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EVENT-BY-EVENT FLUCTUATIONSIN HEAVY ION COLLISIONS�M. Döring and V. Ko
hGesells
haft für S
hwerionenfors
hung (GSI)Postfa
h 110552, 64220 Darmstadt, GermanyLawren
e Berkeley National LaboratoryBerkeley, CA, 94720, USA(Re
eived April 3, 2002)We dis
uss the physi
s underlying event-by-event �u
tuations in rel-ativisti
 heavy ion 
ollisions. We will argue that the �u
tuations of theratio of positively over negatively 
harged parti
les may serve as a uniquesignature for the Quark Gluon Plasma.PACS numbers: 25.75.Gz 1. Introdu
tionAny physi
al quantity measured in experiment is subje
t to �u
tuations.In general, these �u
tuations depend on the properties of the system understudy (in the 
ase at hand, on the properties of a �reball 
reated in a heavyion 
ollision) and may 
ontain important information about the system.The original motivation for Event-by-Event (E-by-E ) studies in ultra rel-ativisti
 heavy ion 
ollisions has been to �nd indi
ations for distin
t event
lasses. In parti
ular it was hoped that one would �nd events whi
h would
arry the signature of the Quark Gluon Plasma (QGP). First pioneeringexperiments in this dire
tion have been 
arried out by the NA49 
ollabo-ration [1℄. They analyzed the E-by-E �u
tuations of the mean transversemomentum as well as the kaon to pion ratio. Both observables, however, didnot show any indi
ation for two or more distin
t event 
lasses. Moreover,the observed �u
tuations in both 
ases were 
onsistent with pure statisti
al�u
tuations.� Presented at the Cra
ow Epiphany Conferen
e on Quarks and Gluons in ExtremeConditions, Cra
ow, Poland, January 3�6, 2002.(1495)
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hOn the theoreti
al side, the subje
t of E-by-E �u
tuations has re
entlygained 
onsiderable interest. Several methods to distinguish between statis-ti
al and dynami
 �u
tuations have been devised [2, 3℄. Furthermore, thein�uen
e of hadroni
 resonan
es and possible phase transitions has beeninvestigated [4�8℄. All these theoreti
al 
onsiderations assume that the ob-served �u
tuations will be Gaussian and thus the physi
s information willbe in the width of the Gaussian, whi
h is 
ontrolled by 2-parti
le 
orrela-tions [9℄. 2. Event-by-event �u
tuationsFlu
tuations have 
ontributions of di�erent nature. Besides the statis-ti
al �u
tuations due to a �nite number of parti
les in 
ase of heavy ion
ollisions, there are also �u
tuations of the volume. Both these �u
tuationsare trivial and add to the dynami
al �u
tuations whi
h 
arry the real infor-mation about the properties of the system. The dynami
al �u
tuations are
ontrolled by the appropriate sus
eptibilities, whi
h are the se
ond deriva-tive of the free energy with respe
t to the appropriate 
onjugate variable.For example the �u
tuations of the 
harge are given byD(ÆQ)2E = �T �2F��2Q = �V T�Q ; (1)where �Q is the 
harge 
hemi
al potential, T the temperature and V thevolume of the system. �Q is the 
harge sus
eptibility. It is interestingto note that the very same sus
eptibility also 
ontrols the response of thesystem to an external ele
tri
 �eld. The properties of a ma
ros
opi
 systemare studied by investigating its response, i.e. its sus
eptibility, to externalfor
es. This is, of 
ourse, impossible for the mesos
opi
 systems 
reated ina heavy ion 
ollision. However, the same property 
an also be a

essed via�u
tuations.Sin
e we will mostly 
on
entrate on the 
harge sus
eptibility, let us pointout that it is dire
tly related to the ele
tri
 mass, whi
h is given by thezero momentum limit of the stati
 
urrent�
urrent 
orrelation fun
tion [10℄�00(! = 0; ~k ! 0).
(ÆQ)2� = �V T�00(! = 0; ~k ! 0) : (2)This obje
t has been evaluated in Latti
e QCD [11,12℄ as well as in e�e
tivehadroni
 models (see below and [10,13,15℄). Note also that this is the same
urrent�
urrent 
orrelation fun
tion, whi
h 
ontrols dilepton and photonprodu
tion in heavy ion 
ollisions [16, 17℄.



Event-by-Event Flu
tuations in Heavy Ion Collisions 14972.1. Flu
tuations of parti
le ratiosIn order to avoid volume �u
tuations one needs to study observableswhi
h are independent of the volume of the system. Among others the ratioof parti
le multipli
ities will have this property. This is 
ertainly true if onelooks at similar parti
les su
h as �+ and ��, where the freeze out volumesare expe
ted to be the same. Some residual volume �u
tuations may bepresent if one 
onsiders ratios of parti
les with di�erent quantum numberssu
h as the K=� ratio, but they still should be small. Let us de�ne theparti
le ratio R12 of two parti
le spe
ies N1 and N2R12 = N1N2 : (3)The �u
tuations of this ratio are then given by [2, 5, 6℄(ÆR12)2hR12i2 =  
(ÆN1)2�hN1i2 + 
(ÆN2)2�hN2i2 hÆN1ÆN2ihN1i hN2i! : (4)The last term in Eq. (4) takes into a

ount 
orrelations between the parti
lesof type 1 and type 2. This term will be important if both parti
le typesoriginate from the de
ay of one and the same resonan
e. For example, in
ase of the �+=��ratio, the �0, ! et
. 
ontribute to these 
orrelations. Alsothis term is responsible for 
an
eling out all volume �u
tuations [5℄.Let us note that the e�e
t of the 
orrelations introdu
ed by the reso-nan
es should be most visible when hN1i ' hN2i. On the other hand, whenhN2i � hN1i, as in the K=� ratio, the �u
tuations are dominated by theless abundant parti
le type and the resonan
es feeding into it. The 
orrela-tions are then very hard to extra
t. In [5℄ it was shown that in 
ase of theK=� ratio resonan
es and quantum statisti
s give rise to deviations from thestatisti
al value of at most 2%, in agreement with experiment [1℄.As pointed out in [5℄ the measurement of parti
le ratio �u
tuations 
anprovide important information about the abundan
e of resonan
es at 
hemi-
al freeze out, and thus provides a 
ru
ial test for the pi
ture emerging fromthe systemati
s of single parti
le yields [18℄. In parti
ular the �u
tuationsof the �+=�� ratio should be redu
ed by about 30% as 
ompared to purestatisti
s due to the presen
e of hadroni
 resonan
es with de
ay 
hannelsinto a �+��� pair at 
hemi
al freeze out. About 50% of the 
orrelationsoriginate from the de
ay of the �0 and the ! mesons. Thus the �u
tuationsprovide a 
omplementary measurement to the dileptons.
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h3. Flu
tuations and 
orrelationsAs already pointed out in the previous se
tion, the �u
tuations are sen-sitive to 
orrelations among the parti
les of 
on
ern. In 
ase of 
harge�u
tuations whi
h we will dis
uss below, the relation between the 
harge�u
tuations and the 2-parti
le 
orrelation fun
tion C2 for a system of unit
harged parti
les is given by [20, 23℄
(ÆQ)2� = C2(+;+) + C2(�;�)� 2C2(+;�) + �1(+) + �1(�) ; (5)where the 
orrelation fun
tion C2 is de�ned asC2(�;�) = Z�y dy1;�dy2;� d2Ndy1;�dy2;� � dNdy1;� dNdy2;� : (6)The single parti
le density �1(�) is de�ned as�1(�) = Z�y dy� dNdy� : (7)Here �y denotes the range of a

eptan
e e.g. in rapidity, over whi
h theparti
les are measured. This expression 
an easily be extended to a systemof parti
les with 
harge states di�erent from unity [20℄.Thus, an alternative way to a

ess 
harge �u
tuations is the measure-ment of the one and two parti
le densities. However, in this 
ase the e�e
tof volume �u
tuations still needs to be removed. This 
an be a
hieved byde�ning appropriate modi�
ations of the 
orrelation fun
tions as dis
ussedin [21℄. Also the so-
alled balan
e fun
tions introdu
ed in Ref. [22℄ 
an beviewed as another way of analyzing these 
orrelation fun
tions and a relationbetween the ratio �u
tuations dis
ussed here has been made in [23℄.4. Charge �u
tuationsMeasuring the 
harge �u
tuations or more pre
isely the 
harge �u
tua-tions per unit degree of freedom of the system 
reated in a heavy ion 
ollisionwould tell us immediately if we have 
reated a system of quarks and glu-ons [24℄ (see also [25℄). The point is that in the QGP phase, the unit of
harge is 1=3 while in the hadroni
 phase, the unit of 
harge is 1. The net
harge, of 
ourse, does not depend on su
h subtleties, but the �u
tuation inthe net 
harge depends on the squares of the 
harges and hen
e is stronglydependent on whi
h phase it originates from. However, as dis
ussed in theprevious se
tion, measuring the 
harge �u
tuation itself is plagued by sys-temati
 un
ertainties su
h as volume �u
tuations, whi
h 
an be avoided if
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tuations in Heavy Ion Collisions 1499one 
onsiders ratio �u
tuations. The task is then to �nd a suitable ratiowhose �u
tuation is easy to measure and simply related to the net 
harge�u
tuation.As shown in [24℄ the �u
tuation of the ratio R = N+=N� serves thispurpose and the observable to investigate isD � hN
hi 
ÆR2� = 4
ÆQ2�hN
hi ; (8)whi
h provides a measure of the 
harge �u
tuations per unit entropy.In order to see how this observable di�ers between a hadroni
 systemand a QGP let us 
ompare the value for D in a pion gas and in a simplemodel of free quarks and gluons. Ignoring small 
orre
tions due to quantumstatisti
s a simple 
al
ulation gives for a pion gasD��gas � 4 : (9)In the presen
e of resonan
es, this value gets redu
ed by about 30% due tothe 
orrelations introdu
ed by the resonan
es, as dis
ussed in Se
tion 2.1.For a thermal system of free quarks and gluons we have in the absen
eof 
orrelations and ignoring small 
orre
tion due to quantum statisti
s [24℄DQGP ' 3=4 : (10)A
tually the 
harge �u
tuations 
(ÆQ)2� have been evaluated in latti
eQCD along with the entropy density [11℄. Using these results one �ndsDLatti
e�QCD ' 1� 1:5 ; (11)where the un
ertainty results from the un
ertainty of relating the entropyto the number of 
harged parti
les in the �nal state. A
tually the mostre
ent latti
e result [12℄ for the 
harge �u
tuations, whi
h was obtained inthe quen
hed approximation, is somewhat lower then the result of [11℄.But even using the larger value of D = 1:5 for the Quark Gluon Plasma,there is still a fa
tor of 2 di�eren
e between a hadroni
 gas and the QGP,whi
h should be measurable in experiment.The key question, of 
ourse, is how 
an these redu
ed �u
tuations survivethe hadroni
 phase. This has been addressed in [24℄ and in more detailin [26℄. The essential point why this signal should survive is that the 
harge is
onserved whi
h fa
t leads to a very slow relaxation of the initial �u
tuations.Finally, one needs to take into a

ount that the total 
harge of the systemis 
onserved and thus does not �u
tuate. This has been addressed in [27℄and a 
orre
ted observable ~D has been derived.
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hIn Fig. 1 the importan
e of these 
orre
tions, in parti
ular the 
harge
onservation 
orre
tion is demonstrated. There we 
ompare the un
orre
tedobservable D with the 
orre
ted observable ~D as a fun
tion of the width ofthe rapidity window based on a URQMD [28℄ simulation. The e�e
t of the
harge 
onservation is 
learly visible. With in
reasing rapidity window the
harge �u
tuation are suppressed. On
e the 
harge 
onservation 
orre
tionsare applied, the value for ~D remains 
onstant at the value for a hadron gas of~D ' 3. This is to be expe
ted for the URQMD model, whi
h is of hadroni
nature and does not have quark�gluon degrees of freedom.
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tuations as a fun
tion of the size of the rapidity window.Also for small �y the value is ~D ' 4 before it drops to ~D ' 3 for�y > 1:5. This e�e
t, whi
h was already predi
ted in [5℄, is simply due tothe fa
t that the 
orrelation introdu
ed by the resonan
es gets lost if thea

eptan
e window be
omes too small.Re
ently an interesting 
omparison [29℄ between predi
tions for ~D bydi�erent event generators has been made. The authors �nd that indeeda parton 
as
ade model leads to small values for ~D provided hadroni
 res
at-tering is turned o�. This is in line with the predi
tions of [24℄. However,the authors also report substantial 
orre
tions due to hadroni
 res
attering,whi
h appear quite large given the arguments presented in [24,26℄. But noneof the event generators gave result larger than ~D ' 3.
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ts of parti
le intera
tionsSo far we have dis
ussed the �u
tuations of free, nonintera
ting parti
lesonly. Of 
ourse, by 
onsidering resonan
es as well, some of the intera
tionsare taken into a

ount [14,15℄. To address the e�e
t of intera
tions we have
al
ulated the ele
tromagneti
 
urrent�
urrent 
orrelator �00 as well as theentropy to the �rst order of the intera
tion for a system of pions intera
tingvia �-meson ex
hange. For simpli
ity, we have assumed that the �-massis in�nite, whi
h leads to point-like intera
tion among the pions, and isgoverned by the following e�e
tive LagrangianL = �14F 2�� �m2�j�j2 + 12�(���0)2 �m2��20�+ jD��j2 � g22m2���? $D� ��2+ g2m2� (�0D��� ����0) (�0 (D��)? � �?���0) : (12)The two-loop diagrams for the 
orre
tions to �00 are shown in Fig. 2.

Fig. 2. Two-loop diagrams 
ontributing to �00 to order g2.The ratio �00(T )=S(T ) for the entropy S(T ) and the self energy �00(T )is shown in Fig. 3.The e�e
t of the intera
tions is to in
rease the 
harge �u
tuations perentropy. At temperature of � 140MeV the 
orre
tions are quite large, inline with the �ndings of [15℄, where 
hiral perturbation theory has beenused. However, in the same paper [15℄ the e�e
t of the 
harge �u
tuationshave also been evaluated in a virial expansion, leading to mu
h smaller (butstill positive) 
orre
tions. Therefore, it appears that at least dynami
al�-mesons need to be taken into a

ount before any quantitative 
on
lusion
an be made.
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Fig. 3. Ratio of 
harge �u
tuations over entropy for free parti
les (full line) andwith intera
tions (dashed line). 6. Con
lusionsWe have dis
ussed event-by-event �u
tuations in heavy ion 
ollisions.These �u
tuations may provide useful information about the properties ofthe matter 
reated in these 
ollisions, as long as the trivial volume �u
tua-tions, inherent to heavy ion 
ollisions, 
an be removed. We have argued thatthe �u
tuations of parti
le ratios is not a�e
ted by volume �u
tuations.In parti
ular the �u
tuations of the ratio of positively over negatively
harged parti
les measures the 
harge �u
tuation per degree of freedom.Due to the fra
tional 
harge of the quarks, these are smaller in a QGP thanin a hadroni
 system.A measurement of our observable ~D ' 1 would provide strong eviden
efor the existen
e of a QGP in these 
ollisions. A measurement of ~D ' 3 onthe other hand does not rule out the 
reation of a QGP. There are a numberof 
aveats (see [24℄), whi
h 
ould destroy the signal, su
h as unexpe
tedlarge rapidity shifts during hadronization.At this workshop �rst preliminary results for the observable ~D have beenreported by the STAR, CERES and NA49 
ollaboration [30℄. They all �nda value whi
h is 
onsistent with ~D ' 4. This �nding is somewhat surprisingsin
e not even the e�e
t of resonan
es seems to be visible in the �u
tuations.At the same time STAR reports that the measured number of K� mesonsis well in line with the expe
tations of the thermal model [19,31℄. So whereare the 
orrelations? Could it be that the intera
tions among the resonan
esare indeed so strong that they entirely 
ompensate the redu
tion of ~D dueto resonan
es? Also, as already mentioned, in the study presented in [29℄none of the event generators �nds a value of ~D > 3 for rapidity windows�y > 2. This 
ertainly needs further investigation.
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tuations in Heavy Ion Collisions 1503Finally, let us note that �u
tuations of the baryon number in prin
iple
an also be utilized sin
e in the QGP quarks 
arry fra
tional baryon number[25℄. This, however, would require the measurement of neutrons on an eventby event basis.This work was supported by GSI, Darmstadt and by the Dire
tor, O�
eof Energy Resear
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e of High Energy and Nu
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 Energy S
ien
e, Division of Nu
lear S
i-en
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