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Abstract 

The spectra of lepton pairs from correlated Open charm and bottom decays in ultrarela- 

tivistic heavy-ion collisions are calculated. Our approach includes energy loss effects of the 

fast heavy quarks in deconfined matter which are determined by temperature and density 

of the expanding parton medium. We find a strong suppression of the initial itransverse 

momentum spectrum of heavy quarks due to the energy loss at LHC conditions. Witkin 

the central rapidity covered by the ALICE detector system, the dominant contributitarr 

from bottom decays to  the high invariant mass dielectron spectrum is predicted. 



The production of high invariant mass dileptons in relativistic heavy-ion collisions has 

attracted a great deal of interest in the recent years from both the experimental and 

theoretical sides. Dilepton measurements are planned with the PHENIX and ALICE de- 

tector facilities at the relativistic heavy-ion collider RHIC in Brookhaven and at the large 

hadron collider LHC in CERN, respectively. In despite of many theoretical attempts the 

nature of the dominating source of dileptons, which will be measured in these detectors, 

is still unclear. Among the candidates that can give strong contributions in the large 

invariant mass continuum region near and beyond the J / $  one can consider the following 

processes in which dileptons are generated: (i) hard initial quark - anti-quark collisions 

give rise to the Drell-Yan yield, (ii) semi-leptonic decays of heavy quarks like the charm 

and bottom, which are also produced dominantly in hard initial parton interactions, and 

- (iii) the ther~nal dilepton radiation resulting in interactions between secondary partons or 

even in a locally thermalized quark-gluon plasma (QGP). The yield from (iii) is expected 

to  serve as a direct probe from the QGP 11, 21. 

It is commonly believed that, due to the large invariant mass M, at least the Drell-Yan 

process and the initial heavy quark production in pp and pA collisions are under reliable 

theoretical control by means of perturbative QCD [3, 4, 51 arid, therefore, can provide a 

reference for the thermal dilepton signal from deconfined matter. At the Same time all up 

to date calculations of high-A4 thermal dilepton rates from early parton matter contain 

uncertainties due to the lack of knowledge of precise initial condition parameters such as 

the energy density and quark-gluon phase space saturation. The parton cascade model 

[6j and calculations based on the HIJING event generator [7] differ nearly by an order of 

magnitude in predicting the thermal high-D1 dilepton spectra. Recent estimates [8] within 

the mini-jet mechanism of quark-gluon matter formation [9], tvith initial conditions similar 

to the self-screened parton cascade model [10], point to a strong competition between the 

Drell-Yan yield and the thermal signal in a wide range of beam energies of the colliding 

nuclei. 

With respect to the wanted dilepton signal from the QGP the dileptons from charm 

and bottom decays play a r6le of substantial background [ll]. The magnitude and the 

characteristic properties of such background is presently matter of debate. As shown 

by Shuryak 1121 for RHIC conditions the energy Ioss effects of heavy quarks propagating 

through a medium can drastically reduce the dilepton yield from charm and bottom decays 

in the region of Iarge invariant dilepton masses. Further calculations [13], including the 

PHENIX acceptance a% RHIC, also predict a very strong suppression of dileptons from 

heavy quark decays, which then is partially beluw the Drell-Yan yield. The studies in refs. 



[12, 131 are based on the approximation of a constant rate of energy loss -dE/dx = 1 or 2 

GeV/fm. Independently of the assumed mechanism of energy loss the approximation OE a 

constant value of dE/dx is diffieult to justify for strongly expanding and cooling matter. 

In general, the value of dE/dx is expected to depend on the mean free path of heavy 

quarks in the medium which is obviously governed a time dependent density. As shown 

below, in particular within the gluon radiation mechanism of energy loss [14], dE/dx can 

depend on widely varying characteristic quantities of the parton medium formed a t  RHIC 

and LHC. 

In the present paper we study the dileptons resulting from decays of correlated Open 

charm and bottom produced initially in hard collisions and undergoing an energy loss 

which is deterrnined by the temperature and the density evolution of the deconfined 

medium. Going beyond refs. [12, 131 we concentrate here on LHC conditions, where the 

energy loss appears much stronger as compared t o  RHIC. This leads to almost complete 

stopping of initial charm and bottom in deconfined matter produced at LHC. The central 

rapidity acceptance of ALICE will select in this case the electron pairs mainly from bottom 

decays. It  is assumed that, due to a like-sign subtraction, the combinatoric background 

from uncorrelated pairs can be removed, and hence forth we focus on correlated pairs. 

In the framework of perturbative QCD the number of the heavy quark - anti-quark 

(QQ) pairs, produced initially with transverse rno~nenta pll = -p12 = p~ at  rapidities 

y, and y2, in central AA collisions can be calculated from 

where H(yl, y2,p1) is the standard combination of structure functions and elementary 

Cross sections (see for details [8, 111) 

where fi(x, Q2) with z = gj q, 4 are the parton structure functioris, z 1 ~  = 

ml  (exp{iyl} i exp{ltlh}) /fi and r n l  = Jpm. As heavy qua& masses we take 

m, = 1.5 GeV and r n b  = 4.5 GeV. We employ throuphout the present paper the. WERA 

supported structure function set MRS D'- [lS] from the PDFLIB in CER??, The overlap 

function for central coilisions is TAA(0) = A2J(zRi)  with Ra = 1.1~"' 3m ttnd A = 20 

in this paper. tVe do not include shadowing effects of riucli?ar parton distributisrns in 

the present paper since for f-ieavy quark procluction tfiey are expected ta be not very 



important and can be considered separately. Our calculati~on procedure is based on the 

lowest-order QCD Cross sections d 6 & / d i  for the subprocesses gg -+ QQ and 94 i QQ 

with the simulation of higher order corrections by the corresponding ICQ factor. Such a 

procedure reproduces within the needed accuracy the more involved next-to-leading or- 

der calculations [ll] for the heavy quark pair distributions with respect to their invariant 

mass, total pair rapidity and gap rapidity. We find the scale QZ = 4772; and lip = 2 as 

most appropriate. 

For the Drell-Yan production process of leptons at rapidities yl and yz and transverse 

momenta p l l  = -p12 = p l  we have 

with db; /d i  = $c11(~~ - y2)/ (2p:[l+ ch(yi - yz)I3), x1,2 = p~ (esp{f yl) + exp{kn}) 

/&, cr = 11137, 0' = X ~ I C Z S  = M2 and liDY = 1.1 [3]. 

Since the energy loss of heavy quarks depends strongly on the properties of produced 

matter, which is propagated through, one has to specify the initial conditions and the 

space-time evolution of such a medium. To do this in a coherent manner we employ for the 

mini-jet production (which dominates the parton matter forrnation) the Same lowest-order 

approximation and parton structure functions as for the initial heavy quark production. 

Adding a suitably parametrized soft component [8] we get the initial temperature Ti = 

1000 (550) MeV, gluon fugacity X: = 0.5 and light quark fugacity X: = Xq/5 of the mini- 

jet plasma forrned a t  initial time ri = 0.2 fm/c a t  LHC (RHIC). The space-time evolution 

of the produced parton matter after ri is governed by the longitudinal scaling-invariant 

expansion accomganied by quark and gluon chernical equilibration processes [16, 171. We 

take for definiteness full saturation, i.e. Ag = X9 = 1 at deconfinement temperature 

T, = 170 MeV. (Due to gluon multiplication [18] this seems to be justified, while the 

chemical equilibration of the quark cornponent might be somewhat overestimated by this 

ansatz.) The actual time evolution is determined by e cx T - ~ / ~  for energy density and 

X939 m [17], which must be inverted to get T( r )  explicitly. This results in final pion 

rapidity densities (see [8]) which are in agreement with other estimates [9]. 

To model the energy loss effects of heavy quarks in expanding matter we assume as 

usual in the Bjorken scaling picture that a heavy quark produced initially a t  given rapidity 

wifl follow the longitudinal ffow with the Same rapidity. Therefore, with respect to  the 

fluid's local rest fsame the heavy quark has essentially onIy a transverse momentum p1(7) 

which depends on the proper loca1 time r in accordance with the energy loss in transverse 



direction. (Note that the transverse expansion a t  early times can be neglected, and we 

take as averaged transverse radius of parton matter R = 7 fm.) 

To calculate the evolution of the transverse momentum pL(-r) of quarks propagating 

the distance ~ ~ ( 7 )  in transverse direction we adopt the results of Baier et al. [14] for the 

energy loss of a fast quark in a hot QCD medium 

where the parameter kz = 2n&(T) r $ ( X g  + ~~,)rroi,T~ [16, 171 is used as an average 

of the momentum transferred in heavy quark-parton scatterings, and the strong coupling 

is described by.a, = 0.3. For the mean free path of gluons we take L N (oggn,)-l with 

integrated Cross section cg, aS/k: and gluon density n, X g S " ,  resulting in L-' = 

2.2 a, T [16, 181. The derivation of eqs. (5,6) relies on the assumption that the teniperature 

changes smoothly enough in space-time so that the mean free path of heavy quarks is less 

than the characteristic scale of the ternperature gradient. Such an approximation can be 

improved by considering finite size effects [19] which, however, is beyond the scope of the 

present Paper. The r.h.s. olf eq. ( 5 )  is actually the rate of energy loss dE/dx which is 

essentially cc (P? + rnQ)lI4. Due to the rapid expansion of the matter this value depends 

strongly on the time. For instance, at LHC conditions and initial momentum of a Iieavy 

quark of 10 GeV the stopping power -dE/dx drops frorn 6 GeV/fm down to 0.3 GeVlfm 

during the expansion of deconfined matter. 

So get realistic spectra of charm and bottom quarks after energy loss we use a Monte 

Carlo simulation with a uniform distribution of the random initial position and random 

orientation of QQ pairs in the transverse plane. We integrate then eqs. (5,6) together 

with the above described time evolution of T(7-) and &(T).  Eq, (6) is used to check 

whether the considered heavy quark propagates still within deconfined matter; if it kaves 

the deconfined medium it daes not longer experience the energy loss according to eq. (5). 

(The subsequent energy loss in a possible mixed and hadron phase rnight be incorporated 

along the approach of [20].) A considerable part of l-ieavy quarks can not escape the 

parton system thereby undergoing thermalization. Following 1131 we consider a heavy 

quark to be thermalized if iits transverse niass r n ~  during erlergy Eoss bccomes less thann 

the averaged transverse macs of thermalized light partons at given temperature. This psrt 

of heavy quarks we assume to be distributed as d1VQ/dmL cx mi  e ~ p ( - - m ~ / q l , ~ )  with an 

effective temperature T,E = 150 MeV. 



The results of our calculation for transverse momentum spectra of charm and bottom 

quarks at midrapidity are shown in f i g  1. We obtain a strong suppression of the initial 

transverse momentum spectrum at  large transverse momenta due to the energy loss both 

for charm and bottom. The bump below 3 GeV is caused by the thermal redistribution. 

(The rapidity integrated spectra have the Same shape.) In comparison with RHIC condi- 

tions [13, 211 the suppression at LHC is found to be more pronounced due to the longer 

life time of deconfined matter and its higher initial temperature and density. It should be 

stressed that such a drastic change of the pl spectrum of heavy quarks in AA collisions, 

in comparison with pp or pA collisions, is a measurable effect which for itself can help to 

identify the creation of a hot and dense parton gas [T, 221. 

Basing on the analysis of ref. [ll] we employ a delta function like fragmentation func- 

tion for heavy quark fragmentation into D and B mesons. It gives the Same transverse 

momentum for the meson as for the parent heavy quark. The correlated lepton pairs from 

DD and BB decays have been obtained from a suitable Monte Carlo code which employs 

the single electron distributions as delivered by JETSET 7.4. The average branching 

ratio of D -+ 1 $- X is taken to be 12%. 'CVe consider here only the so-called primary 

leptons [13] which are directly produced in the bottom decay b + 1 X with the aver- 

age branching ratio 10%. The secondary leptons 1' produced in further branchings like 

b -+ c X  + 1'Y have much smaller energy and do not contribute to the large invariant 

mass region. Such simplification does not affect significantly the dielectron yield a t  Pf > 2 

GeV as we have checked by comparison with ref. [ll]. To get the dielectron spectra from 

charm and bottom decays a t  LHC we take into account the acceptance of the ALICE 

detector: the electron pseudo-rapidity is lqel < 0.9 [23] with an additional cut on the 

electron transverse momentum p l  > 1 GeV to reduce the lepton background from light 

hadron decays. We do not take into account the limited high-pL acceptance ( p l  5 2.5 

GeV [23]) in our simulations to demonstrate the general tendency of the spectrum in the 

high-M region. Our results of heavy quark decays a t  LHC are depicted in fig. 2 for charm 

(a) and bottom (b) for M 2 2 GeV. Dlue to  the strong energy loss the contribution from 

charm decays falls below the Drell-Yan yield in the region 2 5 M < 4.5 GeV. At the 

Same time the contribution from bottom decays becomes dominant in this region. This 

can be understood also On a qualitative level. Even after strong energy loss the massive 

B mesons have enough energy to produce electrons with p l  > 1 GeV. Additionally the 

central rapidity cut af the ALICE detector selects electrons from charm being near mid- 

rapidity, while for bottom the carrespoinding rapidity region is much greater. Further one 

has to stress that tve actually estimate a lower limit for bottom decay; as discussed above 



the seccmndary electrons contribute somewhat at not too large values of Ag. Therefore, a t  

LHC the dielectron continuum region above 2 up to 4.5 GeV is expected to be dominated 

by bottom decays. 

To demonstrate the general tendency of the relative contribution from the Drell-kan 

process and heavy quark decays with the change of the collider energy we plot in fig. 3 

the results of our calculations for RHIC initial conditions including the PHEKIX detector 

acceptance for the electrons, i.e. lqel < 0.35 [24]. As above for LHC we here also employ 

the gate p l  > 1 GeV. One observes in fig. 3 a strong competition of the Drell-Yan process 

and correlated heavy quark decays in a wide region above _M = 2 GeV. This confirms 

in part the previous estimates [13] wliich rely on another treatment of the energy loss. 

In particular, already at fi = 200 AGeV the contribution from bottom decays becomes 

important if energy loss effects are taken into account. As mentioned above, at  higher 

collider energy the bottom decays happen to be the dominant dielectron source at high 

invariant mass if 110 further kinematical cuts than above mentioned are imposed. 

In Summary, taking into account the energy loss effects of heavy quarks we calculate 

the spectra of electron pairs from correlated Open charm and bottom decays a t  LHC 

conditions. We obtain a measurable, strong suppression of large transverse momenta of 

heavy quarks due to the energy loss in the expanding deconfined matter. Our calculations 

predict the dominating contribution of bottom decays in the high invariant mass region 

of electron pairs which are planned to be measured a t  central rapidity in the ALICE 

detector. 
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Fig. 1: The  p~ spectrum of heavy quarks ((a): charrn, (b): bottom) at  midrapidity in 

A A  collisions at LI-IC (& = 5500 AGeV). The dotted curves depict the initiaf production 

without energy lloss, while the  solid lines show our result with enesgy Eoss and T,K = 150 

MeV for thermalized heavy quarks. 



LHC (ALICE acceptance w/o high-PT Cut) 
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Fig. 2: The invariant mass spectrum of dielectrons from correlated charm (a) and 

bottom (b) decays as well as Drell-Yan eIectrion pairs filtered throughout the LHC accep- 

tance, buk the h i g h - p ~  cut of 2.5 GeV is here not implemented. 
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Fig. 3: The invariant rnass spectrum of dielectrons from correlated charm (dotted line) 

and bottom (solid line) decays as well as Drell-Yan electron pairs (dached line) filtered 

throughout the PHENIX acceptance. 
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