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Anomalous multiplicity fluctuations from phase transitions in heavy-ion collisions
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Event-by-event fluctuations and correlations between particles produced in relativistic nuclear collisions are
studied. The fluctuations in positive, negative, total, and net charge are closely related through correlations. In
the event of a phase transition to a quark-gluon plasma, fluctuations in total and net charge can be enhanced
and reduced, respectively, which, however, is very sensitive to the acceptance and centrality. If the colliding
system experiences strong density fluctuations due, e.g., to droplet formation in a first-order phase transition,
all fluctuations can be enhanced substantially. The importance of fluctuations and correlations is exemplified
by event-by-event measurement of the multiplicities)6¥’s and charged particles since these observables
should anticorrelate in the presence of comover or anomalous absorption.
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Event-by-event fluctuations have been measured at theiations. By varying the acceptance and centrality, the de-
SPS[1,2] and, with the higher multiplicities of RHIC and gree of thermalization can actually be determined empiri-
LHC, will become an important tool for studying the anoma- cally [9]. Detailed analysis indicates that the fluctuations in
lous fluctuations and correlations that might remain follow-central Pi-Pb collisions at the SPS are thermal whereas
ing the phase transition to a quark-gluon plast@GP. peripheral collisions are a superposition b fluctuations
Studies of event-by-event fluctuations at SPS energies do npi0].
indicate the presence of new physj&s-5]. It has, however, The fluctuations in the totalN;,=N,+N_) and net
been proposed that large multiplicity fluctuations can aris§ Q=N, —N_) charge are defined as
from density fluctuations or droplets created by a first-order

phase transitiofd]. Recently, it has also been suggested that{(N+ +N_)?)—(N, =N_)> (N,) N (N c
fluctuations in net charge should be suppressed in a QGP (NL+N_) T (Ngpy N+ T (Ngpy “N-—
[6,7,9. Here, we shall consider multiplicity fluctuations in 2

some generality to see how they are affected by conservation
of total charge and strangeness, to understand the correl@here the correlation is given by
tions between various measured fluctuations, and to show
how their measurement can reveal interesting details of the — (N+N_) = (N )(N-) 3)
collision process. (Nen)/2

Multiplicity fluctuations between various kinds of par- i ) N )
ticles can be strongly correlated. As an example, consider thEluctuations in positive, negative, total, and net charge can
multiplicities of positive and negative pion,, andN_, in be combined to yield both the intrinsic fluctuations in the
a rapidity intervalAy for any relativistic heavy-ion experi- numbers ofN.. and the correlations in their production as
ment. (Similar analyses can be performed for any two kindswell as a consistency chepk._These quantities can change as a
of distinguishable particlesWe define the fluctuation in any consequence of thermalization and a possible phase transi-
multiplicity N as tion

In practice, oy, ~wy_, so that the fluctuation in total
(N2)—(N)2 charge simplifies to

_ (1)
(N) (N2 —(Nep)?

wN =
Empirically, the fluctuations of Eq.l) are typically of the o {Ner
order of unity in relativistic nuclear collisions, which is con- 5nd that for the net charge becomes
sistent with the expectations of Poisson statistics.
The net positive charge from the protons in the colliding (Q%)—(Q)?
nuclei is much smaller than the total charge produced in an wQ= TNay wy, —C. 6)
ultrarelativistic heavy-ion collision. For examplé\. ) ex- ch

ceeds(N_) by only ~15% as in Pb-Pb collisions at SPS  The fluctuation in net charge is related to the fluctuation
energies. The fluctuations in the number of positive andn the ratio of positive to negative particlesoq

negative (or neutra] pions are also very similarpy =(N. /N_)(Nep)wy_n,/4 and volume(or impact param-

=wy_. Charged particle fluctuations have been estimated igtey fluctuations[5,6]. The virtue of this expression is that
thermal as well as participant nucleon modegl$including  volume fluctuations can, in principle, be extracted empiri-
effects of resonances, acceptance, and impact parameter flally. Alternatively one can vary the centrality bin size or the

wN

=oy, +C, 4
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acceptancg9]. In the following we shall assume that such quarks and gluons. Since 2/3 of all pions are charged and

“trivial” volume fluctuations have been removed. since the entropy per fermion is 7/6 times the entropy per
The analysis has so far been general and E2)s:(5) boson in a QGP

apply to any kind of distinguishable particles, e.g., positive

and negative particles, pions, kaons, baryons, etc.— 2 7

irrespective of what phase the system may be in or whether it (Nep)= 3 ( (Ng) + g(Nq>) ; 9

is thermal or not. In the following, we shall consider thermal

equilibrium, which seems to apply to central collisions be-

tween relativistic nuclei, in order to reveal possible effects o

fluctuations of the presence of a quark-gluon plasma.

where the number of gluons {§g) = (16/MN)(N). Insert-

r]ng this result in Eq(8), we see that the resulting fluctuations
B ffermi h h | : Z1 are wg=0.18 in a two-flavor QGRand wo=0.12 for three

. gsonsfermions _ave therma _lugtuanon&)N— flavorg. As pointed out in[6], lattice results givewq
=(np)/(np) where ny=[exp(e,/T)=1]"" is the boson/ _q o5 However, according t8] a substantial fraction of
fermion distribution function, which are slightly larger/ o pions are decay products from the HG, and the entropy of
smaller than those of Poisson statistics for a Boltzmann disg,o HG exceeds that of a pion gas by a factor of +£.IB.

tribution. Massless bosons, e.g., gluons haves  ag gescribed in[7] the net charge fluctuations should be
=£(2)/£(3)=1.37 and massless fermions, e.g., quarks havg,reased by this factor in the QGP, i.2q=0.33 in a two-

wp=2£(2)/3;(3)=0.91 independent of temperature. Mas-fiayor QGP, whereas it remains similar in the HeG,=0.6.
sive bosons have smaller fluctuations with, for example, However, if the high density phase is initially dominated
®,=1.11 andw,=1.01 whenT=m, . _ _. . . by gluons with quarks produced only at a later stage of the
In athermal hadron gagHG) as created in relativistic in - oy nansion by gluon fusion, the production of positively and
nuclear collisions, pions can be produced either directly o aqatively charged quarks will be strongly correlated on suf-
through the decay of heavier resonances,w, ... . The  ficiently small rapidity scales. If, for example, the entropy
resulting fluctuation in the measured number of pions is density increases by an order of magnitude in going from a
HG to QGP without additional net charge production, fluc-
oy, =oy =fro+f o0, (6)  tuations in net charge will be reduced significantly,

wheref, is the fraction of measured pions produced from the QGP_ SHG HeG (10)

decay of resonance andX,f,=1. These mechanisms are Q= SQGpr '

assumed to be independent, which is valid in a thermal sys-

tem. The resulting fluctuation in net charge is necessaihaller
The heavier resonances suctpsw, . .. decay into pairs  than that from thermal quark production as given by .

of #* 7~ and thus lead to a correlation A similar phenomenon occurs in string models where par-

ticle production by string breaking argiq pair production
results in flavor and charge correlations on a small rapidity
scale[11,17. The recently measured charged particle density
at midrapidity in central nuclear collisions at RH[T3] is

Resonances reduce the fluctuations in net charge in a HG ®J1ly ~30—-40% larger tharpp scaled up by the nuclear
wo=0.70[5,3]. In addition, total charge neutrality reduces Mass as was also found at SPS enerffigsif entropy and

fluctuations in net charge when the acceptance is large ar{aultiplicities_ are proportional, the net and total charged par-
thus increases correlations as will be discussed below. ticle fluctuations should be the same as at SPS according to

A phase transitiorto the QGP can alter both fluctuations Eqg. (10) unless anomalous nonthermal fluctuations occur as

and correlations in the production of charged pions. To thdVill be discussed below.

extent that these effects are not eliminated by subsequent '€ Strangenes#luctuation in kaon&™ might seem less
thermalization of the HG, they may remain as observabldnteresting at first sight since strangeness is not suppressed in

remnants of the QGP phase. As shown in R8s7], net the QGP: The strangeness per kaon is unity and the total
charge fluctuations in a plasmawfd quarks and gluons are number of kaons is equal to the number of strange quarks.

reduced partly due to the intrinsically smaller quark chargd0WeVer, if strange quarks are produced at a late stage in the
and partly due to correlations from gluons expansion of a fluid initially dominated by gluons, the net

strangeness will again be greatly reduced on sufficiently
Ny small rapidity scale. Consequently, fluctuations in net/total
O (Ng) © i 92 ®) strangeness would be reduced/enhanced.
Q7 (Nep)  TNg =g, T The baryon numbefluctuations have been estimated in a
thermal mode[7]. It is, however, not known how the anni-
where N is the number of quark f|avor$]'f their Chargesy hilation of baryons and antibaryons in the hadronic phase
andN, the number of quarks. The total number of chargedaffect thEse results. If only charged particles are detected, but
particles(but not the net chargecan be altered by the ulti- notK°, K°, neutrons, and antineutrons, the fluctuations have
mate hadronization of the QGP. This effect can be estimatedmaller correlations as compared to the total and net strange-
by equating the entropy of all pions to the entropy of theness or baryon number.

1
CHG=§fp+fw+-~. (7)
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Total charge conservatiois important when the accep- ' _
tanceAy is a non-negligible fraction of the total rapidity. It ’,,———""",—/_/
reduces the fluctuations in the net charge as calculated withil g i =" _,,—-"‘/ |
the canonical ensemble, Eq®)—(9). If the total positive g s 45‘;/"
charge(which is exactly equal to the total negative charge § - T —— C=1.1(GP)
plus the incoming nuclear charges independently distrib- & 1.5 | 75 /—”/’ — c=08 i

. . . TR 17/ .7 =0.8 (QGP)
uted according to the single particle distributions, the result-g / ///E
ing fluctuations within the acceptance are S ’, —-- C=0.4 (HG)
210 L --- C=0.4 (5y=0.8)
wQ= 1- faCCl (11) .,—% \\\“\\\\§ ® NA49
= AN \\\“\\
WON, T 1- facc+ 2fexc:c“‘)N+v (12) j_éj. 0.5 \\\ ~Q:§‘~~\~_\“ QUraMD g
_ g \\\\ M\'\‘
wheref ;.= NtotlfAy(d N.n/dy)dy is the acceptance fraction e T~
or the probability that a charged particle falls into the accep- 0.0 ‘ ‘ e ===
tanceAy. Since charged particle rapidity distributions are 0.0 0.2 0.4 0.6 0.8 1.0
peaked near midrapidity, charge conservation effectively Acceptance fraction (f,.)
kills fluctuations in the net charge even wh&w is substan-
tially smaller than the laboratory rapidity,,,=6 (11) at FIG. 1. Acceptance dependence of thermal fluctuations in net

SPS(RHIC) energies. Total charge conservation also has théharge oq of Eq. (13), lower curveand total chargedgy , upper

effect of increasingv,, towards 2,)N+ according to Eqs(4) curves. Correlations increase from a hadron g&&=(0.4) to a

and (12). Similar effects can be seen in photon fluctuations@CP (€=0-8) and a pure gluon plasm&¢1.1) (see text

when photons are produced in pairs throudh-27y. In the
WA98 experimentw =2 is found after acceptance correc-
tions and eliminating volume fluctuatiofZ].

When the acceptanc&y is too small, particles from a

0q<1. In high energypp collisions there are stronger ra-
pidity correlations between unlike than like charged particles
[11,12 leading to similar magnitude fang . Therefore the

thermal ensemble can diffuse in and out of the acceptanca€t charge fluctuations does not vary much by going from
during hadronization and freeze-dat|. Furthermore, corre- peripheralpp-like high energy nuclear collisions to central

lations due to resonance production will disappear when th&ollisions that are more likely to produce a thermal hadronic

average separation in rapidity between decay products e S The fluctuations in total charge are, hov'vever', very dif-
ent because the total charge fluctuationp pcollisions

ceeds the acceptance. Each of these effects tend towarBf‘sr : ) o HIG
Poisson statistics whely=< 8y, wheredy denotes the rapid- increase dramatically with collision energyy ~=6 and

ity interval that particles diffuse during hadronization, wy°=20 as compared toy’ >~2.0[11,13. Peripheral col-

freeze-out, and decay. dq is the canonical thermal fluctua- jisions will therefore be very different from central ones and
tion of Eqgs.(7)—(9), the resulting fluctuation after correcting the centrality dependence should be studied carefully to as-
for both sy and total charge conservation is approximately sess the degree of thermalization before anomalous fluctua-
tions due to phase transitions can be determ(i9gd
P Ay ot 20y (1 faco) (13) Large nonthermal fluctuationsan arise as a consequence
Q Ay+28y Q' Ay+24y acer of density fluctuations due, e.g., to droplet formation in first-
order phase transitions. These could lead to large fluctuations
Here, the factor (% f,.) is due to total charge conservation in multiplicities [4,9,14 of charged particles and therefore
as in Eqg.(11). The remainder is fluctuations from two also in the total and net charge. The above estimates for the
sources: a thermal one with fluctuationg, and a random fluctuations were of the order of unity. They implicitly as-
one with Poisson fluctuations, each weighted with the fracsumed a uniform expanding system. Consider a scenario
tion of the charged particles they contribute. where the total multiplicity within the acceptance arises from
The resulting fluctuations in total and net charge area normal hadronic background componelf i) and from a
shown in Fig. 1 assumin@mzwwzl.l anddy=0.5. As  second componentNpgp) that has undergone a transition,

mentioned abovef,.. and Ay are related by the measured

charge particle rapidity distributiorfd]. Preliminary NA49 N=Npc+Ngcp- (14
data[1,5] agree well with the net and total fluctuations in a

HG (C=0.4) from Eqgs(13) and(9). Residual volume fluc- Its average is(N)=(Nyg)+(Nggp). Assuming that the
tuations are significant fa;,Nch [4] and have been estimated multiplicity of each of these components is statistically inde-

and subtracted. The curves apply to RHIC energies as welléndent, the multiplicity fluctuation becomes
after scalingdy with Ay.

The net charge fluctuations in a thermal HG corrected for
finite acceptance and diffusion are slightly below the value The correlations are related to the two-body density distributions,
without any intrinsic correlations given by E@l1). This e.g., (N.N_}=/p? (y;,y,)dy.dy,, where the integral extends
reduction is due to the correlations in the HG that leads tmvery,,y,cAy.
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N dNC cyYc
wN:wHG+(wQGP_wHG)%- (15 y=2 d—y%m(w%), (18)

c s

Here, wyc is the standard fluctuation in hadronic matterwheredN,/dy is the comover rapidity densitys, the ab-
wpe=1. The fluctuations due to the component that hadsorption cross sectiom,,, the relative velocityR the trans-
experienced a phase transitianggp, depend on the type verse size of the overlap zone, amgl the formation time.
and order of the transition, the speed with which the collisionComover absorption reduces the numberygoby a factor
zone goes through the transition, the degree of equilibriume~7 wherey increases with centrality up tp~ 1 for typical
the subsequent hadronization process, the number of resc@farameters employed in comover absorption mofiEs

terings between hadronization and freeze-out, etc. If thermal since fluctuations in the exponent are sma/wy /(N)
and chemical equilibration eliminate all signs of the transi-<1, the anticorrelation is

tion, wogp=wyg . At the other extreme, the droplet scenario

could producevggp~(N)~10°— 10% if most hadrons arrive (NN,)—(N)(N,,)

from a droplet so that either all or none fall into the accep- N, =—yoy. (19
tance[4]. This is a promising signal worth looking for. Since v

droplets or density fluctuations are expected to be chargg js negative and proportional to the amount of comover and
neutral, net charge fluctuations should vani&h,=0  anomalous absorption. It vanishes when the absorption is

whereaswen=2wy, ~2w0qcp- . . independent of multiplicity 4=0). The rapidity interval
General correlatorsetween all particle species should be should not be less than the typical relative rapidities between
measured event by event, e.g., the rafitis comovers and the or the rapidity range of a droplet.

Even in central heavy-ion collisiong’s are rarely pro-
(N;/N;) ON; (NN = (N (N;) duced and sdN,,=1 or 0. In both cases one should measure
=1+ - (18 dNg,/dy and average over events with and withoutya
(Ni)/(N;) (Nj) (Ni)(Nj) ch/CY g
separately. If comovers absorb th¢ we expect that
whereN; | are the multiplicities in acceptanceandj of any ~ (dNen/dY) is slightly smaller for the events with & than
particle type.(We assume thall; is so large that it never Without, leading to the negative correlation in Eg9).
vanishes. In the presence of dropletsl; and N; would be ’A quantitative assessmer}t of the average suppression of
strongly correlated in nearby rapidity intervals and at all azi-%'S due to comover absorption versus dirgenucleon ab-
muthal angles. sorption has bee_n debated ever since the first me_asurements
As another example, consider correlations between multiof J/'¥ suppression. The anticorrelations of £&9) directly
plicities of charmonium particled\,,, ¢=3/V, ¢ x, ..., quantify the amount of comover or gnomalous absorption
and charged particle multiplicitil in a given rapidity inter- and can therefore be explq|ted to d|St|ng|sh between thesg
val Ay. If a ¢ is absorbed on comovers or anomalouslyf”‘”d_d'_reCt Glauber ab_sorptlon mechanisms. In that respect it
suppressed by QGP, one would expanticorrelationsbe- 1S Similar to the elliptic ﬂqw parameter_foqb .[15]. For a
cause the number of comovers and QGP should scale wif@mple ofNg, ..., the statistical uncertainty iy as deter-
the muiltiplicity N. By contrast, direct Glauber absorption mined by Eq.(19) is ~J(NYINZ .« If we take a rapidity
should not depend on the multiplicity of particlesAly fora  bin Ay~1 and consider central heavy-ion collisioq$y)
given centrality since it is the result of collisions with par- will range from ~10?—10® in going from SPS to RHIC
ticipating nucleons in Glauber trajectories along the beamenergies. A sample of (£6-10°)’s would be sufficient to
line. determiney with an accuracy of-0.1. The analysis of the
To quantify this anticorrelation, we model the absorptionkaon to pion ratio by NA49 obtains such an accuracy by
of s by simple Glauber theory comparing to a mixed event analysis that removes systematic
errors[1].
The impact parameter fluctuations and correlations may
=g Toppcl =g YNIN), (17 not cancel exactly for thes/N,y, ratio, as they do for the
w17~ ratio [5] because their production mechanisms dif-
_ fer. It is hard for they and soft for most of the charged
where N, is the average number of’'s for given charge particles and thus their multiplicities scale approximately
particle multiplicity N, and N‘j, is the number ofy’s before  with the number of binarfNN collisions and the number of
comover or anomalous absorption sets in but after diregparticipants, respectively. The number N collisions in-
Glauber absorption on participant nucleons. In Glaubecrease more rapidly with centrality and nuclear mass number
theory, the exponent is the product of the absorption crosgxA*3). As a result the impact parameter correlations be-
section ©,), the absorber densityp(), and the average tween they andN in Eq. (19) will be slightly larger than the
path length(l) traversed in matter. The density, therefore alsoimpact parameter fluctuations implicit in the second term in
the exponent, is proportional to the multiplicitywith coef-  Eq. (16). The difference is a finite fraction of the total impact
ficient y=—dInN,/dInN. In a simple comover absorption parameter fluctuations and will be of similar magnitude but
model for a system with longitudinal Bjorken scalingcan  opposite sign as correlations from comover absorption. The
be calculated to be approximately/5] net impact parameter fluctuations will, however, depend on

¥
0
Ny
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centrality and decrease as bin size of the centrality cut dgen collisions. At RHIC and LHC energies the correlations
creases, which should make it possible to separate it fromersus centrality will be much larger because the total charge
other correlations. It would reveal independent informationfluctuations inpp collisions arewﬁl*h'cze andwk":hczzo as
onltnhesusr?qfrtn\é?rsus hard production mechanisms. compared towy =2.0 [11,17. Peripheral collisions will

y, we have given a detailed analysis of tota ch
and net charge fluctuations and correlations including totalherefore be very different from central ones and the central-
charge conservation and diffusion effects and how they deity dependence should be studied carefully to assess the de-
pend on the acceptance. The correlations may increase ifgiee of thermalization before anomalous fluctuations due to
QGP is formed resulting in a reduction/enhancement of netphase transitions can be determirf€. It is important to
total charge by up to an order of magnitude depending on theneasure all multiplicity fluctuations and correlations and un-
model. It is important to measure fluctuations and correladerstand the physical effects discussed above before a pos-
tions for various acceptances as well as versus centralityible small increase in correlations can be attributed to the
and/or beam energy. At SPS energies the fluctuations in nédrmation of a QGP.
charge actuallyncreaseslightly with centrality[10] due to .
thermalization, which is opposite to the predicted decrease in e are grateful to S. VoloshitNA49) and T. Nayak
net charge fluctuations if a QGP is formed in central heavy-(WAgg) for discussions and for showing us preliminary data.
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