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Multiple Production of Quark Jets off Nuclei
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The target dependence of jet production at large transverse momentum observed in
&-Al collisions can be explained in terms of contamination of double-quark jets. Qual-
itative explanations are given for the difference between pion- and proton-induced jet
production.

Interesting experimental results on jet produc-
tion at large transverse momentum in hadron-
proton and hadron-nucleus (aluminum) collisions
at 200 GeV have recently been reported. ' The
main features of the data are as follows. (i) The
exponent n which describes the A (mass number)
dependence of the jet-production cross section
increases rapidly with increasing P r (transverse
momentum) of jets. (ii) This abnormal nuclear
enhancement is more prominent in proton-induced
collisions than in pion-induced collisions.
(iii) The exponent o.„(pr) for single charged par-
ticles is considerably smaller than n;„(Pr) and
is almost independent of the beam type, i.e. ,
o.„'(pr) = n„~(pr). (iv) The multiplicity density
functions D(z) of jets show a strong dependence
on the target type; in fact, the relative multiplic-
ity density function D„„&(z)/D»(z) decreases mon-
otonically as z increases, where z =Pr(particle)/
pr(jet). (v) The mean charged multiplicity N;«(Pr)
of jets shows a strong A dePendence, N;„""'(Pr)
&N;„"~(pr) for both h = v and P. (vi) However, it
is almost independent of the beam type, i.e. ,
Njet (PT) N jet (P )trNjet (Pr) Njet (Pr) ~

(vii) The larger are the event charged multiplici-
ties, the stronger is the A dependence of the jet
production.

These experimental facts, in particular, (i),
(iii), (iv), and (v), imply a serious difficulty of

!

conventional quark-parton models' for hadron and

jet Production at large Pr if the observed hadron
jets are induced by single-quark jets. In such
models, it is assumed that the production of high-

pr quarks via hard collisions between constituent
partons of incident particles and their decay into
hadrons (quark fragmentation) factorizes. The
experimental facts (iv) and (v) apparently con-
tradict this factorization hypothesis. The experi-
mental fa, cts (i) and (iii) also mean essentially
the same difficulty.

In this Letter, we would like to show that this
apparent difficulty can be avoided if there is con-
tamination of double-quark jets in hadron-nucleus
collisions. The idea is illustrated in Fig. 1. A
similar picture has been utilized to explain a
strong A dependence of large-P r proton produc-
tion in proton-nucleus collisions. '

Since production of double- (or triple-) quark
jets will be mainly due to simultaneous double (or
triple) hard collisions of the constituent quarks
of the incident particles (see Fig. I), the A de-
pendence might be A' ' (or A'~'), which is, how-
ever, insufficient to explain the observed values
of o.;„(pr). Hence, we are forced to take into
account the rescattering effect as well. '

Consider the following reaction:

m+A —jet+ anything.

The normalized cross section (the pr distribution
at pion-nucleon c.m. angle 90') is written as fol-
lows:

jet d+ jet -1 p —p=(I -e„)q,(P,)+ ~,f du q„(u)q„(p, -n),

where the first and the second terms on the right-hand side correspond to the contribution from the
single-quark jets and that from the double-quark jets, respectively; e~ is the rate of contamination of
double-quark jets; p is the cutoff momentum; and q„(Pr) is the normalized Pr distribution of hadron
jets induced by single quarks produced on the nucleus A, satisfying

f„dP q (P )=I. (3)

Throughout this paper, the c.m. angle is always fixed at 90' so that the momentum is denoted as pr. In
Eq. (2), the contribution from the double-quark jets is simply given by a convolution of two independent
single-quark jets. This is certainly a rough approximation to be improved in more detailed calcula-
tions. We assume that the cross section for jet production in ~-P collisions is dominated by the single-
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FIG. 1. Production of {a) single, (b) double, and (c) triple piirs of quark jets. The siagle quark q( in (a), bvo
quarks (q„q,) in (b), and three quarks (q&, q»q3) in (c) are detected as single-hadron jets. ~, B, andA are, respec-
tively, a meson, a baryon, and a nucleus.

quark term and that the single-quark term in &-A collisions is A times that in &-p collisions times a
rescattering correction factor. For simplicity, we do not introduce a soft-collision term of which the
A dependence is weaker than A . Therefore, we do not claim quantitative reliability of our analysis for
small pr, say pr(1. 5 GeV/c. The distribution Q„(pr) is then expressed as

kg J &t gg J t'-t

p)(
dpr dQ

where E„(pr) is the rescattering correction factor normalized as E,(pr) = 1, i.e., no rescattering cor-
rection in w-p collisions. We use the following parametrization for E„(pr):

1 +A'~'C exp(Dp r)
1+C exp(Dpr)

where C and D are positive constants. The jet cross section for v-p collisions is parametrized as

Edo p''
— = const xexp(-B, p r),p, 'dprdQ

where the slope parameter B, is assumed to be the same as that for p-p collisions', B„=B~=3.33
(GeV/c) '. Precisely speaking, B, seems slightly smaller than B~,' but the difference is only 0.21-
0.28 (GeV/c) '. For simplicity, we use the following relation' for the c.m. energy 8 and the trans-
verse momentum Pr of the quark jet Produced at c.m. angle = 90':

E=p +rM , 0M0=1.2 GeV/c .
The ratio of the jet-production cross section for ~-A collisions to that for m-p collisions is given as

y2 jet @ jet
=AF„(p~) 1+ "- f ~ dk()„(k)()„(p~ 4)).

The charged multiplicity density function for ~-A collisions is expressed as

(7)

(8)

( — .)q.(p.)D(z, p.)+ .p, l.,' d& q.(»q.(p, f)& 'D(zp, /~;1-)-
p r&=

(1 —~ )q„(p,)+e„j'& "uq„(a)q,(p, —e)
(9)

where D(z, Pr) is the fragmentation function of single quarks with momentum Pr. The multiplicity den-
sity function of hadron jets in 7(-p collisions is equal to D(z, pr) by assumption:

D„,(z, p, ) =D(z, pr).
For simplicity, we use the standard parametrization" for D(z, pr):

D(z, p r) = 2p r'( p r —y) '(1 —z )z

(10)
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where the coefficient of (1 —z)z is determined by the normalization condition

dz z D(z, P r) = 1.
ph~

The momentum cutoff p is determined to be 0.25 GeV/c by fitting the mean charged-hadron multiplicity
of jets given by

Fr„,'"(p,),h„„,= 2 f, dz D(z, p,) (i2)

to the observed values. ' Here, we have assumed that ~3 of the hadrons in jets are charged. The mean
charged multiplicity of hadron jets produced in &-A. collisions is then given by

+WA (Pr) chK'ged 3 /
dz D7IQ(z, pr)

(1 —~~)qJ(Pr)& p" (Pr).h ~+2& Sp dk& p'"(k).h.,g&q„(k)q (pr-k)
(1-~„)q„(p,)+~„f dk q,(k)q~(I, k)-

where (9) and (12) were used. Finally, the inclusive single-hadron production cross section for ~-p
and &-A collisions is written in terms of the corresponding jet cross sections and the fragmentation
functions as

d20 & max P Z d'0, '"
dkD„(pr/k; k) '

— for a=p and A, (i4)

where maxpr is the maximum possible value of pr in m-nucleon collisions.
There are three adjustable parameters e„, C, and D. Instead of attempting the least-X' fit, we sim-

ply demonstrate that a reasonable choice of these parameters gives satisfactory fits to all the relevant
data. Numerical results for the following choice of the parameters are shown and compared with the
experimental data' in Figs. 2 —4:

C=0.15, D=0.4 (GeV/c) ', e„&=0.0151. (15)

Here the exponent a. for jet production and that for single-hadron production are calculated by using
the formulas

.'(P )=&
( '"')( ") Iln27) ' (16)
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FIG. 2. (a) &I, '(P&) and (b) &&et"(Pz). The curves show
the theoretical fit. Data for proton-induced collisions
are also shorn.

FIG. 3. Mean charged multiplicity of hadron jets.
The solid circles (experiment) and the dashed curve
(theory) are for 7t-p collisions; the open circles (ex-
periment) and the solid curve (theory) are for &-Al
collisions.

1298



VOLUME 43, NUMBER 18 PHYSICAL REVIEW LETTERS 29 QnoBER 1979

I.O—

O~ai(Z)
D~p(Z)

0..0 I I I I I I I I I

0.0 0.2 0.4 0.6 0.8 I.O

FIG. 4. Relative multiplicity density function. The
experimental values are for 4.0 GeV/c&Pz& 6.6 GeV/c.
The theoretical curve is calculated for Pz = 4.33 GeV/c.

with Eqs. (8) and (14), where I=jet and h. The
value of eA& is determined almost uniquely by
fitting to the observed values of D, A,(z; pz)/

D~(z;pz) for 4.0 GeV/c&pz&6. 5 GeV/c, while
the range of values of C and D which gives reason-
able fits to data is fairly wide though C and D are
strongly correlated with each other. For exam-
ple, an equally good fit is obtained for C =0.10,
D=0.5 (GeV/c) ', and e„,=0.0146. Anyway, only
1.5% contamination of double-quark jets (in the
cross section integrated over pr at a fixed c.m.

angle) is enough to explain every aspect of the A
dependence of the hadron jets. However, we do
not discuss here experimental fact (vii) because
its explanation requires information on both hard
and soft processes. It should be noted here that
o.„(pr) for h = meson is essentially determined by
the rescattering effect alone. Therefore, it is
expected that o.„(pr) for h =meson is almost inde-
pendent of the beam type in agreement with ex-
perimental fact (iii).

As for the mA-pA difference (ii), there are at
least two alternative explanations. One is the
contamination of triple-quark jets in p-Al colli-
sions as is shown in Fig. 1(c). Another is the
larger contamination of double-quark jets in p-Al
collisions than in &-Al collisions. In the former,
a simple convolution of three-quark jets should
result in a considerable increase of N~„'"{pz) in
comparison with N,„'"(pz). Experimentally,
N»'"(pr) =N„~'"(pr). This difficulty may be
eliminated if baryons are formed frequently in
triple-quark jets. If the latter is the case, the A
dependence at large A should be essentially inde-
pendent of the beam type.

An immediate prediction from our picture for
jet production off nuclei is that the semi-inclusive
cross section for production of simultaneous two-
hadron jets with small relative angle will show a
dramatically strong A dependence. Further theo-
retical justification of our picture requires a de-
tailed calculation of multiple production of quark
jets in simultaneous hard collisions.
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