Q. The total
7p inelastic cross section calculated in [4] is compared to the
low-energy [11] and HERA [1] data in the upper curve. (b)
The eikonalized and inclusive jet cross sections for the same
values of Q.

p2& & Q~ in a hadronic collision at impact parameter b

Using this observation, we can rewrite the expression for
the total hadronic cross section o. " to separate the part
which contains no jets with p~ & Q from a remaining jet
cross section:

2( ) g2g (y
—2R 22 —2R 2„„)}1 cia J

d2g y
—2 Rey, «'(b, s,Q ) —2 ReggaD(b, s,g ) +

= o„,",„(s,Q2) + o;„"(s,Q ).

—2 Reg~~o (b, s,g')

(10)

Here involves a modified eikonal function

~;.t"(s Q') = ~
—2ReX~D(»~ 4 )

is the total cross section for events associated with ~m)
which contain jets with p~ & Q. The factor crc&n which
appears in the eikonal function in Eq. (11) is now to
be evaluated using the expression in Eq. (6) with p~&

replaced by Q2. The remaining "no jet" cross section

X fg ( 5 Q ) R X fg+ R Xclcn

ReX clan (b s Q ) (12)

which includes the usual soft term and additional con-
tributions from jets softer than the (observational) cut
imposed, that is, with p~, ;„&p~ & Q.

The total jet cross section in pp scattering is the gen-
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FIG. 2. The total inelastic and jet cross sections at cosmic
ray energies. o.

&&D is the inclusive jet cross section.

eralized sum of the cross sections o;.„"(s,Q ), weighted
with the probabilities 'P, over all the possible hadronic
states of the photon, plus the very small jet contribution
od;, (s, Q ) from processes in which the photon interacts
directly with a parton in the proton:

IT~", (s, Q2) = op;, (s, Q ) + ) T' o™, .

m

= ITg;, (s, Q ) + A 'Pp cr~,",(s, Q2)

d2PJ 0 Vga( Q2 2

Qo ~30
2 O'em+ e

7t

where

od;, (s, Q ) = ) dpz f. (~ 6) d s (s 6)
2J,min

dp J

(14)

The jet cross sections for specific kinematic cuts, e.g. , on
jet angle, can be calculated using the same basic formulas
with the cuts imposed on the integral for o &~"&D in Eq. (6).

We have calculated the total jet cross section o ~", in the
HERA energy range for Q = 2, 3, 4, and 5 Ge, using
the same parameters as were used in [4]. Our predictions
are shown in Fig. 1(a) along with the calculated total
inelastic pp cross section and the experimental data [1,
ll]. At ~s=200 GeV, the jet cross section is predicted to
be approximately 1.3'%%uo of the total inelastic cross section
for Q= 5 GeV in rough agreement with earlier predictions
[2], and 25'%%uo of the total for Q= 2 GeV.

The rapid growth of the jet cross section with energy
is associated with the growth of the parton distribution
functions in the photon and the proton at the small val-
ues of x which become accessible at high energies. This

TABLE I. Probabilities P„ofha~ing n parton-parton col-
lisions or 2n jets in a single inelastic pp collision at v a=200
GeV.

q (GeU) Po

0.734
0.904
0.954
0.971

Py

0.228
0.078
0.030
0.013

P2

0.020
0.002
0.000
0.000

0.002
0.000
0.000
0.000

growth also leads to an increasing probability of the scat-
tering of more than one parton in a single pp collision.
For this reason, the inclusive parton-level pp cross sec-
tion o.&~~cD, which counts each parton collision separately,
is not the same as IT~~t. The latter has the overcounting
due to multiple independent scatterings removed in the
eikonalization. We show the eKect of the eikonalization
up to HERA energies in Fig. 1(b). The effect is not very
significant for Q = 3, 4, and 5 GeV at ~a= 200 GeV,
but causes about a 10% reduction in the jet cross section
for Q = 2 GeV.

In Fig. 2 we show a,,~
for the cosmic ray energy range

for the same choices of Q as in Fig. 1, together with
the calculated cross sections o,„",I and a&~cD for Q = 2
GeV. At very high energies, the jet cross section clearly
comprises a large part of the total inelastic cross section,
e.g. , 75%%uo of o.,„",I at E~ = 2 x 10s GeV (Us = 2 x 104
GeV) for Q = 2 GeV. Even for Q = 5 GeV, o;~~t gives
nearly 40% of 0 ~",1. Also, as more of the incident partons
scatter, the efI'ect of eikonalization becomes quite large
as shown for Q= 2 GeV.

To calculate the multiplicity of jets, we note that
the average number of parton-parton scatterings with
p~ ) Q ln a slllgle fp colllsioll at impact parameter b
associated with the hadronic component Im) of the pho-



47 JETS AND JET MULTIPLICITIES IN HIGH-ENERGY. . . R4819

ton is

(b, s, Q ) = o'clcD(s, Q )& "(b) = 2 ReyclcD (b, s, Q )

jets) in such a hadronic collision has a Poisson distribu-
tion

P„"(b,s, Q ) = —[n (b, s, Q )] e "-
n. (16)

Since the parton-parton scatterings in our model are in-
dependent, the probability of having n scatterings (2n

The probability P„(s,Q ) of having n scatterings relative
to alt the inelastic events at an impact parameter 6 is then

P„(s,Q ) = (o.~"„) ') P o;„"„

= (o.~"„) ') P d bP„"(b,s, Q )

=(cr~" ) ') P — d b[n (b s Q )] e "-
n! (17)

for n & 1. Po(s, Q ) is defined to be the probability of having a soft interaction with no associated jets:

p( q2) (
V|

)
—I) p d2) ()

—2Ry, ')b, , Q)) — )b~,Q ), (18)

Note that we have neglected the very small two-jet con-
tribution to these expressions from the direct @CD in-
teraction of the photon with the partons in the proton.

We have calculated P„ for n = 0, 1, 2, and 3 at ~s=
200 GeV using Q = 2, 3, 4, and 5 GeV. The results are
shown in Table I. For Q = 5 GeV the probability of hav-
ing a 2-jet event (a single parton scattering) is about 1%;
the probability for 2n-jet events with n & 1 is essentially
zero. For Q = 2 GeV the total probability of having any
hadronic jet event is approximately 27%, with the 2-jet
events comprising more than 90 % of the total.

We also investigated jet production in pp scattering at
very high energies. In Fig. 3 we show the distribution of
P„at ~s = 2 x 104 GeV with the choice of Q = 3 GeV. It
is more likely at this energy to have jets in an event than

not, with an approximately 70% jet probability. While
the 2-jet production is still the most probable, events
with more than 2 jets occur with about 20% probability.

It will be quite interesting to see if the predictions
above are verified in future experiments since they con-
nect the hadronic properties of the photon directly to
those of the pion. In particular, the jet structure of pion
and photon-induced reactions on protons should be quite
similar.

This work was supported in part through U.S. Depart-
ment of Energy Grants Nos. DE-AC02-76ER00881 and
DE-FG02-85ER40213. One of the authors (R.G.) would
like to thank the World Laboratory for support.

[1] The preliminary values of o~„",
&

are ZEUS Collaboration,
Phys. Lett. B 293, 465 (1992), o~"„=154+16+32pb at
an average energy of 210 GeV; H1 Collaboration, ibid.
299, 374 (1993), o~„",

&

——159+7+20 pb at 195 GeV.
[2] R. Gandhi and I. Sarcevic, Phys. Rev. D 44, R10 (1991).
[3] See, for example, M. Drees and F. Halzen, Phys. Rev.

Lett. 61, 275 (1988); M. Drees, F. Halzen, and K. Hikasa,
Phys. Rev. D 39, 1310 (1989); T.K. Gaisser, F. Halzen,
T. Stanev, and E. Zas, Phys. Lett. B 243, 444 (1990).

[4) K. Honjo, L. Durand, R. Gandhi, H. Pi, and I. Sarcevic,
Phys. Rev. D (to be published).

[5] There is evidence for considerable suppression of the cross
section expected for photoproduction of the P relative
to that for the p for ~s -10 GeV. See R.M. Egloff et
al. , Phys. Rev. Lett. 43, 657 (1979). We therefore used
A=10/9 in the calculations reported here. This has rather
little effect on the high-energy results [4].

[6] L. Durand and H. Pi, Phys. Rev. Lett. 58, 303 (1987);
Phys. Rev. D 40, 1436 (1989).

[7] These assumptions are consistent with the near equal-
ity of measured pp and mp scattering cross sections, and
with similar assumptions in the vector dominance model.
See, for example, the review by T.H. Bauer, R.D. Spital,
D.R. Yennie, and F.M. Pipkin, Rev. Mod. Phys. 50, 261
(1978).

[8] J.F. Owens, Phys. Rev. D 30, 943 (1984).
[9] L. Durand and H. Pi, Phys. Rev. D 43, 2125 (1991).

[10] J.R. Forshaw, Phys. Lett. B 285, 354 (1992).
[11 The lower energy data shown in Fig. 1 are from D.O.

Caldwell et aL, Phys. Rev. Lett. 25, 609 (1970); 40, 1222
(1978).

[12] E. Eichten, K. Lane, I. Hinchliffe, and C. Quigg, Rev.
Mod. Phys. 56, 579 (1984).


