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Abstract. A framework for including shadowing effects 
to quark and gluon production in very high energy nu- 
cleus-nucleus collisions is given. A formalism for impact 
parameter dependent nuclear structure functions of par- 
tons is introduced and, using two models to describe 
the average shadowing corrections to the patton number 
densities, the average numbers and the transverse energy 
spectrum of hard partons produced in U + U collisions 
at RHIC and LHC energies are computed. We conclude 
that shadowing and also the impact parameter depen- 
dence of structure functions should be taken into account 
at very high energies. 

1 Introduction 

Hard QCD jets are clearly seen in pp and p/5 collisions 
from ] /s~50 GeV upwards [1]. In heavy ion collisions 
at very high energies small Pr jets, "minijets", are still 
expected to be abundant but one cannot observe them 
due to the large multiplicities. Nevertheless, the pro- 
duced quarks and gluons contribute to the evolution 
of the system the more the higher the energy is, as studied 
in [2-5]. The purpose of the present paper is to give 
a framework for estimating the effects of nuclear shadow- 
ing on the average number of produced quarks and 
gluons and on the transversal energy carried by them. 

We define a minijet to be a quark or a gluon with 
pr>=po, where P0 is the scale above which perturbative 
QCD is valid. We expect that Po ~ 2 GeV [2]. The dyn- 
amical meaning of Po and its possible A- and 
I/s-dependence are discussed in [6]. We are going to 
give the numbers of quarks and gluons as functions of 
Po in order to see the sensitivity of the results to this 
scale. How much varying the scale P0 affects the trans- 
verse energy spectrum is shown in [7]. 

At high energies the produced minijets are mainly 

gluons with Pr~Po. I,n a pp subcollision at ]/s 
=200 GeV the typical x s of partons are 2pr/V's~o.02, 
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and ,~5 .10  -4  for l /s=7000 GeV. The small-x region 
of the nuclear structure functions becomes thus more 
important with increasing energy. EMC data reveals a 
clear depletion of fA at small x relative to Af  for the 
structure function F2 [8, 9]. Therefore, approximating 
the nuclear structure functions only by fA = A f  is not 
sufficient; corrections to this should be included. There 
are several models how the depletion in the data is 
caused by patton shadowing (see e.g. Refs. of [10]). For 
quarks and antiquarks the various models can be tested, 
using data for Fz(A)/F2(O), but the gluon situation is, 
unfortunately, worse: no direct data on gA/Ag is avail- 
able. 

The first goal of this paper is to study to what extent 
nuclear shadowing decreases the number of quarks and 
gluons in A+A, when compared to the calculations 
without any shadowing in [2]. The second one is to 
study whether nuclear shadowing has a significantly 
larger effect on the central collisions (zero impact param- 
eter) compared to the averaged ones. Inside an incoming 
nucleus there are more patrons in the center of the nucle- 
us than near the peripheral regions. Hence one would 
expect stronger shadowing to take place in this central 
region, and, therefore also stronger reduction of the par- 
ton densities. This leads to the idea that in central col- 
lisions, i.e. in collisions where the centers of the nuclei 
collide onto each other, minijet production would be 
relatively more suppressed than in average collisions. 
This is what we call "central shadowing". The third goal 
is to compute the consequences of the reduction in the 
patton densities to the transversal energy distribution 
of minijets and to find out when central shadowing is 
an important effect. 

In Sect. 2 a formalism is developed for nuclear struc- 
ture functions FA(X, p~, S) which depend on the transver- 
sal location s of the partons inside a nucleus, and thereby 
also on the impact parameter. This microscopic model 
is based on parton overlapping. A formalism for the 
average numbers of jets from A+A collisions is given, 
as well as a definition for central shadowing. In Sect. 3 
the impact parameter dependent structure function for- 
malism is applied to the transversal energy distribution 
da /dEr  of minijets. In Sects. 4 and 5 we compute the 
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average numbers of produced partons from U+ U and 
the final transversal energy spectrum by using the for- 
malism in Sects. 2 and 3. Also the central shadowing 
effects are studied. The computations are carried out for 
two interesting energies: LHC, ~/~=7000 A GeV and 
RHIC, ~/~-- 200 A GeV. 

In Sects. 2 and 3 we assume that the depletion in 
f a /A f  is known separately for the different parton spe- 
cies. While this not the case for gluons, and not even 
for quarks in as large nuclei as U, we use as a starting 
point in Sect. 4 a qualitative approach for obtaining this 
ratio. There we introduce a simplified Ansatz for fA/Af  
at small x (motivated by the EMC data) that we can 
vary in an appropriate way. This is closely related to 
that of Qiu in [15], though somewhat simplified, con- 
taining no scale dependence. In Sect. 5 we then improve 
the picture by extrapolating to A = U=238 for quarks 
and antiquarks from the existing F2 data [9, 12] in the 
whole x range. To describe the unknown gluon structure 
function gv we apply the initial state recombination 
model of Close et al. [11]. In this model the modifica- 
tions to gv vanish quickly (~ 1/Q 2) with increasing scale. 

Finally, the results are discussed in Sect. 6. The most 
crucial fact from the point of view of the shadowing 
effects turns out to be the behaviour of shadowing cor- 
rections to the gluon structure function. If these do not 
get strongly suppressed with increasing scale, shadowing 
causes a large effect, factor 2, to the jet numbers and 
E r distributions at high energies like in the LHC. In 
this case central shadowing effects, caused by the impact 
parameter dependence of the structure functions, should 
also be taken into account. 

2 Impact parameter dependent structure functions 

In this section we first introduce a formalism for impact 
parameter dependent nuclear structure functions. Using 
these we calculate the number of minijets produced both 
in central and in average A + A  collisions and finally 
we study central shadowing effects. 

Let us take the calculations in [2] as a starting point. 
In the first approximation it is assumed that nuclear 
geometry and QCD are factorizable and that the 2-jet 
QCD-processes are dominant. Then, the average number 
of hard minijets (partons) in an A + A collision at fixed 
impact parameter b is obtained as a product of the stan- 
dard nuclear overlap functions TAA (b) and the inclusive 
2-jet cross section integrated over the momenta, 
(~/jet(r/jet-- 1))  QCD ~ QCD app (po)~2~pp (Po), 

nOA (b) = 2 QCD r~A(b)a,~ (Po) 
d 0 "gg 

= ~ dp~ 'dy tdy2d2s ld2s2g)2(b-S l -S2)~{  - 

-xa F ~ p~, s0x2 F ~ p2, s2). (1) 

In this approximation the impact parameter dependent 
nuclear structure function is defined as 

FA ~ (X, p2, S)= TA(S)f(x, p~), (2) 

where the thickness function Ta(s ) is a longitudinal inte- 
gral over the nuclear density nA and it is normalized 
to A: 

TA(S)= ~ d Z n A ( ~ ) ,  ~dZs TA(s)=A. (3) 
--o0 

The index 0 in nOA and F ~ is to indicate that nuclear 
effects are not included. This means that the nuclear 
parton structure function is A times the nucleon struc- 
ture function. From (2) 

o x f A( , P?r) =--- ~ d 2 s F ~ (x, p~, s) = Af(x,  p~). (4) 

Following [2], the QCD minijet cross section is comput- 
ed by approximating the various parton-parton subpro- 
cesses by [14] 

f (x ,p~.)=g(x,p~.)+~,[qf(x,p~)+qf(x,  p2)] (5) 
f 

and by using the Duke-Owens soft gluon structure func- 
tions with AQCD= 200 MeV and the scale Q=pr [13]. 

To get the number of partons produced in an average 
A +A collision we integrate (1) over all impact parame- 
ters and divide by the total inelastic AA cross section: 

A 2 d~Tgg 
dp2 d yl dy2 ~ xa f  (xl, p~) x2 f  (x2, p~-). ~OAA - 4 ~R2 p~ 

(6) 

In the following we shall discuss the nuclear shadow- 
ing corrections to the parton number densities. In a qual- 
itative picture [15] shadowing begins at xs=--l/(2mNrN) 
~0.1 when partons in neighbouring nucleons start to 
overlap. A region of complete shadowing in this picture 
would then exist at X<XA--1/(2mNRA)~O.01 fm for A 
~200, i.e. when the partons are spread longitudinally 
over the whole contracted nucleus. We have denoted 
by m N the mass of the nucleon, by rN the radius of the 
nucleon and by R a the radius of the nucleus. 

Let us now consider a correction term AF A to the 
impact parameter dependent structure function in (2). 
We expect that the correction AFA is mainly due to two- 
particle interactions of longitudinally overlapping par- 
tons at s. The number of nucleons and thus the number 
of partons at dZs in a nucleus A is proportional to TA(S). 
Therefore we write the correction term as follows: 

rA(x, pL s)= r~ p~, s)+ ArA(x, PL s) 
=f (x, p2) T A (s) + ~A (X, p2) [ T a (s)] 2, (7) 

where ~b2 a is the correction term coefficient depending 
on x and on the scale Q =pr. The dimension of ~A is 
fm 2 and the index A refers to the possible A dependence 
that the coefficient has through xA. When writing such 
a form for AFA we actually assume that any parton at 
s in a nucleus A can overlap and thereby also interact 
with any other parton at the same s. However, this is 
true only if the x's of the partons are small enough but 
not necessarily if the x's are large. It would be quite 
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possible to introduce a weight function which suppresses 
the correction at large x's for partons spatially far apart, 
as was done in [11]. Nevertheless, at this point we want 
to keep things as simple as possible and appeal again 
to the fact that most of the minijets are due to small 
x gluons, being able to overlap with the other partons. 

Integration over the transverse area gives the 'usual' 
nuclear structure function. Let us also define the "sha- 
dowing function" SIA as follows" 

JA (X, p~) ---- ~ d 2 s FA (X, p2, S) --= A f  (x, p2r) SIA (X, p2) 
2 2 =Af(x,  p2)+ebA(x, pr)~d s[TA(s)] 2. (8) 

Solving for ~A and inserting to (7) we obtain 

FA(x,p~,s)=f(x,p~) TA(S){1 ATA(S) NA [1-- SIA (X)]} ' (9) 

where NA -- ~d2 s [TA(S)] 2. 
If the A dependence of 1 - S{ could precisely be mea- 

sured, one would be able to test the assumption about 
the dominating two-particle interactions. In here this 
quantity scales like A a/3, as it is usually assumed [11, 
15, 19, 20]. However, when x gets small enough, also 
many particle interactions may become important [18]. 

The average number of minijets in such a collision 
at fixed impact parameter b is now with (8) 

d 0 "gg 
nAA(b)= S dpZdyldy2dZs~-XlFA(xa,p~,s)  

pl 

�9 x2 FA (x2, P~, b -  s), (10) 

where F A = r] + ~ Z [CA I + r f  ]. 
f 

Averaging over the impact parameter in the same 
manner as in (6) leads directly from (10) to the number 
of minijets in an average A + A collision: 

d a=g 
nAA -- 4 nlR2A p~ dp2 dy~dy2d2S d-~- x~fA(x~'P2) 

�9 x2 fa (x2, p2), (11) 

where fA = AS=A g + 4 A ~ [S~ qz + S~ qy], respectively. 
f 

Finally we discuss the concept of central shadowing. 
We have assumed above that the reduction in the nuclear 
parton densities is the larger the more there are partons 
longitudinally overlapping at s inside a nucleus A. It 
is then in the central region of the nucleus near s ~ 0  
that the parton densities are most suppressed. This is 
why we expect that minijet production in central col- 
lisions (b ~ 0) is more suppressed than in averaged (over 
b) collisions. Let us define a quantity C(po), which char- 
acterizes the extent of central shadowing: 

rl AA (O)/nOA (O) 
C(po) ==- 1 ~AA/~O A (12) 

This definition is not sensitive for any multiplicative fac- 
tors in the jet numbers. This is useful since, e.g., K-factors 
cannot be uniquely defined. 

3 Er distr ibut ion 

Next we shall apply the impact parameter dependent 
structure function formalism of the previous section to 
the transversal energy distribution da/dET of minijets 
in A + A collisions. The simplest way of including nuclear 
shadowing effects would be just to replace Af by ASIAf 
as was done in (11). This gives a first estimate of the 
order of the shadowing corrections to da/dET and is 
given in [7] (see also Fig. 4). However, we expect that 
minijet production at high energies is more suppressed 
in central A + A collisions than in peripheral ones. This 
reflects also to the ET spectrum of quarks and gluons. 

Following [2, 3] again, we assume that the hard nuc- 
leon-nucleon subcollisions in A + A are independent. The 
average number of hard subcollisions at fixed impact 
parameter is obtained from (10) a s  NAa(b)=�89 
since the 2-jet QCD-processes were assumed to domi- 
nate. Thus NAA (b) collisions are expected to occur, while 
the actual number of hard collisions in A + A is N with 
a Poissonian probability. Now the transverse energy dis- 
tribution of each of the N subcollisions depends on the 
transversal location, i.e. on the impact parameter. The 
total Er distribution of the produced (mini)jets becomes 
then 

oo 
do-AA --~d2b ~ [NAA(b)]N exp [--NAA(b)] 
dEr  1 N/  

, d Aa(b' ( ) 
"~IdET'NAA(b) dETi 6 E r -  E r , ,  (13) 

1 

where the normalized ET spectrum of one subcollision 
is given by 1/NAA(b ) dNAA(b)/dET. Note that the number 
of subcollisions does not depend on any acceptance of 
the apparatus, but the number of observed minijets does. 
If one wants to include kinematical cuts e.g. in rapidity 
and/or in azimuthal angle, it is only in dNaa(b)/dE T 
that this shows: 

dNAA(b) 
dEr 

d~b d2s6(Er_(e  1 +e2) PT) dp2dyl dy2 
pl 

1 d o "gg 
2 d'i -xxFA(xx'p~'s)x2cA(x2'p2'b-s)" (14) 

For brevity we have used above the notation of [2] for 
the indicators: 

jet 1 in the detector; 
(15) 

jet 1 outside, 

and e 2 -~ e ( y 2 ,  (~ + 7~) for jet 2, respectively. Note also that 
(14) is normalized to Naa(b): the unobserved partons 
contribute to the 6(Er) term. 

For ET>O the expression (13) is approximately a 
gaussian distribution 

dcrAA--~d2bdEr ~ e x p l  { [Er-Ea'~(b)]2)-~ -f, (16) 
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where 

~AA, h(b)= NAA(b) ( ET)~P= ~ d ET E T d ~ b )  (17) 
O/5 T 

dNAA(b) (18) a~(b)=NAA(h)(E~)PP=~ dETE~ d E  r 

The soft component can then be added to these hard 
quantities as in [2], in order to estimate the final 
Er-distribution of an A + A  collision. This is done in 
Sects. 4 and 5. 

4 Model I: effective shadowing function 

In the following sections we shall apply two models for 
the shadowing functions SSA. By using these models we 
compute the average numbers of produced minijets in 
a U + U collision and study the final Er distribution. 

Most of the produced minijets are gluons and their 
share increases when going to higher energies [16]. 
Therefore we need especially the nuclear structure func- 
tions for gluons but, unfortunately, there does not exist 
any data for gA or gA/Ag. Motivated by the EMC data 
for the structure function F 2 [8, 9], let us introduce the 
following simple ansatz for an effective shadowing func- 
tion SA, which is closely related to that of Qiu in [15] : 

2 11, x>xN; 
, , fA(X, pr) 

OA~X)=--Af~x ~-, {1--5((AS(X), XA<X<XN; (19) 
Jt  ,Pr~ . [1--~)S(XA),. 

X ~ X  A , 

where ~/A is a parameter that describes the A-depen- 
dence of shadowing at XA<X<XN. Shadowing in the 
complete shadowing region is characterized here by a 
parameter K A -  JgA S(XA), determined by the interaction 
mechanism of partons and the size of the nucleus. Since 
both ~" and KA are essentially unknown, we shall vary 
KA from 0.5 down to 0. The function s(x) we define 
so that s(xs)=0, i.e. we simply assume that shadowing 
begins at x N (for a possible A dependence of xN, see 
[17]). Because the data [9] for the ratio F2(A)/F2(D) 
does not show any clear scale dependence, we assume 
also S A to be scale independent. (The scale dependence 
of this kind of an ansatz was studied by Qiu in [15]). 
We shall be content with a function s(x)=ln(xN/x), re- 
producing reasonably well the shape of the F2-data ion 
[8, 9] at small x. Furthermore, we shall assume that 
the depletion is of the same size and of the same form 
for gluons and quarks. Note also that to maintain the 
parton momentum sum rule a more detailed model 
should be applied, such as in [10, 11, 18]. Since practi- 
cally only the small x region is important for minijet 
production, the sum rule violation can be neglected here. 

By using the expression (9) the average number of 
minijets in an A + A  collision at fixed h ((10)) can be 
put into the following form: 

n AA (b) = n~ (h) {1-- b2 (h) [ 1 -  ~rs(p~ (Po) ] 

-c2(b)[1 ass(po)~,~(po)jj (20) 

where n~ from (1) and o-(po) 
- -  Q C D  = ~pp (Po)- The cross section integrals containing the 
shadowing function are denoted above by 

as(Po)-- I dp~dyldy2 1 da ~ 1,2o 2 dp2dyldy2 SA(X~), (21) 

and 

ass@o) = ~ dp2dyldy  2 1 da ~ pg 2 dp2rdy~ dy2 SA(X1) SA(N2)' (22) 

where da~ dy 2 = xaf (x l ,  p2) x2f(x2, p2) dag~/ 
d {. The impact parameter dependent coefficients are the 
following: 

b2(b)--NA~AAA(b)[TAA2(b ) ATA2A2(b)], 

A 2 TA2A2(h) 
c2 (b) = ~ a  T A ~ '  (23) 

where TAA2(h)--~d2S[TA(S)]2TA(b--s) and TA2A2(b ) 
-- ~ d 2 s [ TA (S)] 2 [ TA (b -- s)] 2. In the numerical calculation 
of these coefficients we use the Woods-Saxon parametri- 
zation [21] (see also appendix of [-2]). 

In Fig. 1 we show the average number of jets with 
pr>po in a central U + U  collision according to (12) 
as a function of Po. All rapidities are accepted here. The 
results with Kv=0.3  and 0.5 correspond to the solid 
curves, and the first approximation without any shadow- 
ing (Kv=0)  from (1) to the dashed ones. The curves 
are plotted for two interesting energies: RHIC l /s  
= 200 AGeV and LHC ]/s = 7000 A GeV. In this calcula- 
tion we have not taken into account the higher order 
QCD corrections [22], i.e. we have set the K-factor to 
unity. (For d a / d p r  dy (y=0)  at I / s =  200 GeV in pp-col- 
lisions we expect a K-factor of ~2.5 and less for I/s 

10~ I 
f U+U, b = 0 

Ku= ally, K= 1 

. . . . . . . . . . . . . . . . .  

~ ......... 7..ooo 
103  

..... 200 
10 2 

DO set t , A ~ ~ ~  
Q = PT 

10 115 2 215 3 315 4 

Po [GeV] 

Fig. 1. The average number of jets with pr>po, any rapidity, from 

a central U+U collision at I /s=7000 AGeV and 200AGeV, as 
computed from (20) with b = 0. The solid lines show the numbers 
for Kv=0.3  and 0.5, and the dashed ones for Kv=O case (i.e. no 
shadowing). Duke-Owens soft gluon structure function set with 
AQCD=200 MeV and with the scale QZ=p2 was used [13]. The 
order e3-terms [-22] were not included (K = 1) 
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=1800 [1, 2, 23]). At 7000AGeV about 1900 (3200) 
jets with pT > 2 GeV and any rapidity are produced, cor- 
responding to Kv=0.5  (0.3). At 200 AGeV we get 270 
(342) jets, respectively. The nonshadowed numbers at 
p0=2 GeV are reduced by 67 (44)% for Kv=0.5  (0.3) 
at the LHC energy and by 41 (26)% at the RHIC energy. 
The relative amount of shadowing at high energies does 
not vary much with po's shown. This is due to the fact 
that the most important x-region, 2poll/s, is of the same 
order with all these po's. Since the shadowing function 
here does not depend on the scale Pr, we get the same 
relative contribution with each Po. 

The impact parameter dependence of the average 
number of jets with Pr > 2 GeV, any rapidity, from U + U 
is illustrated in Fig. 2. There naa(b , Po = 2 GeV) is dis- 

played as a function of b at ]fs = 200 and 7000 A GeV 
for different Kv's (solid lines). Also these curves are com- 
pared to Kv=O predictions (dashed lines). The jet 
number is relatively more suppressed in the vicinity of 
b ~ 0 than at large b. 

The average number of minijets in an average A + A  
collision is according to (11) and (19) given by nAA(PO) 
=AZa~s(Po)/4nR 2. This is plotted for U+U in Fig. 3 
versus Po with the K v values 0.3 and 0.5 at the LHC 
and RHIC energies (solid lines). The result of (6) corre- 
sponds to the dashed lines. The average jet numbers 

for po=2  GeV are 564 (879) at ]~s=7000AGeV and 
75 (92) at ]/s = 200 A GeV with K v = 0.5 (0.3). The respec- 
tive suppression from the nonshadowed case are 61 
(40)% for Kv=0.5  (0.3) and 37 (23)%. Since no cuts 
in the jet repidities were imposed, the effect is less than 
1 - (1  - K v)  2. 

The definition (12) for central shadowing can be writ- 
ten in the following form by using (1), (6) and (20-23): 

6000 

............... "'.. U+U 
5000 all y, po= 2 GeV 

K o = 0.0"",. K = 1 

4000 ",,, DO set 1, AQCD = 200 MeV 

"" Q = PT 
3000 0.3 "',, 

2000 

looo .................... 

0 ~ "  : . . . .  ,- - -~ ,  '"--~'----, 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

b / R u  

Fig. 2. The impact parameter dependence of the average number  
of jets with pT=>2GeV, any rapidity from a U + U  collision at 

] / s  = 7000 A GeV and 200 A GeV, as predicted by (20). The impact 
parameter b is in units of Rye,6.8 fm. The solid lines corresponds 
to Ke=0.3 and 0.5, and the dashed ones to Kv=O. For LHC 
energy central shadowing is seen; minijet production in the region 
near b~0 is relatively more suppressed than in the peripheral re- 
gion at large b. The numbers at b= 0 correspond to the numbers 
at Po = 2 GeV in Fig. 1 

~ 1 0  2 

104 

K u = average U+U 
....... 0,0_,. all y, K -- 1 

103 ~ 7000 

101 
DO set 1, AQCD = 200 MeV 

Q=PT 

10 ~ 
1.5 2 2.5 3 3.5 4 

Po [GeV] 

Fig. 3. The average number  of minijets (pr_>po, all y's) from an 
average U + U collision. The averaging over the impact parameter  
is carried out acording to (11). The notations, energies and parame- 
ter values are the same as in Figs. 1 and 2 

= , ,  
C(po) ( a(po) ~ " { b . ( 0 ) [ 1 - a ~  ] 

+[c,,(O)-l][1 ~ss(Po)]'~ 
 (po) 9 "  

(24) 

From the jet numbers in Figs. 1 and 3 we obtain that 
C(po=2GeV)~0.14  (0.07) for ] / s = 7 0 0 0 A G e V  with 
Kv = 0.5 (0.3), i.e. in central collisions minijet production 
is suppressed 14 (7)% more as in average ones. For ] /s  
=200 AGeV C(po=2 GeV) is reduced to 0.07 (0.04), re- 
spectively. Thus, if shadowing corrections to the gluon 
structure functions are large (~  50%) at small x, the im- 
pact parameter dependence of the structure functions 
should be taken into account. 

Finally, we compute the transverse energy spectrum 
daaA/dEr of a U +  U collision according to Sect. 3. We 
add the soft contribution to (17) and (18) by using the 
estimates for the first and second soft Er-moments in 
a pp-collision from [2]. Thus the final ET spectrum is 
given by (16) with 

EAB(b) = TAA(b){o(po)(ET)gP[1--b2(b) 

�9 (1 (ET)s ppa~(po)~ ~ p  ~ ] -  c2 (b) 

-(1 (Er)~ia(~O)o)_)j+l 5 a s ~ ( p o ) \ ]  mbGeV}, (25) 

o-2 (b) = TAA(b){a(po)(Ez)P"[1- bz(b) 

�9 (1 <~>~" %(Po)] 

-(1 ~(~o)o))]+50(E~)~[ o-~s(po)\] mbGeV2}, (26) 
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where we have used the notations of (20) and (m = 1,2) 

(E~)~ ~(po) 
dq5 +E "*m m 1 d a  ~ 

= ~ de  2 dyl  dy2 2 ~  (El 2) Pr 2 d p 2 d y l d y 2 '  (27) 
v8 

(ET)~Pas(po) 
d~b +E ~ - "  1 d a  ~ 

= ~ dpzdy ldy2~(E1  2 ]  er2dp2dyldy2Sa(Xl) ,  p8 
(28) 

(E,~)p~ass(PO)= ~ dp2dy,dy 2 dO ~-~ (el -~ g2) m 
p8 

,, 1 d a  ~ Sa(Xl) SA(X2). (29) "Pr 2 dp2 dyldy2 

Note that we may have slightly overestimated the A 
scaling of the soft contribution in (25) and (26), when 
approximating that also the soft contribution scales with 
TAA~A 4/3. This does not, however, matter as at high 
energies the respective scaling of the rapidity distribution 
dNaA/dy=A~+=dNpp/dy is found to be A 1+~ with 
c~ ~ 0.2 for large nuclei [29]. 

In Fig. 4 we have displayed the final ET-distribution 
for a U + U collision at ]/s = 200 and 7000 A GeV. Jets 
with [Yl <0.5 (all 0) and pT>2 GeV were accepted. Dis- 
tributions with central shadowing are shown by solid 
curves and the nonshadowed ones with dashed lines. 
At RHIC energies shadowing reduces the average ET 
by 15 (10)% for Kv=0.5  (0.3), while at the LHC energies 
the effect may be remarkable, even more than 50 (30)% 
for Kv=0.5  (0.3). Thus shadowing effects are clearly 
smaller at RHIC energies than at LHC energies. This 
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I --- no shadowing U + U 

-- central shad. lyl < 0.5, po = 2 GeV 
101 ~ DOsetl_' i l c l  III.II.V 
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~ 10o ""'% ..... K = 1 

10-11 ,0.3 0.0 "',,, 

lo,L 2oo I:fi /' 7o00 

0 500 1000 1500 2000 2500 3000 
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Fig. 4. The final distribution of transversal energy da/dE r as func- 
tion of Er. Jets with pr>2 GeV and ly[<0.5 were accepted. The 
distributions are shown for ]/s = 7000 A GeV and 200 A GeV. The 
solid curves stand for impact parameter dependent shadowing with 
Kv=0.3 and 0.5. These distributions contain the shadowing cor- 
rected hard part as well as the soft contribution, (25-29). The dot- 
ted-dashed curves correspond to the case where only average struc- 
ture functions AfSA (cf. (8)) are used [7, 23], i.e. shadowing in 
here does not depend on the impact parameter. The dashed lines 
describe the results without any nuclear modifications to the parton 
structure functions 

is because at smaller energies one does not reach that 
low x's as at higher energies, and, because the relative 
share of soft component in the total ( E r )  is larger at 
smaller energies. 

The dotted-dashed lines in Fig. 4 describe the case 
in which we have, instead of using the impact parameter 
dependent structure functions (9), replaced Af  by the 
average ASAf [7]. As expected, at RHIC energies central 
shadowing is not an important effect, and the average 
treatment with ASAf's describes the situation well. At 
LHC energies - where shadowing is an important sup- 
pression effect central shadowing begins to show: to 
the average case it causes an additional reduction of 
10 (6)% in the average Er. 

5 Model II: extrapolation from data and CQR gluons 

In the previous section we have studied the shadowing 
effects on minijet production with a simple ansatz (19) 
for the shadowing function. In this section, we shall apply 
more detailed shadowing functions, different for quarks 
and gluons and containing modifications to the ratio 
fA/Af in the whole x range. The quark-antiquark part, 
S~:, will be extrapolated from existing nuclear data for 
the structure functions F2 [8, 9, 12]. The more uncertain 
gluonic part, S~:, is obtained by applying the initial state 
recombination model of Close et al. [-11], where the mod- 
ifications to the gluon structure function are dominantly 
due to two-gluon fusion and depend strongly on the 
scale. Also in this section we shall form the impact pa- 
rameter dependent structure functions according to 
Sect. 2. 

The corrections to the quark and antiquark structure 
functions are estimated in the following way. The small 
x data of F2 (A)/F2 (D) exists for Ca [9]. We fit a straight 
line in a log (x)-scale to the data below x = 0.1 (ignoring 
one point, see Fig. 5) by keeping the point at x=0.1 
fixed to 0. Assuming again that the slope of the correc- 
tion term scales a s  A 1/3 we can extrapolate the curve 
for U. If the complete shadowing region exists, as we 
here shall assume, the data shows that XCa<4 �9 10 .3 for 
Ca. The corresponding value for U we get by scaling 
by A - 1/3, which gives xv = (40/238)1/3.0.004 ~ 2.2.10- 3. 
Then we use the Au data from [12] and on a linear 
scale fit a straight line to the EMC region x ~ 0 . 1 5 - 0 . 7  
and a parabola to the five last points. Since the EMC 
region scales only as log (A) and the large x region does 
not practically contribute to minijet production at high 
energies, we use the resulting curve for Au directly for 
U. The total, impact parameter averaged ratio of struc- 
ture functions F 2 becomes then for U as: 

F2(V) 
F2 (O) = St: (x) 

[ 1 + (243~-)! 0.081 In (10 xv), 
J l  +(238)~0.081 in (10x), 
| 1.08 - 0.394 x, 
[ 11.7 (X 2 -- X 2) -- 16.6 (x --Xm) + 0.80, 

X~Xu; 
xv<X<Xs; 
Xs~X<Xrn; 
Xm<--X< 1, (30) 
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Fig. 5. The ratios 2 FA/AF2 D and gA/A g as functions of the structure 
function x. The Fz-data for Ca at small x from [9] is shown with 
crosses and the respective data for Au at larger x from [12] with 
circles. The phenomenological fit to Ca Fz data, as well as the 
extrapolation to U at small x, is illustrated with a solid line. The 
fit (30) for Au is directly used for U. The dashed line describes 
the two-gluon fusion corrected ratio gA/Ag according to the initial 
state recombination model of [11] at the scale Q2 =p~=4 GeV 2, 
In numerical computation of ga (obtained by integration from (34)) 
we used the Woods-Saxon parametrization for nuclear densities 
and Duke-Owens soft gluon structure functions. In this model 
gluon corrections are strongly scale dependent and vanish rapidly 
with increasing Pr, as shown by the dotted-dashed line correspond- 
ing to p~ = 9 GeV 2 

where x~ = 0.122 and Xm = 0.7�9 This is illustrated in Fig. 5, 
where also the da ta  ment ioned above  is shown, Ca with 
crosses and Au  with circles. Since the da ta  [9]  does not  
show any significant scale dependence,  we assume the 
form above to hold at all scales pr>po. 

W h e n  writing the impact  parameter  dependent  struc- 
ture function for quarks  and ant iquarks  we make  the 
approx imat ion  that  the Fz ratio above gives the modifi- 
cations to ~ [q:(x, p2)+ Of(x ' p2)] and that  in the region 

f 
x s  the correct ion term depends on the transversal 
locat ion s (for a possible impact  parameter  dependent  
E M C  region, see [-26])�9 Proceeding similarly as for (9), 
we get the following expression 

F~, (x, p2, s) ~ ~ [qf (x, p2) + (ly (x, p~-)] �9 T A (s) 
f 

�9 { 1 '  ATA(S) 
+ ~ A A  [-1-- S~ (x)] O(0 .1- -x)  

+ [,1 - S~(x)]  O ( x - 0 . 1 ) ~ ,  (31) 
) 

where O (x) = 1 when x > 0 and 0 otherwise�9 As expected, 
the modificat ions in the region x > 0 . 1  do not  have a 
significant effect on the minijet product ion,  especially 
when there is no t  any scale dependence in S}. The effect 
on the jet numbers  due only to (31) were checked to 
be a few per cent. As stated before, the shadowing  correc- 
tions to the gluon structure functions at small x play 
a more  impor tan t  role. 

There are several suggestions for the u n k n o w n  nucle- 
ar modificat ions to the gluon structure function gA [-11, 

18, 24, 25], of  which we shall adopt  the t rea tment  in 
[,11]. Accord ing  to Close et al. initial state recombina t ion  
at low scales Q2 is mainly responsible for the shadowing  
and ant i shadowing corrections. The dominan t  contr ibu-  
t ion for gluons comes from the two-gluon fusion causing 
a correct ion to Ag(x, Q2) as 

6 gA (.X;, Q2) = c~(X, Q2) . Idx * d x z g ( x l ,  Q2) g(x2, Q2) 

"~glg2+g(X1, X2, X1 -]" X2) 

�9 [ '6 (X--X 1 - -X2) - -O(X- -X1) - -a (X- -X2)] ,  (32) 

where the g luon-gluon fusion function is given by 

~glg2--+g(X1 , X2, X 1 -~-X2) 

_ 3  XlX 2 (XI~_X2_  ~ 
4 (Xl AVX2) 2 \X2 X1 

xix2 ) (33) 
(x I ~-X2) 2 " 

Nuclear  geometry  and scale dependence of  the correct ion 
are conta ined in the factor  Cd(x, Q2)=(9A/8rcR 2) 
(4~%/Q2). Since in the sharp surface sphere approx ima-  
t ion 9A/8~R2=~d2STA(S)TA(S), the impact  parameter  
dependent  gluon structure function can be written as: 

4rce~(pr) 
ffffX, p2, S)= TA(S ) g(x, pZT)+ ['TA (S)] 2 p~ 

�9 ~dx l  d x 2 g ( x , ,  p2) g ( x 2 ,  p2) Fg,gz~g(X1, X2 ' X1 At_ X2 ) 

�9 [,(~(X--X 1 --X2)--(~(X--X1)--~)(X--X2)] ,  (34) 

where we can now use W o o d s - S a x o n  parametr iza t ion  
for nuclear density inTa(s). We expect this form to hold 
down  to x ~ x v ,  below which we take AF~(x,p~,s) 
~AF~(xv,p~.,s), i.e. again we assume the existence of  
a complete  shadowing  region�9 Also here by integrat ion 
we get gA(X, pr)=~dZsF~(x, PT, S). 

The ratio gA/Ag is shown in Fig. 5. The dashed line 
corresponds  to scale p2 = 4 GeV 2 and the dot ted-dashed 

10 4 

........................................ 7000 

103 

.. --- no shadowing 
"~ ~ ~ ~ .... -- CQR gluons 
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DO set 1, AQco= 200 MeV 
Q--PT 
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Fig. 6. The average number of jets with pr>=Po, any rapidity, from 
a central U+ U collision at l/s=7000 A GeV and 200 A GeV, as 
computed from (10) with the structure functions (31) and (34) (solid 
lines). By "CQR gluons" we refer to the model in [11]. Here the 
suppression decreases clearly with increasing Po, since the gluon 
correction vanishes as as(pr)/p 2. The estimates without shadowing 
are drawn with the dashed lines. Note that the horizontal P0 scale 
is different from Fig. 1 
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one to 9 GeV 2. According to this model we get unrealis- 
tically increasing ratio for larger-x gluons. This is due 
to the fact that the initial state recombination model 
does not alone describe correctly the EMC-region. From 
our point of view, however, this does not matter, since 
the gluon densities at large x are already small as com- 
pared to the small x region. 

In Fig. 6 we present the average number of jets with 
Pr >po as functions of Po at impact parameter fixed to 
b= 0 .  As in Fig. 1 the jet numbers are computed for 

i ~ =  200 and 7000 A GeV and all rapidities accepted (so- 
curves). The dashed curves are again the first order 

results from (1) for comparison. Nuclear shadowing re- 
duces the central jet number by 20% for P0 = 2 GeV at 

] ~ = 2 0 0 A G e V  and respectively by 36% at ] ~  
= 7000 A GeV, the actual numbers being 368 and 3640. 
The suppression is in this case of the same order as 
for Kv = 0.3 in Fig. 1. 

Figure 7 shows the jet numbers averaged over all im- 
pact parameters, accbrding to (11). These are as well 
plotted against P0 for the two energies. The result ob- 
tained, 97 jets with p r > 2  GeV is 18% less than the jet 

number without any shadowing at r  GeV. At 

l /s  = 7000 GeV 982 jets with PT > 2 GeV are produced, 
and this is 33% less than the nonshadowed estimate. 

Note that Figs. 6 and 7 show a clear difference to 
Figs. 1 and 3: shadowing is here strongly reduced with 
increasing Po, whereas in Figs. 1 and 3 the shadowing 
correction to nvv is nearly the same for all the po'S shown. 
The answer to this different behaviour is simply the quite 
strong scale dependence (~c~s(pr)/fr) of the gluon cor- 
rection in (34). This decreases the correction term even 

if the typical x's are of the same order, 2p0/]/s, for po's 
from 2 to 4 GeV. The results in the region below Po 

r 

= 2 GeV are not shown, since the Duke-Owens parame- 
trization with Q = p r  should not be extrapolated far be- 
low Pr = 2 GeV. 

10 4 

average U+U 
ally, K= 1 

. . . . . . . . . . . . . . . . . . . . .  
103 ................................................. _7._o_oo.. 

--- no shadowing 
102 ~ ~ " -  _ -- CQR gluons ! 

i01 ~ ~  
DO set 1, AQCD = 200 MeV 

Q---PT 
10 q 

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

Po [GeV] 

Fig. 7. The average number of jets with pT>=Po, any rapidity, from 

an average U + U collision at ]~s = 7000 A GeV and 200 A GeV, 
as computed from (11) with the impact parameter averaged struc- 
ture functions, US~ ~ [q: + Cl:] from (30) and gA obtained by inte- 
gration integrated from (34) (solid lines). The dashed lines show 
again the nonshadowed results 
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Fig. 8. The final transversal energy distribution for jets with Pr 
>2  GeV and lYl <0.5. Solid curves are the predictions where the 
hard moments were computed from (17) and (18) with the structure 
functions of Sect. 4. The soft contributions to these moments were 
added as in [2]. For comparison the nonshadowed estimates 
(dashed lines) and the Kv=0.3 result from Sect. 3 (dotted-dashed 
line) are also displayed 

Since the shadowing corrections to the jet numbers 
with (31) and (34) are not as large as with (9), the central 
shadowing C(po) cannot be a large effect, either. Indeed, 

this is the case, for p o =2  GeV at l f s=7000  A GeV it 

is only 6%, and at I / s = 2 0 0  AGeV it is less than a 3% 
p ,  

effect. Practically, central shadowing has a significant 
role only if nuclear shadowing causes large reductions 
to the number of produced jets, as may be the case if 
the gluonic corrections turn out to be of the form (19). 

Finally we compute the effects on the total E r  distri- 
bution from (16). This is plotted in Fig. 8 as a function 
of Er under same acceptances as for Fig. 4, i.e. jets with 
lyl < 0.5 and Pr > 2 GeV were accepted. Again the distri- 

butions are computed for ] /s  = 200 and 7000 A GeV. The 
moments were calculated according to (17) and (18), no 
K-factors were used. The solid curve shows the result 
with the structure functions (31) and (34). We have also 
redisplayed the unshadowed curve (dashed) as well as 
the Kv=0 .3  curve from Fig. 4 (dotted-dashed). In the 
present case we get on the average 23% less ET at 
7000 A GeV than in the nonshadowed case. The differ- 
ence to the K v =0 .3  case is about 20% more in ET, 
which results simply because the first moment (from (17)) 
is more weakly shadowed in the case of scale dependent 
corrections to the structure functions than in the scale 

At ] /s  = 200 A GeV the changes from independent case. 
the nonshadowed case are less than 10%, since the sha- 
dowing corrections are smaller and since the relative 
contribution of the soft part is larger. 

6 Discussion and conclusions 

In this paper, we have developed a formalism for impact 
parameter dependent structure functions with nuclear 
modifications at small x. We have thus given a frame- 
work for a quantitative study of the shadowing effects 
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combined to the effects of the collision geometry. By 
using two different models for the modifications to the 
par ton structure functions in a nucleus we have applied 
our model to compute the average numbers of minijets 
and the transversal energy distribution in U + U  col- 
lisions. The formalism of this paper  could be utilized 
in the event generators like H I J I N G  [30], for a more 
detailed simulation of heavy ion collisions at very high 
energies. 

In the EMC data for the structure function ratio 
F2(A)/F2(D ) there is a depletion at small x. It is natural 
to assume similar shadowing behaviour also for gluons, 
al though one does not have any data for gA/A g, directly. 
Therefore we used two different models to describe gA" 
Scale dependence of the shadowing corrections in gA/A g 
may play a crucial role: if the corrections vanish rapidly 
with the increasing scale Q = p r ,  minijet product ion is 
clearly less suppressed than in the case where the correc- 
tions are scale independent. 

With the impact parameter  dependent structure func- 
tions we studied also the effects of collision geometry, 
i.e., how much more suppressed minijet production is 
in b ~ O  collisions than in the average ones. At L H C  
energies this central shadowing corresponded to about  
10% reduction to E r  as compared to the case where 
the usual, shadowing corrected nuclear structure func- 
tions (but not impact  parameter  dependent) were used. 
This is the case if the modifications to gA/Ag do not 
depend on the scale and the depth of the depletion in 
ga/Ag is 50% at x < x a. At R H I C  the central shadowing 
effect is only a few per cent. It is clear that central shad- 
owing cannot be a large effect unless also shadowing 
effects are very large, since the impact parameter  depen- 
dent structure functions are constrained to the 'usua l '  
ones by integration over the impact parameter.  We con- 
clude, however, that the impact parameter  dependence 
of the structure functions should be taken into account 
at L H C  energies, where the shadowing effects in general 
are large. 

Here we have studied the possible suppression on 
quark and gluon production caused by shadowing. In 
computing the cross sections we have applied only first 

3 order Q C D  perturbat ion theory. The order 7s terms 
[22], which account for the so called K factor, can be 
large, increasing in pp collisions the number  of minijets 
by a factor ~2.5 at R H I C  energies [1, 2] and < 2  at 
Tevatron energies [1, 23] and perhaps by a smaller factor 
at L H C  energies. The K factor depends at least on the 
experimental jet definition, on the scale Q used and on 
the structure function set used. This is why the K factor 
is hard to define in general. It is interesting to notice, 
however, that shadowing effects - depending on the 
behaviour of the gluon structure functions may be of 
the same order as the contribution of the ~ - t e r m s  - 
but to an opposite direction. 

The quantity which is still theoretically uncertain is 
the smallest Pr scale for the minijets. The dynamical 
meaning and the value of this scale is discussed in detail 
in [6]. It is, however, worth noticing that the effect of 
varying Po decreases when the energy is increased. This 
is seen e.g. in Fig. 6 where the number  of jets with pr>_po 

is decreased by less than 35% when changing Po from 
2 GeV to 3 GeV, while at R H I C  energies the respective 
change would be 70%. Note  that the K-factor and Po 
are bound together as far as the total cross sections for 
minijet production are conserned. With our choice P0 
= 2  GeV and K = I  the cross section app(Po) coincides 

with that in [16] at the Tevatron energy I / s =  1800 GeV 
(see [23]). 

The general idea behind the heavy ion collisions at 
high energies is the study of strong interaction thermody- 
namics and a possible creation of quark-gluon plasma. 
The energy density necessary for the deconfinement 
phase transition is e , c ~ l - 3  GeV/fm 3. According to 
Figs. 4 and 8 we find the Bjorken estimate of the energy 
density [27] at the formation time scale % ~ 1 fm to be 
~B~=6--12GeV/fm 3 at L H C  and ~ 4 G e V / f m  3 at 
RHIC,  including the shadowing effects discussed in this 
paper. These estimates coincide with values given in [28]. 
Thus the obtainable energy densities stay above ec, in 
spite of the suppression caused by shadowing. 

To conclude, after this study we have a better handle 
on the magnitude of the shadowing effects on minijet 
production. In this study we have presented a f ramework 
for including the shadowing effects; even more reliable 
results can be obtained after one gets more information 
from the forthcoming heavy ion experiments at R H I C  
and at CERN.  
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