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Kaon and pion fluctuations from small disoriented chiral condensates

Sean Gavihand Joseph |. Kapusta
!Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202
2School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
(Received 1 January 2002; published 9 May 2002

Enhancement of2 and Q) baryon production in PbPb collisions at a center-of-mass energy oA1GeV
can be explained by the formation of many small disoriented chiral condensate regions. This explanation
implies that neutral and charged kaons as well as pions must exhibit novel isospin fluctuations. We compute the
distribution of the fraction of neutral pions and kaons from such regions. We then propose robust statistical
observables that can be used to extract the novel fluctuations from background contributidhsirand
KgKi measurements at the Brookhaven Relativistic Heavy lon Collider and the CERN Large Hadron Collider.

DOI: 10.1103/PhysRevC.65.054910 PACS nuner25.75.Gz, 24.60.Ky, 24.85p

[. INTRODUCTION charge fluctuations at RHICL5]. Of the quantities consid-
ered, this observable isolates the DCC effect from other
Heavy ion collisions at the Brookhaven Relativistic sources of fluctuations best.

Heavy lon Collider(RHIC) at center-of-mass energies up to  To illustrate how a strange DCC can form, we first con-

200A GeV and the CERN Large Hadron CollidgrHC) at ~ sider QCD with only up and down quark flavors. Equilib-

5.5A TeV may produce matter in which chiral symmetry is "ium high-temperature QCD respects chiral symmetry if the

restored. One possible consequence of the restoration and tigarks are taken to be massless. This symmetry is broken

subsequent rebreaking of chiral symmetry is the formation oP€lOW Tc~150 MeV by the formation of a chiral conden-

disoriented chiral condensatd3CC9—transient regions in  Sate{o)~(uu+dd) that is a scalar isopin singlet. However,

which the average chiral order parameter differs from itschiral symmetry implies that- is degenerate with a pseudo-
value in the surrounding vacuuf—3. scalar isospin triplet of fields with the same quantum num-
bers as the pions. In reality, chiral symmetry is only approxi-

Measurements of) and Q baryon enhancement] at ; A
17A GeV at the CERN SPS can be explained by the pro_mate and the 140 MeV pion mass is different from the 800

=+ i i -
duction of many small DCC regions within individual colli- *400 MeV mass of the leading candidatd 16]. Neverthe

. (5], If t thi lanation has two | cant less, lattice calculations exhibit a dramatic drop(a} near
sion eventd5]. If true, this explanation has two importan T_ at finite quark masses.

consequences. First, the DCC regions must be rather small, A DCC can form when a heavy-ion collision produces a

with a size of about 2 fm. Such a size is consistent with, . ; .
predictions based on dynamical simulations of the two-flavorgf: d:r;enrg)(l;gggst%c?uugar: kthgelucorﬂics:gﬁgm;g?;tﬁin g?ﬁ;'ﬁ IZ 2;(5_
linear o model[6]. More startling is the second implication '

that the evolution of the condensate can have a significa
effect on strange particle production. The importance of
strange degrees of freedom in describing chiral restoratio : -

has long been appreciat¢@—11], but simulations of the g{)i?if; t(;ﬁsltﬁijour;isoﬁompared to the total that satisfies the prob-
three-flavor linearwr model had suggested that strange kaon
fields are much less important than the pion figltz]. Nev-

ertheless, th€) and() data demand that we explore without p(f)= %,— o<f,=<1 (1)
prejudice techniques for measuring kaon fluctuations. ™

In this paper we study pion and kaon isospin fluctuations . . . ) ) ]
in the presence of many small DCCs. In the next section wel7-19. Such isospin fluctuatlons constitute the primary sig-
compute probability distributions that describe the DCC conf@l for DCC formation. The enhancement of baryon-
tribution to these fluctuations. Pion fluctuations due to mamyntibaryon pair production is a secondary effect due to the
small DCCs have been addressed by Amado anflLBjiand relation betwgen baryon number and the topology of the pion
Chow and Cohefi4], although the distribution we compute condensate fielf20]. o
is new. Ours is the first work to study kaon fluctuations. In ~ This two-flavor idealization only applies if the strange
Sec. Il we combine the DCC fluctuations with a contribu- quark massms can be taken to be infinite. Alternatively, if
tion from a random thermal background. In Sec. IV we dis-We takems=m,=my=0, then the chiral condensate would
cuss how the size and number of DCCs vary with impact® an up-down-strange symmetric scalar field. The more re-
parameter, target, and projectile size. In Sec. V we asseddistic case ofns~100 MeV is between these extremes, so
robust statistical observables that can be used to measure tt&t (o) ~(cosé(uu+dd)+sin §(ss)). The mixing angled is
impact of many small DCCs at RHIC and LHC. In particular, highly uncertain since it depends on tlee mass together
we obtain a dynamic isospin fluctuation observable analowith the 7, K, », and " masses and the— »' mixing
gous to the dynamic charge observable used to measure ratgle[9]. A disoriented condensate can evolve by radiating

tem can initially break chiral symmetry along one of the pion
rHirections, but must then evolve to the=0 vacuum by ra-
diating pions. A single coherent DCC radiates a fractign
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m, K, 5, and ' mesons, with the neutral pion fraction sat- twice the number of short-lived neutral kaoKs that are
isfying Eq. (1). Schdfner-Bielich and Randrup find that the More readily measurable in high-energy heavy-ion collisions.

kaon fluctuations from a single large DCC satiffy] The fractionf ranges from 0 to 1. _ .
The statistical distribution irf for a single domain is
pi(f)=1, 0=f =<1, 2) p1(f)=1. The distribution fon randomly oriented, indepen-

dent domains is
where f=(K°+K%/(K"+K™+K°+KP. Moreover, the n 1.0
condensate fluctuations can now produce strange baryon pn(f):J 1T dfkpl(fk)g(f__ 2 fj)_ 3
pairs[5]. Linearo model simulations indicate that pion fluc- k=1 nj=1
tuations dominate three-flavor DCC behavior, while the frac-
tion of energy imparted to kaon fluctuations is very small dueThe Diracé function can be represented as an integral. Then
to the kaons’ larger mass. On the other hand, domain formaga can be written as
tion may be induced by other mechanisms such as kaon con-
densation at high baryon densf&1], bubble formatio22], _ f“ E —ifz
pn(f) €

or decay of the Polyakov loop condensg28]. — 2T

Why does the DCC'’s size matter? Pion measurements in
individual collision events can distinguish DCC isospin fluc- Sincep,(f) =1, the integration ovex can be done, resulting
tuations from a thermal background only if the disorientedin a one-dimensional integral
region is sufficiently largg¢2]. DCCs can then be the domi-
nant source of pions at low transverse momenta, s{pge (f)= ﬂf“ dt
~1/R for a coherent region of siZR. Experiments focusing Pn T)
on low p; can study neutral and charged pion fluctuations
[19], wavelet{ 24], and HBT signal$2,25] to extract detailed The integral can be evaluated and expressed in terms of a
information. In contrast, for small domain®&3 fm [2]) finite sum:
DCC signals are hidden by fluctuations due to ordinary in-
coherent production mechanisms. This holds even if many f—n? _dn@=H-Kk"t 5
such regions are produced per event. DCC mesons from p(f)=n 0=kSn(1-1) k! (n—k)! -
small regions may have momenta of a few hundred MeV,
nearer thepp mean value. Different regions would not add It is useful to have a simple analytic formula fef in the
coherently to alter HBT, nor would their small spatial struc-limit that n>1. In this limit the factor (sit/t)" in the integral
tures affect wavelet analyses. formula is strongly peaked &t 0. Let us write this factor as

Importantly, baryon pair enhancement is substantial onlyexg —F(t)] with a view towards a saddle point approxima-
if there are many small incoherent regions. The large windtion. We get
ing numbers that produce baryon-antibaryon pairs require

n

fldxpl(x)eixzm 4
0

sint\"
T) cogn(1—2f)t]. (5)

many small regions with random relative orientations of the F(0)=F'(0)=0,

pion field. To describe strange antibaryon enhancement, Ka-

pusta and Wong assume roughly 100 DCC regions of size of F"(0)=n/3, (7
roughly 2 fm[5]. Topological models of baryon-antibaryon

pair production successfully descrilee’e” and hadronic e F()~ g nt6

collision data[26]. The connection of DCCs to topological
pair production was pointed out in R¢R0]; see also Ref. Use of this approximation yields the asymptotic formula
[27].

6n
pa(f)= \/7exp[—6n(f—1/2)2]. (8)

In this section we will compute the statistical distribution The distribution is Strong]y peaked arourig= 1/2 as one
of the ratio of neutral to total number of mesons, first for might expect.
kaons and then for pions. In both cases the limit that the Figure 1 shows the evolution of,(f) with n. It goes from
number Of DCC domainS becomes Iarge iS taken. It iS nature& ﬂat distribution forn: 1 to a Gaussian sharp'y peaked at

that this limit results in a Gaussian distribution for both ka'f: 1/2 asn becomes |arge Compared to 1. In fact a Gaussian
ons and pions on account of the central limit theorem. In theg 3 very good representation for>2.

next section these distributions will be folded together with a
random or thermal source which most likely would comprise
the bulk of the mesons in a high-energy heavy-ion collision.

Il. FLUCTUATIONS IN NEUTRAL DCC MESONS

B. Pions

Definef=#% (7" + 7~ +w°). To a good approximation
the number of neutral pions is equal to half the number of
o o photons. Therefore, to this level of precision, it is not neces-

Define f=(K°+K°%/(K"+K™+K°%+KP?. To an excel- sary to identify eachr® via its decay into 3. The fractionf
lent approximation the number of neutral kaons is equal tadanges from 0 to 1.

A. Kaons
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5 T T T T T T T T T For a completely random source the widiy is related to
the total numbeN,4nqomOf NON-DCC kaons by
4 . 1/2(1-1/2) 1
-2 . 13)
Nrandom 4Nrandom
— 3 r 7 Now let us assume that a fractiary of all kaons come
\a) from non-DCC sources and the remaining fractifp=1
N 2 L | — ax come fromn>1 independent DCC domains. Lettihy
denote the total number of kaons, we haNg,qgoni= axN
and Npcc= BkN. Folding together two Gaussians gives a
1 Gaussian:
N o pe(0)= [ @1a0tapo(fo)pn( 1) 811~ arcfo— i)

00 0.1 02 03 04 05 06 07 08 09 1.0 1
f = —ex — (f—1/2)22A7]. (14)

V2mAk
FIG. 1. The probability distribution for the ratio of neutral to
total number of DCC kaons from domains. The dashed curves The net width is
represent Gaussian distributioffeom Egs.(6) and(8)].

a  Bi 1 Bi Bk
12n  4N|°

The statistical distribution irf for a single domain is Aﬁszf 1n an "
p1(f)=1/2J/f. The distribution fom randomly oriented, in-

dependent domains can be computed along the same lines e expression in curly brackets at the end represents the

(15

for kaons difference between the actual width and the width the distri-
N bution would have if there was no contribution from DCC
)= fw dz ol (19X g  kaons. This change in the width may be positive or negative,
pa()= ,w27-re 0 2\/;e © depending on the parameters.

An analogous analysis can be given for pions. This results

Since pions from DCCs have been extensively studied wi! the distribution

shall be content to evaluate the distribution in the lange

limit. This is accomplished by expanding the exponential in pw(f):f dfodfapo(fo)pn(fn) 8(f—a fo— B.fr)
the x integration to second order inrl/evaluating the re-

sulting integrals, and exponentiating. Thus

ext — (f—1/3)2/2A2] (16)

1
\/ZWAZW

Jl dx - z 27 10
—— e N~exgi—— —|.
02X 3n 4572 with a net width of
2 2
Thezintegral can then be done, yielding a Gaussian centered AZ 2a, N 2B 2 |2B% 2B a7
atf=1/3: T 9N  45n 9N 45n 9N |’

2450 As with the kaons, the last expression in curly brackets rep-
pn(f)=1/ 4—exq —45n(f—1/3)%/4]. (11)  resents the difference between the actual width and the width
™ the distribution would have if there was no contribution from
DCC pions. Note that the fractiongx and «a,, need not be

IIl. FOLDING DCCS AND THERMAL MESONS the same.

In a more realistic scenario some kaons will come from
the decay or realignment of DCC domains and some will
come from more conventional sources. We shall refer to the The issue we wish to address is whether the number of
latter as random or thermal, even though that may be a bit dDCC mesons(kaons or pions scales with the volume or
a misnomer. What we mean by random or thermal is that theurface area of the system. This is an important issue when
distribution of kaons from non-DCC sources is studying the impact parameter dependence or the depen-

dence on the size of the projectile and target nuclei.

IV. VOLUME OR SURFACE SCALING?

1 In this paper we follow Ref[5] and assume that the col-
po(fo)= sex —(fo— 1/2)%12¢3]. (12)  lision process somehow forms many independent domains
27y with a typical sizeé~2 fm. For such small domains, it is
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reasonable to assume that the size does not change appredlactuations. The ratig18) has two features that are conve-
bly with collision energy or total system voluntenless col- nient for experimental determination. First, this observable is
lisions are sufficiently peripheral that the overlap area isndependent of detection efficiency as are the “robust” ratios
comparable to the domain sjzd he number of domainsis  discussed in Ref[28]. Robust observables are useful for
given by the ratio of the two volumes:=Vgen/Vpcc- The  DCC studies because charged and neutral particles are iden-
numbers of DCC kaons or pionBlpcc, scale in the same tified using very different techniques and, consequently, are
way with n or Vg gembecause the size of individual domains detected with different efficiency. Observe that robust quan-
is fixed. The numbers then depend on the extra energy asstities are not affected by the unobservé’c@, since the
ciated with the formation of each domain. Each domain has @tyong-interaction eigenstaté andK® are a superposition
volume energy that depends on the mechanism that producgd g K2 until their decay well outside the collision region.

it. In linear o models adjusted to fit the meson masses, thesecong, since Eq18) is obtained from a statistical analysis,
energy density inside distinct domains can differ By ;. qividual 7°— yy or Kg—>77+ 7~ need not be fully recon-
~20 MeV/f for two flavors[1] and a much larger amount g,cteq in each event. This feature is crucial because it
for three flavors[9]. The number of pions or kaons then \q 4 he extraordinarily difficult—if not impossible—to re-

scales as the energy available for particle productigfn. o ntruct a low momentum® in heavy-ion collisions except
Observe that the same scalingn would hold if the up ., 5 statistical basis.

and down quark masses were zero, although for very differ- Nyt we define robust variance
ent reasons. In this limit QCD has perfect @Wflavor sym-

metry and the volume energy of a uniform domain is inde- (Nz)—<N 2= (N,)
pendent of the orientation of the chiral field. With no volume Ry=— 2 > 2, (19
energy difference between domains, the energy for particle (Na)

production must come entirely from the misalignment of the

condensate between adjacent domains. The number of DC‘Mﬂ'erea_:C or 0. To_see why Eq(19) is robust, denq@e the
robability of detecting each mesenand the probability of

pions would then be proportional to the total surface energ)P e . . e

between domains. Let us analyze the scaling of the excedBiSSing it 1—e. For a binomial dlgprﬁutlon the average
surface energy quantitatively. Consider a cube with sides gfumber of meas.urezdefgtlczleszdsja) =€(N,) while the
lengthL into which fit n=(L/I)® cubic domains, each with average square iN;)“®=e*(Ny)+e(1—€)(Ny). We then
sides of lengthl. Assuming that each domain is oriented find

independently of its neighbors, the total surface energy expt_

scales with the total surface area, which isLA1) Raa = Raa, (20

X (L?/1%). With L>1, and with the domain sizefixed, the _ _
total surface area, energy, and therefore number of DCC mdPdependent ofe [29]; the proof that Eq(18) is robust is
sons scale withn to the power of one. ThudNpcexn sm_ul_ar. The_rqt|05{18) and(19) are _str_lc_tly robust only if th_e
*VgyetemNO Matter whether one imagines the excess energ§fficiencye is independent of multiplicity. Further properties
being associated with domain interfaces or with domain in2nd advantages of these and similar quantities are discussed

teriors. in Ref.[29].
To study DCC fluctuations we define the dynamic isospin
V. STATISTICAL ANALYSIS observable
Detection of small incoherent DCC regions in high energy v88n= Reet Roo— 2Rco - (21

heavy ion collisions requires a statistical analysis in the
mO7m= or the K2K™ channels. Neutral mesons can be de-Analogous observables have been employed to study net
tected by the decays®— yy or K3— "7, The analysis charge fluctuations in particle physic30,31 and were con-
we propose is sensitive to correlations due to isospin fluctuasidered in a heavy ion context in Refd5,32. This quantity
tions. We expect these correlations to vary when DCC re€an be written in terms of
gions increase in abundance or size as centrality, ion-mass
d N N 2

numberA, or beam energy are changed. Correlation results c0_ 0 c

. . : vl 7o~ |- (22
combined with other signals, such as baryon enhancement (Ng)  (Ng)
[5], can be used to build a circumstantial case for DCC pro-

duction. To isolate the dynamical isospin fluctuations from other
Correlations ofr%7* and K2K* can be determined by sources of fluctuations, one obtains E81) by subtracting
measuring the robust isospin covariance, from Eq. (22) the uncorrelated Poisson limitZ0=(N)

+(N¢)~ L. Indeed, we show in Eq27) below that the quan-
~ (NcNo) —(N¢)(No) tity (21) depends primarily on the fluctuations of the neutral
co™ (N){Np) ' fraction f, while the individual ratio18) and(19) have ad-
ditional contributions.
where Ny and N, are the number of neutral and charged We illustrate the effect of DCCs on the dynamic isospin
mesons. We takéNo=N_o and N;,=N_++N_- for pion fluctuations by writingNy=fN and N.=(1—f)N. Small
fluctuations andN0=2NKg and N.=Ng++Ng- for kaon fluctuations orf or N results in the changes

(18
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AN, AN Af ments about kaon fluctuations, HIJING and RQMD models
No) th M yield negative values offf . For kaons, HIJING simulations
(23  of central AurAu at 200\ GeV yield v~ —0.002 for 47
AN; AN Af K* and 44Kg on averagg33]. The onset of a DCC contri-
(N (NY 1—(f)" bution to Vggn can substantially change this value. A detailed
analysis of this problem within microscopic models will ap-
We obtain the average pear elsewherg34].

(AN3) s 2¢c . A? 24

I RV AT VIV

(No)* (N)(F) ~ (F)* VI. DISCUSSION AND CONCLUSION

Here the contribution of the variance of the total number of Referencg5] argued that the anomalous abundance and

mesons i =(AN*)/(N)? and the charge-total covariance is yansverse momentum distributions @f and 0 baryons in
c=(ANAf). DCC formation primarily effects the charge oniral collisions between Pb nuclei atALTGeV at the

i i i 2— 2
fluctuation contributionA “=((Af)*), from Eq.(15) or (17). CERN SPS is evidence that they are produced as topological

Similarly, defects arising from the formation of many domains of dis-
(ANE) 2c A2 o_riented chiral condens_,atéECCs) V\{ith an average domain
W:U_ INY(T— () + (2" (25 S|ze.of about 2 fm. Motivated by thI.S interpretation, we have

¢ studied the effect of DCCs on the distribution of the fractions

and of neutral kaons and pions. We showed that the distributions
are accurately described by Gaussians with centroidfs at

1 1 c A? = 1/2 and 1/3, respectively, once the number of domains

Rc0:U+(m_ 1_—<f>) (Ny~ (1=(f))?" (260 exceeds just a few. Folding together kaons or pion_s grising

from DCCs with other sources that are Gaussian distributed

whereR is given by Eq.(18). Using Eqg.(21) we get results once again in Gaussians. These may have a width that
5 is greater or less than a purely random source without DCC
LC0 — 1 / A _ i) 27) formation.

WA=\ (EYA—(f)) (N} The DCC pioneer§17-19,1 had hoped that a large per-

. _ ) ) ) centage of pions might be emitted from just a few big do-
This observable isolates the isospin fluctuations, whereas th&,ins on the order of 5 to 8 fitkaons were not considered
individual R,, depend on the fluctuations in total meson g, iarge domains have been ruled out at §51Sbut re-

numberu andc as well. _ main possible at RHIC. More conservatively, as the number
We estimate the effect of DCC on the dynamical fluctua-,t qomains grow and their average size diminishes, the im-

tions (27) using Eqgs.(15) a”fj (17). We take(N)=Ny for pression left on the fluctuations in the neutral fraction be-
kaons andN) =N for pions; these are the total number of ., mes more subtle and less unique. For many small domains,

mesons of the indicated kind. For kaons statistical measurements of both neutral ka@uisng and
B 1 charged kaongpions are needed. Since not every hadron
VﬁSn(K DCC)=4 BK(—K— _) (28 ermtted can po§S|ny be detepted with ;OO% eff|c+|ency, and
3n Nk since the experimental techniques that idenkify, K=, =,
and for pions and =™ are very different, we have identified robust observ-
ables that are essentially independent of all these uncertain-
B 1 ties. In particular, we propose that the dynamical isospin ob-
uggn(w DCC)=4.5BW(5—;IT— R (29 servable(21) can be parametrized as in Eq28) and (29).

DCC effects can appear as changes in the magnitude of the

These quantities can be positive or negative depending Oglyna!’nlcal |sosp-|n-observable as centrality is varied. We em-
the magnitude of3 compared to the number of domains perphasae_ that similar consequence may fO.HOW from any
kaon. In fact the dynamical fluctuation may even be positivém%hanlsm that produces many small domains that decay to

for one kind of meson and negative for the other. pions ar_1d kaons, S.’UCh as the Polyakov loop condef2aje

How big is the DCC effect compared to alternative We anxiously await what RHIC will have to say.
sources of fluctuations? In the absence of DGGs1 and
B=0 so that Eq.(29) implies v3),=0 for both pions and
kaons. On the other hand, in models that treat nuclear colli-
sions as a superposition of independent nucleon-nucleon col- g G thanks the Nuclear Theory Group at the University
lisions, each nucleon-nucleon collision - contributes  anf Minnesota for its kind hospitality during which much of
amount »g§ to the overall fluctuations. Consequenth  this work was done. This work was supported by the U.S.
nucleon-nucleon collisions can contribute an amaufi§f M Department of Energy under Grant Nos. DE-FGO02-
to the totalvggn [34]. While little is known frompp experi- 87ER40328 and DE-FG02-92ER40713.
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