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The contribution of multiple soft quark collisions to the spectra of lepton pairs produced
in high energy interactions is investigated as a function of their effective mass m. It is found
that if this contribution is presented in the form 4%, where A4 is the atomic number of the
nucleus, then « increases slowly to & & 1, as m increases. Comparison of theoretical and
experimental data is presented.

PACS numbers: 13.85.-t

The processes involving the production of high transverse momentum (P,) single
particles in hadron-nucleus reactions have recently been investigated theoretically [1-3].
It has been shown that multiple soft quark collisions occurring inside the nucleus mainly
explain the behaviour of the P, spectra of mesons as a function of the atomic number of
the target nucleus A4, as A% a < 1, at certain values of P, The 4 dependence of these
spectra at some P, has also been observed in other spectra both of single particles and
of particle jets [4, 5] produced in h-A interactions.

The present study is aimed to analyse the contribution of multiple soft quark collisions
to the spectra of lepton pairs produced in hadron-nucleus reactions at high energies.
By soft quark collisions we here mean collisions occurring at such small ¢ values for which
quarks do not leave the hadron boundaries, within which they have been produced, accord-
ing to a version of the dual topological unitarisation model (DTU) [6, 7]

In such collisions the hadron consisting of quarks can be assumed to interact with
another hadron as a whole. We can estimate approximately the maximum momentum
transfer ¢ at which quarks do not yet leave the hadron boundaries in h-h interactions.

For example, let us consider the collision of two nucleons. For simplicity, we shall take
x

it to be an elastic quark-quark (q—q) collision. In the c.m. system we have ¢t = —4k? sin? 5
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where k is the initial quark momentum and 6* is its scattering angle. At large k and small
0 _ i

2 2%
angle. After scattering on the angle 0, and passing the average distance between nucleons
inside the nucleus, ry, the quark deviates from the initial direction by the distance
Vi
2k
E, = 300(GeV), ry 2 0.3-0.4 (fm), at {t| = 34 (GeV/c)%. Another scattered quark of the
nucleon can fly in the opposite direction, so that after the collision the two nucleon quarks
considered will be separated by the distance r, = 0.6-0.8 (fm) at |7| = 34 (GeV/c)2.
However we note that the constituent quarks can scatter inelastically, the probability of this
process increasing with increasing initial energy. But in this case, at the same momentum
transfer ¢ the emission angle of the quark scattered should be larger than in the elastic
case. Therefore the estimates presented are approximate, rather setting the upper limit
of transfer in q—q collisions, at which quarks do not yet leave the boundaries of theconfine=
ment radius, if it is the nucleon radius. Thus at momentum transfers {t] < 34 (GeV/c)?
it is legitimate to assume that the projectile nucleon as a whole interacts with the nuclear
nucleon [6, 7].

We shall now consider dilepton production in high-energy hadron-nucleus interactions.
As is known [8-10], massive lepton-pair production in h-h interactions at large effective
m, in particular, ptp~ production at m > 4 (GeV/c?), is described by the Drell-Yan [6]
mechanism rather well. In principle, the process of utp~ production at m < 4 (GeV/c?)
can evolve via the production of a vector meson in the intermediate state, followed by
the decay of this meson, V — ptu~. Naturally the mechanism itself should be independent
of the atomic number A4 of the target nucleus if this process occurs on the nucleus.

In the present paper we shall analyse the ratios of the spectra of lepton pairs produced
in h~A reactions on different nuclei, rather than their absolute values. Therefore the mecha-
nism of utpu~ production is of no importance in our case.

The inclusion of multiple soft q—q collisions or multiple rescattering of the initial hadron
is made within the framework of the approach developed in Refs [1-3]. The process of
prp~ production in the hadron-nucleus interaction is shown schematically in Fig. 1.

According to Refs. [1-3, 8-10], the contribution of multiple soft collisions to the lepton
spectrum in the effective mass m, do,/dm* = FQ(m?) can be written in the following

t we can write approximately: 6; =~ where §; is the laboratory scattering

ry & rosin . Hence one can deduce that at the initial nucleon energy, for example,

humr.o.

n
collisions

N

Fig. 1. Schematic view of the hA — p*u~X process taking into account the multiple rescattering of the
initial hadron inside the nucleus
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form:
1 1
Ffss)(mz) = Zo Nn(_! dxlg dx, I dzP“dsz,{Gg")(xl, P1,)Gy(x3, Py,)
q

+G(x1, P1)Go(%2, P2)}o(m* —8.3)0054 0 u- (). )

Expression (1) is written for the reaction hA — prpu-X.

In what follows, for the sake of simplicity we shall consider pw*u~ production in
proton-nucleus interactions. The following notations are introduced here: N, is the so-
-called “‘effective” number characterising n collisions of the incident proton inside the
nucleus, which is calculated as in Ref. [11]:

N, = ;1; J dz fdzb(aT_(b, 2))" exp (—oT-(b, 2))o(b, z):

T_(b,z) = [ o(b, 2")dz'. ¥))
where o(b, z) is the nuclear density, normalised in the following way:
§ dz [ d®bo(b, z) = 4;

G{"(x, P) is the distribution of the quark with fraction x of the longitudinal momentum
and the transverse momentum P, after n collisions of the initial nucleon inside the nucleus.
The method used to calculate it is discussed in detail in Refs. [1, 2}, therefore we present
only its final form:

1 1
G;")(x, Pt) = (j). dxl(! dx2 J‘ d2P1‘d2P21 'fp(")(xz, P2,)

X Gy(x1, Pyg) * 6(x—%1%,)6X(P,— Py, —Py,). ©))

Here, in contrast to Refs. [1, 2] f§”(x, P,) is the probability for the initial proton to have
the fraction x of the longitudinal momentum and the transverse momentum P, after
n collisions inside the nucleus. It can be calculated as in Refs. [1, 2].

1 n n
f;f")(x, P) = 6“ il;Il dxi,[ il;lj. dzP“f;(x,, P,)

X o(x— H xi)a(Z)(Pt_ Z Py),

i=1 i=1

where f,(x, P, is the proton spectrum, normalised to unity, observed in the p~N interaction
as a function of x and P,; it is taken, as in Refs. [1-3] in the following formw [12]:

1 do (B+1)x? B? (—BP
—_— = x? — exp (- BP);
o dxd*P, 2 P )

B~0.5; B=4.6(GeV/c)~.
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Here

'§qi = X;X,S+ —Pu+ il P2:+2P11P21
X, Xy

is the square of the total energy of the g—q collision in the c.m. system; P,,, P,, are the
transverse momenta of the quark q and the antiquark ¢, respectively; x,;, x, are their
momenta fractions; S is the square of the total c.m. energy of the p—N collision; and ¢ is the
cross section of the inelastic p—-N collision.

Now we shall analyse qualitatively the behaviour of expression (1) for F&'(m) as
a function of A. Calculating Gf;"(x, P,) according to (3) and using the factorised form
of Gy(x, P) [1, 2] and f,(x, P,), we can present (1) for small m values in the following form:

FQ(m) ~ C i N,@"(m), C)
n=0

where C is some constant obtained after the approximate integration of (1) over dx;,
namely:

- B? 1 Bm\}"*?
P(m) = — —— Ky i 2(Bm); =1,2,3, ..
(m) = — F(3n+3)( ) KineaBmi o
B* 1 (Bm\}
OO(m) = — — (—— | K,(Bm).
2 T3\ 2

Expression (4) is analogous to the one for the contribution of multiple soft q—q collisions
to the inclusive P-spectrum of hadrons produced in p—A reactions, which behaves like
A” at o < 1 [1-3]. Therefore the spectrum F$’(m) should also be chatacterised by a similar
behaviour of 4.

Detailed calculations using Eq. (1) have shown that a(m) increases from its minimum
value to ¢ = 1, as m increases. The 4 dependence of the effective mass spectrum of the
lepton pair pu~ produced in the p—A reaction at E; = 400 (GeV) is presented in Fig. 2,
where one can see satisfactory agreement between the calculated curve and experimental
data [13].

A
ac(m) i‘expeﬂmenfal dafqg [13]
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Fig. 2. Dependence of @ = In / In — ” where A; = S*Cu, A, = 2°7Pb, on the effective mass
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As is shown above, soft quark collisions can be considered at small momentum
transfers ¢ only. At large ¢ values it is necessary to take into account hard g-q collisions.
One can easily demonstrate that the latter give a contribution to the spectra of high-P,
particles produced in hadron-nucleus reactions and this contribution depends on 4 linearly.
A similar dependence has been clearly shown in terms of QCD [14]. In particular, if the
quark undergoes n soft collisions at small transfers followed by hard scattering at large
t and fragmentation to a hadron with high P, then the P, spectrum of the quarks befoie
their fragmentation can be presented in the followifig form:

A @
d 1
2";; = Z —~ j dz j d*b(T_(b, 2))"
n=0 -
x exp (—aT_(b, z))o(b, z)H 7P 5‘”( ZP,.!-P;>

d
v l I P el iy )

n

IfY P, < P, it is easy to transform expression (5), after integration over d2Py, to the
i=1
following form:

2
2 P, dzP f dzfd bo(b, z) = dzP .

The same behaviour of the spectrum at large m follows for the considered process of
pu~ production in p-A interactions because in this case one can regard the annihilation
process ¢q — ptp~ as a hard one. Taking hard quark rescattering into account gives
a small value of the contribution to the spectrum investigated, as shown in Ref. [15].

Thus the above analysis of the processes of dilepton production in h-A reactions
at high energies has shown the following. If the m spectrum of these pairs is presented in
the form 4% then multiple soft quark collisions are just responsible for the increase in
o from its minimum value (¢ < 1) to a & 1, as the effective mass increases to m =~ 3—
-4 (GeV/c?). At large m values the linear 4 dependence of the spectrum in question has
been conditioned by hard quark precesses occurring inside the nucleus.

In conclusion we note that the processes hA — utu—X have been considered within
the framework of the multiple scattering theory in Ref. [16]. There the value of a(m)
was calculated at m equal to the mass of vector mesons Qq, Wo(m,,) and turned out to
agree with the experimental value, but the dependence of a(m), m > m, , was not calcu-
lated. In that case the multiple rescattering of both the initial hadrons and intermediate
vector resonances or T mesons were not taken into account. However a large uncertainty
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arises in the analysis of the contribution of vector meson rescattering processes occurring
inside the nucleus, because there is no adequate knowledge of the cross sections of the
interaction of @, ®, ¢-mesons with nucleons at the energies considered. Furthermore,
according to modern theoretical concepts [17] and, in particular, the DTU model [6, 7, 18],
secondary fast mesons and the excited states of quark-antiquark pairs (q+q), vector
mesons, are produced outside the nucleus, and the fast incident hadron instantly.

Therefore in the present paper we restrict ourselves to taking into account the muitiple
soft collisions of the incident hadron.

In recent experiments [4, 5, 19] an interesting fact has been observed. In hadron-
-nucleus processes involving the production of hadron jets, a(P) > 1 even at high P, if
their P, spectra are presented in the form A% Therefore, in our view, a systematic theoretical
study of such processes is of considerable interest.

One of the authors (G.I.L.) would like to thank L. I. Lapidus, A. B. Kaidalov and
M. G. Ryskin for useful discussions and valuable advice.
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