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We propose a new method for ident ify ing and isolating QQ+ jet events t hrough semileptonic 
decays of t he QQ pair. Employing t hese decay dileptons to tag t he jet in a specific kinematic region 
provides a clean signature of jets associated with heavy quark production. T he measurement, in 
both pp and heavy-ion collisions, is essent ial for addressing heavy quark fragmentation in t he vacuum 
and in a dense medium. We present next-to- leading order calculations of QQ production (lead ing 
order in QQ+ jet production) in ..;s = 14 TeV pp collisions at t he LHC and discuss t he feasibility of 
t he measurement in heavy- ion collisions at .jSNN = 5.5 TeV. 

PACS numbers: 13.87.Ce, 24.85.+ p , 25.75.Cj, 12.38.Qk 

I. 	 INTRODUCTION as well as momentum and angular hadron correlation 
methods t hat access jet propert ies on a statistical ba
sis) over a wide rapidity range. P article ident ification Heavy quarks are important probes of QCD produc
(to reconstruct hadronic decays), together with hightion and hadronization in both fundamental pp collisions 
quality t racking and fine vertex-reconstruction capabiland ult rarelativistic heavy-ion collisions . They are cal
it ies and extended lepton coverage (for lepton ident ificulat ionally attractive because their large mass makes ·it 
cation and displaced-vertex ana lysis of semileptonic depossible to obtain t he production rate over t he ent ire PT 
cays) are available for heavy- flavor detection. However , range. Therefore, accurate heavy quark measurements 
disentangling t he signal from t he enormous background , provide direct quant itative tests of QCD, 	including a 
leaving similar signatures in t he detectors , is still chaldetailed understanding of t heir production, fragmenta
lenging.t ion and evolut ion. Since heavy quarks consti t ute an 

We propose a method of heavy-flavor measurement important part of t he background to many new part i
t hat combines heavy flavor and jet probes . Next-tocle searches in t he Large Hadron Collider (LHC) PP pro
leading order (NLO) calculations of heavy-quark producgram [1], detailed knowledge of t heir propert ies is vital. 
tion predicts final states with t hree hard , correlated parIn heavy-ion collisions, because the heavy quark produc
tons such as QQg and QQq. The result ing QQ+jet eventst ion t ime, rv 1/ 2mQ ~ 0.3 fm for m e = 1.5 GeV /c2 and 
should provide a unique high PT and large Q2 test of 0.1 fm for mb = 4.75 GeV/2 , is short compared to the 

rv 
QCD. The QQ pairs are ident ified by t heir decays to lep1 fm formation t ime of a quark-gluon plasma, heavy 
ton pairs, dominating the dilepton cont inuum above thequarks experience t he full collision history. 	Thus heavy 
Y mass. T hese high mass, heavy-flavor decay dileptons flavor observables probe b.oth production and propaga
are used to tag jets. Our results, presented for VB = 14 t ion t hrough the medium. 
TeV pp collisions, include acceptance cuts appropriate for Jets are another key high PT and high Q2 QCD probe 
the three large LHC detectors. We also briefly comment of hard production and fragmentation. J et measure
on measurements in t he more challenging environment of ments will be an important component of t he LHC PP 
Pb+ Pb collisions at JSN N = 5.5 TeV. and heavy- ion programs. 


The high energy and luminosity LHC is the ideal en

vironment for studies of both jets and heavy-quark pro


II. CALCULATIONAL METHOD
duction. T he large LHC detectors (CMS [2], ATLAS [3], 
and ALICE [4]), wi th wide calorimetric coverage and 

Heavy qua rk production has been calculated at NLO high-resolut ion tracking, can ident ify jets using stan
using the exclusive QQ code of Mangano, Nason and Ridard reconstruction methods (e .g. jet a lgori t hms t hat 
dolfi [5], HVQMNR. T he leading order (LO) cont ribureconstruct t he jet energy deposited in t he calorimeters 
tions to heavy quark production are gluon fusion, g+g -> 

Q + Q, and quark-ant iquark annihilation , q + q -> Q + Q. 
At NLO, a t hird hard parton can be produced in t he fi 

• Electronic add ress: cmir onovCHanl. gov nal state, leading to QQ+jet events from both gg and qq 
t Electronic address: vogt21!111nl. gov initia l states, as well as q + 9 -> q + Q + Qprocesses. T he 
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parameters used in HVQMNR are listed in Table 1. 

TABLE I: The HYQMNR parameters: (kT) is the mean in
trinsic transverse momentum; f is the parameter in t he Peter
son function [6]; f,F and f,n are t he ratios of the factorization 
and renormalization scales relative to the quark transverse 
mass, TnT. The CTEQ6M parton densities [7J are used. 

We use t he Peterson fragmentation function [6], t he 
HVQMNR default. The Peterson function reduces the 
charm quark momentum 30% on average during fragmen
tation while the bottom quark momentum is reduced by 
10%. 

The semileptonic decay branching ratios we use are 
D --t lX (10.3%) and B --t lX (10.86%) for 1 = e and J.L . 
These branching ratios are averages for generic D and B 
mesons. The implementation of B decays in HVQMNR 
is described in Ref. [8]. The D decays employ a similar 
technique. 

Four sets of dilepton kinematic cuts, outlined in Ta
ble II , were considered. The cuts were chosen taking the 
single lepton identification capabilities of the LHC exper
iments [2-4], into accouunt. The single lepton cuts are 
determined by the minimum lepton Pr and maximum 'f/ 
coverage of the ALICE (Cutd and CMS (Cut2-Cut4) de
tectors. The lower limit on the dilepton Pr is chosen by 
considering that, for typical light hadron fragmentation, 
~ 20% of the final-state light parton PT (in the QQX 
final state where X is a light quark or gluon) is carried 
by the leading hadron (the hadron in the jet with the 
highest PT)' Thus a parton with PT ,...., 25 Ge V I e will 
produce a leading hadron with (PT) ,...., 5 GeV Ie . There
fore, a sufficiently high dilepton PT cut will ensure that 
the jet is observable over the hadronic background. Also , 
previous studies [9] showed that intrinsic kT effects are 
more pronounced at lower hadron PT, making the results 
harder to interpret . 

bscrvablc ut, ut2 1(;ut3 ~ut4 
M (GcV Ic<) 
p~'~in (GcV Ic) 
l7Ji maxI 
p!,,!'~in (GcV Ic) 
11)~m.xl 

p~'n (GcVIc) 

[12,70[
1.0 
0.9 
1.0 
0.9 
~ 

[12,70[
3.5 
2.4 
3.5 
2.4 
10 .0_ 

[12,70[
3.5 
2.4 
3.5 
2.4 
25 .0 

None 
3.5 
2.4 
5.0 
3.0 
25.0 

TABLE II: Single lepton and diiepton cuts. Cutl represents 
the ALICE electron identification capabilities. The CMS 
muon coverage is assumed for Cut2 and Cut3 while Cut4 is a 
mixed et£ cut in CMS. 

III. QQ TAGGED JETS 

We will focus on the dilepton invariant mass region 
212 < M < 70 Ge V I e , below the ZO peak but above 

the 1 states, where QQ --t l+l - X dominates the signal 
dileptons. The main physics channels contribut ing to the 
signal in this mass range are vir tual photons (-y* --t l+l-) 
and correlated semileptonic DD and BB decays. The 
mass distributions for all three cases are shown in Fig. 1. 
The heavy flavor decays clearly dominate in t he region 
between the 1 and ZO peaks. 

'b'10-3 I I •• , •• t ••• I' • Ii •• I ' I • I 
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FIG. 1: Dilepton invariant mass distributions from DD and 
BB semiieptonic decays and ZO h' -> [ + [ - in pp collisions at 
VB = 14 TeY. 

Since QQ pairs can be accompanied by a quark or a 
gluon jet at NLO, we develop a way to identify and mea
sure the QQ+jet signal. We show that an azimuthal cut 
between the leptons from semileptonic heavy flavor de
cays can help isolate the QQ+jet topologies. 

A. Heavy Quarks 

In Fig. 2, the individual LO (open symbols) and NLO 
(full symbols) contributions to the dilepton PT distribu
tion from the initial qq, gg and qg channels are shown. 
The only kinematic cut is on the QQ pair mass: 12 < 
M < 70 GeV/e2 

. The NLO contributions are dominant 
over the entire PT range. The gg channel is the largest , 
followed closely by the qg channel. Above 80 Ge V I c, the 
LO contribution becomes negligible , even compared to 
the relatively small NLO qq contribution. We note that 
without the (kT) kick , the LO contribution would d ie off 
more rapidly. 

Thus heavy quark production is dominated by decay 
topologies where the Q and Q are produced with a light 
quark or gluon jet in the same hard event. Identification 
and isolation of these three-prong hard-scattering events 
would provide a means of selecting the heavy quark pro
duction mechanism. Using this criteria, heavy quark 
propagation can be probed in more detail. 

We now turn to a more unique observable: the open
ing angle between the leptons from semileptonic DD and 
BB decays. Figure 3 shows the partonic contributions 
to dCTld(6.¢) at LO and NLO, as in Fig. 2, with Cut3 
implemented. The LO contribution is strongly peaked 
back-to-back, appearing only at t::.¢ ,...., 7r. Note that the 
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FIG. 2: The partonic contributions to t he cC (left) and bi) 
pair (right) PT in the mass interval 12 < M < 70 GeV/c2 

No other cuts are imposed. 

cc pairs a re more back-to-back due to the lower charm 
mass and scale. The kr kick broadens the NLO contri
butions. Thus the gg and qg NLO !:J.1> distributions are 
nearly isotropic due to the presence of the third hard par
ton in QQ+jet events. Angular correlations are then a 
means of separating the NLO contributions to QQ pro
duct ion. 

B. Heavy Mesons 

We exploit the specific partonic kinematics from Fig. 3 
and analyze dileptons from seminleptonic decays of DD 
and BE. To determine whether t he kinematic cuts given 
in Table II can highlight different characteristic !:J.1> dis
tr ibut ions for t he QQ+ jet fina l state, we show the Pr and 
!:J. 1> distributions for charm (Fig. 4) and bottom (Fig. 5) 
decay dileptons with t he four kinematic cuts. The Pr 
distribut ions are all simila r. The bottom rates are some
what larger t han the charm rates, as may be expected 
[10]. The Cut4 rate is highest since t he eJ.L phase space 
is largest and no mass constra int is applied. 

The lepton cuts have t he most dramatic effect on the 
!:J.1> distributions. The cuts wit h the lowest minimum 
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FIG. 3: The same as Fig. 2 for t he azimut hal angle between 
t he Q and Q. Cut3 has been imposed. 
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FIG. 4: DD meson cut systematics. 

dilepton Pr have the highest rate at !:J.1> ~ 7r. The AL
ICE kinematic regime, with the most restrict ive phase 
space coverage, Cutl, gives the most back-to-back !:J. 1> 
distribution. Cut2 , the low Pr CMS dimuon cut, gives a 
rather isotropic distribution , as does Cut3 , a lbeit wi th a 
lower rate due to the higher Pr cut. Cut4 exhibits ad
ditional structure, wi th a small back-to-back peak and 
a larger peak at !:J. 1> ~ 0 when the dileptons are a lmost 
collinear. Here t he jet is back-to-back to t he lepton pair. 
The larger T) acceptance enhances detection of topologies 
where the QQ is opposite t he jet, giving a pronounced 
peak at !:J.1> ~ O. Thus t he reduced T) coverage and low 
minimum Pr of Cutl enhances detection of back-to-back 
lepton pairs. CUt2 and Cut3, with larger T) coverage, 
a llow more isotropic QQX fina l-states to be detected. 
Indeed, t he larger minimum Pr of CUt3 gives a smaller 
secondary peak at !:J. 1> < 7r/2. 

IV. DISCUSSION 

Since the QQ decay dileptons are opposite the jet at 
low !:J. 1>, we propose to isolate QQ+jet events by apply
ing a !:J. 1> cut, !:J.1> < 27r/3 or !:J.1> < 7r/2, between e±e'f 
or J.L±J.L'f pairs with 12 < M < 70 GeV/c2. Since t he 
CMS and ATLAS experiments have symmetric calori
metric and muon identification acceptance, e±e'f, J.L ± J.L'f 

10 
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FIG. 5: BB meson cut systematics. 



4 

.. 


U 10·' r"~o.,........,..-"T'-.--.,-=......,-.-.-'T"',.,..-.-,
'OlD" 

• CHAAN. Ooa , ~ e OlolMl.CIII , ~ ~O 
~ 10'&~ 10' .\lo 

o IOTtCN, CuII,o 80TT0M. Cut.
.0 .~ ~ ·~O 

i10" e g~'0· ~~O 
~ ·~OO -B 10.' IIl1gQ --B 10·' ··~O.II~OOO 

·11 
10· ~~~ 10· ~~ig...• 

II 
10.• L- PP @ 14 TeV 10. PP @ 5.5 ToV QII~.09 

CU1:"~ Cut:tt.~ •• 0 
10·'20 40 60 80 100 120 140 160 180 200 10" 20 40 60 80 100 120 140 160 180 200 

PT[GeV/cl piGeV/cl 

FIG. 6: The dilepton PT distributions from bottom (solid) 
and charm (open) decays with Cut3 and b.¢> < 7r /2 in PP 
collisions at 14 TeV (left) and 5.5 TeV (right) . 

and e±J-L~ pairs can be detected. In addition, the in
variant mass constraint can be lifted for mixed lepton 
pairs, e± J-L~ , since heavy flavor decays are the only sig
nal source. 

While the effect of the ~cp cut can be experimen
tally investigated with complementary measurements, 
the width of the PT distributions in Fig. 2 depends on the 
intrinsic kT, especially at low QQ PT. Since the back
to-back leading order contributions can become more 
isotropic through the kT kick, making the additional 
~cp < 7r/2 cut eliminates this source of contamination. 

The dilepton+jet rates as a function of PT are shown 
in Fig. 6 for JS = 14 and 5.5 TeV, the maximum Pb+Pb 
energy, using Cut3 with an additional ~cp cut, ~cp < 7r/2. 
The Pb+Pb rates for the four sets of cuts, assuming a 
simple A2 scaling of the PP cross section at JS = 5.5 TeV 
with no energy loss and integrated above a minimum 
dilepton PT, ppin , are shown in Fig. 7. Again, the addi
tional ~cp cut, ~cp < 7r/2, is applied. 

Following the identification of QQ+jet events, the two
body azimuthal correlation between the dilepton and 
hadrons in the same event can identify the jet and deter
mine its properties. Of course, it may also be possible to 
fully reconstruct the jet balanced by the dilepton using 

k 10' r .... 10
PbPb o[s;m5.5 ToV 

~... 
5 .. "'. 

"". 
~ . ...-s 10' r '\0 :;; 10 -.L=O.5 mb-'..'; runTlme=lcf s. "".B . 

tJ L _'_ _~ .!_'! _~.! 

~ • 
~ ~ , -.~ Scaling: Ab pp
~ 10' *10 ...::-.~ CU1:"~~ 
~'o' flo' .*'~ 

- 10 BOnO... ~~ 
.5 

10 

'0 20 40 60 80 

FIG. 7: Integrated bottom (left) and charm (right) rates as 
a function of p!pill for 5.5 TeV Pb+Pb collisions. No energy 
loss is included. 

a jet reconstruction algorithm. The feasibility of these 
measurements needs further study. 

While the dileptons from QQ decays are the signal, 
there are several important background sources. The 
main physics backgrounds are ZO11* ~ l+ l - and B ~ 
J/1j;X ~ l+l - X decays. There are also combinatorial 
backgrounds from random pairs where one lepton arises 
from a semileptonic heavy quark decay and another from 
a light hadron decay, pairs with both leptons from light 
hadron decays, and pairs of misidentified or fake leptons. 
These types of background can be reduced using invari
ant mass cuts, same-sign subtraction (J-L± J-L±, e±e±), or 
mixed, opposite-sign dileptons (e±J-L~). 

In heavy-ion collisions, there is additional combinato
rial background from uncorrelated cc and bb production 
since multiple QQ pairs can be produced in the same 
AA collision. It should be possible to subtract this back
ground by including QQ pairs in the like-sign subtrac
tion scheme. The uncorrelated dileptons not eliminated 
by the like-sign subtraction will have isotropic azimuthal 
distributions. 

In 'JYP collisions, pileup dileptons, from more than one 
'JYP collision in a typical bunch crossing, can occur during 
high luminosity running. However , the excellent vertex 
reconstruction capabilities of the LHC detectors should 
minimize the possibility of identifying a fake QQ+jet 
event with the QQ pair from one event and the jet from 
another event or with each lepton from different events. 
In heavy-ion collisions, fake dileptons can come from true 
heavy meson decays originating from different hard scat
terings in one Pb+Pb collision. We estimated the number 
of QQ+jet events in a single Pb+Pb collision at 5.5 Te V 
to be 0.8 for charm and l.7 for bottom. The results were 
obtained by multiplying the PP cross section in Fig. 6 by 
nuclear overlap integral in the 5% most central Pb+Pb 
collisions, 26.6 mb- 1 [I1J. These backgrounds are re
jected if the azimuthal correlation is used for jet identi
fication since a flat distribution is obtained for the fake 
dileptons . 

V. CONCLUSIONS 

Based on NLO calculations, we proposed a method 
for identifying QQ+jet events both in elementary pp col
lisions and in heavy-ion collisions . The results show 
that these measurements are feasible at the LHC when 
jet measurements are combined with judicious dilepton 
kinematic cuts. High rates are obtained for both the 
dedicated heavy-ion detector ALICE as well as for the 
CMS detector with its extended lepton coverage for both 
muons and electrons. 

The type of tagging that we propose is crucial to 
both the pp and AA programs since the measurements 
are related to the heavy-quark production mechanism, 
the fragmentation functions and medium-induced energy 
loss. 
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