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Nuclear and partonic dynamics in high energy elastic nucleus-nucleus scattering
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A hybrid description of diffraction which combines a geometrical modeling of multiple scattering
with many-channel effects resulting from intrinsic dynamics on the nuclear and subnuclear level is
presented. The application to He- He elastic scattering is satisfactory. Our analysis suggests that, at
large momentum transfers, the parton constituents of nucleons immersed in nuclei are deconfined.

Recently, a theory of diffractive processes, including
elastic scattering, was developed [1-31. The term "dif-
fraction" refers to a specific class of transitions between
states which are "close" to each other, that is, having
dominant internal quantum numbers of the initial state.
Closeness of states can be defined more precisely in
mathematical terms as an equivalence relation with
respect to an operator. The formal definition was given in
Ref. [1] and it has been applied to elastic scattering and
inelastic difl'raction of high-energy hadrons in Refs. [1-3].
Our approach to diffraction allows us readily to describe
the many-channel dynamics of the scattering process.
The diffraction is built as a chain of intermediate transi-
tions inside the set of close states. The wealth of this set
reflects on compositeness of the particles involved in the
collision. In this paper we study elastic nucleus-nucleus
scattering as an interesting generalization of our method
to the case of two-level compositeness occurring in nuclei.
We show how the two kinds of diffractiveness (nuclear
and nucleonic) can be accounted for and investigate their
role in building the elastic cross section on the example of
He- He scattering at the c.m. energy Js =9.3 GeV [4].

The scattering operator T can always be presented in
the form [1,3]

where

t =—« I Toit')

is the initial-state diagonal matrix element of To and

(4)

(5)

is a diffractive correction to this value, t,„being an aver-
age value (over an infinite set of equivalent states) of di-
agonal matrix elements of To which are weighted with the
squares of wave functions pt of the states

Correction (5) has to be considered in the Bjorken-type
limit with the coupling constant 6 and t „. „—t; 0
such that h, t remains finite. This simple correction is
achieved as a result of considerable reductions in the eval-
uation of diffractive amplitude [3].

We construct the states equivalent to the initial state of
two colliding hadrons as built of the two-hadron core and
a number of quanta responsible for the soft interaction.
Thus the density of an equivalent state in the impact pa-
rameter representation becomes

T=Tp —ATp —TpA +ATpA

where To is a unitary transform of T, and A is a normal
operator. Transformation (1) will be specified by requir-
ing that the dominant part of scattering is contained in the
operator Tp while the operator A is responsible for correc-
tions. We assume that To is given and the effect of the
remaining part will be evaluated by assuming suitable
properties of the "soft" operator A in a subspace of physi-
cal states. The states which are close with respect to the
operator A by definition satisfy the following equivalence
relation:

(7)

where IW(b)l describes a spatial distribution of quanta
(with respect to the two-hadron core) and P is a proba-
bility of their number (rn =1,2, . . . ).

The diagonal eleinents of To are assumed to be purely
absorptive and expressed in terms of the real profile func-
tions:

t;(b) =i I o(b), —
(8)

A
where pj, pk, pt, . . . are complex functions which turn out
to be wave functions of the eigenstate of A in the basis of
the physical states Ij), (k), (l), . . . .

The theory of diffraction [1,3] based on Eqs. (1) and
(2) leads to the following expression for the amplitude of
elastic scattering in the initial state (i):

(3)

with y describing the soft interaction with a single quan-
tum.

With the Ansiitze (7) and (8) the elastic profile (i.e.,
the elastic scattering amplitude in the impact parameter
space) resulting from Eq. (3) is [2,3]

r„(b) -ro+ (1 —rQ)ri(b)
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where two nuclei A and 8

r)(b) =Gm d's ly(s) l' y(b —s), (io)

m being the mean number of soft quanta. Assuming, for
illustration, the Gaussian density

l e(s) l
' =exp( —s '/2R ()/2«(

and

y(b) = —,
' ~,b"'(b), ~,—O,

one obtains

=I —(0 0 III II [1 —
y,k(b+s) —sk )]lo 0 ),

I=1k =1
(15)

where lo~) and los) are the nuclear ground states and y~k
is the nucleon-nucleon profile, admits the possibility of ex-
citation and deexcitation of the nuclei during collision.
However, one can easily extract from (15) a term which is
not affected by the virtual excitations [6]:

r, (b) =a, exp( —b'/2R, ')/4«, ',
where

lcm Gma, .

(i2)

(i6)

B
r, (b) =i —II II [i —&o„o,ly, (b+,„—„)lo„o,)]j=l k =1

—= I —[I —yes(b) ]".
G ooO, 0

Equation (9) readily combines the two sources of
diffraction which manifest themselves through the profiles
ro and 11. The natural way of picturing I 0, which is sup-
posed to describe a dominant but very complicated part of
scattering, is a geometrical model of scattering on a black
disk, "blackness" referring both to our ignorance and to
the absorptive character of the interaction. By contrast,
the profile I ~ represents the dynamical correction corre-
sponding to a definite mechanism of intermediate transi-
tions between close states. It is thus a multichannel effect
implied by unitarity, which should not be confused with
eventual multiple-scattering corrections to the black disk
picture, resulting from a geometrical distribution of scat-
tering centers.

In nucleus-nucleus collisions there are two sources of
dynamical diffractiveness, related to the two levels of com-
positeness of nuclei. At the nuclear level the equivalent
states correspond to various configurations of nucleons.
At the subnuclear level the wealth of the set of equivalent
states reflects on the partonic compositeness of nucleons.
In the language of Eq. (I) this two-level structure can be
written formally as follows:

Equation (16) corresponds to multiple scattering on nu-
cleons which are frozen in the nuclear ground states. It is
usually referred to as the optical limit of the Glauber
model [5]. This choice of I p allows for a separation be-
tween multiple-scattering effects which are of geometrical
nature and the dynamical many-channel contributions
arising from unitarity and present in the profiles I ~ and
I „. [In other words, choice (16) helps us to avoid double
counting when introducing the three components of the
elastic profile together. ] By contrast, in the standard
Glauber model the many-channel effects are only simulat-
ed through the geometry of multiple scattering. There-
fore, that model may be an approximation to the nuclear
part T~ of the scattering operator (13), but will be rather
inadequate where dynamical diffractive contributions are
important.

In the application of Eq. (16) we assume the Gaussian
shape of nuclear densities and treat nucleons as pointlike
objects. Then the basic ingredient of the geometrical
profile I o is

y~8(b) =(a/4nR~B)exp[ —(b /2R~s)]

with

where

Tw+ Tn ~ 1 A —1 2 8—1
R~B =—

2 A
Rg+ RB8

and

T~ = Tp —A~ Tp —TpAJ+Aw TpAJ

T„= Az Tiv TNAn ++n TNAn

=i -(i -r, )(1 -r„)(i-r„), (i4)
where I Jv(b) and I „(b) are defined analogously to I

~ (b)
in Eq. (10) with suitable distinction between nuclear (N)
and nucleonic (n) diffractiveness.

The choice of the profile I p(b) requires a moment' s
reIIection. The Ansatz of Glauber [5] for scattering of

with the subscripts W and n referring to the nuclear and
nucleon structure, respectively.

This gives rise to the following extension of formula (9)
for the profile of elastic scattering:

I ~(b) =I p+(I I p)I +[1 I p (I I p)I ]I „

o being the total nucleon-nucleon cross section and
R~, RB the radii of the two colliding nuclei. In our
analysis of the He- He elastic scattering we take the fol-
lowing values: A =8=4, R~ =RB =1.37 fm, o.=47.3 mb
[4].

If the density distribution of soft quanta describing nu-
clear and nucleon compositeness is also Gaussian, Eq.
(12) allows us to write the two dynamical profiles in the
form

r~ = crjv exp( —b '/2RJv )/4«g,

r„=~„exp( b /2R„')/4nR„'. —

The radii R~, R„and the cross sections a~, a„are to be
determined from fitting the elastic differential cross sec-
tion based on the profile (14) to experimental data. The
two dynamical profiles (IS), entering Eq. (14) in a sym-
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FIG. 1. The He- He elastic cross section in the function of
the squared momentum transfer. The experimental data [4] are
compared with the results of our model [Eq. (14)] including the
dynamical contributions to diffraction I w and I, (solid curve).
The dotted curve represents the geometrical contribution I 0

only.

FIG. 2. The He- He elastic cross section in the function of
the squared momentum transfer. The dynamical contributions
to diffraction I z and I are presented jointly (solid curve) and
separately (I, 0, dotted curve; I z 0, dashed curve). In all
cases, the geometrical contribution I 0 is included.

metric way, will be identified through the condition
Rz & R„. From our experience gained in the analysis of
p-p data [1,2] we expect R„=0.4 fm. The radius corre-
sponding to nuclear diffractiveness should be close to the
nucleon size, R~ ~ 0.8 fm.

The profiles occurring in Eqs. (14)-(18) are real and
correspond to the imaginary part of the scattering ampli-
tude. The real part, though small, should not be com-
pletely neglected. Since an exact procedure is lacking we
introduce the real amplitude using the simple approximate
recipe of Martin [7]. (We prefer this method to the
complexification of the nucleon elastic slope [8]. We also
do not like the approach [9] which treats the real part as
the dominant unitarity correction at large momentum
transfers. ) Thus the imaginary part of the elastic-
scattering amplitude composed, as in our case, of a num-
ber of Gaussians (in momentum transfer q)

ImT, ~(q) = ger~exp( —
& R~ q )

1

X J
has the following real part corresponding to it:

(19)

ReT,~(q) = ger~(1 ——,
'

R~ q )exp( —
—,
' Rjq ), (20)

7l J

p being the Re/Im ratio in the forward direction.
In Fig. 1 we present our best fit to the He-4He elastic

scattering data at 9.3 GeV [4]. The parameters used are
Rjv=0.95 fm, o~ 96.1 mb, R„0.35 fm, o„778 mb,

p = —0.23. The comparison with the contribution of the
ro profile alone, which describes geometrical diA'raction,
shows that the dynamical terms I ~ and I, become very
important at q & 1.0 GeV . The pattern of their in-
terference turns out to be quite involved. As shown in Fig.
2, in the interval 0.1-0.6 GeV, the two dynamical contri-
butions nearly cancel each other. At larger momentum

transfers the partonic compositeness of the nucleon pre-
vails over nucleon structure effects though some interfer-
ence effects still persist.

Our analysis points to the existence of three charac-
teristic interaction radii in nucleus-nucleus scattering.
The external radius R~g determined by nuclear sizes,
characterizes classical diffraction on a black disk with
suitable modifications due to multiple scattering on con-
stituent nucleons. The larger intrinsic radius Rtv, which is
close to the value of nucleon size, characterizes the in-
tranuclear dynamics of an assembly of interacting nu-
cleons. Finally the smaller intrinsic radius R„may be in-
terpreted as the size characterizing clustering of partonic
constituents inside the nucleons. However, the very large
value of the cross section o„&&o~ can signal the transition
of the hadronic interaction to the quark-gluon level in the
whole nuclear interior. Indeed, with increasing momen-
tum transfer the effective color coupling between quarks
and gluons becomes small so they are no longer confined
to nucleons. Moreover, the increased spatial resolution re-
veals that the quark is itself surrounded by a cloud of par-
tons. The unexpectedly large value of the cross section o„
which characterizes the intensity of interaction at subnu-
clear level may thus be interpreted as due to an enhanced
population of partons.

The deconfinement mechanism was used to explain the
EMC (the European Muon Collaboration) effect in deep
inelastic lepton scattering [10] and the cumulative effect
in multiple-particle production [11] on nuclear targets.
Our analysis shows that hadron elastic scattering at large
momentum transfers may also be strongly affected by the
deconfinement of parton constituents of nucleons. Reach-
ing this conclusion has been possible owing to the unitari-
ty inspired approach to scattering that allows us to disen-
tangle the many-channel dynamics from the vagueness of
a black disk diffraction.
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