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Jet acoplanarity as a quark-gluon-plasma probe
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We reinvestigate the probability distribution of jet acoplanarity as a tool to search for quark-
gluon-plasma formation in nuclear collisions. We find serious hadronic background effects from the
surrounding nuclear matter in nuclear collisions, which severely limit the usefulness of jet aco-
planarity as a quark-gluon-plasma probe. Only if quark-gluon-plasma creation can be ascertained
or excluded independently may a high jet acoplanarity provide qualitative additional information.

Two recent papers' studied the probability for jet
acoplanarity as a probe of a quark-gluon plasma (QGP)
created in ultrarelativistic nuclear collisions. In contrast
with proton-proton collisions, jets from nuclear collisions
have to propagate through the surrounding hot nuclear
medium before hadronizing, which may significantly
affect the momentum distribution of the outcoming had-
rons. While Refs. 1 and 2 analyzed the case where the
nuclear collision initially produces QGP, we complement
this work by a study of nuclear collisions without plasma
formation. We pay particular attention to the experimen-
tal biases caused by the need to identify the jet particles
among a multitude of other, softly produced hadrons and
improve on the qualitative, but not very rigorous treat-
ment of this issue given in Ref. 2.

A characteristic feature of jet events in pp and pp col-
lisions is their acoplanarity, defined as the amount of
momentum orthogonal to the scattering plane fixed by
the initial hard scattering. Even for pp collisions, due to
soft-gluon bremsstrahlung in the initial state, the strict
confinement of the final particles to the ideal scattering
plane (determined experimentally by minimizing the aco-
planarity) is lost. The quantity of interest is the resulting
probability distribution dP/dk, „ to acquire a certain
transverse momentum k„with respect to this ideal
scattering plane. The additional broadening of this "aco-
planarity distribution" in nuclear collisions through
scattering of the jet partons by the surrounding nuclear
matter is the subject of Refs. 1 and 2 and of this note.
Our notation is as in Ref. 2 except that we use tildes
when referring to the jet axis, while coordinates without
tildes are measured relative to the nuclear collision axis.

Experimentally, a quantity is to be determined to
which the momentum of each individual particle of the
jet contributes; thus a simple jet-searching algorithm
based on calorimetry is not suScient, but individual par-
ticles and their momenta have to be identified. Although
in nuclear collisions generally the rapidity density of
transverse energy will be large, due to the very large mul-
tiplicity of soft (Er &2 GeV) particles, a jet can then be
distinguished from this background by the presence of a
cluster of particles with very high momentum (kr &2
GeV). The lower limit on the total transverse energy of a
jet ("jet mass") that can in this way be identified is given

by a few times the average ET (about I —2 GeV) of the
soft particles. We will therefore calculate the acoplanari-
ty for jets with ET ~ 10 GeV.

However, in doing so it has to be taken into account
that the low-k, component of the jet cannot be separated
from the soft nuclear background and therefore should
not be used in calculating the acoplanarity distribution.
The calculation thus has to include a low rapidity cutoff
go for the rapidity p'along the jet axis, and the acoplanar-
ity distribution has to be computed with the remaining
very high rapidity component. In Ref. 2 a very rough es-
timate of this cutoff was made; since it influences the aco-
planarity distribution in a crucial way, we give in the ap-
pendix a more accurate treatment of this problem.

The aim of this note is the following. The authors of
Refs. 1 and 2 compared the probability distribution
dP/dk, „ for jets passing through QGP with the plasma-
less case of e+e or pp collisions. We complement these
analyses by a study of the background caused by nuclear
collisions in which only hot hadronic matter and no QGP
is excited. We find that, after correcting for the effects
from the above low-k, cutoff, a comparison of the QGP
scenario to the purely hadronic one leaves only very
small and uncharacteristic differences in the acoplanarity
distribution. Thus it appears very hard to extract specific
information about the surrounding partonic or hadronic
matter from a measurement of the jet acoplanarity.

DESCRIPTION OF THE MODEL

To simulate the effects of the surrounding hadronic
matter on the jet acoplanarity we assume that it can be
described as a hot hadronic resonance gas in local
thermal equilibrium. We take into account all known
particles with rest masses below about 1 GeV. Other-
wise, to facilitate comparison, we take over the assurnp-
tions made in Ref. 2, i.e., boost-invariant longitudinal ex-
pansion and cooling of this resonance gas, and a vanish-
ing chemical potential. In slight variation to Ref. 2, we
parametrize the initial conditions of the collision zone by
its initial temperature rather than by the final multiplicity
density (which are directly related ). The technique for
calculating dP/dk, „ is identical to Ref. 2. The aco-
planarity distribution is formally given by the impact-
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parameter integral

=—f db cos(k,„b)exp[B(b) +C( b) +F( b)] .
dk, „

RESULTS

The original calculations of Refs. 1 and 2 were taken as
a hint that an experimental study of jet acoplanarity
could yield useful information about a QGP formed in
nuclear collisions. They indicated a characteristic Aat-
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where B(b), C(b), and F(b) are defined in Ref. 2: In ele-
mentary pp collisions only initial-state gluon bremsstrah-
lung, described by B(b}, contributes. For nuclear col-
lisions both C(b) (as an unavoidable effect from soft
background subtraction, see the Appendix) and F(b)
(which contains the interesting effects from final-state
scattering off the surrounding hot matter} also enter. The
crucial factor in F(b) is' the product of surrounding
particle density and the cross section of the jet partons
(here as in Ref. 2 assumed to be gluons) with those parti-
cles, averaged over the jet trajectory. We take the same
cross-section values as in Ref. 2 (derived from the addi-
tive quark model); for baryons the parton-meson cross
section is multiplied by a factor of —,. Thus the main
difference between the QGP and hadron-gas scenario for,
say, a given temperature is the different particle densities
of the surrounding hot matter.
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FIG. 2. Same as Fig. 1, but for a jet mass Q =40 GeV.

tening of the acoplanarity distribution dP/dk, „(com-
pared to the case ofpp collisions) due to scattering by the
surrounding plasma. However, our analysis shows (see
dotted and dashed-dotted lines in Figs. 1 and 2} that the
dominant part of this effect is due to the bias introduced
by the (experimentally unavoidable) low-k, cutoff. (All
calculations were done for equal A =100 nuclei, for
which we derive in the Appendix a lower limit go =2.69
for the rapidity cutoff'. ) The observed shift in the distri-
bution towards larger k,„arises from the removal of a
large fraction of soft particles which are closely confined
to the scattering plane and produce the large peak at
small k,„in the pp case.

The remaining effect from the actual scattering of the
jet partons in the surrounding dense matter is given by
the other three curves in Figs. 1 and 2 describing three
possible scenarios: an initial resonance gas (RG) of tem-
perature T =200 MeV, and initial QGP with subsequent
conversion to a mixed phase (PL) for temperatures
T =200 and 400 MeV. The curves for a massless pion
gas with T =200 MeV were found to be very close to the
ones for the resonance gas, due to compensating effects
on the hadron density from neglecting the pion mass here
and including additional resonance degrees of freedom
there.
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SUMMARY

FIG. 1. The acoplanarity distribution expected for QGP
(solid lines) compared to the case of a hot hadron resonance gas
(dashed line). Dotted line: pp collisions without rapidity cutoff;
dashed-dotted line: including the low rapidity cutoff, Eq. (15),
but no plasma or hadron gas effects. All curves are calculated
for A =100. Two plasma temperatures T=200 MeV and

T =400 MeV are shown whereas for the resonant gas we have

T =200 MeV. Q = 10 GeV is the jet mass.

The general features of our results are that the
differences between the plasma and hadron-gas scenarios
are small compared to the change in the distribution
caused by the 1ow-rapidity cutoff which is forced on us by
the large background of soft nuclear particles. Even for
the extreme value T =400 MeV the distribution from the
QGP scenario is reduced by less than a factor 2 in the re-
gion k,„~5 GeV/c relative to the hadron resonance gas.
The same effect could at constant particle density be gen-
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crated by a larger rescattering cross section, while for
smaller cross sections the differences between QGP and
hadron gas are even further diminished. On the other
hand, the effect of low-rapidity cutoff remains very strong
even for the highest-mass jets as shown in Fig. 2.

If one combines these 6ndings with the further compli-
cation of an increased uncertainty in the determination of
the ideal jet scattering plane (which is caused by the
abundant soft nuclear particles and has so far been
neglected), it appears very unlikely that from the shape
alone of the acoplanarity distribution for jets from nu-
clear collisions any detailed information about the prop-
erties of the hot nuclear matter formed in these collisions
can be gained.

Only in combination with other signals may it be of
some value. If it were known for a certain high-
acoplanarity event on other grounds that a QGP had
been formed, then a large temperature for the plasma
may be inferred; if it were known that QGP formation
had not taken place, a high acoplanarity might indicate
anomalously large rescattering cross sections.

FIG. 3. Geometrical situation of a jet being emitted at 90
relative to the nuclear collision (z) axis. y is the jet axis, tI) is the
angle in the x,y plane between the momentum of the emitted
particle and the jet axis. p is measured in the x, z plane and is
the angle between the x axis and the particle's transverse
momentum k, with respect to the jet axis.
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APPENDIX

Here we present the correct derivation of the function
C(b) in Eq. (1), which implements the low-k, cutoff' for
the jet particles counting towards the acoplanarity. For
simplicity, we consider only the case where the jet is em-
itted at 90' to the beam axis (which is the most favorable
in terms of suppressing soft particles from the nuclear
collision}. Then k„ the transverse momentum relative to
the beam axis, is directly related to the rapidity g along
the jet axis, for which we thus have to determine a cutoff
value gn.

We start with the physical condition that, in a given
volume element in momentum space, the particle multi-
plicity originating from soft processes in the A-A col-
lision must be lower than the multiplicity of particles be-
longing to the jet:

The two different multiplicities are given by

dN"" f (g) 1 —
&, /Mr

dPdy k, dk,

for the nuclear background and

dN f(1) 1 "i~xrr

dp dy k, dk, 2~MT

for the distribution of the jet particles. MT is a slope pa-
rarneter for the momentum distributions transverse to the
beam or jet axis, respectively, and is taken as 0.4 GeV.
f (A) and f (1) are the values for the rapidity distribu-
tions dN/dy and dN/dp, respectively (a'ssumed to be
constant). Using dP k, dk, dy=dg k, dk, dy, the
transformed version of the nuclear multiplicity reads

yN AA dN

k, dk, dy dP k, dk, dy dg
(2)

dN"" (A) 1
~ exp k tcos P

k, dk, dy dP 2m'Mr Mr
2m,+ sinh gk,

1/2

Only if this is satis6ed can the particles coming from the
volume element be reasonably associated with the jet.
The geometrical situation is explained in Fig. 3.

The transformation between jet and beam coordinates
is done via

Inserting this and Eq. (7} into Eq. (2) and integrating over
k„we obtain the condition
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dN"" (A) ~ —— 1J dk, k, exp — Qk, (cos p+sinh p')+m sinh 3t
d3r dp 2aM'.

f(A) 2Mr
4n.MT cos P+sinh p'

f (1) dN
2m' dy dP

m sinh3r —msinhp/Mr+1 e
MT

(9)

Finally performing the P integration we end up with the
condition

d~» 2f ( A )(m sinhP'/'Mr+ 1)

d3r sinh2$

with f(1)=4. Fourier transformation with respect to
the impact parameter yields [the —1 serves' to correctly
normalize C(b)]

m . dX
X exp — sinhy (f (1)=

MT dy
(10) C(b)= J d k, (e ' —1)C(k, )

Taking as in Ref. 2 f ( A)=2A f (1), we obtan a numeri-
cal value for the cutofF rapidity pro, which for colliding
nuclei with mass A =100 is j7o=2.69, while for A =1 we

find3ro=1. 01 and for A =200 it is pro=2. 86.
The transverse momentum C(k, ) lost from the jet if

only the high-rapidity component (g &pro) is considered is

given by

2yo k~ k) r /M—
d f T

m o MT MT

X f d8(e ' —1)
0

1=4 —1
(1+Mzb2)3/2

(12)

C(kE)= J der
d3r dzk,

f (1) &0 k /err 2 37o-
2~Mrz

This form of the "cutoff function" C(b) with the above
value go=2. 69 for A =100 was used in the numerical
evaluation.
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