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Abstract

We believe that one can have serious reservations as to whether heavy ion collisions
(~ a 1(MlP.DIT /n A II + 1M i2G\J /TI A II) Pan lead to Thermal 2ncl flhomical equ~~~~r~IJwA\“.~. -“” -u s , - . ..- -“” -w ,, , . . ..-. “w.. .v-- A -.,. . . . . . . . . . - ..- —---- -

over large regions (particularly if it is assumed this happens whenever QGP is produced
, nl-’lrfl ,1

at rt.mb-tmat is if it is produced).

It is at present not clear that the collision dynamics and times available will lead to

this. An alternate scenario proposed by Van Hove where localized in rapidity bubbles
of plasma may well be more probable, and may well occur at least some of the time,

and some of the time mainly survive to the final state. If this occurs we have developed
a. series of reason a hle evI@ mmw-a,to~s tQ wden d ZLnd d escri he t,hese nh ennrn.ena.. They-- —--. .——.. ~-_. --— --. .-_. — —.-_ —-_ ~–--–. –

predict (with reasonable assumptions) Striking Signals which may allow strong evidence
for ~ Q~p ...L.,.L --..--4. l.- ,..,...1..:--?4L. .-.1+----+:..- ,,n-..+:A:nlnl -L..”:fi” -..”...-,.-+”

w lllUU Ua.ullu IJ Uc Gfi.pla?lllcu Uy al Ucl llCLIJ1v c Vull v Cllblullal plly DIVD cm ~ U1llC1lIJD >

and thus may be crucial elements in establishing a QGP. We are also applying these
techniques to investigating Kharzeev and I?isarski hubbies of metastabie vacua with
odd CP.

1 Introduction

-0 ----: -I.. -- L1- :-L.. -.-L :- AL. ----:1-:l:A..AL-A ..A -.. r
r (1~ ZLbOlut tAVO di3CSdEX5 tk~ k b(33~I CUIISKX3 mJIe LIIIJ3 esb M we puwJIu IIIby bum m buL-

ficiently high temperatures or baryon density one or more phase transitions will lead to
formation of a quark-gluon plasma characterized by reconfinement, and perhaps chiral sym-
metry restoration [1~2]Very high enervq heavy ion collisions was the community consensus
as the best hope of forming a quark- gluon plasma QGP and this led to RHIC [3] with its
..- L,. Inn fl-~r /-.. -1---- ~-. -_ll:~:-- -JL~ Inn fi-~1 l—..-~--— ~.. -..ll:~:-- ~--— ---- ._- L---
U~ lIU lUU UC V / llUbltXJll i_LU LWlllUlll~ W lIJ1l lUU ut5 V / llUUltXJll AIU LAJlllUlll~ Ut5d,Ul tKXXkl d,LUl ,

R HT(7 i~ ewwx+d ~G p~~~~~!y hooin t.n nrnvid~ oyn~rimontal data in ‘XMMl Thorefnr~ it------ .- .,..= ., U..,.. ~“a--- -- y-- ----- VA.yv . . ...”...-. ---- . . . -“””. - .&”LuLv L” .“

is timely to ask the question what could some striking signals possibly be generated and

detected which wouid provide very strong evidence, hopefuiiy convincing, for a QGP.

~c ------- :. —--- ~- .~,.. fifi~> :- --4 ------ :- .L:- ----- ------- ~-—-:-
W1 UJUJ. iX lL lIICLY UC IJ1lcI,IJ ~LJJJ lh llUt. LU1 lt5LLI 111 (Jlllb llG W HICL&jy UUIIIZL1ll> ~~ IJlld.h lilb LILX

*L-A. l- LA:,.-

gauge calculations and phenornenological models used to predict the formation and charac-
teristics of a QGP are not applicable to the real dynamical situation.
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2 Formation of a Quark Gluon Plasma

ml-. C--L -.---J.: -- --- —..-4. -A -l---- :- &l-... L ----- :r––. --–. :1 --- -– AL,. -,.- J:&: A-n ----------
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for formation of a QGP are approximately correct, does the actual dynamical situation at
RHIC allow them to be achieved and if so how.

-T. .
We have from the eariy days c)I lS,Hl~ pianning, had serious NWXVatiOIN3 in regard to

“ -. ..-,

this[4,5]. Although many theoretical calculations assume that central collisions of heavy

ions can be described by employing local thermodynamic and chemical equilibrium which
~~illctc aAiahatioallv ac +ho enllicic)n ~o.no ~ovolnnc in cnnro anA timo nno can havo c~rinllc~uJ UU.” .XU. Q” W”. UU..J . . . . . ..W ““... ”,.,.. “.,.. ” u“ . “.” yw --- -y-”” ---- . . ...”. u..- .,-.. ..-, “ “U..uwu

reservations m to whether the collision dynamics allow and whether sufficient time exists for
reaching such overaii thermodynamic and chemicai equiii-brium.

.4 -,-–. --.3 .. —— ..--71. 1-,-- 1----- L- .. . ..-.-.-. —. LL.– L :L ?— .. —1: 1..1-- L1. -L AL- —-. -1:,—-J -- —_l:L: —--
A MXO1lU dPPr(.)Mll ll& lJeeIl IJOllX,O~IllZe IJlld.blb 1S UIlliKHy bIILtLL1lWHIWMW, CXJIIU1LIUIIS

can describe the whole collision dynamics in particular the phase transition itself, and thus if
new phenomena (QGP) etc. occur, they form under inherently non equilibrium conditions.
This scena,rio has been suwzestecl and strondv ern.phasized by Van Hove[6,7].--”u-,.-1- .- -... _ L,___..=.d

Van Hove’s scenario would lead to local droplets of QGP if QGP is formed. As the
droplets expand they could, in so]me cases separate into smaller droplets. It was expected
+L-+ +haaa fiP. P A.n~lo+Q OAIIIA h~.lrfini~n h., ,-ldl~=.ot;n~ ain~a +hic -nnnornrl +n ha +ha mnrn“.. c&u“L.hoc, ~“. u. “y..>uwl -“u&u ALU.*. “L..,uti “J ub.Lu& U“&”.& O...bb . ..1. CNyptiu. tiu u“ “b u.. - ,.. ”. b

likely of the two possible explosive phenomena as it was favored by entropy considerations
[6-8].

TL ~l. –..l31.- .. -L-J L1.,-LL1--7. -----
lL MIOI.MU w nuwu ma mess rl(jll-eq-uiiiloriurll treatments halw a.m-unied tiia.t tiie ciieniicai

potential is zero (i.e. baryon no. B N O) and thus are directly applicable to the central region.
It is expected that the central region at RHIC will have B = O, however Van Hove’s approach -
may even be qualit ativelv correct for the behavior of plasma droplets originally formed even
in baryon dense regions, since they rely mainly on the existence of a large amount of latent
1.-–L –-.3 1 -L-.-L --- L------- :.- L1. -
neim mu RWm enm)py m me phase transition, conditions which also apply t(.) mMyun uense1–– --- ..1--,- 1----- --- J-.-–-

regions.

If plasma droplets (possibly after breaking up into two or more droplets) hadronize by
defiagration, V-an Hove’s scenario conciuded that the resuiting distribution of hadrons shOuid
show maxima approximately at the vapidities of the droplets. The expected width of the
maxima was estimated to be N 1 rapidity unit and have angular distributions characteristic
nf Q Anfl~=ro+inn nrv-~~rrinm in +ha nlmcmm A.nnln+.“. u UbLLu&. U.JL”.L “bbu. A.AL~ . . . “Lib yuw.z.u u. “p.u”o. Uo .l.n nxrnn.+d +ha rrnmar.llx, nvnn.+ncl.Lti U,.u” U%puuuuu .Lab ~w.b, U.*J b*pbb.Jbu

plasma signals such as enhanced strange and multistrange particles, enhanced anti particles,

enha,nced iepton pair production, etc.

Tr nfim :- r- ——--.] :. —_-–- L_
M ~Qr M mi-meu lG may ue easier to conceive of Vali EIOVe’S iO~ai chxlpiet E03iiari0----- -—---—.—-—

occurring since the long times rec[uired for overall thermodynamic and chemical equilibrium

to be attained may not be attainable.

if hubbies in the V-AN-HOV-E sense are not created, the techniques described in this
paper will stili be applicable if lclcalized in rapidity regions, chunks of QGP are created by
any mechanism and the hadronic signals from them are not too degraded by subsequent
in+orso+inn. (_)f PmIr CJn if m.nTT Arnnlat. (n. r-h,,mL. nf r.niAi+.T lnr-~livarl fi(2P) ..o fnrmoA
,L. ”u. uu”. v,. u. v. ti”ut”ti AL .,.ul.~ .A&v~&v”” (“L bllu,..l.l “. LCA~.ULU~ LWb Ull ULU ~U L J CIJLL LULLLLLU
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over large regions one might approximate this situation by assuming thermodynamic and
chemical equilibrium over a large region. It should also be noted, as we will be discussing,
that the droplets (or rapidity Ioca,lized) chunks of QGP will be expected to generate very
striking signals which are detectable and could provide convincing evidence for a QGP.

In this regard one should note that a bubble or rapidity localized region in QGP will be
surrounded by non-QGP background, and thus allow a comparison of QGP and non-QGP

backgrounds in the same event. This is a potent way to possibly establish a QGP. One
should also note that these bubble like events only need to happen and their characteristics
survive some of the time (even rarely) provided they provide sufficient statistics in order to
provide powerful evidence for a QGP.

3 Event Generation

One must use an event generator suitable for estimating the non plasma events, and as a
second step embed the plasma bubbles formation and deflagration, and compare plasma
regions in the event with the non-plasma regions, and then also compare non plasma events
with the plasma events to determine the detectability of plasma bubbles; and whether they
would be striking enough to at least provide credible evidence for plasma formation, or
hopefidly even convincing evidence for a QGP.

4 RHIC::EVENT - a non plasma generator

The geometry of the A-A collision is taken into account by populating nucleons in the target
and the projectile systems according to a Woods-Saxon Distribution. The nucleons have a
Gaussian distribution of Fermi momentum with a small a of 200 MeV/c. The nucleons are
off the mass shell, with an average binding energy of 8 MeV. A collision interaction between
a projectile, and target nucleon occurs when the distance of closest approach is less than

@/T with 0=33 mb. Thus this is 1.025 Fermi-the approximate size of the proton. The
center of mass system of the N –- N collision is used.

ISAJET[9] - an event generator for high energy N – N interactions, has been successful in

explaining these interactions, and is therefore used as the basis of building RHIC:: EVENT.
A high energy Nucleus+ Nucleus (i.e. A+A) collision is represented as resulting from a series
of nucleon-nucleon collisions but taking into account that after a nucleon sl]ffers a collision_——__—_ ----------

it bec”omes a forward going diquark.

The MINBIAS routine of ISAJET, is based on inclusive high energy N – N interactions
forming multi-pomeron chains, with each chain fragmenting according to the Field-Feynman
algorithm[lO].

MINBIAS is used to compute the energy loss of the colliding nucleons and the produced
particles . Unlike earlier event generators based on ISAJET (i.e. HIJET[ll]) instead of
using the leading baryon for the diquark for the next collision, RHIC: :EVENT sums up the

3



momentum of the particles produced by MINBIAS that one wants to associate with the

diquark cluster and RHIC::EVENT does not allow the leading diquark to change flavors. It
is speculated that the forward going cluster is what the fragmentation region is. The larger

the cluster size and momentum the more RHIC::EVENT creates nuclear transparency. This
.l-_-:LL— --- ---.. --L- n-~ _- —*–-l --. –:--- -- 1.1.-.. r-– T_) TITCi -— --—:-- .-. L:_l_ :_ d-A
tugul lLJIII1l(xillgellel”am a V-cry-nice hallCeIILI-alreglml plmxau 101”rtnl~ ellel&Cb w 111(X11s ll?LIJ

over x 5 units of rapidity.

A popular event generator, HIJING[12], is a Monte Carlo model which combines Fritiof[13]
for soft beam jet fragmentation, and Pythias[i4] for semi-hard mini jet Physics[i5]. Gyu-

lassy[15] shows in his Fig. 1 that HIJING reasonably represents the number of charged
particles per unit y or q as a function of y or q for central-i.e. very high multiplicity events.
Whan UT TTNP. iC annlicd +A 1 M C?C.V /nllclann AII onlliclinrr ~.,ith 1 M) (2oV /nllrltmn AII (2VII-
‘ T“’v” “’w” ‘ U ‘U ‘FF”QU ‘w *UU ‘- v I ‘L UQLtiwLL 4‘U ‘iw~axu&L*&j ‘v ~.LL ‘Vw “-’ v \ ‘a UWLUUALi ‘= -J -

lassy shows that for “central events” at RHIC (his Fig. 1) a flat plateau is formed centered

around midrapidity or q and extends (within N2070 from the peak vaiuej for a totai of ap-

proximately four g or q units, and thus is qualitatively in agreement with the results of our
RHIC::EVENT generator with leading cluster equal to only the diquark. Gyulassy points
n,, + +ho+ TJTTTNTfl– .nc,,l+. ova .;m; low +a +h~m,-.nh+o;mzd ..,;+L n+har m,-dalcrl‘?901
UUL. UILau 111..)11 . u Lccluluil C&lb akL1llll>L Uu ULIUDG Uuualllcu VVLUL1 Uullbl LLIVUUC)L*U–-UJ.

It, should he noted that, uncertainty m-igina,tes from. the noorlv known early evolution_-- —_—— r–.––d

of the mini-jet plasma, and this affects the height of the plateau in the calculations of
fi----1._ ~–--rq ~1byuldbsy [10]. f-i-—.--.L:---- Al. - .- ..1-. ---- 1--L-.. 1 --- r-l-l- -.--–. ––1:-1-1–- ---:11 -11 ----

VUIIl~ULIIl~ bll~ WI-IY ~VOIULIUIl d the COl(.)rIlelUS IIIU1”el“elltLtJlyWill tLllU\V

better estimation of the plateau height.

5 RHIC::PLASMA. - a spherical plasma bubble(s)
generator

~i~~rn-~ f~~rn.~~~~~ a,~~ ~~~~~ ~S a vqr ~~~~~~a.~n pr~~e~~ and nllr fir.ct. mniic.1 nf t.hiq p~~----- --- . ..-. . ..--”. . . . . . . .

nomenon is based on work of L. Van Hove[6,7]. Van Hove’s model predicted that the re-

confinement transition iS Ciescrfb[?ciin terms of formation of QCD strings in the expanding
plasma. These strings in the plasma are stopped from expanding because of string tension

and because of string breaking droplets or bubbles are formed. These bubbles hadronize by
~~fl~crratinn at +ho p])=e trnncitinn thrc,llah their ~IJ~er ~,lrfn~o ~y oioo+inn nf Inw nroccllra~.-...,.. -. . . . . . . -Au.. ,.-.. . . . . “ - ~.. “..”.. “U. .w”u ‘J -v--”.- “z .“ ,, ~.,,UU_.v

hadron gas with velocities associated with the critical temperature. This process creates a
. . . .

raplcnty distribution dn/dy or a pseuciorapidity ciistr~bution dn/’dq of hacirons with kOkitd

maxima of width dy or r5q w 1 or in our case high bumpy regions N 2 units of rapidity wide
on an event-by-event basis.

The generator RHIC::PLASMA takes the regular RHIC: :EVENT generation and Van
Hove type[6,7] spherical plasma bubbles generated by a regional tagging scheme which takes

particles from the intial RHIC: :EVENT collisions and converts their energy and baryon
-.. — ..—.
uumh~ tX3 El piabum b-Ubbif3.

rp~.. ~- __:__ _-_:-_ :- J,.~_..J .-

I Me wggmg 1 cgLuu lb UWIICU d,b a ULILUIa cross S(Xt;OrEii
,.:--..1---

area located within the center of the overlap region with radius Rt~9. Each region is then
subdivided in phase space by a longitudinal momentum cllts (three bubbles can be defined
in present code). The bubble has an intial energy and baryon number, where its rest frame
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is given by the total momentum energy four vector of the sum of the tagged particles that
make up the bubble. The thermal dynamics of the bubble is generated in accord with the
model of Koch, Muller and Rafelski [21]. Initially the tagged volume is used to define the
chemical potential and thus the quark and gluon populations for a plasma sitting at its
Ov;+;r.ol +amno,. o+1,.0 pv$~~~rkce
LJ. LULLCAA Ub...yb. Uu UL b.

f911 Loo .,,firbacln..++Lrwn n,-.,,o+;nn. ,,n+n c)+omnav-+,.va nf~&LJ L!- VV”l JXUU “(AU UUCOG G~UCAUl”UO Up U“ CA UbUL~UUUUL& “.

170 MeV. We expand the volume until we get a self consistent condition that satisfies energy
and baryon number between the tagged particles and the plasma bubble. ‘This self consistent

condition is equal to the number of quarks, anti-quarks and gluons (NgNqN~). N, and N~

are the strange quark and anti-quark numbers where Nq and NT are the light quarks (u, d).
Tx7Lns L.s,3vn-:-n4:n.. +.. l.,. m -1,. ..,. -1----- 4--s --..-+ :-+.. - . . . ...1.- --A ..-4: ,“.. ’...1.- 1,..-. A:---- +A ‘.-
\ V llC1l llCKlliJlil&CL blUll bcLhCC2 plcLLV ~1 UU1lD 11 CI&llcllb I1lbU qUcLl J&3 a,llu C311bl-qualfi= LcckUIll& bu all

effective number given by N~ = Nq+ j~N9; Nq = Nq+ fqNg; N. = N,+ f.Ng; N3 = N3+ f.Ng,
where fq = gluon fragmentation function for u and d quarks and f~ = gluon fragmentation
function for s quarks. The average number of particles produced each with a Boltzman

distribution corresponding to the critical temperature is: N. = aN~Nq, NK = afi~~~,
— . <r n-l ~Lli7 i7 iT loil <r {7

lhr~ — ulv~lv~, Nn == ~lplvqlvqlvq,
&fliT <T i(T

Nn == 7jplvq Lvqlvq> lnVT/j =
AT- — lL?iT <T iil

2! PJ’qJyqJ’s> lVA — ~P1’~1’Q1’3>

N2 = ~/3NqN~N,, Nz = ~/3NqNJi$, Nn = ~~fi~fi,fi,, Nfl = ;~N~N~N~.

a and ~ are given by the equations:

--- - -.
whcwe (3, = .N-& NA-N-LN. anA f). = -NY—AN. Thoco ~allatinnc mako sllro harvnn nllmhm ic
------- =GL IJ, -.ql-. ssw. =w-= “G’ 9“ . u... . y-------- ------- wu. u “-. J .,.. . . . . . . . -L .“

conserved and particles are formed randomly out of the particle densities. The above particles
then are generated with a 130itzman distribution of a i70 ‘Mev temperature spherically in
phase space. The spherical distribution creates a bump in rapidity or pseudorapidity of the
type that Van Hove[6,7] predictecl. However, the width of the bumps is about 2 units. The
cmnmo+rv nf +ho ox-nancinn nf +ho nla~ma hllhhla nr firahall ic AanGn Aan+ nn f)~.n nnrl +ha
b“”-AL””.J “a . ..” “..y.m.u.v.. “. .ALV y.-... - “ Uw”.. “. . . . . ..”u.. AU UVp”..uw... “.1 .nJWu w.. - . ..”

collision dynamics. Other cases will be considered subsequently.

6 RHIC::LANDAIJ

‘.ith~n~h ‘~ ‘~v~ SO f~~ CO~Side~~d S~h~~iC~i bUhhi~S, ~D~ ~~~SQU~biC hUbhi~ Sh~~~ C~~ he
incorporated in our plasma generator. There is a one-to-one correspondence between the
1 -,1.,
DUD DIe shape assumeci anti the effect,on the rapidity clisixibution and st.,rucimrein it causeci

by the bubble. Given a particular observed rapidity distribution, assumed to be due to
plasma bubble(s) formation, we can also deduce general characteristics of the shape of the
nki..ma rf?~iOn% For exarn.~ie the shapes of three nther iof!ali ~f?din ra,pidit~ ~~.p rf?~ion~ (or, ---.-–_ _“–_. –.. -— . . . .-— --a----- \-_

bubble shapes), are treated below.

The decision as to whether to attribute an
r)nmnmnn +,a nl..m. fn.m. +;nw .,,;11 Anfinwrl nn +hnlLU1ll G1lLJ1l Uu pLaD1llClLU1lllGIJIU1lWillUcpcllu U1l U1l C

5

experimentally observed bubble-like phe-
hnho. r;aw --J +Lm -~rwalnt;an nfth~ .,-,.; -,,.UG1l GVIU1 CJllu IJllc Lul LclalJlull WI IJ1lG Valluuo



possible plasma signals associated with it (some of which are shown in the figures), other
characteristics of the data, all at the time known facts, and very importantly the lack of a
viable Qth.er cQmlen-tiQn.~]p~.y~~~~~!~~rn-at!ive,

In particle and nuclear physics the fireballs (not in any way shown to contain QGP)

that have been observed, have an additional one dimensional or longitudinal expansion left
----- r-_—. A.~-:- —-_2.. ~A:--- —.–~~--.:~—-(r _—~C-.c–-~cllrmml\
UVt51 lI”UII1 lJU~ll” ~l”UUUC(,lUIl IIIW,IlaI1.lbIIl(lJZMIUdJ_l UI-H.M1l[AA] ) .

~L- -–_ —–_— mTTT.~.. T ANTm ATT
1 m pI-UgI-aIIIrml~: :M-UN J.JiIU

takes the regular RHIC::PLASMA program and replaces the spherical expansion of a QGP
bubble by an expansion that is consistent with thermal fits done on SS collisions at 200
GeV /c ner nl]rle~~ ~nc~~cD~ Qn ~ @@[~~]. ~~~ w~~~h of fjh~ ~~p~d~@ rwak didrihl]tinn, - ~-- -- —-- =- —_- —.L.,-- ——------

changes from a two unit spread to a four unit spread, where 50% of the tagged energy goes
into particie production and 5i3910 goes into longitudinal expansion. In the ianguage of Van
Hove the string stopping due to breaking is not complete, so that longitudinal expansion is
left in the individual strings or bubbles.

7 RHIC::SMOKE

The plasma bubbles that we have generated give structure to the rapidity or pseudo-rapidity
spectrum of the produced particles. This structure is directly related to the geometry of the
awr..na:a” Tkn n.c.n-n+w. r ..,L:-LL,>.Lfifi...,..VApC&lh3iUlL. h.a-.r,...-l :- nw-c...a-+o+o ;. +Lfi -11: -+:--1 ,..__.-.=o:mti1 UC ~GWL1lC (,1 y VVLIIUU 11,3X) UGG1l UUOG1 VCU 111 CA~Gl llllC1l L,D 10 LJ1lC GIU~lJIWU GA~CZ1lOIU1l

of the Landau fireball, however, sharp structure in pseudo-rapidity has been observed in

cosmic ray experiments [24]. We can make our plasma bubbles produce sharp structures by
changing an elliptical or watermelon shape to a flat or pancake shape. We do this only as a

phenomenological manipulation of our code. The end process is a ring of particles emitted
at a fixed migie to the I.leam axis much like an expanding smoke ring. Since these particies
have nearly a fixed angle they lead to sharp pseudo-rapidity bumps of the intermittent type
seen in cosmic ray data[24]. ,

8 RHIC::CHIRAL

Another novel event structure see:n in cosmic ray data[25]is the so-called “centauro-like” and
“anti-centauro-like” fluctuations of charged and neutral particles. A proposed explanation
of t.hmo mmnt.q r~lim nn n chiral p~.~~ trancitinn. .. v-v ., . .,.. ”- . . . . . . ,,.. - . . . . . -. R a iacrnnnl and Wilezok[761 nrnnncd ~. . ..?.. ”...- . . . A —J-~.,y-. ---- , , -----’-- --J Y--F-” --

“quench” scenario in which the hadronic condensate after a phase transition is initially chi-
raiiy symmetric, but its evoiution is taken to foiiow ciassicai equations of motion at zero
temperature. The non-equilibrium dynamics of the chiral transition (using a linear a model
to describe the collective chiral behavior) in relativistic heavy ion collisions yields large dis-
fim~fin+fi~fih; v.ml finm Anmcm+no Th..mn A:or...:nmtd ,-.L:rr.l r.,mncl,mn. ntnc lno A +n +La nfi~ D-;mofi-UIlCXIUGU GIU1al UJILUGLLOCJUGO. & llGOC UIC)UL lG1l IJGU Ullll al UU1lUCILDa UGCl lCCIU (JU IJUG 11”11-1 “lDD”ll

distribution of the “centauro-like” and the “anti-centau~~;like” events. The probability dis-
tribution of neutral pions P(R3) [27], where Rs = ~~=++~~+~~- ) , is equal to P(R3) = *.

In ~ontra~t, typi~a~ hadr~ni~ ~Q!!i~ion~pr~d~~e a bin~rn.ia! di~t,rihluti~n Of -R~ nw kwl at, t,h~r -—---— -. ----

isospin symmetric value of 1/3.



RHIC::CHIRAL generates the above like structures using the RHIC::PLASMA bubble

code but making the bubble hadronize into a 70 MeV temperature pion gas with a R3
distribution chosen to bethatof ttLedisoriented chiral condensate model. Inagiven Au-Au
event each bubble has an independent R3.

It is obvious that there is a relationship between structures in the rapidity distribution

and the geometry of the plasma bubbles, which cause them. Thus if a certain type of
structure is observed in the future experiments, this will infer the geometry characteristics
of the bubble region (or whatever) caused it.

9 Event Generation and Detection

We believe the STAR Detector[28], for example, is suitable for investigating our predictions.
Any statements about STAR are our own estimates (also based on estimates of others)
merely used for comparison to our prediction purposes, and should, therefore, be taken as
an approximation.

The high multiplicity expected in STAR central (and some non central) events coupled
with the almost complete solid angle coverage over a substantial central rapidity range for
100 GeV per nucleon gold on gold down to p+p collisions opens up the possibility of observ-
ing single events well enough to clecide whether equilibrium, non-equilibrium or strikingly
different events occur individually. This eliminates the possibility of false conclusions being
drawn in inclusive studies which may average over events in such a fashion as to eliminate
their most striking and important characteristics. This could be a crucial element in estab-
lishing that a Quark-Gluon Plasma is produced at RHIC or observing other new phenomena
which may even violate QCD.

The availability of as full solid angle particle identification as practical over a substantial

particle momentum range will be of considerable aid in this program.

We believe the study of single events on an event by event basis is a most potent approach
to search for a quark gluon plasma or whatever else nature reveals at RHIC ie perhaps new
physics beyond QCD.

Some results of our calculations for 100 GeV/nucleon AU colliding with 100
GeV/nucleon Au single event central collisions at RHIC:

The STAR detector is the most appropriate for our approach, hence the following calcu-
lations were made for it using the geometric acceptance of the central TPC detector, and

particle identification, by de/dz (ionization loss), and the planned Time-of-Flight (TOF)
covering the central TPC. Efficiencies for tracking and particle identification were not irl-
eluded.

Figures 1-4 show the calculated results for RHIC: :Event. The plasma induced rapidity
bumps you see in the Figs. (5-8) are based on choosing A& x 1.3j which leads to the very
modest assumption that only 4.5’% of the available energy in a central collision is converted
to QGP (as described in the event generator section RHIC::PLASMA).

7
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Please note that if & ~. were chosen to be x2.5 f, which would lead to R15Y0 of the
available energy being converted to QGP, the rapidity bump amplitudes over background
.x,n,,lr-l inoracicn h., nhn,l+ Q f~n+nv n~ +hvnn nnA +ha a+zi+i.+ioa (i o nt, mhnw nf nnr+iolac in +ha,“ V(ALU .S. u.”-” ‘J ‘uV~~V u ACA~UUL UL ULAALG cm~~u IJAAti US.IU,U.UU.tiu ~A.L. ALU.lLULL u. pwk ..ti../” . . . . . ...?

rapidity bump) would increase by about a factor of three (i.e. the bump height relative
to the background and the number of particles in the bump would scaie up approximateiy

as the percentage of energy converted to Q.GP [that is increase by the factor (Yoenergy of

QGP)/4.5%.] The figures for Rtig =2.5 f (figs. 9-13) which converts %15% of the available
-- ----- 4- nfl D -1----- 4...1.. 4-.s-.4:- J..-./J”” -.. - -,..1 .- r-...:--ln itcerl~ray a..,.-+”
C1lU1 gy IN ~ul blluw bl Uly U1 Cmlla(llu l_Li L/ LU/ v b. 1/ pcam lU1 Wllglc Cvcllbs.

(a) The Plasma bubble is produced at central rapidity by 100 GeV/n Au colliding with 100
fi. xT l.- A -. 1–--.-IL- 12-- r o\ :— l-- —.. -:_— -.:. L n --1.. ..---- .-:- _* -l-.
w v j II f-LU \I-H4iw ugs. 0-0) IIILW I-WUI1 w ILU fttag = ~ .Sf ‘W-tl~~~l ~~rl~~~~~ UIIIY ~PPl u~llll~b~ly

4.5% of the available energy. Even this conservative estimate will as, we can see from (Figs.

5-8), produce striking signals in these single events.

(b) The plasma bubble is produced at central rapidity where the R~ag x2.5 f which
contains N15’ZO of the available energy. These assumptions lead to truly dramatic signals for
single events (see figs. 9-13).

It should be noted that if mult,iple bubbles are created in a single event, each will result
in rnni~i+w hllmnc. . . . wpL.A..J c+v%ncronocx ~nci an+i-hnrvnn-harvnn nnhnncamanta ot~ in that rani A.“ U.1.=u, “v. w.. ~w.. ”v”, U.. u u..”. “CUJ “.. “UJ.J “.. “L...l””””l.. ”l.. ” w.=. ‘“ ““-” ‘ -Y*-

ity interval, which corresponds to that bubble. Localized QGP bubble formation, probably
depends on a first order transition, however it shOuid aiso be expected that any unusuai oc-
currence in a local rapidity region which survives to the end state will show up approximately

in that rapidity region in the final single event. Of course if QGP is made abundantly over
1 ---,. . ..- .- .,....,. ,..r -- ,.. .,.-.4 ---- L..l.l-.ln J.?. ,. L-:- ..-” --.:11 l.,. —--- :... ,.,. -,.:4 :--,.
ldl~~ lU&UUS UL cLll UVCUIJ UU1 UUUL}lC lJtXlllll~UC3 W 111 Ut5UUlll~ lIlZA511blld VU. D U(J llJ lb (, UILSIUCICU

D.. A :& :- ,.--:A,A,...,.J

unlikely this will occur in all events, and we can study those events where plasma regions

(or bubbles are localized).

Of course, singie events using various seiection criteria, can be iumped together for statis-
tical and overall view and analysis reasons. However in doing this great care must be taken
to avoid introducing unwanted biases in the result.

Finally, these results are to be taken only as an indication of the promise of the possibility
nf d rikin u ~i on al~ nf a Q~.~ QCclJrr@ ~H ~~ncrl~ ~v~nt.c ~n~ ~~~~g dd.w%wl in ~TA R ~h~-~ -.. . . . . ..~ -. O.._.” -A _ ~.., . . . . . . . -------- --- L ------

correlations of the pions, kaons, protons, and anti-protons, and the detailed characteristics
of the events wiii of course be important. (lur approach and ideas wtil of course change as
detailed data is obtained and analyzed. We will keep an open mind as the observations come
in.

It is important to note that various energies and various beam nuclei from Au+Au down
to ~+~ will he used and th~~p reslllts Wii] irn_~wt, On any final Conclllsion. Fl]rt,hermm-e it, iS.-.-— .,---$-- - -:.—-..- _—-_——————-——

not necessary to explain every observation. Finding striking and unusual events some of the
time couid weii iead to establishment of a QGP if it naturaiiy expiains them, and no viaiie
alternate explanation is found, and there is no contradiction of the QGP evidence by other
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characteristics of the data.

Theevent generator VNI[29] will also beusedin future work. VNIis Monte-Carlo event-
—-—.—_L-- 1.- >T --- J -.. -l-.._ --11: –: –--–
gemxduul fm kptms, IMUIUII, mu IIUWUS WIIIWIIS on each other.

TL ----- Al-.. -- ..1 L:—-
1(1 uses bile 1cdl- IJ1lIIU

evolution of parton cascades in conjunction with a self-consistent hadronization scheme, as
well as the development of hadron cascades after hadronization. The parton cascading in
nucleus-nucleus collisions leads to space-time regions of high energy density. These regions

can become the source of plasma bubbles like the ones described above. In the future we
-l _- L- ..__ T TNTT L’ _- J7.. -Ll- -- _.--l -
~liill (N UM5 V lN 1 L(J1 lUI LUtX WUL”l( ~ii biibbk.

Tx7.. -1-- A- ---- X7NTT - ------- -C l... Ll-l -
Vve plml W use v lN1 as ii LKJUILX (J1 lJIJIJIJJe

production .However we must address the problem of how to determine or estimate the energy

transmitted to the bubble by non-perturbative QCD interactions. VNI will place the bubble
in a had.ronic final state which could give a, realistic transport of its emitted hadrnns tjo the------ --—
final detection of plasma signals.

New unexpected phenomena beyond QCD could be observed if they occur at RHIC, and
+L*+ A,,nnt w.,n-10- +- l.c.fi n., v n.,,n O-A mn..,l.r Cln. ralnTmfirl A.ramt Irr,TmoToi-Aro +rl ;r)xro.+; mo+cl

1~1 bnab c v~li~ vv5 plcul Uw uoc wul uvvu a.uu LLGVVLJ UL VCLUp IXI G VLLLb ~GLILAaUWLO uw LLLv LcIU.6c4. b

them. It is interesting to note that a recently proposed bubble phenomenon[30,31] as de-
scribed beiow can be investigated with our techniques and generators. Any assumptions
about STAR performance, such as DE/DX, planned time-of-flight performance, etc. are to

our personal estimates for the purpose of comparison with our event

Rl~hhles of Mda~tahle Vaclll~m____ .___.$_ -.- —$-,—s-.,-- .-- —.. ——,——---

Kharzeev and Pisarski[30] expect that bubbles of metastable vacua with odd CP will induce
a net ilnw of pion charge. ‘This flow can be _rnmde!ec!with a na.rallel chrom n ehxtrk and=—- —---- ---- -----

magnetic field. A quark traveling in this field will drift up in a spiral, while an anti-quark
.11 1 .P,

wm arm down. Tinese added impulses will end up in positive charged pions traveling up
and negative charged pions traveling down. Kharzeev[31] has estimated an average impulse
of 30 MeV/c for a quark crossing the diameter of the bubble.

If we place the electric ~ and the magnetic ~ field along the x-axis, then we can write
down the added impulse for

where ~~ is the charged r+

and F’PTOTis the magnitude

positive pions (m+) as vector equations 1:

-P;y= -pFu– ==pp~oT

‘p~‘PPYP;z = Ppz + —
Pp~o~ ‘

momentum ~P is the r+ momentum without the added effect

of the momentum ~~. PE is the impulse which comes from the

electric field acting, while PB comes from the magnetic field. Vector equations 2 for negative
pions (T-) is:

DI— D D–
A mz ‘Lmx —l.&

9



(2)

P~z = Pmz – PBPmy
Pm~~~‘

where p for positive has been replaced by m for minus. Also the sign of the impulse has
changed.

We will model the added impulse by assuming that we start with a bubble of radius To
that has quarks uniformly distributed inside the bubble.

The point P of the quark inside the bubble is given

XP = rP sin t3Pcos g$P

VP= rP sin 19Psin @P

,zP= rP cos 19P,

by equation (3):

(3)

where XP, yP, and ZP are the Cartesian coordinates and rP, Op, and @p are the spherical
coordinates. From this point F’ the quark travels in a line given by its momentum

where Ps, Py, and Pz
through the surface of’

Lz

ark the momentum components
the bubble when

r~=x2+y2+z2.

We now substitute 4 into 5, we have

r; = ($(z -- 2P) +ZP)2 + (~(z –
z z

(4)

of the quark. The quark will pass

(5)

Equation (6) can be rewritten in quadratic form using z’

2P) + yp)2 + 22

where z’ = z — Zp.

Using vector notation equation (7) becomes

P2
*(Z’)2 + ;(FP o Fp)(z’) - (r: - T;) == 0.

z z

(6)

(7)

(8)

10
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Thus we have two solutions:

(Fp . F,) + J(FP . p,)’ + P;(?-g - ?-;)
.Z’=.Z -Z.= ,r P;

because a line strikes a sphere twice when passing through it.

The distance the quark travels is given by

r
dist = ~(z – Zp)’ + (y – ypy + (z – .zp)2.

or

Using equation (4), the distance equation (10) becomes:

Plugging in (9) into (11), we obtain:

Pp
dist = —

p! (~- %)1

(10)

(11)

(12)

Spherical coordinate system (3) makes equation (12) look very simple

where 0 and @are the angles of the momentum vector ~P, t9Pand q3Pare the angles of the
-ril-_ —-:—1 .-— J ,.<

point P -W-ith T“p being the radius U1 LIlepum~ CMlu
11-. –. J:.. - -r Al-.. l-.. LLl..

/ o LIle lwllus U1Lue Uuuule.

f,37e ~JD.pd ~%,ap,~ +n nh+ain +ho Ai.+rih,, +inn nf A;.+ ~z~{~p,cr hn+h cnl,l+innc f~r ~vqr p~~p~~Uu UUUUL.A . ..- Ul””. ,wu.,”,, “. IN*UU ~ ““”.. ““Au ..”..”

P, when the points are uniformly placed inside the bubble. The easiest way to do this

calculation is using Monte Cario methods. ‘The resuit of such a numericai method ieads to

dN ~dist
Cx Cos( —) (14)

dda~t 4ro

The impuise that the quark gets is ciirectiy proportional to the distance. Since 2 r. is
the maximum distance, we can set the maximum impulse (A Pmaz) equal to this value and

easily write down the impulse distribution.

dN TAP.—
AA P

Cx COS(9AP )
,.-. .-. ~~.$

(15)



In equations (1) and (2) the value of PE and PB can be chosen by

1? between zero and one and calculating

AP = APmaz =
2AP~.Z

CoS-l(R).
n-

picking a random number

(16)

The next aspect in bubble simulation is the kinematics of the pions produced by the

bubble. Gyulassy[32] suggested jet fragmentation would show these added impulse to their
pions. Studies of changes of jet fragmentation in heavy ion events is already underway [33].
For this simulation we consider bubble kinematics that would arise from a chiral low temper-
ature bubble or a bubble that produced pions which look very much like the regular pions

of a heavy ion event. .4 set of programs using the event generator RHIC: :PLASMA is used
to simulate bubbles that have imparted impulses given by equation (16).

Chiral bubbles are spherically symmetric distributions of pions having a Boltzman energy
spectrum of 70 meV temperature. The chromo E and B field is randomly assumed in any
direction. The E field gives a impulse to T+ along its direction, while the T– impulse is

opposite to its direction. The impulse of the B field is at right angles to the direction, where
the example of B and E along the X-axis is given by equations (1) and (2).

Besides a low temperature chiral bubble, let us consider a higher temperature bubble
which expands in the longitudinal beam direction. ‘l’he net result leads to a bubble which
blends into the regular background of RHIC::EW3NT.

The program generates a bubble by a regional tagging scheme which takes particles from

the initial RHIC::EVENT collision and converts the energy into a bubble. The tagging region
is defined as a. ~irc&r ~r~~~ wwtiona.1 a.r~a. loea,t d wit hi n ~h~ c~B~~~ of ~h~ ~v~~]q T-~g~Q~L--. .-—-- —--_ --__.. _— ..-..---.-

with radius Rtog. The bubble has an initial energy, where its rest frame is given by the total
momentum energy four vector of the sum of the tagged particles that are used to create the
bubble.

12 Summary and Conclusions

T- 4L:. ---,,.. .=.,. urn ..,. ,l:”fi.. ””AA - -A-.:l.l.. ------ -4..: 1-:-- .: ---1- r-- - non ..-..12L- -.-,.--4.-.3111IJ1113~cL~CX WC lLc LVC UIDC, UbZKU d ~UtK31UlC Wdy bbl llUll~ bl~llttlb lU1 CL U&Xr CUUIU UG ~Cllt2 dlJtXl

at RHIC and detected. We have extended and generalized the original scenario proposed by
Van Hove[6,7j.

T. Afi l-.,. .,
11 Vtir wrmles or iocaiized rapidity regions of QGP are created in some of the RFHC

collisions (probably most likely for highest energy Au on Au), and the characteristics of their
hadron emissions preserved, at least substantially in part of the events final state, we have
~h-~wp.that r~acnn ahl P mmnt. tmmorat. nr~ t.h at. u713 doxmlnp~d cap. nrnvido ctrikin a ci on alc ~P1. .,--- ..-., . . - , ~.. . ~.,.. u.w.u. - “.. -. .,., -“ ,..,. - y- v . --v u.. . . . . ..a “.6.. -.”

individual events, even under the modest assumption that only 4.5% of the available energy
(corresponding to the avaiiabie energy for piasma formation generated in a centrai coiiision
contained within a radius of about 1.3 f) forms the QGP bubble. If larger amounts of the
available energy form a QGP bubble (or a localized rapidity region) the signals will scale
with- the QC.P ~nm-um- ~~.~ ~~l~i~ hwmm~ t,rlllv dramatic (coo Rio-c

‘----OJ 7
- -------- .,. -.J . . . . . . . ..- ,“v” . .@.,. 9-13).

12
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We considered how the STAR detector, for example, might observe some of these modest
4.5% of the available energy QGP signals (figs. 5-8), If we assume s15% of the available

energy is converted to plasma, we obtain truly dramatic signals (see figs. 9-13) and indicate
how the STAR detector might observe some of these.

Finally it should be noted that our RHIC::EVENT and RHIC: :PLASMA generators can
be used to investigate “odd CP bubbles” and likely can be adapted to many new investiga-

tions. We also discussed how the VNI event generator could be applied to QGP formation.

13
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Figure 1: The generated pseudorapidity distribution of all charged particles from a single
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evidence of structure is observed.
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Figure 2: The generated pseudorapidity distribution of all charged pions from a single “cen-
tral” 100 Gev/n AU-I-AU RHIC::EVENT. The expected central plateau with no evidence
of structure is observed. Negative pions can be identified approximately by assuming all
negative particles are pions. If one removes kaons and protons (or anti-protons) from a
momentum region, what remains is almost entirely pions.
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Figure 3: The generated pseudorapidity distribution for charged K-mesons from a single
“centraY’ AU+AU RriiC: :EVENT. ‘The STAR identified K-mesons estimated by u~l lJX

-- ,-. .

(ionization) and TOF (Time-of-Flight) with the geometric efficiency only for the STAR

detector central TPC. Acentral plateau with noevidence forstructure is observed.
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single “central” AU+AU RHIC: :EVENT with STAR DE/DX (ionization) and TOF (Time-
of-Flight) identification with the geometric efficiency only for the central TPC shown. A
central plateau with no evidence of structure is observed.

17



,.,

1400

1200

600

400

200

0

1 RHIC All Charged Particles Au Au

L-L-l I I , , 1 I , , , I 1 ! , I + 1 , I , r I
-6 –4 –2 o 2 4 6

Figure 5: The generated pseudorapidity distribution of all charged particles from a single
RHIC::PLASMA “central” EVENT. Note the well-defined q central peak in contrast to the
structureless result in Fig. 1 for RHIC: :EVENT. The bubble energy was 4.5% of the available
energy.
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Figure 6: The generated pseudorapidity distribution for all charged pions from a single

“central” 100 Gev/n AU+AU RHIC: :EVENT again showing a well defined central bubble

peak. Negative pions can be identified approximately by assuming all negative paticles are
pions. If one removes kaons and protons (or anti-protons from a momentum region what

remains is almost entirely pions. The bubble energy was 4.5% of the available energy.
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Figure 7: The generated pseudorapidity distribution for all charged K-mesons from a single
“central” 100 Gev/n AU+AU RHIC: :EVENT showing a peak and that TOF can be effective
especially if larger than 4.5% of energy is converted to plasma in some events. The geometric
efficiency only for the central TPC was used. The bubble energy was 4.5% of the available
energy.
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Figure 8: The generated pseudorapidity distribution for protons and anti-protons, the geo-
metric efficiency only for the central TPC was used showing a peak which is well identified by

TOF and to some extent indicated by DE/DX. The bubble energy was 4.5% of the available
energy.
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Figure 11: The pseudorapidity distribution for all charged K-mesons from a single “central”
100Gev/n event, showing apeakabout four times the background level. Both the TOF and
DE/EX particle identifications show peaks 2-2.5 times the background level, but the TOF
has much more statistics and detects more energetic particles. The bubble energy was N
15% of the available energy.
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Figure 12: The pseudorapidity distribution for all protons and anti protons from a single
“central” 100 Gev/n event, showing a peak about four times the background level, but the

TOF has much more statistics and detects more energetic particles. The bubble energy was
z 15% of the available energy.
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Figure 13: The pseudorapidity distribution for all long-lived Multistrange Hadrons (E, 0-)
from a single “central” 100 Gev/n event, showing a peak level about three times the back-
ground level. The bubble energy was x 15% of the available energy.

26



REFERENCES

[lj Quark Matter Formation and Heavy Ion Collisions: Pmt. of the Biefeld Workshop,

May 92. See papers by Jacobs and Satz, Baym, Kajantie, McLerran, Gyulassy, Knoll,
Kapusta and others.

[2] Quark Matter conferences 1983, BNL; 1984 Helsinki, 1986 Asilomar, 1987 Nerd-
kir~chen, lgg~ Lenox. 1mm Menton; I~gI C.at~inhurg; Igg~ Eor!ange, I gg~ .MQnterey, lgg6, . ..”””
Heidelberg, 1997 Tsukuba, 1998 Torino.

[3] Samios, N. P., R,HIC Conceptual Design Report, (Brookhaven National Laboratory,
DNTT KOlf3K (l flOn\
DIN DOLIVU, (J YOY).

[Al !+hrnorlor T and T,indonhallm S T T.arcr~ Macrndie Snadrnm~tor~ ~~~~ ~~ by ~.j.L‘J -“--. -.’..”., -. w..= -.....-”..”- u... , w.”. --- a“ -,~-a--” --- -F”-.. vvw. uvw. u.

Lindenbaum, RHIC Workshop: Experiments for a Relativistic Heavy Ion Collider, April
15-19, 1985, P.E. Haustein and C.L. Woody, Editors, pp. 227-252 (Brookhaven National

Laboratory, Upton, New York, 1985), BNL51921.

[5]a) Schroeder, L. and Lindenbaum, S.J. Large Magnetic Spectrometer. Lindenbaum,
S. J., part 11 pp. 227-252 RHIC Workshop: Experiments for a Relativistic Heavy Ion Col-
lider, April 15-19, 1985, P.E. Haustein and C.L. Woody, Editors, pp. 211-252 (Brookhaven
National Laboratory, ~Jpton, New York, 1985). (b) Lindenbaum, S.J. An Approximately 4p
Tracking Magnetic Spectrometer for RHIC. Proc. of the Second Workshop on Experiments
and Detectors for a Relativistic Heavy Ion Collider (RHIC), Lawrence Berkeley Laboratory,
Berkeley, California, May 25-29, 1987, Editors, Hans Georg Ritter and Asher Shor, pp. 146-
165 (Lawrence Berkeley Laboratory, 1988). (c) Lindenbaum, S.J. A 47r Tracking Magnetic
Spectrometer for RHIC. Proc. of the Third Workshop on Experiments and Detectors for a
Relativistic Heavy Ion Collider (RHIC), Brookhaven National Laboratory, July 11-22, 1988,
B. Shivakumar and P. Vincent, Editors, pp. 82-96 (Brookhaven National Laboratory, BNL

52185). (d) Lindenbaum, S.J. (Experimental Collaboration: G. Danby, S.E. Eiseman, A.
Etkin, K.J. Foley, R.W. Hackenburg, R.S. Longacre, W.A. Love, T.W. Morris, E.D. Platner,
A.C. Saulys, J.H. Van Dijk, S.J. Lindenbaum, C.S. Chan, M.A. Kramer, K. Zhao, N. Biswas,
P. Kenney, J. Piekarz, D.L. Adams, S. Ahmad, B.E. Bonner, J. A. Buchanan, C.N. Chiou,

J.M. Clement, M.D. Corcoran, T. Empl, H.E. Miettinen, G.S. Mutchler, J.B. Roberts, J.
Skeens) A 4p Tracking TPC Magnetic Spectrometer for RHIC. Proc. of the Fourth Workshop
on Experiments and Detectors for a Relativistic Heavy Ion Collider, Brookhaven .National
Laboratory, July 2-7, 1990, Editors: M. Fatyga and B. Moskowitz,’ pp. 169-206 (BNL, 1990).

[6] L. Van Hove. Z. Phys. C. Particles and Fields 21,93-98 (1983), Hadronization Model
Q~ark-C.~~Q~ P1..ma in TTltra-Rol.tivi c+ic f%lli.innc fl17RN.’T’TJ 2C)9A (~~~~),A .-”... - . . . V... w ..”.W. I , .“.. ” v“,.. ”.”..” --1 . . . . . . ““-7

17] L. Van Hove Nucl. Phys. A46 (1987).

[8] Gyulassy, M., Kajantie, H., Kurki-Suuno and McLerran, L., Nucl. Phys. B237 (1984)
477.

[9]F.E. Paige and S.D. Protopopescu, “ ISAJET” A MONTE CARLO event generator

program for pp and p-bar + p interactions.

[10] R.D. Field and R.P. Feynman, Nuci. Phys. B136, 1 (1978).



4

,( “ ●

[11] T. Ludlam, et al., RHIC Workshop I, eds. P. Haustein and C.L. Woody (Brookhaven,
April 85).

[12] X.N. Wang and M. Gyulassy. Phys. Rev. D 44 (1991) 3501; Phys. Rev. D 45 (1992)
844; Comp. Phys. Comm. 83 (1994) 307.

[13] Anderson, B. et al., Nucl. Phys. B 281,289 (1987); Comp. Phys. Comm. 43,387
(1987).

[14] T. Sjostrand, Comp. Phys. Comm 82,74 (1994).

{15] M. Gyulassy, Nuclear Physics A 590 (19995) 431c-446c.

[16] A. Capella, U. Sukhatme, C. I. Tan and J. Tran Thanh Vanj Phys. Rep. 236, 225
(1994).

[17] K. ‘Werner, Ph,ys. Rev. 282,87 (1993).

r. ~1 T. n

\luj H. aorge, ii. Stocker, and W. Greiner, Nucl. Phys. A 4S8, 56’7c (1S89).

[21] P. Koch, B. Muller and J. Rafelski, Phys. Rep. 142, 167 (1986).

[22]L. D. Landau, Izu. Akad. Nauk SSSR 17,51 (1953).

[23] E. Schnedermann and U. Heinz, Phys.’ Rev. Lett. 69,2908 (1992).

[24] JACEE Collaboration, Phys. Rev. Lett. 50,2062 (1983).

[25] C.M.G. Lattesj Y. Fujimoto and S. Hasegawa, Phys. Rep. 65, 151 (1980); L.T.
Baradzei et al., Nucl. Phys. B370, 365 (1992).

[26] K. Rajagopal and F. Wilczek, Nucl. Phys. B379, 395 (1993).

[27]We have chosen the 3 direction in isospin to be the neutral pions.

[28] Hallman, T.J. et al. (STAR Collaboration), The Physics and Detectors of the

Relativistic Heavy Ion Collider (RHIC). Proc. XXXlst Rencontres de Moriond, Les Arcs.
Savoie, France, h4arch 23-30, 1996. Series: Moriod Particle Physics Meetings, ’96 QCD and
High Energy Hadronic Interactions, edited by J. Tran Thanh Van, published by E ditions
ilontieres, pp. 485-90 (1996).

rml VI . . . . ma:-. D,-,.. T ,_,-,_.A .-A n:.. n.h u CI..:..nmr-r. ITNTT. t2:m.,lm+:An ,4 u;tik
[/27] I\laucY Ucqjcl , lUJ1l 1.Jull/=jc4’vl G, allu Ulllcmll 1X. ullvcl.nuav~, v 1 YL, UL1ll UICL. ULWIL U1 llL~lL-

Energy Particle Collisions in QCD, BNL-65755 (1998), Klaus Geiger and Ron Longacre
Heavy Ion Physics 8, 41(1998).

reA7 - . . .

[w] D. hnarzeev and R. Fisarski, hep-ph/9XWKli, January i6, iW9.

[33] R. Loq+cre, Parton structure thro@ two particle correlations in -Au-Au at RHIC.

28



Proc. RHIC Physics and Beyond: Kay Kay Gee Day, October 23, 1998, Brookhaven National

Laboratory, Upton, NY (in press).

29


