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Dilepton-tagged jets in relativistic nucleus-nucleus collisions: A case study

Dinesh K. Srivastavaand Charles Gale
Physics Department, McGill University, 3600 University Street, Montreal, Canada H3A 2T8

T. C. Awes
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6372
(Received 20 December 2002; published 22 May 2003

We study theA+B—£€*¢~ + jet +X process in nucleus-nucleus collisions at relativistic energies. The
dilepton as well as the jet will pass through the matter produced in such collisions. The recoiling dilepton will
carry information about the kinematical features of the jet, and will thus prove to be a very effective tool in
isolating in-medium effects such as energy-loss and fragmentation function modifications. We estimate the
contributions due to correlated charm and bottom decay, and identify a window where they are small as
compared to pairs from the NLO Drell-Yan process.
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I. INTRODUCTION information about these mechanisms in the medium. The
dilepton can thus be used to tag the jet: photon-tagged jet
The study of dilepton production through the Drell-Yan measurements have been suggested as a precise probe for the

procesg 1], h;+h,—€* ¢~ +X has remained a useful tool study of jet-quenching5].
to sound out concepts about the parton model, QCD, and the We recall that jet quenching can manifest itself in various
structure functions of hadrons. If the initial state partonsways; there would be a suppression of hadrons having large
have no transverse momenta, the lowest-order progess transverse momenta, when compared to the resultp for
— y*—¢*¢ produces a lepton pair with a ngt=0. Ex-  collisions, and the fragmentation function AA collision
periments, however, show that the net transverse momentufiay be different from those seenéie” or pp collisions,
of the dileptons produced by the Drell-Yan process are of th&C- (see Ref[5]). A precise determination of these effects
order 1 GeV for a dilepton having a maks~10 Gev[2].  Will require knowledge of the energy of the parton produced
This fact outlines the importance of the next-to-leading ordef" the hard collision, which fragmented into the jet. Note that
(NLO) Drell-Yan contributions. Also, one could assign an the inclusive transverse momentum distribution of the had-
intrinsic spread to the transverse momenta of the partongONS will not permit us to deduce the value for Ehe parton
This momentum can have many origins, and a confinemerfldE/dx) unambiguously, as a hadron with a give}i“"*"can

argument along those lines only accounts fog2)  arise from the fra%;nnsnntation of any parton havip§f""

~(0.3 GeVY [3]. =phado)z wherep?™®"is the momentum of the partaat

It is therefore clear that the dileptons acquire additionalthe time of fragmentatigrandz (<1), is the fragmentation
transverse momenta from production mechanisms beyoneariable. Recall also that the vast amount of theoretical ac-

leading order in perturbation theory: tivity [6] in the last decade has yielded varying predictions
o for the dependence ofE/dx on the energy of the parton and
qg—qy* and qg—gy*. (1)  the properties of the medium. A precise knowledge of the

energy of the progenitor of the jet of hadrons will provide the
These Compton and annihilation processes are analogous iigformation necessary to settle these issues.
the ones responsible for the production of real photons where The very large background of hadrons AA collisions
the recoiling final state quark or gluon balancesdhefthe  makes it very difficult to characterize the jet through canoni-
dilepton. An important poinf4] is that the dileptons thus cal jet algorithms that typically prescribe energy measure-
produced arealways accompanied by a recoiling quark or ments in some cone around the jet axis. To minimize contri-
gluon. If the energy of the quark or the gluon is several tengutions from the large nonjet background, particles emitted
of GeV, it will lead to a jet of hadrons in a narrow cone beyond the cone or having an energy below some threshold
around the leading hadron in the jet. are excluded in the jet measurement. This excluded energy,
Now consider a collision of two heavy nuclei at relativis- as well as the nonjet background energy, must be estimated
tic energies, which could lead to the formation of a quarkand taken into account. Because of the difficulty of making
gluon plasmaQGP. The dilepton and the jet produced in these corrections, photon tagging of the jet is a valuable al-
the above process will pass through the plasma. The dilegernative or complement to the jet energy measurement, as
tons will not interact, while the jet will lose energy through the transverse momentum of the phot@eal or virtua) is
collisions and radiation in the plasma, and provide valuableequal to that of the high energy parton produced in the col-
lision.
In this work, a measurement of dilepton-tagged jets is
*Permanent address: Variable Energy Cyclotron Centre, 1/Asuggested and given quantitative support. We argue that
Bidhan Nagar, Kolkata 700 064, India. these measurements could have advantages over measure-
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ments of real photons, even though they are similar in phistateg, and thus there is a hope that for lamggof the pair,
losophy. In measurements of real photons, photons from ththe contribution of the heavy-quark decays may become
radiative decays of mesons, predominantfs, constitute a  smaller than the NLO Drell-Yan contribution. It is also likely
huge background that overwhelms the real photon yield exthat one may be able to suppress or account for these contri-
cept at very h|gh transverse momenta. The real photoh)utions explicitly if one can identify the vertex of the decay-
sample can be enhanced by rejecting photons for which atd D or B meson, or reject leptons within a region of jetlike
accompanying photon is measured with the two photons haactivity. Moreover, if the charm and the bottom quarks lose
ing a photon-pair mass that falls within th€ mass window. €nergy due to collisions or radiations in the plagmp their
However, this method fails at low transverse momentum foicontribution will again be reduceid], as the individual mo-

central heavy ion collisions due to the need for a large acmenta of the quarks will be reduced, leading to a reduction in

; S the netqr of the resulting lepton pair.
nce in order to m r h photons with high prob- T ) . o .
ceptance in order to measure both photons with high prob These hopeful considerations are quantitatively tested in

ability, and due to the highr® multiplicity and the corre- . X )

sponding large number of combinatorial photon pairs whichthe foII_owmg. _Our goal here_ s to per_form s_|mple phe_nom-
P . A . * 7 enological estimates, and to identify kinematical domains ap-
results in the rejection of essentially all photons as possibl

A f)ropriate to relativistic heavy ion collidgRHIC) and the
decay photons. As the transverse momentum of#hén- 596 hadron collidefLHC) where our tag would shine

creases, such as when it is the leading hadron in the jet, tr}ﬁrough the background. Note in passing that the CMS ex-
opening angle between the two decay photons decreasgsariment has considered the possibility of observing jets
making it possible to identify and reject the decay photongagged byw andZ bosons, which are governed by the same

with high probability and with fewer false combinatorial criteria[9], and are thus open to similar vulnerabilities. See
possibilities. However, for photon measurements using caloy|so Ref.[10].

rimeters, at large transverse momentum the opening angle

becomes so small that the symmetric decay photons will Il. DILEPTON PRODUCTION

merge into a single shower cluster and appear as a single

isolated photon, making it impossible to isolate them and At the outset, we add that the thermal radiation of dilep-
discriminate between a single real photon and two overlaptons from the QGP and the hot hadronic matter, a subject of
ping photons from the decay of the”. This then leaves a considerable researdi3] will not be important[11] in the
narrow window of photorijet) energies where the real pho- domain (of very largeqy) of interest here. The dileptons
tons can be identified and such studies may be conducted. @m the annihilation of jets passing through the Q[AR]
course, quantitative limits will depend on actual detectorcould, however, have some contribution, at least at the LHC.
characteristics of geometry and granularity, and on the paWe shall report on this in a future paper. In the following we
ticle multiplicity. Typical calorimeter geometries have consider only the Drell-Yan process and the correlated decay

m%-photon shower merging limits as low as 20 GeV/ of heavy mesons.
Now consider the case of a dilepton recoiling against the
jet. The¢™ and ¢~ are easily separated for arbitrarily large A. Drell-Yan process: Lowest order

momenta. There are no other sources of dileptons having The cross section for the lowest-order Drell-Yan process
large g+ (see below. Furthermore, the mass of the lepton ;g given by
pair M gives an additional handle on the initial state scatter-

ing [5], as we can study dileptons that have the same trans- do Ao
verse momentuni.e., the recoiling jets have the same trans- 5= 7 F(Xy,X2,M?), (2
verse momentujrbut different masses. One pays the price of dM“dy 9M

a low counting rate, but if the signal can be separated froni}vhere
the background and if luminosities are sufficient, we have a
versatile tag.

To repeat, the dileptons produced through the process F(xl,x2,M2>=x1x22i e[/ (x1,M?)qP(x,,M?)
qg— ¢ "¢~ will have only a modest resulting from the
intrinsic transverse momentum of the partons. The correlated +ai‘3(x1,|\/|2)in(X2,|\/|2)]; ®)
charm and bottom decays, which offer a huge contribution to
the dilepton production, will also be governed by the samef; are quark structure functions, and the sum runs over the
order ofqgy given from the intrinsic momenta of the partons, quark flavors. We further have

in lowest order. Even though thec and thebb will have a X = MeY/\s
vanishinggt in the lowest order, the random transverse mo- ! '
menta of the leptons in the semileptonic decay of the result- x,=Me Y/ Js. (4)

ing D and B mesons could still result in a net; for the

lepton pair. At the NLO, the heavy-quark pairs will have In the aboves is the square of the center of mass energy per
additionalgy, which would then get translated into thg of ~ nucleon. The parton cross sections are scaled by the nuclear
the lepton-pair. One can see that the heavy quark will transthickness functio 45 (b=0) to obtaindN/dM? dy for the

fer only a part of its momentum to the leptétmne semilep- Drell-Yan production of dileptons in centréimpact param-
tonic decayB — D{€v andD—K{v have three-body final eterb=0) A+B nuclear collisions. As observed in the In-
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TABLE |. Total cross sections for heawyq production inp-p Above, any quantity under a car@.g., o) is associated

collisions. All values are inub. with a parton-parton process. We set the renormalization and
o NO o NO the factorization scales t@r=ur=M?+q?, as appropriate
Vs (GeV) Tec Tee Thp oo for the study of the transverse momentum of the lepton pairs.
200 50.3 145.9 0.84 1.67 Itis obvious that if one decides to chooge= ur= M2, the
5500 1054 3362 79.7 174.4 production of NLO Drell-Yan dileptons will change. We fur-
ther have

troduction, if the partons do not have any intrinsic momen- Rexlia 201 M?2
tum, then the netqy of these lepton pairs would be XT=Xgtar, =BT s ©

identically zero. The effect of including the intrinsic trans-

verse momentum of the partons to the LO Drell-Yan procesgye also add that the momenta of the lepton pair g, the in-
can be seen through the standard practice of folding in foming partons [§;), and the recoiling partonk], in the
Gaussian distribution iy with a width of ~400 MeV. In . cleon-nucleon center of mass system are given by

the following, we use the CTEQ4M parametrizatid8] of
the parton distributions. 1
p1= Xlz\/g(l,O,Or" 1),
B. NLO Drell-Yan process: Annihilation contribution

The NLO process for dilepton production has several in- 1
teresting features relevant to the present study, which we p2=x2§\/§(1,0,0,— D,
recall here. We reiterate that we are interested only in large
gt processes, and thus the treatment discussed here is suffi-
cient for this purpos¢l4]. A full treatment[15] that regular-
izes the behavior of the cross sectiomggs— 0 is of course
available. First, consider the annihilation processq—g
+ y*. The differential cross section for the production of a
dilepton having mas#, transverse momentuiy, and ra-

q:(ququqL)y

k= (Ko, —qr,kp). (10

C. NLO Drell-Yan process: Compton contribution

pidity y, with a jet associated at the rapidyy, through the The expression for the Compton contribution to the Drell-
annihilation process is given by Yan process at NLO is a little more involved. We hdvé
do? ” )1 do? © do® - )1 doC(s,0)
—————=F(Xy, X9, up)— ——=. ——————=F (X , X9)— ———
AM2dPqdydye - 2T T amedt dM2dPqdydy, - 2T dMZdU
We have[4] 1 doC(s,t)
A . R + F2(X1,X2); W, (ll)
dot 4 2a%ayun) E-M22HG-M22 M*du
dM2dt 9 3Mm? s’tu ’ where
where —
. Fl(X11X2)2X1X2gA(X1)2 e71q7(X2) + a7 (%),
S—M?2=x,x,5— M?, !
- 1
t—M?=— ESXTxle_y, Fa(xy ,Xz)lexzzi: e’[al(x0) + a7 (x1)195(x2), (12)
M= — S exx,e doS(5,0) 1 2aPaq (5—M?)%+(l-M?)?
2 ’ 2 6 5 = = . (13
dM<du 3M s(—u)
tu=sq?, ™ and
and A - .
doC(s,t) 1 2a%ag(S—M?)2+(t—M?)?
Lyt dM2dU 6 3M? (-1 -
xlzszey+ EXTeYjet, u S (_t)

In the above, we have not explicitly shown the factorization
1— 1 and the renormalization scales, which are takemas
= Yy — “Yiet, S al
Xe=oXr€ T o Xee ®  _mey g as for the NLO annihilation term.
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D. Heavy-quark production az(Qz) QZ
) , S AM2 A2y _S
We consider the production of heavy quarks at NLO. The 01,j(s;Mq,Q%) = M2 J(“W) ' (16)
lowest order contributions come from the processgp Q Q
—QQ and gg—QQ. The NLO terms originate frongg  where
—QQg, 9q(a)—QQq(a), and gg—QQg. The general 2
expression for the production can be written as _ 4Mq
= s 17)

do=2, | dxdxda;;(5,M3,Q) A (x1,Q)P(%2,Q?),
1)
(15

and
fi (0. QM) =1P(p) +4may(QI[fH(p)

wheref;" are the distribution functions for the partons in the +Ti(,lj)(P)|”(Q2/Mé)]' (18)

nucleon in the nucleus Ax; are the fractional momenta of

the incoming partons, argk=x,x,s is the parton-parton cen- are taken from Ref.16]. We have used the factorization and
ter of mass energy. The parton cross secti‘Qr(s,Mé ,Q?%)  the renormalization scales Q= Mé+(p$>, where(p2) is

can be written as the average of the transverse momenta of the produced quark
2‘0 T T T T T T T T | T T T T T T T T

r Au+Au@\}s=200 AGeV 1

[ M=2 GeV, q;=10 GeV |
,,’.; L i
() 15— —
S | i
~
Z - i
RS L i
e 10 — L . .
9 L J FIG. 2. Rapidity correlation of the dilepton
e L i and the recoiling jet at RHIC.
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&
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<
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and antiquark. The correlated semileptonic decay of the . RESULTS

heavy O or B) mesons is then estimated by fragmentation A f | h f fractional
of the heavy quarks to produce the meson and then estimat- s a first step, we explore t € range o ractional mo-
ing its decay in the quark modgd7]. The branching ratios to Ment@ of the partongEg. (8)] which are relevant for our
leptons for the decay of th® and B mesons are taken as PUrPosesee Fig. 1. The diagonal provides the values for the
12% and 10%411], respectively. Even though more sophis- situation when _b_oth_the rapidity of the dileptgy) as well as
ticated approaches exikt8], the one outlined above is suf- that of the recoiling jety;e) are zero. The squares denote the
ficient for our purpose, as we only wish to know where these?0int when theyje= +0.5, while the pointy;e=—0.5 is in-
contributions are small. We have verified that our results arglicated by the diamonds, when the dilepyon0. Thus large
quantitatively similar to those obtained from PYTH[A9] M and very largeg; of the lepton pair do not sample very
and also by Gaviret al. [11], where parametrizations of the small values ok, and the nuclear modification of the parton
measured lepton spectra from semileptonic decadyafidD  distribution functions will hence not play a significant role.
mesons are used to generate the lepton momenta. The total Next we study the rapidity correlation between the dilep-

cross sections for heawyy thus obtained are shown in Table ton and the jet. We seigs. 2 and Bthat there is a strong
I. These values do depend on the choice of structure fungositive correlation between the rapidity of the dilepton and

tions and scaleg20]. the recoiling jet; i.e., when the dilepton has a positive rapid-
Finally, the momentum lost by the heavy quarks duringity, the jet also has a positive rapidity, and the correlation has
fragmentation is taken to be negligidi21]. a width of about 2 units of rapidity.

- Au+Au@Vs=200 AGeV
b=0 fm
y=0

10~%

~
(\% 1076 93 —>1"1"+g & q(@)g—>1"1"+q(q) —
&} ]
> -
N—’
> 1077 —
";:’-; E E FIG. 4. Jet-rapidity integrated dilepton rates at
g B . RHIC for various masses of the pair.
S 1078 - —
= " aq->1 E
"° [ with ]
10—9 |intrinsic —
F momentum 3
10~10 L
0 5 10 15
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&
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< i ] FIG. 5. Jet-rapidity integrated dilepton rates at
5 10-7 _ the LHC for various masses of the pair.
= 3 3
> o |||ag > 2 GeV :
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1078 |- intrinsic —
E momentum 3
1079 L—
0 10 20 30 40
qr (GeV)

This aspect has been discussed in detail by Kajattad.  hance the yield by 50-100 % depending on the value of the
[4] and has been attributed to the dominance of the Comptoimtrinsic momentum.

term through the & term in the scattering cross section. ~ The semileptonic decay @ andB mesons gives a large
Note that the finitey values are chosen as the midpoints of contribution to the dilepton productiofil]. We show the
the forward/backward rapidity coverage of PHENIX at results of our calculations, which extend up to large lepton-
RHIC, and they fall within those for the ALICE and CMS pair masses. The LO Drell-Yan contribution has been scaled
experiments at the LHC. by a factor of 1.5 to account for the NLO terms as our ex-
We now study the jet-rapidity integrated dilepton rates atPloratory calculations will be inadequate at layt, and a
RHIC (Fig. 4 and at the LHC(Fig. 5 due to the NLO Mmomentum integral has to be performed in order to obtain
processes discussed above. We have also given the results 18¢ mass distributions. . N
the LO Drell-Yan contribution, supplemented with a modest Figures 6 and 7 suggest that it may be very difficult to
intrinsic ky for the partons. As expected, the NLO processe$bserve the dileptons recoiling against a jet in the back-
dominate as the transverse momentum of the (veliich is ground of the correlated decay of charm and bottom. This,
also the transverse momentum of the recoiling ijetreases. indeed, is the case for dileptons radiated from thermal
The NLO contributions to the Drell-Yan process and also thesourceq 11]. However, this conclusion changes when tfe
heavy-quark productiofﬁee bek)Whave been calculated |g- distribution of the dileptons is studied for Iarge pair masses,
noring the intrinsic momenta of the partons. Including it will @ shown in Fig. 8 for mass windows of 2 and 4 GeV at

increase thgqy) of the resulting lepton pair and may en- RHIC energies. We find that dileptons originating from the
NLO Drell-Yan process dominate at largge, and with an-

ticipated total sampled event sizes of10'° events, they

100 - Au+Au@ 200 AGeV |
i b=0 fm | - l Pb+Pb@ 5500 AGeV ]
_ . 100 - b=0 fm
% 10~ :,_\—LLL
(9} L
N
= i =
3 § 1072 - H\
~ -4 |
3 10 _|I—_ g JI'_\‘H“LH__H\ DD —>1*17+X _
B N
Z 1074 - —
10-6 BB —>1"17+
0 5 10 15 20 1076 - LO DY x 1.5
M (GeV) | 1 1 .
o _ _ 0 10 20 30 40
FIG. 6. Mass distribution of heavy quark pairs and the dileptons M (GeV)

from their correlated decay at RHIC energies. The LO Drell-Yan

contribution is also shown. FIG. 7. Same as Fig. 6 for the LHC.
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. . . . FIG. 9. Same as Fig. 8 for the LHC.
FIG. 8. Rate of dilepton production with pair mass <19

<2.5 GeV(upper pangland 3.5<M <4.5 GeV(lower panel as a

function of pair transverse momentum at RHIC energies. loss of partons during their passage through quark gluon

plasma. The background from the correlated decay of charm

open a window for a clean measurement of dilepton-tc'igge(?}lnd b_ottom mesons, which hinders t_he identification of 'Fher-
jets. This window shifts to higheg; at the LHC(Fig. 9, and M@l dileptons[11], is found to be unimportant for large jet

identification becomes more difficult than at RHIC. The situ-©" .dllepto.r) transverse momenta, that IS, I the kinematical
ation may improve if the heavy quarks lose energy in thdegion of interest for jet-quenching studies. Even though the

medium, degrading th® and B meson decay contributions counting rates _Wi” be ;mall, the apticipatgd eveqt samples
to lower dileptongy. Furthermore, the background can be SUddest that dilepton jet tagging is feasible. This method

reduced if the contributions of the heavy-meson decays ca! ould thus prove useful in the resolution of several issues of
be isolated and rejecte@uch as by determination of the undamenta! importance in the physics of high energy par-
decay vertices, or by jetlike isolation ciits tons traversing a plasma of quarks and gluons.
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