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Abstract 

We study the transverse momentum imbalance (acoplanarity) of a gluon jet 

propagating in an expanding quark-&on plasma. Under reasonable assump 

tions for the gluon cross section for interaction with a quark-gluon piasma, and 

with a hadron gas, and a proper space-time picture of the time evolution of 

matter produced in nuclear collisions, a simple formula is established relating 

the acoplanarity distribution to the jet emission angle, the total multiplicity 

of produced particles, and the nuclear radius. We find that for reasonable val- 

ues of the jet- plasma cross section, the acoplanarity distribution stands out 

significantly beyond experimental cuts. 
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Section 1: Introduction 

Heavy ion collisions at ultra-relativistic energies offer 'us tile 

prospect of studying new states of matter. In sarticulsr one expects 
that if the energy density achieved in such collisions is high enough, 
a deconfinement transition leading to the formation of a quark-gluon 
plasma could be observed. An important issue in this field is to pin 
d0W-i observables which could provide unambiguous information on the 
state of matter produced during a collision. Owing to the complexity of 
heavy ion systems, it is likely that no single probe will yield 
definite conclusions. It is therefore important to investigate as many 
observsbles as possible and correlate their predictions. 

It has been suggested that the study of the propagation of jets 
through the plasma could give information on the quark and gluon mean 
free paths in the plasma, and hence on the properties of the plasma 
itself. Jets are produced at the very beginning of the reaction by 
hard collisions of the nucleon's constituents. The typical jet energy 
is greater than 10 GeV, much more than typical energies of the plasma 
constituents at the temperatures Of interest. Thus they may be 
expected to escape the plasma as well identified objects. 

In a recent paper, Appel has studied the momentum imbal,ance of jet 
pairs which results from the interaction of the jets with the plasma 
constituents!') Appel's analysis strongly suggests that such momentum 
imbalance or acoplanarity may be quite sensitive to the physical 
conditions which prevail in the plasma which the jets traverse. The 
purpose of this paper is to extend Appel's investigation, using a more 
realistic model for the plasma. In particular we shall take into 
account the longitudinal expansion of the (*) We plasma. shall also 
investigate the effects of experimental cuts on the produced particle's 
momenta along the jet axis. We also allow for a combination of hard and 
soft scattering of the jet from the surrounding matter. The soft 
domponent is phenomecologically parameterized in terms of a total jet 
matter cross section and an exponential slope typical of soft 
processes. The hard cross section is taken from perturbative LJCD. We 



determine the r elative magnitude :Q:^ the 'iffe'zts of these T ir L_ 

contributions to jet scattericg :and discuss t!le ~:~ospects for mt??.SUrir..’ 

these quantities experimentally. 

This paper is organized as follows: In the next section, :qe recall 
the main formulas which :allow us to calc~~lste the jet acoplacar:ti 
arising from the soft gluon emission prior t,o the collision. This :: 
the standard bremstr?hlung which takes place already in free space. I r 
Section 3, we describe the model .de 'use f3r the 2iasma and the 
influence of the plasma on the jet propagation. Iie :llso implement &ht 

effect of experimental o1uts oh i c h must be made on the momentum 7;: 
particles along the jet ,lxis i~r. order that II? 13er.?lfizatioc of '1 j?- 
:xly 5 e made. Zection ,$ :zontair.s 't presectitioc ,?2 our rumerica: 
results. The last section summarizes the ~:oncl:~sions, and discuss?: 
Mhat is required of ,e.n sx2erimer.t .dhich might ,ittempt to measure thi. 
acoplanarity. 

Section 2: Jet Acoplanarity 

For simplicity of our ,dnalysis, we 'assume that the jets or' 
produced in the glane z = 0, that is jn the center of mass frame of thf 
solliding constituents. The more general zituatior. is treated :~long th' 
lines we present here. For the situation of interest, the centr? 
region. of head-on nucleus-nucleus collisions, ~,3 e expect tha~t " ‘9 
rapidity distribution of produced particles i 3 approximately boost 
invariant, and therefore the jet distribution vwhen expressed in term, 
of jet mass, transverse momentum and rapidity is invariant unde 

(2) longitudinal boosts. Since the jet mass Q is very large, and th 
formation time of the leading particles in the J-t is of order l/Q, :!I 
shall assume that the leading particles in the ;et form at t = 0. I 
terms of the space-time rapidity y and Groper time T, we are assumir 
that T = y = 0 are the initial space-time coordj~cates of the jet. 

The geometry of the problem is illustrated In Figs. 1 a and 1 b 
Ye :issume head-on collisions, and therefore cylindrical symmetry of t' 
collision. The two jets originate from the prod;Jcrion point P, ba* 



back. Parallel to the collision axis going t.hrough P and the jet axi~s, 
3 plane is defined to whj~ch we refer as the plane of the jets. 9 j s the 
angle between this plane and the plane contljning the collision axs 
and the production point P. o is the angie of tne jets with respect t,o 
the collision axis, in the .plane of the jets. 0 is related t0 the 

longitudinal rapidity of the jets through the formula: 

cosh(yjet) = Q/2Pt = I/sin(o) (1 ) 

where Q is the invariant mass of the pair of jets and Pt is the 
transverse momentum of one jet. 

The situation described so far is somewhat idealized. In fact, 
several effects contribute to give to the jet momenta some nonvanishing 
component along an axis 7l perpendicular to the ideal scatt~ering plane 
defined above. As a result, the t~wo jets do not lie in this ideal 
scattering plane. The total component kt,, of the momenta of t.he two 

jets along the axis 'I, referred to as the acoplanarity, may be 
generated by product~ion of particles in the initial state which are not 
included in the jet distribution, or bY the production of, or 
scattering from low transverse momentum particles which are r.ot 
included in the (3-4) jet. Of course, the ideal scatterirLg plane defined 
above is not observable, nor is the production point P. However, as 
discussed by Appel, it can be determined, to within an error In angle 
of order kt,,/Q, by minimizing over all possible planes t~he quantity Xi 
ktni where i runs over all the particles in the final (1) state. 

Let B(kt) be the probability density for the leading particle of 
one jet to acquire t~ransverse momentum kt due to a single gluon 
bremsstrahlung prior to the collision. Then the probability dP/dkt, 
density t0 observe a total moment.um imbalance kt,, is given by: 

dP/dkt, = cnzo A! [ ny=, 1 d'kti B(Zti)] 6(ktn-zf=l"ti"tn' (2) 

Note that the term with n=O is simply 6(kt,,). This formula acquires a 
simple form when expressed in terms of the Fourier transform of B with 
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respect :!I impact parameter b, 

g(b)= 1 d2kt pigt'kt,,b 3(kt) ! 3 1 

Notice that in Eqc. 2, the direction of ktn has already been specified 
by determining the plane of the jet :*xis. Therefore, the distribution 
depends only upon the magnitude of kt,,. The distribution of dP/dkt, ins 
therefore in terms of 3 one dimensio: 

dP/dkt, = ; I; Ib cos(kt,b) exp(B 

In order that dP/dkt, be normalized 

al impact parameter representation 

5) 1 (4) 

to one, 3pon i ctegration :over ,a11 

ktl), we require that B(bj vanish when b + 2. This is ,accomplished by 
subtracting B(O) from B(b). We emphasize that this subtraction is onlg 
done to make dP/dkt, a normalized probability distribution. Ye should 
not confuse 1* kt, the component of the jet momentum perpendicular to the 
jet axis, with ktn, the projection of ct along t!ie axis n perpendicular 
to the plane of the jets (kt,, = ktmkt,,). 
function as Appel(5) 

For 3(b), .we use the same 

B(b)= - 2 [[lnln(Q~/h~)-lnln((bo/b)2/h~)][ln(Q*/A~)-3/2] 

- ln(Q*/(b,/b)*) } (5) 

.urhere C F = ‘t/3 and 5 = (33-2NF)/12n for NF flavors. A is the 'QCD scale 
parameter, (.2 GeV), b,=l.123. Q is the invariant m:ass of the pair of 
jets. The validity of the formula above is restricted to the region b 
<< A-1. Furthermore, we shall take B=O when b < b,/Q. Thj.s ensures in 
particular that B(O)=O. 

As we shall see in the next section, the scattering of the leading 
particles off the plasma constituents leads t. 0 ,a very simple 
modification of Eq. 4. 

5ection 3: Jets in the Soup 
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In this section, we derive the formulae which allow the calculation 
Of the acoplanarity arising from the multiple scattering of a gluon jet 
on the c0nstituent.s of the plasma. Let us first specify our model for 
the plasma. We consider only central collisions and assume that the 
plasma is contained in a cylinder Of radius R = 1 .2 Pm Al/e, where A is 
the mass number. We shall also assume t.hat the particle production 
process is invariant under Lorentz boosts in the longitudinal 
direction. Then all the quantities specifying the state of the system 
depend only on the proper time 7 = (t2-22)1/2, and not on z and t 

separately. The evolution of the plasma after it is formed is 

described by the hydrodynamic equations. In the simplified situation 
which we are considering, this evolution correspond to a uniform 
cooling of the plasma, 9s it expands in the longitudinal direction. 
This cooling implies a decrease of the entropy density according to the 
law: 

S(T) = S(TO)TO/T (6) 

Thus, as time goes on, t.he entropy density, or equivalently the 
temperature, decreases and eventually reaches the value at which the 

Phase transition from the quark-gluon plasma i~nto ordinary hadronic 
matter is expected to take place. In order to be able to follow the 
system through the phase transition, further assumptions have to be 
made. In this paper, we shall investigate a plausible scenario in which 
the plasma adiabatically converts into hadrons. Let us call spl and Sh 
the entropy densities of the plasma and of the hadronic matter, 
respectively, at the transition. We have: 

SPl/Sh = Mpl/Nh = I‘ (7) 

where Npl and Nh count the numbers of degrees of freedom in the plasma 
and in the hadron gas, respectively, and we have assumed a bag model 
equation of statue for both p’hases. Typically, r is of the order of 10. 

From the fact that the total entropy is conserved, and the fact that 
the entropy density decreases with respect. to time according to Eq. 6, 
one easily derives the following formula: 



~;iTi = xspl+!l-xjsh 3: 

;ihere x , :he fraction of :ladroni.c xatter Ir. i-!~e :;i.ued ~j:lase is -r-;ver .A 
by: 

x = {rrpl/7-l }/( r-l ) (9) 

~~1 being t~he time at zihich the :hxdrocisstion of the plasma stsrrs. 
~~1 may be obtained as .a Function <,i ihe i~nitial iime ‘c,, where the 
hydrodynamic evolution starts from The ,ntropy equation, 33. 6. An 
important feature ‘J f the present ~cenarlz i.3 that it impiias t.hat the 
yfsrea spends :1 lot sf time in the :zixej ;):~ase. _f ;h .ienot.es the ?im+ 
at ~xhich the hsdronization +nds, ;$e :ILIV~ ~:~~,‘~~l = r ‘:LS o,an be obtained 
from :q. 7. 

The jets are produced at very short times !~and zre supposed to 
propagate at the speed of light. before they leave the interaction 
region, .qhose thickness ins typicall;y ‘i few fas, they siill scntter on 
the plasma particles. The net effect of t:he.ie multiple scattering is to 
increase the momentum imbalance. As shown by Appel, the i?Efect of the 
pUssma can be <accounted for b,y ‘I simple nodificstion ‘2-f the. formul.4 El. 

1, leadins t0 the simple replacement ‘1 f the flmction 3(bj by the 
function B(b)+F(b). The new function F(b) is the Fourier transform (as 
:defined by 39. 3) of the probability density that the gluon jet 
scatters elastically off the plasma constituents rith transirerse 
momentum kt . This fur,ction p has been subtracted so that i.t vanishes at 
b = 0, and that 1P/dk+, j.s properly normalj~zed. ‘,qe take ?(kt) to be 
the integral of the inverse mean free path throughout its space-time 
traversal of the plasma, 

F(kt) = zi f dx ni U~/d2kt (lo! 

where ni is the number density of plasma constituents of type I. and 
12a/32kt is the ,iifferential cross section for jet scattericy ,fit;r 
transverse !nomenrum transfer ;‘t. This latter ,cross section is .s5s~ume~3 
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to be the sum of two contributions. The first is due to soft hadronic 

processes, which we parameterize as 

ugi 
d+Pkt = 2nmz -PC-Q/M) 

This differential cross section has been parameterized by an 
exponential, as is typical of low pt phenomenon. We do not assume that 
this cross section has the form extracted from QCD under the assumption 
of large momentum transfer, since for the processes we consider, the 

momentum transfer is on the average quite small. In this equation, i 
denotes either egg, or ogq, or Ogh. We are assuming that the leading 
particle in the jet is a gluon, and do not here consider the scattering 
of quark jets, although they could be treated by the same methods. The 
parameter M ins taken to be of the order of 0.4 GeV. For cross section 
Oi we use: 

egg = 914 agq = (9/4)X oqq (12) 

with ~qq taken from the additive quark model, i.e. ~qq = 4.5mb. This 
relation between cross sections is only derivable in perturbative QCD, 
and is useful to us for making estimates. Again, this assumption might 
be relaxed to obtain a more general computation, but in this 
preliminary analysis, we will use Eq. 12. 

(6) The hard scattering contribution is taken from perturbative QCD. 
We only include this contribution for kt > 1 Gev. In this limit, the 
relations between differential cross sections are as in Eq. 12. The 
differential cross section for glue-glue scattering is 

a20kg/a2kt = 3 a2 1 
s k$ 

Sere, as is the QCD running coupling constant, 

as = 1/6lc(kf,/n2) (14) 

In order to evaluate the function F, we need to integrate along the 



;et Path. This integrlll 13 Xconvenisntlg i0r.e '!y ,changir.g vari~able, 
,Jsing the proper time T as the new integration lisri.able. tloting that i’x 

= vdt = dt (since the jet propagates wi,th ihe speed of lig'nti and tnat 
T = tain(0), one gets: 

F = ~&I I 1:: dt dzai/dzkr T-~(T) (15) 

where tL denotes the proper time at which the jet leaves the plasma. 
It is easily shown that tL is related to the Path length of the jet in 
the plasma by 

TL = Lsin(0) (16) 

with 

(17) 

It is convenient at this stage to look :It the space time diagram 
(Fig.21 which summarizes the evolution of the system. In this diagram, 
the jet trajectory is represented by n straight line which makes with 
the x-axis an angle CL related to the angle o by: 

a = l/cos(o) (18) 

The various stages of the plasma -volution are delimited by the 
hyperbolae corresponding to constant proper times. The hyperbola to 
corresponds to the plasma formation. The next hyperbola is labeled 

t'p1 which is the proper time at ,$hich the Plasma enters the mixed 
phase. The mixed phase lasts until proper time Th. As we already 
mentioned, rh may be qui.te large. 'de shall iassume that th is always 
larger than tL, so that the jet escapes from the plasma before the 
mixed phase has totally disappeared. 

The calculation of the integral giving 3 can then be split into tjro 
pieces, one which corresponds to the propagation of the jet in the 
plasma, the other one corresponding to the propagation of the jet in 
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the mixed phase. We shall write the Fourier transform of ? in the 
following form: 

P(b)= &G) (Fs+Ph)(fpl+fmix) (19) 

In this equation, ??s and Ph are the impact parameter transforms of 

F, = 1 / d2kt (eiitt'knb -1) dzoig/d*kt 

Ogg 

and 

F, = 1 
O&3 

1 d*kt (e il?t*k,b-,) - ogg/d2kt d2 h 

First, however consider 7'. For F,, a short computation gives 

Fs = (l+bzMz)-s/2 -1 (22) 

A tedious, but straightforward computation of ?h gives, to leading 
order in as, the expression 

)2[y(2)-ln(hob/2)l ??h = (2,~) ’ 2 1 az(bn) [ (Aob/2 
egg 2 n?l 3 

+ L p=o(-)P(n,b/*)2p+4 

(23) 

(21) 

where s,h refer to hard and soft scattering and where fpl and fmix ,are 
two constants which we will soon calculate. 

1 1 
*p+* To- 1 

In this expression, ho is a cutoff below which we cannot truet 
perturbative QCD, which we choose to be .&. = 1 Gev. h is the QCD A 
parameter. The running coupling constant is taken to be a constant 
equal to its value for b = 1 Gev- 1 = 0.2 Fm for b > 0.2 pm. 

The quantities fpl and fmix are given as integrals over the 
trajectory of the jet in the plasma phase and the mixed phase 
respectively of 
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1 = J 3x 3gg (Qf4!';1 r,l’ (24) 

‘Consider first fpl which is given by 

fpl = J;:’ dr egg !ng+4/9 “,,I) (25) 

The particle densities ‘1re ,directlg related : 3 the entropy 

densities for an ideal gas, which in t.urn can be cal~zulated from Eq. 6 
E3.S a function of the proper tise T. A simple calculation then shows 
that 

A- -pi = Opi dN/dy ~LC(Tj/inj/: “;i2) (26) 

wnere T, is :he smaller 3f il Lhe two times T, ,and ~~1. To derive this u 
expression, we have used the relation 

dN 1 -_= 
dy nR2 (ngl( To)4 cq( roll 70 (27) 

This expression follows essentially from entropy conservation. The 
peculiar factor of 7/6 comes froro the difference ir, statist.ics between 
bosons and fermions. The factor of 1 for gluon; :trisej because 2ions 
and gluons are both hosons. ‘Combining Etqs. 25-27 gives 

021 = ugg(ls+4NF)/(16+21e,/2) - 14 mh (28) 

where ?IF is the number of active quark flavors, :which for our purposes, 
we c‘noose to be NF = 3. 

The calculation of the mi~xed phase contribution j~mplies evaluating 
the densities of particles in the mixed phase. This may be done easily 
!using the entropy equation . ane then finds: 

dN 
faix = 5 ,A ( 

(rOpl-ogh) 
-qyj-)---- ln( TL/Tpi)+ 

(ogh-ogl) (7:-r ) P1 
(r-1 j Tpl -i (291 
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This formula assumes of course that T L < Tpl. 

A remarkable simoli*ication _ _ takes glace if one assumes that. the 

scattering cross section of a gluon from hadrons is the same :ts the 
cross section for scattering on the plasma, i.e. if one set.53: 

ogh = "pl (30) 

This equa1it.y is probably a good approxiaation. In the additive quark 

parton model of cross sections, we have approximately 

9 1 
agh - z aqn = 2 opp = 19 mb (31 1 

This number is remarkably close to the average value in the plasma, 
14 mb. A more detai~led computat~ion would of course include better 
estimates, but in the crude analysis which we present., such refinement 
is inconsequential. Then fpl and fmix add up to the simple expression: 

dN 1 
fpl+fmix = dpl F n~2 ln(~~/rpl) 

It is then easy to add up the contributions of the two jet.3 leaving the 
plasma at @ and @fn. Note t.hat the 0 dependence comes through the time 
TV. One then gets: 

This expression should now be inserted into Eqn. 19 for F(b). The 
resulting expression still depends on the unmeasured variable rt, the 
distance from the collision axis ate -which the jets appear. One should 
in principle average exp(??(h,rt)) over rt However,in order to get a 
simple expression, we have merely replaced the quantity Rz-r{ by its 
average over rt, which is R*/2. Since this quantity sits in a log, one 
may expects this to give a fair approximation. The resulting formula is 
then : 

F(b) = &;jT Opl s $ IPs+Ql In{+ (34) 



_ r. : i I-. ixperlsectsl ::nvi ronmer:r, In order +3 I ,!enti r‘:j ::.>rt i .;l,A:; :t.: 

,‘.sso::iLted .;ii~th jets, those nart+l?:: :iii,th smail moment!;3 ,:lng the jet 
,rxis 3ne :must explicitl:J ;ubtrxcT >..lt. Thes,e ;,‘irtici:?s ;:,rimarilJ ‘ire 
?ssociz.ted :iith the hadron matter Pistribution, ?nd have no origin ii.“. 
the jyt itself. We therefcre subtract out ;>articles .i:th a rapidity 
‘3 lo r, g the jet axis less than 2 .;pecified :mount lerermined .DY 
experimental ‘cuts. Ye expect that :). TYJtoff sf about tire units of 
rapidity ‘along each jet axis shoul’i be sufficient. 

Ye cow will (determine the ~3i~nimum nomentum ,i:.d therefore the 
~ninimum rapidity IlOng the jet ‘I:< i j 53 r .q h j, c h _ ::arrxi-?s XLy 5 e 
xxmbi :gcIlSly Ldentifird :lj belor.gj ~2 to tne ,j:et, ,*nl rot ‘ij belonging 
to the t3il of the low pt distriburi~on ,wsocirted .qith the -yp,j~cal :soft 
nadron product ion. To t?stimate the magnitude of this cut, we first 
notice that a.11 of the particles ;fith momentum along the jet axis 
satisfying 2 > p. are withir a rapidity i.nterval of M/pa, .dith M - .J 
Gev. The distribution of particles along the jet axis must exceed the 
background from low pt particle production to be detectsble. !/e have 
therefore that 

?I 

7 

dN’iA e -p/~ < z ejet 
TjY P dy 

The factor ,of M/p on the right hand side comes from cor.vert i.cg dN/du 

a1or.g the ;et axis to d?J/dy along the jet axis and multjplication by a 
factor of :,I on on both sides of the equation to compensate for the l/M 
normalization factor in dN/dp on the left ‘hand side of the equation. 
.4ssuaing that the nuclear multiplicity is rbout 2A times that of the 
jets, :fe crudely obt.ain therefore t!lat the cutoff in rapidity along the 
jet axis, yo, is 

Y, - 1r.i ln(2A) ) c 36) 

The assum~sion that, the jet multiplicity is 1/2A that of the nuclear 
ahoul,d be ,adequate for the crude ‘order of magnitude ~2stimate :fe f&o 
here. Ser. f or uranium, this c,utoff i.; only About 2. 
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Due to momentum conservation, the transverse momentum lost by the 
remainder of the jet is therefore given by 

-kt/M 
C(kt) = I;" dy dy;;t - 4 YO +-- 

The distribution dP/dkt, can then be obtained from Zq. 4 with B 

replaced by B + F + e. 

Section 4 : Results and Discussion 

We have investigated the contributions t? the jet acoplanarity due 
'CO the scattering of the jets in the plasma and the effects of the 
experimental cuts which must be imposed in order to be able to identify 
the jets without ambiguity. In our calculations, we have taken dpl = 
14 mb. We have considered a variety of A and Q values. 

The effect of the plasma ins contained in the tern P(b). F(b) 
depends explicitly on three variables: A, the mass number of the 
colliding nuclei, the jet emission angle 0, and the initinl entropy 
density proportional to dN/dy. The A dependence is fairly weak and 
comes mostly from the ratio dN/dy/nR2 which grows like Al/x (there is 
an extra IcA dependence buried j~ri the term lnFt2) This sffecr ;~ s 

however amplified when the exponential of I" is taken to generate the 
acoplanarity. To generate curves we have assumed that dN/dy = 2A 
dN/dylpp - 8A. 

The effect of varying A is shown for 20 Gev jets in Figs. 3 a-d. 
In these figures, the value of the acoplsnarity is plotted for the case 
of rescattering fl-OUl the plasma with experimental cuts, and 
experimental cuts only. In both curves, the pre-emission bremstrshlung 
contribution is taken into account. All of the curves are for jet 
production at 90' relative to the collision axis, so that the effect of 
the plasma is minimized. Notice that for all values of A in the range 
20 < A < 200, there is a significant effect due to the plasma, which 
broadens the distribution and lowers it at small ktn. For A of 200, the 



distrijution is broadest, ‘tbou+ ,i fzcrOr 1,: t-do b:oaier t!~nn i; -‘le 

:a.‘53 with no plasma. “or .A Of 23, :ne .:isrribut: 3n .eems ccl:{ a factor 
sf 2% broader. ‘The effects of .?I l1-2 :heref?re .;i gni r^i c,ant. 

In Fig. 14 a-c, the effect.3 of !; of the ;-et 31-e determined. Cere ;le 
have t”ie same plots as in Fig. 3 a-d excepts that three different valcles 
31 ‘2 = 1 0 , 20 and 40 Gev ‘21-e considere,d for t; = 1,m. "or 2 = 1:) !G;eV, 

the acoplanarity distributioc is almost Zla1, suggest i ng that the 
plasma has destroyed any jettiness j.n the (listribution. The computed 
distribution is >robably not. squanritatively corr\zct since 3Llr 
computations are strictly :speaking 3nl-i valid if kt”,/Q << 1, 3. 
~ond’tion , / not satisfied for i-hi; ‘: -3’s e . “or 1 = 20 :;ev, the 
tlsrrijution is j&-like, ::ut the iisTri’ulri,.>r .qith i’le ,Lasrn:a iz ?bout 
t;<i ce as broad as that of the 3istribution ,xithout the ?lasma. For .: = 

40, the distribution without the ~l,e.sm% becomes closer 70 that of the 
case with the plasma, and is perhaps :bout 33s to 40% broader. 

It appears that there is :A significant contribution ,due to 
rescattering in the plasm,a. 4 good measurement of these distributions 
may nltimately give a measure of the giuor.-plasma zross section. our 
computations show ,a small shift in the 3istributiocs ‘1s a function of 
‘:TOSS section, but other zontributiocs, :;Llch ‘3 3 the rescattsricg of 
ineisstically pro,duced particle from ;‘ie .;et in tile plasma must b e 

nddea3 into to make a precise comparison. A difference of a factor of 
??I0 in the cross section teffectively modifies the distribution RS a 
;;hift in A by a factor of a. The difference of a cross section by a 
factor of two therefore produces n change equivalent to changing A = 20 
to A = 200. From Fig. 3, we see that this is i.n fact a quite 
Yigcificant shift. 

Finally, we have ;tudie3. the dependence of the jet acoplanarity 
upon jet opening angle. Ue find little ?ependence iupon the opening 
angie for reasonable value of the angle. This seems to be because the 
3robability distribution is normalized to one, snd ~the width is not too 
strongly dependent ucon the valu~e of 3 for 3 > 33’. In this range, the 
7alue of .sin(o) ,changes by (only ‘3 factor of t-X0, .and therefore :: ne 



distributior is not too rapidly varying. A charge ir. o by this ilrge 
am0ur.t corresponds to an effective increase Lr, the 2;luon-plssma cross 
Section. by 3 factor of two. For our choice of o = 14 mb, there i; not 
too large 3 variation if the cross section. ir.creases 3.y '3 factor of 2. 
Also, mosi of the variation takes place only at small angles, where 
experiments are most difficult. If the cross section. were chosen to be 
a little Smaller, then there would be a somewhat larger variation. 
Although the angular variation may be useful for studying the effects 
Of a plasma upon jet acoplanarity, without more knowledge of the range 

of angles which may be observed with cuts imposed, it iS difficult to 
make any precise statement. 

Ir. summary, our analysis supports Appel'.; conclusior. that jets may 
Provide 2 useful diagnostic tool for Studgir.g the quark-gluor plasma. 
We have Showr. that in high energy nuclear collisions, the effects of 
jet rescattericg do in fact appear in the acoplanarity distribution. 
The cross Section for scattering from the plasma may be inferred. We 
Should be careful to note, however, that the existence of acoplanarity 
does not by itself alon* give evidence for ,a quark-gluon plasma, and 
may in fact be generated by scattering from a hldronic gas. The jet 
acoplanarity is thSrefore not a signal for the plasma, merely : ?. 
diagnostic tool. The utility of this tool for dotermiring the gluor 
plasma cross section, and hence inferring the degree of thermslizatioc 
of the plasma, if it exists, remains to be established. 
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2 1 .;lJr ‘3 Z3pt~ior.s 

Fig.1 These figures illustrate the ;eometrT ,J: the problem. The :,: 
axis is the collision axis. Yig.l,a I; drawn jr. the plane s=O. ? is the 

point -dhere the leading particles of the jets are produced. Fig-lb is 
drawr, j~i-. the plane :of the jets. The .:olisd -- i r? e s limit the region 
occupied by the plasma. The dashed lines are projections on the plane 
of the ,jets of the parallels to the collj~sior. ,lxi.s drawn through the 
points where the jets leave the plasma. 

Fig. 2 Space-tine liagram. The hyperbol;Le :f :or.stant proper time 
,ielimit the various ;tages of ine plasma :list:3ry. The .;traight line 
labeled “jet” is the jet trajectory. ‘L is the proper time :at -.$hich 
the jet leaves the plasnr. 

Fig.3 These figures illustrate how the distribution dP/dkth 
depends on the baryon number of the colliding nuclej. The dashed 
curve in each plot represents the distribution computed in the 
absence of a plasma with experimental cuts included. The solid curve 
contains the contribution from the plasmn plus cut;. 1~ both curves 
the effects of gluon bremstrahlung are taken i~nto ~cour.t. The jet 
mass is 20 Sev and the assumed cross section Ls 14 nb. The values of ? 
are (a) 20 (b) 50 (c) 100 (d) 200 

Fig. 4 For A = 100, the zacoplanarity distributions for (a) Q = 
10 Gev (b) Q = 20 Gev (c) !J = 40 Gev. 
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