PHYSICAL REVIEW C 68, 064905(2003

Thermal production of the p meson in thew"#~ channel

Scott Pratft
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

Wolfgang Bauel
Department of Physics and Astronomy and National Superconducting Laboratory, Michigan State University,
East Lansing, Michigan 48824, USA
(Received 29 August 2003; published 29 December 2003

Recent measurements of thén~ invariant-mass distribution at RHIC show a shifted peak forgmeeson
in 100A GeV in peripheral Au+Au and even o+ p collisions. A recent theoretical study based on a picture of
in-medium production rates of pions showed that a large shift could result from a combination of the Boltz-
mann factor and the collisional broadening of {heHere we argue that the two-pion density of states is the
appropriate quantity if one assumes a sudden breakup of the system. Methods for calculating the density of
states which include Bose effects are derived. The resulting invariant-mass distributions are significantly
enhanced at lower masses and pheeak is shifted downward by 35 MeV.
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I. INTRODUCTION pion from a different source, is only a few percent. Thus, a

. N . background subtracted invariant-mass distribution should

One of the most compelling motivations for studying . .
have ap peak that comprises only a few percent of the inte-

heavy-ion collisions is the prospect for observing the resto—grated distribution.

ration of chlral_symmetry. T_he spontaneous preakmg of chi* The STAR collaboration at RHIC has measured such a
ral symmetry is accompanied by the creation of a quark-

. . .geak in pp collisions, and for the first time, in peripheral
antiqguark condensate whose coupling to nucleons i C . . O e
Telativistic heavy-ion collisiong17]. A surprisingly signifi-

responsible for the great bulk of the nucleon mass, and I30nt downward shift of the mass was observed eveppin
therefore responsible for most of the observed mass of th@ollisions, especially at lowp, and an even larger shift was

universe. The transient nature of the heavy-ion reaction préspsered in peripheral Au+Au collisions. Results are not yet
cludes a detailed investigation of all the quasiparticle modegy 4jjaple for central collisions where it is more difficult to
in the highly excited collision volume. However, theneson  5pserve the peak since thér ratio falls. Eventually, the

is unique for it typically decays inside the spatial regionseak should also be measured for central collisions given
where the vacuum structure might undergo novel changes. & ficient statistics.

neutralp decays with 99% probability into &+7-r‘+pa_ir and In Refs.[7,8], the mass distribution was predicted by con-
decays with a small probability into agfe” or u"u” pair.  gjgering the in-medium rate g decays inton*m pairs,
The electromagnetic channels are especially useful becaug®ydmbxdt This is the same approach as has been applied
dilepton pairs will largely leave the collision volume un- for gilepton studies. In Ref[8], these rates were corrected
scathed by interactions with the thousands of other constitug, collision broadening and for Bose effects. Collision
ents. Since thg has the same quantum numbers as the phogrgadening was shown to be particularly important in mov-
ton, the invariant-mass spectrum of dileptons is domlnate%g strength to lower-lying masses. However, emission of
by thep for masses between 600 and 800 MeV. Experimentgyions js of a fundamentally different character than that of
atthe CERN SPS fog'e” [1] andp”u [2,3] suggest that the  gjjeptons. First, the final-state distribution is not necessarily
p has either dissolvef#] (as would be expected in a quark- proportional to the decay rate since the decay rate is often
gluon plasmg or has moved down a few hundred M&S]  phajanced by a formation rate of similar magnitude. Second,
(due to chiral symmetry restoratipror has been broadened cojjisional broadening cannot be applied in the same manner
via collisions by many hundreds of Mefé]. _since measurements are made in the asymptotic state. Fi-
Recently, the possibility 9f studying in-medium properties )l the presence of thp alters the two-pion scattering
of the p meson through the” s~ channel has been discussed paytia| waves at nonzero separations which should affect the
[7.8]. Unlike dileptons, pions are not penetrating probes andnass distribution. As we will demonstrate, the production-
are likely to reinteract before they escape. Since tempergyie calculations of Ref§7,8] provide different results than

tures fall to near 100 MeV at breakup, where fier ratio 5 freeze-out prescription which is governed by the available
falls to a few percent, the chance thaiais accompanied by phase space such as in RE].

a7 that originated from the same rather than a charged |t {he Jast strong interactions felt by the two pions used in
the distribution can be considered sufficiently hard to statis-
tically sample the outgoing phase space, the two-pion density

*Electronic address: pratts@pa.msu.edu of states should govern the invariant-mass distribution. By
"Electronic address: bauer@pa.msu.edu definition, the sudden breakup scenario requires the density
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being lowered to the point where collisions have ceased andut rather to investigate how the invariant-mass distribu-
collision broadening can be ignored. However, this might notion would look in a thermal description based entirely on
be the same criterion for demanding that the real parts of thehe outgoing two-pion density of states and related Bose
self-energiegthe mean fielg have returned to vacuum val- effects. Changes to the observed mass distribution beyond
ues. Whereas the real part of the self-energy has one-loaphat is executed from these considerations might then be
contributions that scale as the square of the coupling corngssociated with modificatior{46] of the in-medium prop-
stant, the imaginary part due to collision broadening is &ytjes.

two-loop effect that scales as the fourth power of the cou- |5 contrast to the preceding discussion for strong interac-
pling constant. For the modeling of neutrinos through the sug, s it is not necessarily inconsistent to consider final-state

it is well justified to consider only the real part of the self- o oftects from third bodies while neglecting other three-

anergyef'?gfs';?:n Clw.ﬁlt'gg;%nﬁﬁfcl:;e 'te'fsf,er(;tt“rgglry'nscr:)]r?"mdy interactions. Whereas the effects of third-body interac-
owever, gy ! Ing parti » 1 ! tions for providing mass shifts and collisions are propor-

sistent to ignore collision broadening while simultaneouslytional to the density, multiparticle Bose effects are

discussing mass shifts in the final state. determined by the oh density. DUrng an isentrooi
Although thesep’s probably decayed during the breakup etermined by the phase-space density. uring an isentropic
expansion, or during free streaming, the average phase-space

stage, which is well below the critical density, the decaying densit led by th ticles th | t
mesons might still sample a region where mean-field effects tenstl Y, as t?]ampheth 3& e_tpa_r Ic ES emse v_gls, ?I_ﬁys con-
i.e., in-medium mass shifts, are not negligible. Since pionsé ant even thougn the density 1S changing rapidly. Thus, we

| ns. th r Iv leave the reaion witf9ue that it is reasonable, and in fa_ct _impprtant, to include
are Goldstone bosons, they probably leave the regio t%ose effects even though the description is based on two-

their energy and momenta unchanged during their exitin dv oh
trajectory, and one expects that a modification of the two- ody phase space. .
In the following section, methods for calculating the two-

pion invariant-mass distribution would reflect the in-medium . . . .
modifications of thep rather than those of the pion. parnclg density of gtates are presented along with a compari-
\Son with the functional forms one would expect from rate

Whereas, this mass shift may be of the order of 100 Me calculations. After convoluting with the Boltzmann weight-
at high temperature, it is unlikely to be much more than. we find that thep peak is shifted downward by

25 MeV at breakup when densities have fallen well below"d:

the nuclear density. Theory has not provided a definitive es-3o MeV relative to the nomingl mass. The shit is due to

timate of the mass shift, and even the sign of the shift is:jhree.tfac';orts,tthe Bollizrgalnn weightiibg], (tjht?]??]tcjhz'tot:if
somewhat controversial. In a pion gas ghmeson is shifted tehnS| y Ot.S Ia es peaBs € Oé’\.’ tbtmassf,fant | ! erl:h:amce the
upwards by=15 MeV by the mixing with77 states[10]. other partial waves. Bose-Einstein efiects aiso

More sophisticated models include excited baryonic stateg'smbu.t'pn at lower mass_,e[s_,lg,zq, espeCIaI!y_ for heavy-
and may also consider theanda, to be part of chiral mul- ion collisions where the pionic phase-space filling factors are

tiplet [11]. Such models also result in mass shifts of the Ordelapproach_ing unity21,22. I_n Sec. lll met_hods are presented
of 10 MeV. From a different perspective, the mass ofglie for '”C'“d”?g Bose efre_cts_ Into th? two-pion density of states.
affected by the dissolution of the cbndensate which The resulting mass distribution is strengthened at lower in-

couples to the and provides much of its mass. According to variant masses, but the peak does not shift appreciably.
lattice gauge calculatiorjd 2], the condensate should largely

dissolve at temperatures near the deconfinement transition. It

should also be significantly reduced by the presence of other ~ !I- INVARIANT-MASS DISTRIBUTIONS FROM

heavy hadrons, e.g., nucleons. QCD sum rules have been THE TWO-PION DENSITY OF STATES

applied to estimate the reduction of themass due to the Since the first measurements of theneson[23,24, the

presence of nucleons, and the effects can be parametrized By, sses and widths have fluctuated by several MeV depend-

the form ing on the analysis. Currently, the Particle Data Group as-
signs a nominal mass of 771.1 MeV and a width of

m p 149.2 MeV [25], with uncertainties for each number being
Hp =l-a—, (1) near 1 MeV. The mass has been determined from a number
P Po of means,e'e — 77~ reactions, pp collisions, and mp

with a being quoted a¥9.16+0.06 inRef. [13]. Other — &@p reactiong26]. Electroproduction of the is compli-
treatments based on QCD sum ru[éd,15 result in simi-  cated by the interference with the— 27 channel[27] which

lar shifts, but the value of remains uncertain at the fac- constructively interferes with thg® channel since the elec-
tor of two level. At RHIC, the breakup density of tromagnetic coupling violates isospin conservation. Sipge
(antinucleons is=10% of normal nuclear density and the collisions are typically highly inelastic, extracting tpenass
expected lowering of the mass from coupling to the re-is complicated by the same factors that complicate the study
ducedqq condensate should be of the order of M@V. in a heavy-ion environment. In thep— 7rarp reaction, the
Since multiple competing effects are of the order ofproton is treated as a source of pions which are assumed to
20 MeV and each is fairly uncertain, the net shift remainsscatter elastically with the incoming pions. In faet; 7~

an open question for theoretical debate which can hopephase shift analyses have been successfully performed.
fully be resolved by experiment. It is not the aim of the  Considering only scattering througi?, the #* =~ cross
current paper to model the in-medium mass shift of ghe section should have a Breit-Wigner form,
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M) 4T (I1)? @ " t
gl = — , Py —
o (M2= M)+ (IT))? A !
I
whereq is the momentum of either pion in the center-of- \cqbi 8 I
mass framéM :2€nﬁ+qz) andll, is the imaginary part of = L :
the one-loop self-energy of the relativistic propagator: Q 4 L :
= ;
Mo ) © i 7 :
H| = H"OV — F(q, qo), (3) 0 =1 P | L
%o 04 06 08 10
I o =T'oMo. (4) M, (GeV)
Here, I'y is the nominal width andy, is the momentum FIG. 1. The spectral function of the (dotted ling is broader

required to provide the nominal mas4, The last term than the Breit-Wigner form(dashed ling The total density of
F(a/qo) is a form factor whose exact form is in dould]. states, including effects of modifying the outgoing partial waves, is
The productqza peaks precisely at the nominal mass ir- noticeably shifted to the left relative to the other forms. The differ-
respective of the form factor. ence is espepially noticgable at small invariant masses, where the
The spectral function of th is related to the imaginary three forms rise proportional @, °, andq respectively.
part of the propagator,
of massM. Together, the two terms describe the entire
S (M) = @Im 1 5) correction to the density of states, including the effects of
P T (M?2=M)) +ill, modifying the outgoing partial waves.
Figure 1 illustrates the importance of using the correct
oM expression for the density of states. The spectral function of
:<—)BW(M), (6) the p is peaked below the Breit-Wigner function, and the
ll, total density of states is peaked even lower. The difference is
especially strong at low invariant masses, as the Breit-
(IT))? Wigner function rises agP, the p spectral function rises as
BW(M) = (M2 = M2)2 + (I1,)2 (@) g, and the pionic density of states risescasThis relative
0 ! scaling withg would hold for anyp-wave interaction.
Here, S, is usually associated with the number of states Thus far, the distribution of masses has not incorporated
available to thep with a given mass. The real part bfis  the Boltzmann factor, which should push the peak even
being ignored for the current discussion. Since the Breitiower with the thermal weighte™'T [18]. More precisely,
Wigner function BWM) always peaks atM=M,, and one needs to integrate over the modes in momentum space
sincell,/M is rapidly growing withM near thep mass, the due to relativistic effects,
spectral function always peaks below thenass. Setting
the form factor in Eq.(3) to unity, the peak of thep dN &P o
spectral function shifts downward by MeV. Applying A—"T — pse'VP§+M2’TAp7TW(M). (1)
some of the different expressions fOy discussed in Ref. dMdx (2m)
[19] may result in the peak being shifted further down-
ward, perhaps as much as an additional&v.
The change in the total density of states can be express
in terms of phase shift$9,28,29:

This should represent the background-subtracted two-pion
invariant-mass distribution. As can be seen in Fig. 2, the
ltzmann weight pushes the distribution increasingly
downward for lower temperatures. The upper panel shows
1 ds, the mass distribution assuming a temperature of Nlé¥,
Ap(M)==> (2¢+1)—. (8)  which is a reasonable temperature for thermal models of
¢ dM pp collisions, while the lower panel shows the result for a

Given the relation between the phase shift and the selff€mperature of 11MeV, which may be reasonable for the

energy, one can expreds in terms of the self-energy: ~ Préakup temperature in central heavy-ion collisions. Cal-
culations using both the spectral function and the two-

| pion density of states are displayed to illustrate the impor-
tan 6= M2— M2’ 9) tance of choosing the appropriate form for the density of
0 states. The Boltzmann factor greatly magnifies the en-
) ) hancements at lowM, to the point that a second peak
3 2MII, ( Mo-M %) appears for lower temperature.
m (M3 - M?)2 - TI? 2IlM dM )’ The 77~ density of states is also affected by phase shifts
(10) in other channels. For*#, the swave channel is split into
two isospin components, 2/3 weight for0 and 1/3 weight
The first term is the spectral function of the which is  for I=2. Thel=0 channel is particularly important as it cor-
often associated with the probability of havingpaneson responds to the mythicalr meson. Although phase shift

Ap.-(M) =
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0.10 [ T T T T 1 T T ] 1 1
an | S |
L 006 ! 1 wherea=-0.13 MeV! andR=1.0 MeV'%. Thed wave is
§ 0.04 A also composed of=0 and|=2 pieces. For thel=0,¢
IE 0.02 : . ] =2) piece, the dat&37] are rough, and we make a simple
£ 0.00 _}.: I ' :I e expansion
x . T=110 I ]
"’g 0.004 }-\ '_I i 5|:0’€:2ch5, (14)

0.003 | ‘ - . .
I s \\\ ! . wherec=6.2 GeV'l. The parameten is uncertain to the
5 0002 1 "~-o A 7] 50% level. For the(I=2,¢=2) partial wave, we use an

0.001 : - expansion 36]

0.000 L ..--|'"""|- | 11 h . 1

04 06 08 10 Si=20=2=~ 8.4 +12.5° GeV". (15)
M., (GeV) None of these three channels are well understood, but

none have a substantial impact at or below phegion of
FIG. 2. The thermal mass distribution af 7~ pairs is shown jnvariant mass.
for three calculations, both d=110 MeV andT=170 MeV. Using Figure 2 also shows the invariant-mass distribution of a
the full density of states as calculated from taking derivatives ofiharmal ensemble witii=110 MeV using all thes, p, andd
phase shifts results in a broader distribution for el channel  .hannels. Theswave contributions are non-neéliéible near
(full line) than using the spectral functior{dotted ling. Including the p mass, and dominate near the two-pion threshold. The

all's, p, andd channelgdashed lingprovides significant strength at -\ .2 e contributions matter only for masses near or greater
low invariant masses due to treewave channels and moderate than 1.0 GeV

strength at higher masses from tthevave channels.

Ill. BOSE-EINSTEIN CORRECTIONS

. Bose-Einstein corrections should preferentially enhan
analyses do not reveal a sharp peak as in a resonange ose-Einstein corrections should preferentially enhance

. . . . [ow-mass pairs since low-mass pairs are more likely to in-

[30-34, the phase shifts are considerable, rising steadily . . : .
clude a low-momentum pion. This has been investigated

from zero at threshold te=90° atM=2My~1 GeV, where P 9

he Kk h | h K hreshold. the b within the context of thep peak as well as the influence @n
the kaon channel opens. At the two-kaon threshold, the b5, decay moddgg]. In this section, we present a means

havior of the phase shifts becomes complicated and an ing, jnclude Bose enhancement effects which are consistent
elastic treatment becomes warranted. Since one uses deriVgih the statistical picture described in the preceding section.
tives of the phase shifts to find the density of states, |, order to demonstrate Bose enhancement effects, we

interpolating data for phase shifts can be dangerous due {@vert to the fundamental definition of the two-particle den-
noise in the experimentally determined phase shifts. Thussty of states:

we apply a simple form that describes the general behavior

1
p(M)=—Im Tr

2 M-H+ie (16)

d-0s-0=ag+b(M-2m_). (12

The first coefficienta is the scattering length, which is 1 1 1 n

small due to constraints from chiral symmetry. The num- :2—Im TrY, M—H-+i (VM ThHoti ) . (17

ber varies throughout the literature by several tens of per- & n=0 o*le o*le

cent. We use the valug=0.204m, [35]. The second term we will work in the two-pion rest frame, so the trace
does not contribute to the scattering length,(ls-2m;)  would cover all two-pion states that have total momentum
~q at low g. Choosingb=9.1xX10"* GeV* crudely re-  zero. When including Bose effects, one would sum all
produces experimental phase shifts, which are reviewed iguch two-pion states, plus average over the distribution of

Ref. [30] Since these phase shifts rise half as far as thOS@ther identical partides whose probab”ity of being popu-
in the 6 channel, have one-third the spin degeneracy, anghted is

have a 2/3 weight in the* 7~ channel, they are noticeably
less important than thg channel in affecting the overall fo(Q)
density of states, unless one is near the two-pion threshold f(q) = T=fo(@) fo(a)[1 +f(q)]. (18)
where p-wave interactions vanish. od

Other phase shifts also contributd=2,¢=0), (1=0,¢ Thus, (1+f) can be considered as a Bose enhancement
=2), and(1=2,¢=2). Since none of these phase shifts exceedactor while f, is the phase-space filling factor if Bose
more than a few degrees, they make nearly negligible constatistics were neglected.
tributions to the density of states. For tie2,¢=0) channel, Using the cyclic property of the trace, E(L6) can be
we apply an effective range expansif36] written in terms of a derivative with respect k0,
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(M) = po(M) + 1| TE (—V )n R=V+V P R (22)
- m = .
PRV = Po “n\M-Ho+ie E-Ho
(19 . . .
Here, R is often referred to as thB matrix. This can be
1 written in terms of a logarithm,
HMM)-4m——W§3<
n=1 n O

n Ao(M) = 1 T 1+imé6(M —HpR 23
+i775(M_Ho)V) . (20) pM)=im e T T s —er ) 2D

One can expand theterms and note that the sum includes Thus, the density of states is determined completely by a
all possible orderings oh factors where each factor is single matrix

either the principal value piece, which is real, or the

imaginary part, which is proportional to the density of

states. One could restrict this sum to cover only those 7= mpo( M)R, (24)
terms where the first factor is the imaginary part and mul-

tiply by a factor ofn/N,, whereN, is the number of times which is evaluated only for those states whose energy
thatims(M—Ho) appears in the term. The sum owvecan  equalsM. In a partial-wave basis; is related to the phase
then be transformed into a sum of all possible numbers ohift 7=tan 8. In a plane-wave basis, the matritinks one

appearances of the real part: direction of the relative momentum with another, i.e., the
1 d matrix should be written with indicesﬂlﬂz.
p(M) = po(M) + —ImmTr Z N—[lmS(M Ho) RN, The presence of other particles altersEach matrix ele-
Np=1 mentV used to construct is modified by the presence of

(21 other particles by the Bose enhancement factor

V(1 — 4102, — 92) — V(d1, = 01502, V[ 1 +F(q)][1 +f(= g J[1 +F(g)J[(1 +f(-q2)]. (25

If the intermediate states contained in the definitiorn/of For a purelys-wave interactiony, has no angular depen-
are not affected by the phase-space density, one can scalence and,, easily incorporates Bose effects,
7in the same manner asé Then, given the fact that each 40 N
state appears in both the bra and ket, one can madify = (TOJ I +f(QIL +f(- q)]) ) (29)
a simple manner to account for Bose effects, A
The correction to the density of states is then
(01, —d1;02, —d2) = 7o(d1, — d1;d2, ~ G2)[1 +f(qy)]

1d7/dM
X[1+f(- . 26 A 30
[1+f(-qy)] (26) pM)=——"—, (30
The density of states is comprised of integrals of a cyclic
nature, |, dQ
T=tan 5f 4—[1 +f(Q L +f(-q)], (32
a
Ap(M) =—Im—m > |n/n, (27)  where § is the phase shift as measured in the absence of
n=13.5. Bose modifications.
For ap wave interactiongy, has the angular dependence,
I.(M)= &&mdﬂn 70(Q1, Qo) = 7601 - G- (32
" A7 4 4 - . P
By choosing a coordinate system where thaxis is par-
X 10(1, Qo) 79(Qp, Qg) ... 7o(Qp, Q[1 +F(qy)] allel to the total pair momentum, there is reflection sym-
_ _ metry about thex, y, andz planes. By making use of the
Unless the momentum of the pai=0, the phase-space 40
densities will be sensitive to the direction of the relative A .D)Db-C — AR
momentumq). f 47 (A-b)(b-C)F(Qy =A"-C, (33
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A =AF;, (34) p, [GeV] &
dQ
Fy= J ——F(Q)cos ¢ sir? 6, (35 5 O
4 /A 3.0
“-N
40 | _ 2.6
Fy= 4—F(Q)sm2 ¢ sir 6, (36) T 22
w —_ L7
w18\ SRR 5
77 A LAS LTSS
d0 \t 1.4 1”":....:##?5}:55..:.:::5-""::
..ll
..Il
one can iteratively perform the integral in E@8): ) 0.98 &g
- ) i m, [GeV] 1.23
[n(M) = (ToF )" + (ToF )" + (ToF )" (38)

FIG. 3. The mean values ¢f1+f,)(1+f,)) are shown as a func-

Using F(Q)=[1+f(q)][1+f(-q)], one can calculatap: . ) ) k )
tion of the invariant mass and total momentum of the outgoing pion

1/dn/dM dq-y/dM dr/dM pair. The values have been averaged over all directions of the rela-
AP(M):; 1+ 72 + 1+ 72 + 1+2 ) (39 tive momentum. The enhancement factors exceed 2.0 for a low
X y z values of the pair momentum and invariant mass.
dQ i i ion. F iewing Fig. 3, it is clear that the B di
ro=tand | —[1+f(q)][1+f(-q)]3 sirf ¢ sir? 6, region. From viewing Fig. 3, it is clear that the Bose modi-
4 fications to the invariant-mass distribution would be more

(40) acute if experiments were to focus on pion pairs with low
total momentum.
do Bose corrected densities of states are shown in Fig. 4 for
7,=tan 5f —[1+f(q)][1+f(-q)]3 cog ¢ sir? 6, T=110 MeV andx=90 MeV. A nonzero chemical potential
4 was used to account for the relative overpopulation of pionic
(42 phase space which may result from rapid coolj8§] and
might be magnified by the effects of chiral symmetry resto-
do ration [39]. Analyses ofzrar correlations from RHIC indeed
7, =tan 5f 4—[1+f(q)][1+f(— q)13 cog 4. (42 point to high phase-space densitigxl,22, especially for
™ central collisions of heavy ions. As expected, lower-mass
The calculation ofAp(M) must be repeated for each value states were more enhanced by Bose effects. Since the density
of the total momentum sinciq), which is defined in the of states was proportional to the derivative of &(iL+f)(1

two-pion rest frame, changes when the total momentum igf’)), and since the averaged phase-space filling factors gen-
changed. erally fall asM increases, the density of states was less en-

The p-wave ands-wave corrections to the density of hanced for intermediate masses as compared to the no-Bose
states do not interfere with one another since they have oggase. The peak of the distribution shifted downward by only
posite parities anfiL+f(q)][1+f(-q)] has even parity. How- 1 MeV after the inclusion of Bose effects.
ever, calculation of th€=2 contributions would be compli-

cated by the fact that the elliptical distortion of the Bose € 0.008 —
enhancement factors would mix tife0 and€=2 contribu- P T=110 : _
tions. For the calculations here, tiie2 contributions were 9 0.006 =90 | 4
calculated by assuming that the Bose enhancement factors IE L : -
were independent of), then using enhancement factors T 0004 N i
which had been averaged over all directiondof X N A -

The mean Bose enhancemé(it+f,)(1+f,)) is shown as 2 0002 F Nz N -
a function of the invariant mass and momentum of the de- N L : ,
caying p° in Fig. 3 assuming a breakup temperature of Z 0.000 R S S N
110 MeV and an effective chemical potential of 90 MeV. 04 06 038 1.0
The enhancement has been averaged over the directions of M. (GeV)

the relative momentum. The enhancement is largest for low-

momentum, low-mass pairs since these pions most strongly FiG. 4. The mass distribution is shown witsolid line) and
sample the region of high phase-space density. For highefithout (dashed ling Bose effects forT=110 MeVx=90 MeV.
invariant masses, the Bose enhancement is actually strongebse effects enhance the probability of producing low invariant-
for higher pair momenta, as it allows one of the outgoingmass pairs since they are more likely to have low momenta and
pions to have lowp, and sample the high phase-space densitystronger Bose enhancement factors.
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Although the position of the peak was not much affected 1 ds, qMm 5 ) )
by Bose effects shown in Fig. 4, Bose effects led to a near 7—72 (2¢+ DE =32/ d rlle(q, r)[* = [ o(a, r)°].
doubling of the distribution at low masses. These effects are ¢
most important at lovp, where the phase-space densities are (43)
higher. Inpp collisions, a movement of the peak was ob-
served for lowp, pairs[40,17 which is suggestive of Bose
effects. However, at thﬁ peak each pion has a relative mo- Since the modification of the wave function is mOStly con-
mentum of ~300 MeVt and will largely sample phase- fined to a region whergR< , one expects that the treat-
space regions with moderate to low phase-space densitiedlents shown here should work well fqr>100 MeVEk, or
Although the invariant-mass distribution is mainly altered atfor masses greater than 48eV. For masses near thresh-
invariant-masses below thepeak, Bose effects should con- 0ld, a different approach, based on the actual scattered

tribute to washing out the peak by increasing the slope of th&vave functions, would be warranted. Such an approach
background structure in Fig. 4. could also incorporate the effects of the Coulomb interac-

tion between pions.
Finally, it should be emphasized that other correlations,
IV. SUMMARY besides those resulting from the change in the two-pion den-
sity of states, will play a role in any experimental measure-
ment. Experimental analyses are typically based on a like-

invariant-mass distribution should be35 MeV lower than sign subtraction. This should eliminate global correlations
the nominalp mass, if one accepts the scenario of a suddelsn‘,UCh a; elliptic flow which correlate same_-sign and opposite-
breakup that thermally samples the two-pion density ofign pairs equally. However, any correlation based on charge

states. The shift was the result of convoluting the density Ofsonse+rvation should survive the subtract[dd,48. For ev-
states which is shifted by-10 MeV below thep mass with €Y 7, there is a~75% chance that local charge conserva-
the Boltzmann factor. Given the extra cooling inherent totion Will result in an extras™ being emitted with a similar
heavy-ion collisions, the breakup temperature is probably@Pidity. This should provide a bump in the like-sign-
near 110 MeV. well below the characteristic temperature§“btraCted invariant-mass distribution that peaks for masses
used to describpp collisions. The low temperature provides N€ar 400 MeV. The ratio of the peak in the like-sign sub-
an additional downward shift of the peak in heavy-ion colli- tracted distribution to the bump from charge correlation is

sions. In addition to the shift of the peak, the distribution @PProximately determined by the chance that a giwehad

showed significant additional strength at invariant massegg last interaction with other hadrons through the decay of a
. This ratio should be smaller for central collisions since

near the two-pion threshold. This additional strength hinged k i
on using the correct expressions for the density of stated® Préakup temperature is lower which reducesptwera-
especially in thef=0 channels. Although the position of the tio.

peak was not much affected by Bose effects, Bose effects led The in-medium mass of the .might pe altered by
to a near doubling of the distribution at low masses. ~20 MeV at breakup. Given that this peak is also spread out

The thermal model presented here rests critically on a pafimd distorted as shown in the calculations presented here, it

. : is certainly challenging to isolate the contribution from the
of assumptions. First, we have assumed that the breakup Bdto quote a peak height to a better accuracy than 20 MeV.

sud(_jen, .e., the last strong |nteract|on_ experienced by thEpcoming runs at RHIC may increase the statistics by more
particles samples the outgoing two-particle phase space. I,y an order of magnitude. Thus, we believe that there re-

deed, interferometric measurements do suggest a sudd@fbins 4 good chance that thean be studied in detail, even
breakup[22,41,42. If emission were gradual, e.g., surface i, the central collision Au+Au environment.
evaporation, this picture would be invalid. An appropriate  Finally, we compare the experimentally observed mass
treatment of the surface would include the dynamics of surghifts to results of our model. In Refl7] it was reported
face penetration and absorption, and might include collithat thep shifts downward inpp collisions by ~20 MeV at
sional broadening. For instance, spectral lines in stars angigher p, while shifting downward by~45 MeV at low p..
affected by collisional broadening. The “truth” of the The shift appeared to be 5-10 MeV larger for high-
breakup at RHIC probably has elements of both volumelikemuliplicity pp collisions and perhaps another 5 MeV lower
breakup and surfacelike evaporation. Thus, the effect of colfor peripheral Au+Au reactions. A similar behavior fpp
lisions, which played a pivotal role in moving the distribu- collisions had been reported fals=27 GeV pp collisions
tion downward in Ref[8], requires more study. [40]. The shifts that we extracted were as large 35 MeV, but
The second assumption inherent to these calculations these calculations assumed a lower temperature, 110 MeV,
related to the negligence of finite-size effects. The enhanceand a higher effective chemical potential, 90 MeV, than
ment factors applied to small-angle correlation studies argvould be appropriate fopp phenomenology. For a tempera-
usually based on the outgoing wave functida(g,r)[>  ture of 170 MeV, and zero chemical potential, the shift was
[43,44. For large sources, there is a straightforward correin the range of 20 MeV, a somewhat smaller shift than what
spondence between the integrated wave functions and thwas observed by STAR. It appears that the experimental
phase shift§45,44: mass shift is 10—20 MeV stronger than what we would

Our principal finding is that thep peak in the w7 #
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expect from our approach. But, before this discrepancy caeffects, the influence of other resonances, and the effects of
be attributed to novel in-media phenomena, i.e., a mass shiéxperimental acceptances and efficiencies.
of the p, it should be stressed that systematic uncertainties

described in Refl17] are of the order of 10 MeV. This prob-

lem would be served well by both a higher statistics experi-
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