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MULTIQUARK STATES IN NUCLEL AND NUCLEAR EFFECTS
IN DEEP INELASTIC LEPTON SCATTERING AND LEPTON
PAIR PRODUCTION
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The nuclear quark distribution functions are obtained in the framework of the multi-
quark cluster model and with these distribution functions Drell-Yan cross sections for lepton
pair production processes in hadron-nuclear collisions are calculated. Significant nuclear
effects are predicted for the ratios of cross sections in the region of large M and negative
Xr. Results of the calculations are compared with existing experimental dafa.

PACS numbers: 25.30.—c

1. Introduction

Processes of cumulative particle production in hadron-nucleus and nucleus-nucleus
collisions [1] and elastic lepton-nucleus scattering at large momentum transfer [2]
revealed that consideration of nuclei as systems of quasi-independent nucleons is incom-
plete and it is necessary to take into account quark degrees of freedom when study-
ing high energy nuclear interactions. Experimental data for particle production in the
kinematic region forbidden by the nucleon-nucleon kinematics led to the conclusion
that there exist multiquark states (different from nucleons) inside the nuclei. This was
confirmed by the power-law fall-off of elastic form-factors of light nuclei at large momen-
tum transfer, assuming the behaviour predicted by the quark counting rules [3].

Recent experimental studies of deep inelastic scattering on nuclear targets revealed
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an essential difference between the structure functions of heavy and light nuclei (the so-
-called EMC effect) and gave rise to a new interest in the quark structure of nuclei. The
discovery that the ratio of structure functions of iron and deuterium nuclei differs signifi-
cantly from unity in the kinematical region 0.05 < x < 0.65, was first made by the European
Muon Collaboration [4] and has been confirmed by other experimental groups [5-7).
The data show that the structure functions of heavy nuclei are smaller at medium values
of variable x (0.2 < x < 0.7) than that of a deuteron. At small values of x (x < 0.2) different
sets of data show different behaviours for the structure function ratio: the EMC data [4]
indicate an enhancement at small x, while the SLAC {5, 6] and BCDMS [7] data are con-
sistent with unity. New data from the EMC [8] and BCDMS [9] collaborations show clearly
that the structure function ratio exceeds unity for small x, but not to the same degree as
the original EMC data. At x > 0.7 the data show a gradual rise of the ratio above unity.
(For a review of the EMC effect, see [10]). Despite the uncertainty at small values of x, it
seems that such behaviour of the structure function ratio contradicts conventional assump-
tions about the nucleus as a bound system of nucleons affected only by their internal Fermi
motion, which predicts [11] no deviation from unity in the region 0 < x < 0.6 and sharp
rise for x > 0.6.

Different theoretical models have been proposed to explain the EMC effect (e.g. the
pionic models [12], the dynamical rescaling models [13] and the conventional nuclear
models [14]), among which the multiquark cluster model [15] should be noted. This model
is based on the possibility of forming multiquark clusters in nuclei due to the overlapping
of several nucleons and can not only explain the EMC effect in the region 0 < x < I,
where the results of all the theoretical models mentioned are similar and do not differ
qualitatively, but also makes predictions for the x > 1 region [16], which is not yet studied
in modern experiments and where essential differences between the predictions of various
models are expected. Hence, the experimental investigation of deep inelastic lepton-
-nuclear scattering in the region x > 1 is of great interest, as it may be critical for different
models suggested for the explanation of the EMC effect.

As shown by the data on the EMC effect, quark distribution functions depend on the
nuclear environment, so similar nuclear effects may occur in other high energy processes
involving nuclei (e.g. lepton pair production in hadron-nuclear collisions, particle produc-
tion at high p, on nuclear targets), where quark distributions play an important role.
Recently such nuclear effects were observed in hadronic high-mass dimuon production
processes [17]. Several authors [18] have proposed that the study of lepton pair production
in hadron-nucleus reactions in a wide kinematical region can provide the information
that is necessary for discrimination between models of the EMC effect.

In this paper we consider nuclear quark distribution functions in the framework of the
multiquark cluster model and show that the EMC effect can be explained by taking into
account the scattering on colorless multiquark configurations in nuclei. Then we use these
quark distribution functions in calculations of Drell-Yan cross sections for lepton pair
production in proton-nucleus and pion-nucleus interactions and predict the behaviour
of cross section ratios in different kinematical regions. The predictions show significant
nuclear effects in these processes.
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2. Nuclear quark distribution functions in the framework of the multiquark cluster model
and the EMC effect

Let us consider deep inelastic scattering of charged leptons on a nucleus with atomic
number 4. We assume that in the nucleus, together with nucleons (three-quark clusters),
there are formed with definite probabilities the colorless multiquark configurations with
six, nine, etc. quarks (in this connection see [19]), and that leptons interact with the nucleus
by means of the exchange of virtual photons with quarks from these clusters. We also assume
that the nuclear constituents contribute incoherently and that the final state interactions
can be neglected in the deep inelastic region. Then the nuclear structure function can be
represented by the sum

A
Fi(x) = k; N(4, k)F3(x). 6))

The first term of the sum corresponds to the contribution from nucleons, the subsequent
terms correspond to the six-quark clusters, nine-quark clusters and so on. The variable
x is the usual Bjorken scaling variable x = Q2Z/2mv, which in the case of scattering on
a nucleus varies in the interval 0 < x < 4. (Q? is the 4-momentum transfer squared,
v is the transfered energy, m is the nucleon mass.) Bearing in mind that no dependence
on Q? was observed in experiments on the EMC effect, we neglect the Q%-dependence of
the structure functions i.e. we assume exact Bjorken scaling. F% in (1) denotes the structure
function of a configuration which contains a 3k-quark cluster and nucleons. The coefficients
N(4, k) in front of these structure functions can be interpreted as the effective numbers
of 3k-quark clusters in the nucleus 4 and satisfy the following condition of baryon number
conservation

A
Y kN(4, k) = A.
k=1

Obviously, the quantities PX = kN(4, k)/A can be understood as the probabilities of -
3k-quark cluster formation in a nucleus with atomic number 4. In the paper [20] realistic
wave functions were used to calculate these probabilities for light nuclei and the probabili-
ties for heavier nuclei were predicted on the basis of these results. Here we use the para-
metrization of N(4, k) in the form of the Bernoulli distribution

_ A k11 _ A~k
N, ) = s P L= (4]
which gives similar results for the probabilities P4 if we choose the parameter p(4), determin-
ing the probability of a three-quark nucleon to get into a 3k-quark cluster, in the form
of a ratio of the cluster and nucleus cross sections p(4) = 0.07 A~%/3, The coefficient here
has been obtained [21] by fitting the A-dependence of the EMC effect [6]. The coefficients
N(A, k) are rapidly decreasing functions of k and the main contribution to the nuclear
structure function is given by the first few terms of the sum (1). Therefore, in our numerical
calculations we restrict ourselves to three-, six- and nine-quark clusters. (The values of the
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probabilities P; for different nuclei used in our calculations are P3 = 0.05; P2, = 0.20,
P2, = 0.03; P} = P§ = 0.27, P3 = Py = 0.06).

Now we proceed to the structure functions F%. In the framework of the quasipotential
formalism in “light front” variables [22], it can be shown that these structure functions
can be factorized and expressed [23] via the structure functions of the multiquark clusters
F*(x) and the distribution functions of 3k-quark clusters in nuclei f,(z), which describe
the internal motion of clusters inside the nucleus:

1

Fi(x) = J dzfy(2)F 3 (f;) @

x

A

According to the quark-parton model [24], the structure functions F3* can be expressed
as a sum of quark and antiquark distributions

F3') = x Y. e}[q}*(x) +§;*x)]. (3)

Here ¢; denotes the electric charge of a quark of flavor i, ¢* and 7;* are the quark and anti-
quark distribution functions in 3k-quark clusters, respectively.

Using (1)-(3) we can obtain expression for nuclear quark (antiquark) distribution
functions (per nucleon)

A

1
1 (d
gix) = Z N4, k) f ;sz(Z)q?" (;;—c;) 4)

k=1
y
and similar expression for antiquark distribution.

We consider only three flavors of quarks (u, d, s). The u and 4 quark distributions
can be written as the sums of valence and sea quark distributions (4 = u,+u,, d = d,+d)
and we assume that the quark and antiquark distributions in the sea are the same (u, = i,
=d, = d, = 25, = 25, = S). For the valence and sea quark distributions in the proton
we shall use the following expressions

xuP(x) = 2.0723(1 +0.5x)x'/*(1 - x)3,
xd®(x) = 1.1275(1 4+ 0.5x)x'/2(1 — x)*,
xSP(x) = 0.1825(1—x)".

Here isospin invariance is assumed so that the distribution of the u quarks in the proton
is the same as that for the d quarks in the neutron and vice versa. The valence u and 4 quark
distributions are normalized to the number of corresponding quarks in the proton and the
sea quark distribution is normalized in such a way that proton’s momentum fraction
carried by gluons equals 55%.
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The quark counting rules [3, 25] were used to determine the valence and sea quark
distributions in multiquark clusters

xusk(x) ~ xl/Z(l ___x)6k-‘3+6’
Xdek(x) ~ x1/2(1__x)6k—2+6,
xs3k(x) ~ (1-x)6k+1+6.

Here 6 is connected with the spins of the quark and the cluster and equals O or 1 for clusters
with an even or odd number of quarks, respectively. Both u and d valence quark distribu-
tions in multiquark clusters are normalized to 3k/2 (assuming that clusters are isoscalar).
Normalization of the sea quark distribution can be determined from the momentum con-
servation condition, assuming that the fraction of a multiquark cluster momentum carried
by gluons, as in proton, equals 559.

Let us proceed to the functions f,(z), which describe intrinsic motion of nuclear constit-
uents. These functions must obey the following condition

6[dzf;‘(z) = 1.

The nucleon distribution function fi(z) = f1(z) is connected with the nucleon momentum
distribution in a nucleus gy(g) in the following way

2) = § dpe(p)5(z—p.[m),

where p. = po+p..

In the case of the deuteron we use the deuteron wave function squared as the nucleon
momentum distribution gn(p) = 1w(p)1> = [¥2(PY)+ v3(p?)], where y, and y, are wave
functions corresponding to S- and d-waves, respectively. In the numerical calculations we
use the parametrization [26] of Gartenhause-Moravchik wave functions. Note that in
deuteron the contribution of a six-quark state is only a small admixture to that of a two-
nucleon state and it does not exceeds a few percent (in this connection, see [27]).

For heavy nuclei the Fermi gas approximation is valid and for the nucleon momentum
distribution in the nucleus we can use the Fermi gas distribution

3
4np3

on(p) = 6(pe—1p)),

where pp is the Fermi momentum.

Effects of the Fermi motion of multiquark clusters become important for values o3
x > 1.5 so, as far as we concentrate on the region x < 1, we shall neglect these effects in
our considerations.

In Fig. 1 the ratio of iron and deuteron structure functions is presented along with
experimental data from the EMC [4] and SLAC [6]. One can see that while the nucleon
contributions with Fermi motion (dashed curve) contradicts the data, incorporation of
multiquark clusters (solid curve) improves agreement with experiment.
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Fig. 1. The ratio of iron and deuteron structure functions. Data from [4] — @ and [6] — O. Dashed
curve — calculation with account of only nucleons and their Fermi motion; solid curve — with account
of multiquark clusters

3. Nuclear effects in the lepton pair production

In this Section we use nuclear quark distribution functions in calculations of cross
sections of high-mass lepton pair production processes in hadron-nucleus collisions. The
main properties of lepton pair production in hadronic collisions have been explained in the
framework of the Drell-Yan model [28], in which a quark from one of the hadrons annihi-
lates with an antiquark from the other hadron, producing a virtual photon which creates
a lepton pair. The Drell-Yan process corresponds to the continuum part of the lepton
pair production cross section in the M >4 GeV region and does not take into account
the massive resonances of the J/yp and Y families. (For a review of the Drell-Yan process,
see [29]).

According to the naive Drell-Yan model the differential cross section forthis process
can be written as

do  4na?
—mi = —é—M—Zdeldsz(xl, xZ)(s(Mz—xlxzs), (5)
where
F(xy, %) = Y, el [a7(e )1 (x2) + Gi(x1)di (x2)]- Q)

13

Here summation is over the flavor index i and e, is electric charge of the quark of flavor
i. q? (g}) is the distribution of quark (antiquark) of flavor i in the incident hadron and
g; (q7) is the distribution of antiquark (quark) of flavor i in the target hadron. x; and x,
are the fractions of the longitudinal momentum of the incident and target hadrons carried
by the annihilating quark and antiquark. In the hadron-hadron centre-of-mass frame the

4-momenta of the beam and target hadrons are py = (% , 0,0, 1/23) and py = (—\éf ,0,0,
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/=

/

- “7) , where /s is the total c.m. energy. Then the longitudinal momentum of the lepton

pair and its energy are equal to
\Js NG
pL = (x1—%x3), Ep=-—(x1+x2)
2 2
So the invariant mass M of the lepton pair is given by M? = x,x,s.
In terms of the variables x, and x, the cross section (5) can be rewritten as

d’c 4no?

dx,dx, 9sx;x,

F(xl’ xz)-

We will also use the following expression for the cross section for Drell-Yan process

2 2
d‘e 4na XX

= 1—1
dM?dx,  9IM* ( )x, +x,

F(xla Xz),

where 7 = x,%;, = M%s, xp = (x;—x,)/(1 —7) and x, , = 0.5[(x12=+41)”2ix5].

In the case of lepton pair production in proton-nuclear collisions the function F(x, x;)
depends on the products of proton and nuclear quark distribution functions

FP(xy, x3) = & [4ul(x,) +d‘v’(x,)]SA(x2)
+4 SP(x,) [4ul(x,) + d(x2)] +F SP(x)S"(x,).

In different kinematical regions of the variables x, and x, different terms are dominant
in this expression. At small values of x, the sea distribution in the proton is dominant
and one can expect for the ratio of Drell-Yan cross sections a behaviour similar to the EMC
effect. For x, > 0.3 contributions from proton valence quarks become dominant and the
Drell-Yan process can provide information about the antiquark distributions of the target
nucleus. In Fig. 2 we present the ratioc of the Drell-Yan cross sections for iron and deuter-
ium as a function of x, for different values of the variable x,. For small values of x, the
cross section ratio shows EMC-like behaviour determined by the ratio of valence quark
distributions in nuclei. At large values of x, the cross section ratio corresponds to the ratio
of nuclear sea quark distributions.

Experimentally measured cross sections for lepton pair production are larger than the
ones computed according to the Drell-Yan model. Their ratio, the so-called K-factor, is
approximately equal to 2 and is believed to be due to QCD corrections to the basic Drell-
-Yan subprocess — quark-antiquark annihilation into lepton pairs. (For a review of the
K-factor, see [30]). In Fig. 3 the data [31] of the NA3 Collaboration for differential cross
sections of high-mass dimuon production in 400 GeV/c proton-platinum interactions are
presented together with the results of calculations in the Drell-Yan model with X = 2.
One can see that the model compares well with the data. But the curves corresponding to the
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Fig. 2. Ratio of Drell-Yan cross sections for proton-iron and proton-deuteron interactions
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Fig. 3. Differential cross section of muon pair production in proton-platinum interactions at 400 GeV
[31] as a function of M at fixed values of xr (a) and as a function of xg at fixed values of M (b)
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calculations with and without the inclusion of the contributions from the multiquark clusters
do not differ in this kinematic region.

For the ratios of cross sections multiquark cluster effects become more obvious. In Fig.
4 we present the ratio of Drell-Yan cross sections for lepton pair production in proton-iron
and proton-deuteron interactions as a function of M and xg. A large enhancement is predic-
ted in the region of large M and negative xy, which corresponds to the values of x, close
to 1, where the multiquark cluster contributions become dominant.

In Fig. 5 predictions for the ratio of cross sections of the Drell-Yan process in W
and 1D collisions are presented as a function of M and xg. The following valence and sea
quark distributions in the pion were used

xV (%) = 0.75x2(1=x), xS (x) = 0.24(1—x)°,

with normalization based on the number of valence quarks for ¥, and on momentum
conservation for S,, assuming that 359 of the momentum of pion is carried by the gluons.
It can be seen that again the region of large M and negative x appears to be more sensitive
to nuclear effects, although some effect is also predicted for other regions.

Recently a nuclear effect comparable with that of lepton-nuclear deep inelastic scatter-
ing was observed by the NA10 Collaboration [17] in high-mass muon pair production on
deuterium and tungsten by negative pions. In Fig. 6 their data for differential cross section
ratios as functions of /7, x§, x; and x, are presented along with the results of calcula-
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Fig. 4. Ratio of Drell-Yan cross sections Vo for proton-iron and proton-deuteron interactions at
231

4/s = 20 GeV as a function of lepton pair mass M at fixed xr (a) and as a function of xr at fixed M (b) with
(solid curves) and without (dashed curves) account of multiquark clusters
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tions in the framework of the multiquark cluster model. Qualitative agreement of the model
with the data is observed.

In summary, calculations of Drell-Yan cross sections with nuclear quark distribution
functions obtained in the framework of the multiquark cluster model show that one can
expect significant nuclear effects in high-mass lepton pair production in hadron-nucleus
collisions, especially in the region of large Af and negative values of the variable xg. System-
atic experimental study of these processes in a wide kinematical range can provide infor-
mation on nuclear quark and antiquark distributions and distinguish models which describe
correctly the quark structure of nuclei,
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