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Does the A dependence in high-pT jets come from the European Muon Collaboration effect'?
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We show that the models for the European Muon Collaboration effect without a cumulative region

(x & I) are not compatible with the "anomalous nuclear enhancement" of high-transverse-momentum jet
cross sections. This assertion depends only on the single-hard-scattering picture without final-state interac-

tions or multiscattering and is independent of the exact forms of the nuclear structure functions. We also

show that it is possible to reproduce a part of the nuclear enhancement if one includes the cumulative ef-

fects.

The "anomalous nuclear enhancement" (AWE) of ha-
dronic jet cross sections' has been known for a long time.
The experiment involves firing a hadron 8 at a target nu-
cleus A and looking for hadronic jets with high transverse
momentum p~. The ratio

partons. It is now known' that the subprocess cross sections
d r~t/d(cos8) (where 0 is the scattering angle in the a, b
center-of-mass frame), and hence da~/dt, is to a very
good approximation independent of the subprocess (up to
numerical factors) and is of the Rutherford form. In fact,

E C3~BA
P&t(Pr) -

AA Cp

C3~BN

cp

Cab C~
W4g Wb

ct dt

(where E and p are the energy and momentum of the
detected jet) of invariant cross sections with a nuclear target

o(p~)
and a nucleon N is found to behave as A with a(pr)
greater than 1 and increasing linearly with pq.

Great excitement has been generated more recently by
the discovery of the nontrivial A dependence in deep-
inelastic-scattering (DIS) cross sections for leptons on nu-
clei.2 This is now called the European Muon Collaboration
(EMC) effect after the group that first discovered it. It ob-
viously has repercussions on any high-energy scattering pro-
cess which used nuclear targets. In particular, the connec-
tion between ANE and the EMC effect has been examined
by various authors. k 4 The results obtained up to now seem
to be extremely model dependent. %e point out here cer-
tain model-independent relations and demonstrate that in
the absence of multiscattering effects in jet cross sections,
the EMC effect and ANE can be sho~n compatible in the
presence of a cumulative region, i.e., by structure functions
remaining nonzero at x & 1.

Jet cross sections are computed in a hard-scattering pic-
ture neglecting all mass scales such as the internal kq of par-
tons in A and 8, quark masses, and Q' evolution of the par-
ton densities. Then the invariant jet-production cross sec-
tion per nucleon is

W~~ %~~~,4

and do/dt goes as 1/t2 The.n the sums in (2) can be fac-
tored to give

E C3~BA cgdxtdx2F~(xi)Fit(x2) „8(s+t+ u)
A Cpk 4 dt

(3)

where Ft(x)-X, w,f,'(x) and i-A, 8,N. The 5 function
relates xt and x2 and allows us to integrate over x2 in (3)
giving

E ch~B da
dxt F~ (x))Fs(x2)

dP3 ~ "lo dt

where x2 xt/(2xt/xr —1) and the lower limit on the in-
tegral x~,- I/(2/xz —1) comes from putting x2 to 1. Here
xr-2pr/Js, where Ks is the energy available to the
beam-nucleon system in its center-of-mass frame and the jet
is observed at 90' in the beam-nucleon center-of-mass
frame.

%e define the ratio of parton distributions in a nucleus
and nucleon

p(x) - F~ (x)/Fiv(x)
E C3~BA

dxt obt2f,"(x))fIt'(x2)

5(s+ t+ u)
Cub

dt
(2)

Although this is not the EMC ratio pEMc, it becomes indis-
tinguishable from it at x P 0.3 because the gluon distribu-
tion is much softer than that of the quarks.

We can now rewrite (3) as

~here x~ is the fraction of the momentum of a nucleon in A

carried by a, x2 the fraction of the momentum of 8 carried
by b, f, (x~) the distribution function of a per nucieon in the
nucleus A, fg(x2) the density of b in 8, s, t, tt the Mandel-
stam variables for the subprocess, and do ~/dt the subpro-
cess cross section, and the summation is over aH species of

Ck~ BA

droop(xi) G(xi,xr) ~Jxi

where

G (x),xr) -FN(x) )Ftt(x2)
do
dt

is non-negative in the range of integration and becomes
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zero only at the end points. G(xh, xr) is zero because Fa vanishes when xt-x~, .
The ratio of jet cross sections (1) for A and N is then

t 1

dx p(x) G (x,xr)
4 x1o

Pje~(xr) =
dx G(x,xr)4 x1o

The variation of p,«(xr) with xr is obtained by looking at the derivative

1 1

dxG(x, xr)p(x)—
dxG (x,xr )4 x1o

dx p(x) G(x,xr)
t 1

dx G(x,xr)J X1

4 x1o
dx G(x,xr)

where G(x,xr)-BG/ixr. Putting in the Rutherford form
for do/dtwe find that

I

for x2 & 0.25, Ftt(x2) is negative as long as we restrict our-
selves to xr & 0.4. Then

with

G(xxr) - G(xxr)H(xxr) (9a) 2 2 IFa(X2) I 2Hi (x,xr) - H(x, xr) —-,x2' +
xr' Fa(xl ) xr

, Fs(X2)
H(x), xr)-,x2'

Fgt, x2j xy
(9b)

Since structure functions for both protons and pions fall off

is always positive and increases with x2 at fixed xr (Ref. 6)
(hence decreasing with x& ). Further, —G (x,xr ) [- I G (x,
xr)l] is non-negative in this region. Defining the mean
values

r 1

p(x") dx G(xxr) = dx p(x)G(xxr), p(x") J dxlG(xxr) I-„d'xp(x) IG(xxr) I (x]0 ( x x (1)
4 x1o 4 x1o x1o J x1o

we can rewrite (8) as

!
t I

d IG(x,xr)
~'~j,) 4 X1o

dxT dxG (x,xr)
[p(x') —p(x") j (10)

4 x1o

For p,«(xr) to increase monotonically with xr as ob-
served, the term in the square brackets must always be posi-
tive. The sign of this term is controlled by the behavior of
p (which being equal to paMc for x &0.3 falls up to x =0.7
and then rises) and the relative positions of x' and x". ~e
define

l
M(G;t)- 4 X1

x &x

Finally, we put in explicit parametrizations of proton and
pion structure functions7 and estimate x'. It turns out, for
example, that M(G, t) for xr = 0.4 becomes 0.98 at
t (0.65, meaning that x' is between xh (-0.25) and 0.65.
p(x") is then greater than p(x') and hence p;„decreases
with xT here. Moreover, going to xT-0.8, we see that both
x' and x" must be greater than 0.67 (x&,) and hence lie in
the region ~here p increases. Thus, in this region p;„in-

creases with x~. Such a nonmonotonic behavior of p;„is in
direct contradiction to experiments.

Thus, the EMC effect is not compatible with the
anomalous nuclear enhancement of high-pT jet cross sec-
tions when structure functions are restricted to the region

ta' r t 1

M(G;t) dx G(xxr)
&

dx G(x.xr)4 x1o J x1
t 1

dx!G(x,xr) I dx!G(x,xr) I

1t can be easily seen that M(G, t) & M(G, t) for all t when

xr P 0.4 since H+ is monotonically decreasing with x This
means that 6 picks up contributions from lower values of x
than 6 and hence

„,dxl G(x,xr) I dx G(x,xr)4 x1o

which turns out to be between 20 and 30 so that pjet 1s

much more strongly dependent on xT.
Next, we investigate the effect of a cumulative region in

the quark and gluon densities in a nucleus. Since the nu-
clear structure functions can now go up to x greater than 1
(Ref. 8) (say xa), we rewrite (3) as

E y3~B& te Xo do
J dx] Fg (Xt )Fs (X2)

A@3 "1o dt

Splitting the region of integration into one from x1, to 1 and
another from 1 to xo, and using the definition of p in the
first region, we can write this as

E y3~ QXO do-
dx p(x) G(xxr) + dx, F„(x,)Fa(x2)J1 dt

(11)
The ratio of jet cross sections (1) now becomes

QXO

abc' F~ (xt)Fa(x2) do /dt
p. ( r) = p,'. + " ' (12)

dx G (x,xr)4 x1o

where p„,is the term in p„,present in (7). The properties
of p~, that we have used earlier remain the same even in
the presence of the extra term in (12) which we call pf«and
which comes only from the cumulative region of structure

l

0~x~ 1. It should be noted that this conclusion is in-

dependent of the gluon distributions in nuclei since our ar-
guments apply to a high-xT region of scattering where the
gluonic contribution to the cross section is small. It also
depends on the behavior of p (and hence of paMc) only in
the region 0.3 & x & 0.8, ~here it is known unambiguously
from experiments. Further, the 10-15'lo effect on structure
functions is magnified by the factor of

8 1
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functions. The derivative is

dp~~, /de has been computed in (10) and seen to be nega-
tive. %e now look at the second term. Using mean values
as before, we can ~rite

(13)

"' -
p~&, (xr) [H(x++,xr) H(—x+,xr) ],

where H(x++,xr) is the mean value of H(xt, xr) by the
weighting function Fq(xt)Fq(x2)do/dt and 1 ~x++ ~xq,
H(x+, xr) similiarly is the mean value by G(xt, xr) and

xl, ~ x+ ~ 1 . The difference term now becomes
F

, Fs(x2), Fs(x2)
14)X2 ~

-x2'
Fs(x2) x, -x++ Fs(x2) x, -»+

Since we are dealing with xr & 0.4, Fq(x2) evaluated for
x~ -x+ is negative. The first term may be either positive or
negative. If it is positive then the derivative in (13) is cer-
tainly positive. For x++ close to 1, the first term may be-
come negative. However, as noted earlier, x2'IFs(x2)l/
Fs(x2) then decreases with x&. Hence the expression (14)
is always positive, implying that dp„,/dxr is positive.

Putting (13) and (10) together, it is seen that the experi-
mentally observed trend of the anomalous nuclear enhance-
ment of jet cross sections (i.e., dp„,/dxr & 0) can be ob-
tained by simultaneously taking into account the EMC ef-
fect at x & 1 and the cumulative region in nuclear parton
densities if

l4.0

l0.0—

X
5.0-

~ 2.0-

l.o

0.5 "
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FIG. 1. Computation of p~,'~~(xr) in various models (1, Ref. 9;
2, Ref. 10; 3, Ref. 11; and 4, Ref. 12) compared to data of Ref. 1.
Models 2, 3, and 4 contain a cumulative region and 1 does not.

QXp

dx)Fg(xt)Fs(xs) . & „dxIG(xxr) I

IP(x') —P(x") I

J~ dt ""lo H x++,xq -H x+,xr
(15)

If the structure function falls off very fast in the cumulative
region then the nuclear suppression of cross sections due to
the EMC effect at x & 1 cannot be overcome. The cumula-
tive effect must be strong enough to overcome this suppres-
sion. Given a model of nuclear parton densities, we can
thus say whether it gives rise to any nuclear enhancement
of high-p~ jet cross sections. On the other hand, considera-
tions such as this cannot tell us the exact numerical values
of a(xr). One has to resort to a complete calculation using
(2) for such information. Figure 1 shows the results of
such a computation' and illustrates several points we make
here.

In conclusion, we note that in the hard-scattering picture,
the EMC effect, and ANE in high-pT jets are incompatible
unless the cumulative region of structure functions in nuclei
is taken into account. Even the cumulative effect is not al-
ways enough —the structure function at x) 1 must be
strong enough to overcome the effects of nuclear suppres-
sion of high-p~ jet cross sections arising from the EMC ef-
fect at x& I. Thus, this analysis provides a common

I

framework for understanding the results of complete nu-
merical computations done previously. ~ These bear out
the conclusions we have arrived at here. It should also be
noted that a small nuclear effect in structure functions can
produce a large xq dependence of ~(xr). Final-state in-

teractions and multiscattering effects can play an important
role in high-pq production from nuclei. However, a clear
theoretical understanding of these effects is lacking. Since
we find that structure function effects via a cumulative re-
gion can contribute to ANE and these can be measured in
deep-inelastic scattering, they constitute a known (in princi-

ple) part of ANE. Hence, incorporating this effect would

help us to arrive at a better understanding of the other ef-
fects mentioned. It is even possible that cluster models for
the EMC effect and multiscattering models describe the
same physics.
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