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Lepton interferometry in relativistic heavy ion collisions: A case study
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We propose intensity interferometry with identical lepton pairs as an efficient tool for the estimation of the
source size of the expanding hot zone produced in relativistic heavy ion collig®i€). This can act as a
complementary method to two-photon interferometry. The correlation function of two electrons with the same
helicity has been evaluated for RHIC energies. The thermal shift g5 theson mass has negligible effects on
the Hanbury Brown—Twiss radii.
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I. INTRODUCTION In our previous work on photon interferometf%2], the
) ] o ) spin-averaged source function was used to study the two-

_ In high-energy heavy ion collisions, two-particle correla- photon correlation functions. Here we use spin-dependent
tions have been extensively studied both experimentallyqrce functions to evaluate the two-lepton correlation func-
[1-3) and theoretically[4—€] to obtain direct information  tjon. The main aim of this study is to extract the HBT radii of
about the size, shape, and dynamics of the source at freezgye source from the spin-dependent electron correlation func-
out. This is usually done via selection of transverse momenon and show that the HBT radii extracted here are similar to
tum and rapidity of the correlated particles. Such calculationgpgse obtained from the two-photon interferometry. This in-
are based on the fact that identical particles occurring nearbyi-ates that the results from photon interferometry are not
in phase-space experience quantum statistical effects resufary sensitive to the spin of the photon. In addition to this, it
ing from the (ant)symmetrization of the multiparticléfer- yij|'he useful to see the effects of the shift of vector meson
mion) boson wave function. For bosons, the two-particle Coynasses with temperature on the correlation function of two
incidence rate shows an enhancement at small momentugjactrons.
difference betw_een the particles; the opposite behavior is ob- The paper is organized as follows. In the next section, we
served for fermions. The momentum range of this enhancesiye a general discussion on the correlation function for fer-
ment or depletion can be related to the size of the particlgnions and the associated kinematics. This is followed by the
source in coordinate space. section which deals with the space-time evolution. Section

Recently, it has been argued that Hanbury Brown andy geals with the results on two-lepton correlations at rela-
Twiss (HBT) interferometry[7] (see Ref[8] for application  yistic heavy ion collision(RHIC) energies, the results with
of HBT interferometry in particle physigsis a sensitive 555 variation of vector mesons in a hot medium, and a brief
probe of the QCD equation of state and hence formation ofjiscussion on the results of two-electron interferometry vis-

QGP[9-11. Further, it has been argued that in contrast 103 yjs two photon interferometry. We summarize our findings
hadrons, two-particle intensity interferometry of photonsi, ihe |ast section.

[12—-15 which are produced throughout the space-time evo-

lution of the reaction and which suffer almost no interactions

with the surrounding medium can provide information on the Il. CORRELATION FUNCTION

history of the evolution of the hot matter created in heavy ion ) ] o

collisions[16]. _ Thg two-particle correlation function in momentum space
The two-fermion interferometry is a well known method IS defined as

used in nuclear physics to estimate the size of the source

formed after nuclear collisiongl7] (see Ref[18] for a re-

view). In case of fermion interferometry, the symmettamn-

tisymmetrig space part of the wave function is coupled with

the antisymmetrigsymmetri¢ spin part of the wave func- > - .

tion. In this work, we will evaluate the correlation function Wherek; andk, are the three-momenta of the two particles.

for the symmetric spin part and hence antisymmetric spac®;(k;) and P,(k;,k,) represent the one- and two-particle in-

wave functions. Statistical spin mixture has been neglectedlusive electron spectra, respectively. These are defined as

here[18].

= o (1)
P1(kpP1(ky)

CZ(IZla Iz2) =

Py(K) = f d*xS(x,k) 2
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P2(|21:|22) = P1(|21)P1(|22) - f d*x; 0% S(%q, K) (X, K)

X cogAx*Ak,,), (3)
where K=(k;+k)/2, Ak, =k, —kp,=0,, X andk; are the

four-coordinates of position and momentum, respectively.
and S(x, k) is the source function, which defines the averag
number of electrons with four-momentuknemitted from a

source element centered at the space-time pairfh the

present casey(x, k) is the thermal emission rate of electrons

per unit four volume. For processes of the forap,)
+B(p,) — €' (ky) +€7(k), we have[19]

al f d fmaxdqmz
— 5 S
16(27) 'k g + myy?

f(EDT(E

S(x,k) =

tmin

wherea and g are either quarks or pions, amkg=(E; ,;Zi> is

€,
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in Eq. (9) is called the chaoticity parametex=0 for a co-
herence source and=1 for a completely chaotic source. We
have set\=1 as we are concerned here with a completely
thermalized system from where the leptons are emitted. If the
source function has more than one maxima, then Gaussian
parametrization fails to describe the structure of the correla-
tion function at large values of outward, sideward, or invari-
ant momenta defined in Sec. Il. For “binary” source func-
tions like mixed phase in the present context, more than one
maxima in correlation functions are possii@. The values
of C5¥™will lie between 0 and 1 for a chaotic source.

A gross idea of the source size can also be obtained from
Rinv, Which is defined as

C3Y™=1 - exp— RZ,, 02 - (10)

IIl. SPACE-TIME EVOLUTION

For the evaluation of two-electron correlations at RHIC
energies, we will consider a scenario where QGP is formed

the four-vector for the particle The masses of quarks and in the initial state which evolves with time into a hadronic
electrons are neglected heré.is the overall degeneracy of Phase via an intermediate mixed phase in a first-order phase
the particlesa and B, f(E;) denotes the thermal distribution transition scenario. The mixed phase is a mixture of both
functions, and, t,u are the usual Mandelstam variables. Theduark matter and hadronic matter, with the fraction of quark

expressions foa,b,c and the integration limit<:; min Eomine
andE,n., are given in Ref[19].

The spin-dependent invariant amplitude(, for the pro-
cesses 00, — €€/ (6[ep), O 0r—exe(ees), and 7 7'

— ex€ (e er) have been calculated using standard field theo

retic technique$20].

We shall be presenting the results as a function of longi-

tudinal (Qiong), outward(do), sideward(gsqe), and invariant

momentum differencegg;,,) of the two leptons. These are

defined as

Oiong = K1z — Ko, = Kq1 Sinh(y;) — Ko7 sinh(ys), (5

Gout = CiT ) lZT _ (kiT_ k%T)
out — - !
Kel Iy + Ke; + 2kyrkor cOS(fy — )

(6)

= R )
VI, +12; + 2kyrkr oSy — )
@)

Ky
Or— qoutK_T

Oside=

Qo = — 2kyrkorcostly; - yo) — cos g — )], (8)

where delle—Izﬂ, IZT:(I21T+I22T)/2, with the subscripfT
indicating the transverse componewt,is the rapidity, and
Yi’s are the angles made Iy with the x axis.

matter decreasing with time to zero when the phase transition
is complete. The hot hadronic gas then expands until the
system freezes-out. We also evaluate the correlation function
when the vector meson massgsin this casg vary with
temperature according to the universal scaling scenario pro-
posed by Brown and Rh@R) [21].

The initial condition for RHIC energies in terms of the
initial temperaturgT;) is calculated from the number of par-
ticles per unit rapidity at the midrapidity region for those
energies according to the following equation:

o 27 1 dN_ 1 dS
' 7 45((3) 7Rerda dy  mREndady’

where dSdN) is the entropy(numbej contained within a
volume elemenitV=7R?7dy (R is the radius of the collid-
ing nuclej. g is the effective statistical degenerady3)
denotes the Riemann zeta function, anid the rapidity. For
massless bosoriermions, the ratio ofdSto dN is given by
27*1[45(3)]~ 3.6 (4.2), which is a crude approximation for
heavy particles. For example, the above ratio is(3.6) for
140 MeV pions (938 MeV protony at a temperature of
200 MeV. a,=72g,/90 is determined by the statistical de-
generacy(g,) of the system formed after the collision. Tak-
ing the particle multiplicity per unit rapidity to be 1100 for
Au+Au collisions at RHIC, we geT;=264 MeV for an ini-
tial time of 0.6 fm/c[22]. The critical temperatur€T,) is

(11)

The HBT radii can be extracted by parametrizing the caltaken to be 170 Me\[23] here. The freeze-out temperature
culated correlation function in the following Gaussian form: (T;) is taken to be 120 MeV, which describes the transverse

Cezlsym: 1-Nexp- Rgutqgut_ Rﬁidquide_ Rlzongqﬁ)ng)' 9

momentum distributions of produced hadrd2d] with the
same space-time evolution model used here. For the equation

The superscript “asym” indicates that antisymmetric spac®f state(EOS which plays a central role in the space-time
wave functions have been used. Also note that a negativevolution, we have considered a hadronic gas with particles
sign appears before the exponentiad opposed to a positive of mass up to 2.5 GeV and including the effects of nonzero

sign in the case of the two-boson correlation functidme

widths of various mesonic and hadronic degrees of freedom

054901-2



LEPTON INTERFEROMETRY IN RELATIVISTIC HEAVY...

[25]. The velocity of soundc,) corresponding to this EOS at
freeze-out is about 0.1@5]. The bag model EOS has been
used for the QGP phase. Using the above inputs and assun
ing boost invariance along the longitudinal direct[@8], the
(3+1)-dimensional hydrodynamic equations have been
solved to study the space-time evoluti@Y] from the initial ;

QGP phase to freeze-out with an intermediate mixed phaStE

of QGP and hadrons. The initial energy density profile used &4+ [
"y
=

d

here is the same as the one used in [R&8] and the initial
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radial velocity is taken as zero. Z10” ¢
=
10°
IV. RESULTS
107 ¢

In this section, we present the results of two-electron in-

terferometry at RHIC energies. In Fig. 1, the transverse mo-
mentum distribution of the electrons for Au+Au collisions is

depicted for various phases. The initial temperature is taker.

asT;=264 MeV. We have assumed that the mass of the in-

-8
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FIG. 1. Transverse momentum distribution of a single electron

termediaryp in pion annihilation varies according to Brown- for Au+Au collisions at 200 A GeV at RHIC. Dotte@ashegl line

Rho scaling[21].
The results on the interferometry can be presented forepresentgr spectra for hadroni¢total) phase.

several combinations of the variablgsy, andky. For sim-

indicates results for QGfnixed) phase and dot-dashésblid) line

plicity, we will present all two-lepton correlation functions most of the electrons will have a thermal origin. We take

for single electrons with momentum 1 Ged//with the as-

sumption that around this value of transverse momentumecessary.

1
/ (@
!
08 - | ]
1
il
.’ il
0.6 " ‘f / Ky = Kpy=1 GeV
3 ) =y,=
EUN ,!! ,[ v, =v,=0
04| ,;', 7,=0 |
iH
il — qQGP
E | ——=- Mixed
02 Kil —-— Hadronic |
i Sum
|
0 1
0 0.05 0.1
Giong (GEVY)
1 . e
©
K=Ky =1GeV
0.8 - v,=0 7
h=y= 0
0.6 - QGP b
g ——=- Mixed
30« / —-— Hadronic
04 / e SUM i
0.2 - B
0 L L .
0 0.05 0.1 0.15 0.2

G4 (GEV)

1

(b)

¥»,=0 andy,=0 for all cases, varying/; andy; wherever

0.2

0.8 -
0.6 - k;;=1GeV
g‘ v =y,=0
&)
04 ¥, =Y,=0 1
— QGP
——- Mixed
02 - —-— Hadronic |
Sum
0 1 L 1
0 0.05 0.1 0.15 0.2
Yoy (GeV)
1 T rx =
Pt
2 )
4
’ = =1GeV
08 - k= kop
v, =0
,=Y,=0
0.6 /,/ QGP 1
g y ——=- Mixed
) o ,/ —-— Hadronic

© 04 4 -~ Sum E

0.2 ]

0 L L L
0.05 0.1 0.15
q,, (GeV)

FIG. 2. Correlation functionC5*™as a function ofjiong, Qout Gsige @Ndiny for Au+Au collisions at 200 A GeV at RHIC. Solidiashedl
line indicates results for QGfnixed) phase and dot-dashé&dotted line represents correlation function for hadrogsaim phase.
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TABLE I. Values of the various HBT radii in fm. masses of the modified in the medium according to BR
scaling. Unfortunately, these results are not very different
Rinv Rout Rside Riong from the corresponding ones without medium effects shown

in Fig. 2. We do not present the results g,y and gj,, as

Q_GP 35 3.5 3.5 0.6 they are very similar to the case without mass variation. All
RHIC Mixed 3.2 4.3 3.2 18  these indicate that lepton interferometry is not, probably, a
Hadron 3.0 6.5 3.0 3.0 suitable probe to detect the in-medium modification of vector

Sum 3.2 6.0 3.2 3.3 mesons.

We also note that the HBT radii of various phases ex-
tracted from photon interferometryl2] with the spin-
strength(C2Y™ as a function ofy - anda-. for averaged source function and those obtained here from elec-

e 2 - Wiong: Jou: Gside Giny 1O tron interferometry with the spin-dependent source functions
various phasetsunm=QGP +mixed+hadronsThe HBT di- are similar. This indicates that the results from photon inter-

mensions extracted from these correlation functions are, e :
. . N . . erometry are not very sensitive to the spin of the photon.
shown in Table 1. To obtain the longitudinal dimensigg,q y y P P

in the longitudinally comoving systeith. CMS) of reference,
one should multiply the numbers given in Taple | by the V. SUMMARY AND OUTLOOK
Lorentz factoryx(=coslyx), whereyy is the rapidity corre-
sponding toK defined in Sec. II. The width of the correlation ~ The two-electron correlation functions have been evalu-
function for the hadronic phase is the largest as compared tated for RHIC energies. The spin dependence of the source
the other phases alorg,,, followed by that for the mixed functions of the electrons originating from the QGP phase
phase and the QGP phase. gy, the values are compa- and hadronic phase have been considered explicitly through
rable for QGP and mixed phases, while they are slightlythe invariant amplitude(3+1)-dimensional relativistic hy-
lower for the hadronic phase. The HBT dimensions satisfydrodynamics has been used for the evolution in space and
the relationR,,/Rsige~2 for the correlation functions de- time from the initial QGP phase to the final hadronic phase
noted by “sum” in Table I. This is consistent with the earlier with intermediate mixed phase of QGP and hadrons in a
calculations on pion interferometry29] that the ratio first-order phase transition scenario. In contrast to the invari-
Rout/ Rsige Will be larger than unity in a first-order phase tran- ant mass distribution of the dileptofi9,36, the HBT radii
sition scenario due to the appearance of a mixed phase amdbtained from the two-electron interferometry is seen to be
hence time delay due to the slow down of the expansion raténsensitive to the in-medium modifications of the intermedi-
We would like to emphasize here that the HBT radii give theary vector mesons, apparently because of the cancellation of
length of homogeneity of the sourgQ], and this is equal to such effects between the numerator and the denominator of
the geometric size if the source is static. However, for aEq.(1). The results obtained from the electron interferometry
dynamic source, e.g., the system formed after ultrarelativistibiere are similar to those obtained from the photon interfer-
heavy ion collisions, the HBT radii are smaller than the cor-ometry[12] (where spin averaged amplitudes were used for
responding geometric siz¢see Refs[31-39). photon productiop The values of HBT radii extracted from
As indicated earlier, we also consider a scenario where ththe two-lepton correlation functions show thy,/ Rsjge~ 2,
p meson mass varies with the temperature of the mediuntonsistent with the assumption of a first-order phase transi-
The obvious motivation is to comment on this very importanttion scenario[29]. It has been checked that the HBT radii
issue based on two-electron interferometry. In Figa) and  extracted from the correlation function evaluated by using
3(b), we show the variation of the correlation streng@y) symmetric space and antisymmetric spin wave function is
as a function ofq,,; and g4 for various phases with the similar to the values given in Table I. Experimentally it is

Figures 2a)—-2(d) show the variation of the correlation
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FIG. 3. Same as Figs(l® and 2c¢) when the mass of the varies with temperature according to BR scaling.
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difficult to verify the predictions made here, however a firstsition. Near the phase transition, the quarks and gluons may
attempt to measure two-photon correlation functions innot behave as massless particles due to their interactions with
heavy ion collisions has already been made by WA98 Colother particles in the thermal bath, although they are treated
laboration[15]. ) _ _ here as massless. The bag model equation of state has been
Unlike hadrons which are dominantly emitted from the ysed here for simplicity; work with more realistic EQS3]
freeze-out surface of the fireball, the leptons and photons afg necessary. We have assumed #fafrom annihilation of
produced and emitted from all the_e_volutlon stages of thnhermal quarks and pions dominatepat 1 GeV. To justify
matter formed after the nuclear collisions. Therefore, leptoRis 5 detailed analysis of the, distribution ofe™s from

and photon interferometry can give, in principle, “the lengthgiher sources, e.g., Dalitz decays, open charm decays, Drell-

of homogeneity” of the system at any stage of the evolutiony,, o cesses, etc., is required. A detailed calculation taking
We have not come across any theoretical work on lepto

interferometry with spin-dependent invariant amplitude anorfhto account some of these factors will be published else-
. . ; . where.
(3+1)-dimensional hydrodynamical expansion. However,

there are scopes of improvements of the present work. A
first-order phase transition is assumed here in the absence of
satisfactory understanding of the order of the phase transition
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