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1 Introduction
Finite temperature simulations of lattice gauge theory suggest a phase transition to a new phase of QCD matter—
the quark-gluon plasma (QGP). The order of this phase transition depends strongly on the color and flavor degrees
of freedom included in the simulations [1]. In a pure SU(N ) gauge theory (gluons only), the phase transition
is second order, (i.e. continuous), for SU(2) and first order (discontinuous) for SU(3). For the gluon theory, the
critical temperature,Tc, is 260 MeV. When light quark degrees of freedom are included, the critical temperature is
substantially lower with two light flavors,Tc ≈ 170 MeV, although in this case the phase transition appears to be
continuous. For simulations with more light flavors,nf ≥ 3, the transition again appears to be first order. However,
this conclusion depends on the relative quark masses. The critical energy density isεc ≈ 1− 2 GeV/fm3, obtained
in simulations both with and without quark degrees of freedom. For a QGP to be formed in ultrarelativistic heavy-
ion collisions, the initial temperatures and energy densities must be larger thanTc andεc. The QGP is expected
to be produced in high energy heavy-ion collisions. Significant progress in this field has been made in the last
decade at the Brookhaven AGS and the CERN SPS [2]. A dedicated heavy ion collider with Au+Au collisions up
to
√
s = 200 GeV per nucleon pair, RHIC [3], is expected to begin operations in April 1999.

Part of the LHC experimental program will be devoted to heavy-ion collisions such as Pb+Pb at
√
s = 5.5 TeV

per nucleon pair, the highest energy available for these collisions. This section will focus on possible signature of
quark-gluon plasma formation that can be observed with CMS. Two of the most interesting proposed signatures
involving hard processes are quarkonium suppression and manifestations of energy loss of fast partons in the
medium. A major advantage of the CMS detector is that it is possible to measure both within the same experiment.
The ALICE detector [4], dedicated to heavy-ion running, will be able to measure quarkonium suppression up to the
Υ family so that some overlap of results is possible even though the acceptances are different. Such cross checks
are desirable.

The probability of QGP production and the resulting strength of its signatures depends strongly on the initial
conditions. Therefore the first part of this section describes the initial conditions within the context of minijet
production. Quarkonium production and suppression is then described with an emphasis on the family ofΥ
resonances. Charmonium suppression has already been seen in the CERN fixed target program [5], stimulating
considerable interest in this topic. However, at the moment the interpretation remains controversial since it has
been shown that interactions with hadrons also causeJ/ψ suppression, see Ref. [6] for a review, but the anomalous
suppression seen in the Pb+Pb data [5] is difficult to explain with hadronic mechanisms alone. Typically, nuclear
effects, such as interactions with nucleons and secondary particles which can break up the bound states, are not as
strong forΥ production as for theJ/ψ [7], perhaps allowing a cleaner interpretation of theΥ data in heavy ion
collisions.

The effects of energy loss by fast partons in the medium on heavy quark and jet production is another important
signal of dense matter formation that can be measured by CMS. Hard partons interact strongly in the dense matter
formed in heavy-ion collisions. The energy lost by these partons during successive interactions has several observ-
able consequences, some of which are discussed here. First, the dilepton continuum above theΥ resonances has
important contributions fromcc andbb decays. The relative decay rates depend on the energy lost by the heavy
quarks, influencing the content of the dilepton continuum. In addition, the hard jet spectrum is expected to be mod-
ified significantly by reinteractions. Particularly, the dijet rate should be suppressed, resulting in an enhancement
of monojet production at large jet transverse energy. Finally, although not of least importance, energy loss will
also play a role in redistributing global particle production, affecting global variables such as transverse energy
production and total multiplicity.

It is important to note that to complete a systematic study of heavy ion collisions and unambiguously determine
QGP effects, the signals proposed here should also be studied inpp andpPb collisions at the same energy. Studies
with lighter ions such as Ca are also desirable to understand finite volume and energy density effects.

2 Initial Conditions
At the Pb+Pb collision energy perturbative QCD processes are expected to drive the initial conditions. In particular,
at early times,τ ∼ 1/pT ≤ 1/p0 ∼ 0.1 fm for p0 ∼ 2 GeV, semihard production of minijets1) will set the stage
for further evolution of the system [10]. The recent work of Eskola and Kajantie is used to determine the initial
conditions from minijet production [11].

1) Minijets are jets withpT ≥ p0 ∼ 1− 3 GeV [8], usually not observable as individual jets belowpT ∼ 5 GeV [9].
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The calculation of minijet production is based on the jet cross section forpT > p0. At leading order, LO, the
rapidity distribution of a particular parton flavor inAA collisions is

dσf

dy
(
√
s, p0) = K

∫
dp2

Tdy2
∑
ij=
〈kl〉

x1fi/A(x1, p
2
T )x2fj/A(x2, p

2
T )

×
[
δfk

dσ̂

dt̂

ij→kl

(t̂, û) + δfl
dσ̂

dt̂

ij→kl

(û, t̂)

]
1

1 + δkl
. (1)

The parton distributions in the nucleus are normalized to the per nucleon distribution. The limits of integration on

p2
T andy2 arep2

0 < p2
T < s/(4 cosh2 y) andln(rpT −e−y) ≤ y2 ≤ ln(rpT −ey) where|y| ≤ ln(rp0 +

√
r2p0

− 1),

rpT =
√
s/pT andrp0 =

√
s/2p0. The sum over initial states includes all combinations of two parton species with

three flavors while the final state includes all pairs without a mutual exchange and four flavors (including charm)
so thatαs(pT ) is calculated at one loop with four flavors. The final factor,1/(1+ δkl), is needed to correctly count
identical particles in the final state. The parton densities are evaluated at scalepT , with x values aty = y2 = 0 as
low asx1,2 ∼ 2p0/

√
s ∼ 7× 10−4 in Pb+Pb collisions. Thus the smallx behavior of the parton densities strongly

influences the initial conditions of the minijet system. While the deep inelastic scattering data from HERA [12]
continues to refine the parton densities at smallx, uncertainties in the distributions still exist. To account for these,
results are presented with two different parton distribution sets, GRV 94 LO [13], both because it has a low initial
scale and because the LO set is more consistent to use with a LO calculation, and MRS G [14], one of the recent
MRS NLO sets. TheK factor in eq. (1) indicates the NLO corrections. Previous analysis showed thatK ≈ 1.5 at
LHC energies [15]. AssumingK = 1, as done in Ref. [11], gives a conservative lower limit.

Other uncertainties are associated with the presence of the nuclear medium. Experiments [16] have shown that the
proton and neutron structure functions are modified by a nuclear environment. For momentum fractionsx < 0.1
and0.3 < x < 0.7, a depletion is observed in the nuclear parton distributions. The lowx, or shadowing, region
and the largerx, or EMC region, is bridged by an enhancement known as antishadowing for0.1 < x < 0.3. The
entire characteristic modification as a function ofx is commonly referred to as shadowing. Therefore to take this
effect into account in nucleus-nucleus collisions, the convolution of the parton densities is modified so that

fi/A(x1, p
2
T )fj/A(x2, p

2
T ) → Si(A, x1, p

2
T )fi/p(x1, p

2
T )Sj(A, x2, p

2
T )fj/p(x2, p

2
T ) . (2)

WhenS(A, x, p2
T ) = 1, there is no shadowing. The shadowing effect is studied with two parameterizations

previously used to estimate the effect on heavy quark production in nucleus-nucleus collisions [17] as well as a
third, more recent one [18, 19]. All are based on nuclear deep-inelastic scattering data and are averaged over the
nuclear volume. The first,S1(A, x), is based on fits to recent nuclear deep inelastic scattering data [20]. It treats
the quark, gluon and antiquark functions equally withoutQ2 evolution. The second,Si

2(A, x,Q
2), separately

modifies the valence quark, sea quark and gluon densities and includesQ2 evolution up to 100 GeV2 [21] but is
based on the Duke-Owens parton distributions [22]. The most recent shadowing parameterization,Si

3(A, x,Q
2),

based on the GRV LO parton distributions [23], evolves each parton distribution separately forQ2 ≥ 2.25 GeV2

[18, 19]. Note that we do not consider the spatial dependence of the parton densities in these calculations but use
the average results measured in nuclear deep-inelastic scattering. The possible effects of this spatial dependence
have been considered forcc andbb production [24] and the application to these calculations is in progress [25].

The resulting rapidity distributions are shown in Figs. 1 and 2 for the two sets of parton distributions with and
without shadowing. The cross sections are given in units of mb per nucleon pair. Note that the shadowing can
reduce the number of produced partons by a factor of two or more, depending on the parameterization and the
parton type. The smallest shadowing effect is found with the newerS3 parameterization. Assuming that the
shadowing is independent of impact parameter, the average number of partons produced in a Pb+Pb collision in
the CMS acceptance,|η| < 2.4, can be calculated. In collisions atb = 0, the total number of partons of flavorf
is then

N
f

AA(b = 0,
√
s, p0) = 2TAA(b = 0)σf (

√
s, p0) (3)

whereTAA(b) is the nuclear overlap function [26] calculated using measured nuclear density distributions [27].
For estimates of conditions in central,b = 0, Pb+Pb collisions,TAA(0) ≈ A2/(πR2

A) ∝ A4/3 = 30.4/mb is used.
The transverse area of the system and the initial volume in the nuclear rest frame with the lead radius,RPb = 6.62
fm, are

AT = πR2
Pb = 137.8 fm2 (4)

Vi = AT ∆y/p0 = 65.28 fm3 , (5)
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Figure 1: The rapidity distributions of quarks, antiquarks, gluons and the sum of all contributions in Pb+Pb col-
lisions at

√
s = 5.5 TeV in units of mb per nucleon pair calculated with the GRV 94 LO parton distributions.

The solid curve is with no shadowing, the dashed is with shadowing parameterizationS1, the dot-dashed is with
parameterizationS2 and the dotted usesS3. Adapted from [25].

Figure 2: The rapidity distributions of quarks, antiquarks, gluons and the sum of all contributions in Pb+Pb colli-
sions at

√
s = 5.5 TeV in units of mb per nucleon pair calculated with the MRS G parton distributions. The solid

curve is with no shadowing, the dashed is with shadowing parameterizationS1, the dot-dashed is with parameteri-
zationS2 and the dotted usesS3. Adapted from [25].
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whereτi = 1/p0 with p0 = 2 GeV is used to calculate the volume. The average number of each type of parton in
the CMS acceptance is shown in Table 1, with and without shadowing2).

To further calculate the initial conditions such as the energy density and the produced particle multiplicity, the
transverse energy carried by the partons is needed. Estimates of the initial conditions depend on the firstET

moment of each flavor,σ(
√
s, p0)〈Ef

T 〉, calculated within the CMS acceptance. A crude approximation of the
acceptance is

ε(y) =
{

1 if |y| ≤ 2.4
0 otherwise

. (6)

Note that at leading order, the parton pairs are produced back-to-back while at next-to-leading order the angular
distribution is somewhat smeared, potentially modifying theET moments. TheET distribution of each flavor is
[11]

dσf
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. (7)

The firstET moment is obtained by integrating eq. (7) overET so that
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ε(y)pT . (8)

TheET moment is given as a function of rapidity in Figs. 3 and 4 both with and without shadowing for the GRV
94 LO and MRS G parton densities. The average transverse energy given to a particular parton species in a central
Pb+Pb collision within the CMS acceptance is then

E
f

T (b = 0,
√
s, p0) = TAA(b = 0)σ(

√
s, p0)〈Ef

T 〉 , (9)

whereσ(
√
s, p0)〈Ef

T 〉 is calculated in eq. (8). The energy density of each parton species in a central collision in
the CMS acceptance then follows:

εf =
E

f

T (0,
√
s, p0)

Vi
. (10)

The results from eqs. (9) and (10) are given in Table 1 both with and without shadowing. Again, shadowing can
reduce the average transverse energy and energy density by up to a factor of two.

In an ideal plasma, the evolution of the energy density is governed by [28]

dε

dτ
+
ε+ P

τ
= 0 (11)

whereP is the pressure. There are two extreme cases for the evolution: free streaming,P = 0, leading toε ∼ τ−1

and ideal hydrodynamics,P = ε/3, whereε ∼ τ−4/3. The lower limit of multiplicity is obtained from ideal
hydrodynamics where the system is assumed to be in thermal equilibrium atτ = 1/p0 = 0.1 fm and expands
adiabatically withτ . Then the initial entropy determines the final-state multiplicity. The energy and entropy
densities areε = 3aT 4 ands = 4aT 3 wherea = γdofπ

2/90, proportional to the number of degrees of freedom

2) Note that in these and in the following calculations, including the spatial dependence of shadowing increases the effect at
smallx in central collisions at this energy [24].
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Figure 3: The firstET moment,σ(
√
s, p0)〈Ef

T 〉, as a function of rapidity for quarks, antiquarks, gluons and the
sum of all contributions in Pb+Pb collisions at

√
s = 5.5 TeV in units of mb GeV per nucleon pair calculated

with the GRV 94 LO parton distributions. The solid curve is with no shadowing, the dashed is with shadowing
parameterizationS1, the dot-dashed is with parameterizationS2 and the dotted usesS3. Adapted from [25].

Figure 4: The firstET moment,σ(
√
s, p0)〈Ef

T 〉, as a function of rapidity for quarks, antiquarks, gluons and the sum
of all contributions in Pb+Pb collisions at

√
s = 5.5 TeV in units of mb GeV per nucleon pair calculated with the

MRS G parton distributions. The solid curve is with no shadowing, the dashed is with shadowing parameterization
S1, the dot-dashed is with parameterizationS2 and the dotted usesS3. Adapted from [25].
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GRV 94 LO MRS G
S q q g total q q g total

NPbPb(0,
√
s, p0)

1 928.5 852.9 18384.7 20166.1 875.1 812.3 13283.6 14971.1
S1 478.2 439.0 9622.2 10539.7 455.6 422.6 7037.6 7915.9
S2 437.2 384.5 10015.3 10837.0 405.8 361.8 7277.5 8045.1
S3 568.6 512.5 11948.7 13029.7 535.6 488.5 8693.5 9717.4

E
f
T (0,

√
s, p0) (GeV)

1 2888.8 2623.9 54534.6 60046.1 2723.6 2499.5 39422.7 44645.4
S1 1515.0 1372.6 28892.8 31780.2 1444.8 1322.7 21152.9 23920.54
S2 1460.3 1266.6 31695.0 34421.9 1357.9 1192.6 23076.3 25656.6
S3 1858.3 1652.2 36957.3 40465.4 1752.6 1576.3 26930.8 30259.6

εf (0,
√
s, p0) (GeV/fm3)

1 44.25 40.19 835.39 919.82 41.72 38.29 603.9 683.91
S1 23.21 21.03 442.60 486.83 22.13 20.26 324.0 366.43
S2 22.37 19.40 485.52 527.30 20.80 18.27 353.5 392.56
S3 28.47 25.31 566.13 619.88 26.85 24.15 412.5 463.53

Table 1: The average number of partons, eq. (3), average parton transverse energy, eq. (9), and energy density,
eq. (10), in central Pb+Pb collisions at

√
s = 5.5 TeV/nucleon within the CMS acceptance. Results are given for

both sets of parton distributions used and separated into contributions from quarks, antiquarks and gluons as well
as the total. The calculations are done without shadowing,S = 1, and with shadowing parameterizationsS1, S2

andS3.

with γdof = 16 for a gluon gas and 47.5 for a plasma with gluons and three light quark flavors. The initial
temperature can be related to the energy density by

Ti =
( ε

3a

)1/4

. (12)

The final multiplicity in the CMS acceptance is then [29]

dN

dy
≈ 1

3.6
dS

dy
≈ 1

3.6
τiπR

2
A4aT 3

i =
4

3.6

[
τiπR

2
Aa

27

{
E

PbPb

T (|y| ≤ 2.4)
∆y

}3] 1
4

, (13)

whereTi andET are related by eqs. (10) and (12). The multiplicities and initial temperatures for a pure gluon
plasma and a quark-gluon plasma with three quark flavors, calculated with eq. (13), are given in Table 2. Note that
for the GRV 94 LO distributions, the total multiplicity aty = 0 is ≈ 4000 − 6000 or about 2700-4000 charged
particles. Shadowing reduces the number of charged particles to≈ 1800 − 2600. Again, as with the average
parton number, the gluonET moment dominates the total and drives the rapidity distribution, as can be inferred
from Figs. 3 and 4. Note that even though the initial energy density is higher when the quarks are included,
the temperature is higher in the gluon plasma since the energy is distributed over fewer degrees of freedom. In
either case,Ti is large, nearly 1 GeV for a gluon gas based on the GRV 94 LO parton densities. The initial
conditions deduced from minijet production yield significantly larger values ofε(τi) andTi and, consequently,
larger multiplicities than earlier estimates (seee.g.[30]). The reason for this is twofold: the fast gluon equilibration
time, τi ∼ 1/p0 ∼ 0.1 fm, and the increase in the parton density at smallx as seen at HERA [12]. These high
temperatures have important consequences for QGP signatures. Note also that even though shadowing reduces the
number of partons and the energy density by up to a factor of two, the corresponding reduction in the multiplicity
is lower and the initial temperature is reduced by only 10-15% when shadowing is included, as can be seen in
Table 2.

Minijet production thus tends to enhance the probability of QGP production in thermal equilibrium. Effects like
shadowing reduce the initial energy density and temperature, taking the system further away from equilibrium. A
QGP would still be formed, although not an equilibrated plasma. It is important to determine the effects of minijet
production and shadowing on the proposed plasma signatures.

3 Quarkonium Production and Suppression in CMS
One of the proposed signatures of the QCD phase transition is the suppression of quarkonium production [31, 32].
Suppression of theJ/ψ andψ′ has been observed in nucleus-nucleus collisions at the CERN SPS [5]. In a
QGP, the suppression occurs due to the shielding of thecc binding potential by color screening, leading to the
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GRV 94 LO MRS G
S g total g total

dN/dy
1 4004.6 5649.3 3139.5 4523.4
S1 2486.8 3505.5 1968.3 2832.8
S2 2665.6 3721.7 2101.0 2983.0
S3 2991.1 4201.9 2359.0 3378.9

Ti (MeV)
1 1051 820 969 762
S1 897 699 829 652
S2 918 714 848 663
S3 954 743 881 691

Table 2: The total multiplicity, eq. (13), and initial temperature, eq. (12), within the CMS acceptance. Results
for gluons alone as well as for the total are given for both sets of parton distributions. The calculations are done
without shadowing,S = 1, and with shadowing parameterizationsS1, S2 andS3.

breakup of the resonance. Thecc andbb resonances have smaller radii than light-quark hadrons and therefore
need higher temperatures for the quarkonium states to break up. At current energies, the situation for theJ/ψ
is rather ambiguous because the bound state can also break up through interactions with nucleons and comoving
hadrons—QGP production has not been proved to be the unique explanation ofJ/ψ suppression even though an
increased density of secondary production is needed, see [6]. Because theΥ is much smaller than thecc and other
bb resonances, a much higher temperature is needed to dissociate theΥ [32]. Therefore it was previously assumed
that theΥ would not be suppressed by QGP production [32, 33]. However, in view of the high initial temperature
of a gluon plasma,T ∼ 0.9−1 GeV, as shown in Table 2, it was recently shown that, depending upon the properties
of the plasma, theΥ could be suppressed, providing a valuable tool to determine the initial state of the system and
the characteristics of the plasma [34].

At zero temperature, the massiveQQ bound states of charmonium and bottomonium can be described by a nonrela-
tivistic potential model with a linear confining term and a Coulomb-like one gluon exchange term. The quarkonium
mass, radius and formation time atT = 0 are given in Table 3.

J/ψ ψ′ χc(1P ) Υ Υ′ χb(1P )
M (GeV) 3.07 3.698 3.5 9.445 10.004 9.897
r (fm) 0.453 0.875 0.696 0.226 0.509 0.408
τF (fm) 0.89 1.5 2.0 0.76 1.9 2.6
µD (GeV) 0.699 0.357 0.342 1.565 0.671 0.558

Table 3: Properties of the quarkonium states both atT = 0 andT = TD, taken from Ref. [32]. The masses,
radii and formation times atT = 0 are obtained by solving the Schrodinger equation [32]. The value ofTD is
determined by the functional form ofµ(T ). The screening mass at breakup,µD does not depend on the functional
form.

In a high temperature environment, the quarkonium binding energy may be reduced due to color screening where
the screening mass,µ(T ), is a function of temperature [32]. Minimizing the quarkonium energy at each tempera-
ture gives the radius of the bound state as a function ofT . Forµ(T ) above the critical value,µD, there is no longer
a minimum and the screening has become strong enough to prevent the formation of the resonance at temperature
TD whereµ(TD) = µD. The values ofµD for the quarkonium states are also given in Table 3. The actual values
of TD depend upon the functional form ofµ(T ).

Perturbative estimates of the screening suggest thatµ(T ) ∝ gT [35],

µ(T )
Tc

=
√

1 +
nf

6
g

(
T

Tc

)
T

Tc
(14)

where the temperature-dependent running coupling constant is

g2

(
T

Tc

)
=

48π2

(33− 2nf) lnF 2
, (15)

with F = K(T/Tc)(Tc/ΛMS) andK is also in principle temperature dependent [36]. In SU(3) gauge theory,
Tc = 260 MeV [37] andTc/ΛMS = 1.03 ± 0.19 [38]. A fit to the heavy quark potential in the high temperature
limit, T � Tc, yields the constantK ≈ 33.8 [36]. Lattice results withnf =2 and 4 suggestTc = 170 MeV
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andTc/ΛMS = 1.05 [38]. Realistically, the high temperature limit is probably invalid forT/Tc ≤ 3.5 [39]. Then
fitting K to lattice results forT ≥ Tc yields [36],

K(T/Tc) =
18

18.4e−0.5(T/Tc)2 + 1
. (16)

The lower values ofK(T/Tc) nearTc results in larger values ofµ(T ), suggestingTD = Tc for all states except the
Υ. As shown in Fig. 5 fornf = 3, the two different limiting assumptions ofK produce similar results forµ(T )
whenT/Tc ≥ 3 even though below this ratio, they are quite different.

Figure 5: The screening mass as a function of temperature for eq. (17) withTc = 260 MeV (solid). The dashed
and dot-dashed curves takeµ ∝ gT , eq. (14), withnf = 3 in the high temperature limit and the lowT fit, eq. (16)
respectively. The values ofµD for the quarkonium states are indicated by the dotted lines. From [6].

In their prediction ofJ/ψ suppression, Matsui and Satz [31] used a parameterization based on SU(N ) lattice
simulations [40],

µ(T )
Tc

' 4
T

Tc
(17)

which produces values ofTD similar to the results with eq. (16) except for theΥ. This parameterization is also
shown in Fig. 5 forTc = 260 MeV.

Due to the uncertain behavior ofµ(T ) aboveTc, the suppression hierarchy of the quarkonium states in several
possible scenarios, described below, is given. The values obtained forTD in each case are shown in Table 4.

TD (MeV)
nf = 2 nf = 3 nf = 4 nf = 0 eq. (17)

J/ψ 451 406 366 541 260
ψ′ 211 189 170 260 260
χc 185 178 170 260 260
Υ 1105 994 901 1326 391
Υ′ 434 386 352 512 260
χb 350 314 282 416 260

Table 4: The values ofTD for the two choices ofµ(T ), eq. (14) from perturbative estimates assuming the high-
temperature limit and the pure gluon SU(N ) case withnf = 0, eq. (17).

Two cases are chosen for further illustration: I)nf = 3 in the high-temperature limit and IV)TD = Tc = 260
MeV (nf = 0 and SU(3)), eq. (17).
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As a first step toward studying color screening with theΥ family, it must be determined if theΥ production rate
is large enough for the suppression measurement to be feasible. To do this, the phenomenologically successful
color evaporation model [41] is used. In this model, theQQ pair neutralizes its color by interaction with the
collision-induced color field—“color evaporation”. TheQ and theQ either combine with light quarks to produce
heavy-flavored hadrons or bind with each other in a quarkonium state. The additional energy needed to produce
heavy-flavored hadrons is obtained nonperturbatively from the color field in the interaction region. Depending
onmb, the yield of all bottomonium states may be only a small fraction of the totalbb cross section below the√
ŝ = 2mB threshold. At leading order,

σ̃(s) =
∑
i,j

∫ 4m2
B

4m2
b

dŝ

∫
dx1dx2 fi/p(x1) fj/p(x2) σij(ŝ) δ(ŝ− x1x2s) , (18)

whereij = qq or gg andσij(ŝ) is the ij → bb subprocess cross section. The color evaporation model was
taken to next-to-leading order (NLO) using exclusiveQQ hadroproduction [42] to obtain the energy,xF , and
pT -dependence of quarkonium production [43, 44]. In the color evaporation picture,gg scattering followed by
the splittingg → bb incorporated at NLO is similar to models ofg → Υ fragmentation [54]. By including this
splitting, the color evaporation model provides a good description of the quarkoniumpT distributions.

The division ofσ̃ into heavy-flavored hadrons and quarkonium as well as the relative quarkonium production rates
are parameters in the color evaporation model. Once these parameters have been determined for a system, the
model has significant predictive power if the relative quarkonium production rates are independent of projectile,
target, and energy. This appears to be true for the charmonium ratiosχc/ψ andψ′/ψ over a broad energy range
[45, 46, 47, 48]. The available bottomonium data also follows this trend:Υ′/Υ = 0.53 ± 0.13 andΥ′′/Υ =
0.17 ± 0.06 for pp interactions at 400 [49] and 800 GeV [50, 51] and inpp collisions at the Tevatron,

√
s = 1.8

TeV [52]. The color evaporation model also reproduces the energy dependence of charmonium and bottomonium
production as well as most of thexF dependence of the charmonium states3). The Tevatron charmonium and
bottomoniumpT data are also in good agreement with the model at NLO [44].

Using the measuredΥ′/Υ andΥ′′/Υ ratios, the normalization of each quarkonium state can be fixed empirically
from data, allowing predictions of the production cross sections at LHC energies.

First, the model is compared with existingpp/pp data. Fixed targetΥ data have generally given the sum ofΥ, Υ′,
andΥ′′ production, especially if the mass resolution is not good enough to clearly separate the peaks. From the
cross section aty = 0, B(dσ/dy)y=0, whereB is an effective dilepton branching ratio from all states, a good fit
to the data [49, 50, 51, 55, 56] is obtained with

B

(
dσ(s)
dy

)
y=0

= 1.33 × 10−3

(
dσ̃(s)
dy

)
y=0

. (19)

The cross sectiondσ̃/dy is computed using the MRS G [14] and GRV 94 LO [13] parton densities withmb = 4.75
GeV and the renormalization and factorization scales set toµ = mT,bb =

√
m2

b + (p2
T,b + p2

T,b
)/2 reflecting

the production yield through theΥ, Υ′, andΥ′′ resonances. As shown in Fig. 6, from Ref. [43] with updated
parton densities, the high energy data from UA1 [57] and CDF [52] also agree with the energy dependence of
the color evaporation model, as obtained from eq. (18). The MRS G distributions produce a better fit to the data
than the GRV 94 LO densities, as may be expected since the NLO parton density is more compatible with the
NLO calculation. The GRV 94 LO densities are included since they were used to determine the initial conditions.
However, the predictions of theΥ yield will be given with the MRS G densities.

The indirectΥ, Υ′ andΥ′′ components are extracted separately using theΥ′/Υ andΥ′′/Υ ratios, and the known
branching ratiosBΥi ≡ B(Υi → µ+µ−) whereΥi represents the individualΥ states. IfdσΥi/dy|y=0 ≡
f in
Υi
dσ̃/dy|y=0 for theΥi cross sections, then from eq. (19),

f in
ΥBΥ + f in

Υ′BΥ′ + f in
Υ′′BΥ′′ = B = 0.00133 . (20)

Usingf in
Υ′/f in

Υ = Υ′/Υ = 0.53 andf in
Υ′′/f in

Υ = Υ′′/Υ = 0.17 [49, 50, 51, 52] andBΥi [58],

f in
Υ = 0.038 , f in

Υ′ = 0.02 , f in
Υ′′ = 0.0065 , (21)

3) At high xF , other production mechanisms such as intrinsic heavy quarks [53] may be important. Additionally, thexF

dependence in nuclear targets is non-trivial.
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Figure 6: We showBdσ/dy|y=0 for Υ + Υ′ + Υ′′ in pp collisions, as indicated in eq. (19), for the MRS G [14]
(solid) and GRV 94 LO [13] (dashed) parton densities. The data are taken from [49, 50, 52, 55, 56, 57]. This figure
is updated from Ref. [43].

slightly smaller than found in Ref. [44], perhaps due to the difference in the smallx behavior of the parton densities.

Finally, direct and indirect production are separated. The measuredΥi production cross sections, or equivalently
f in
Υi

, are only effective values which reflect both direct production and chain decays of higher mass states. For each
i, we assume

fd
χbi(1P ) = f in

Υ′ ; fd
χbi(2P ) = f in

Υ′′ , (22)

wherei = 0, 1, 2 labels theχb states in Particle Data Group notation [58], andfd
Υi

indicates the fraction of̃σ from
directproduction. With this and the summed branching ratios [58]∑

i=0,1,2

B(χbi(1P ) → Υγ) ∼ 0.63 ,

∑
i=0,1,2

B(χbi(2P ) → Υγ) ∼ 0.16 ,

∑
i=0,1,2

B(χbi(2P ) → Υ′γ) ∼ 0.42 ,

along withB(Υ′ → ΥX) ∼ 0.27 andΥ′′ decays toΥ′, Υ andχbi(2P ), thefd
Υi

’s for direct production can be
found for all theΥi. About 0.013 of the totalf in

Υ = 0.038 is due toχbi(1P ) decays, similar to the analogousψ and
χc fractions. Similarly,∼ 0.001 of f in

Υ and∼ 0.0027 of f in
Υ′ would be due toχbi(2P ) decays. Also important are

Υ′ → ΥX decays; from eq. (21),f in
Υ′ implies that an additional 0.0054 off in

Υ would be indirect. The contributions
from chain decays of theΥ′′ are small. Also, there are no contributions to theΥ′′ rate coming from higher states
that are known to be significant. Altogether:

fd
Υ ∼ 0.019 , fd

Υ′ ∼ 0.017 , fd
Υ′′ ∼ 0.0065 ,

fd
χbi(1P ) ∼ 0.020 , fd

χbi(2P ) ∼ 0.0065 , (23)

wherei = 0, 1, 2 labels the differentχbi(1P, 2P ) states. Note that only about half off in
Υ is due to directΥ

production.

In Table 5, the corresponding normalized direct production cross sections inpp collisions,fdσ̃pp, are given for
each state withfd from eq. (23) and̃σpp computed using the MRS G parton densities at

√
s = 5.5 TeV/nucleon.
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Υ Υ′ Υ′′ χb(1P ) χb(2P )

fdσ̃pp (nb) 301 269 103 316 103
Nd(central) 1.42× 106 1.27× 106 4.87× 105 1.49× 106 4.87× 105

Nd
µµ(central) 3.52× 104 1.66× 104 8.81× 103 - -

Nd(min bias) 7.64× 106 6.28× 106 2.61× 106 8.02× 106 2.61× 106

Nd
µµ(min bias) 1.89× 105 8.91× 104 4.72× 104 - -

Table 5: The normalized cross sections,fdσ̃pp, for directly produced bottomonium states inpp collisions at√
s = 5.5 TeV/nucleon, using the direct fractionsfd from eq. (23) and the prediction of eq. (18),σ̃pp = 15.84 µb,

with the MRS G parton densities,mb = 4.75 GeV andµ = mT,bb. Also given is the number,Nd, of each type of
bottomonium state directly produced in central, eq. (24), and minimum bias, eq. (25), Pb+Pb collisions. ForΥ ,Υ′

andΥ′′ the corresponding number ofµ+µ− pairs from decays of directly produced states,Nd
µµ, is also given for

central and minimum bias collisions. Modified from [34].

The cross sections in Table 5 are integrated over all rapidity. When shadowing is included, the rate per nucleon
pair decreases 55% with theS1 parameterization, 30% withS = S2 and 26% withS3.

The results forfdσ̃pp given in Table 5 inpp collisions can be employed to predict the rates for direct production
of bottomonium states in Pb+Pb collisions at the LHC. For central collisions, the expected rates are given by

Nd(central) = σNNTPbPb(0)fdσ̃ppL
PbPb
int , (24)

whereσNNTPbPb(0) = 1824 is the number of central Pb+Pb collisions4). The number ofΥ states produced in
minimum bias collisions (all impact parameters) is

Nd(min bias) = A2αfdσ̃ppL
PbPb
int , (25)

whereα ≈ 0.95 for Υ production at fixed-target energies [59]. In one month (30 days) of running the integrated
luminosity for lead beams is expected to beLPbPb

int = 2.59/nb assuming thatLPbPb = 1 × 1027 cm−2s−1.
Typical rates are on the order of 106 for Υ andΥ′. Approximately 10-15% of the cross section is within|η| ≤ 1.
The number of muon pairs from theΥ, Υ′ andΥ′′ decays, found by multiplying the total number ofΥi directly
produced in central or minimum bias collisions,Nd, by the appropriate branching ratio, is also given in Table 5.
These rates suggest that production and suppression of these states should be measurable by CMS in the very clean
µ+µ− final state decay mode.

Since the expected rate is large enough to be measurable before color screening is taken into account, predictions
of how theΥ rate would be modified by QGP production at the LHC are given. With the high temperatures in
Table 2, strong suppression due to QGP formation might be expected. Unfortunately the short equilibration time
of the minijet system correspondingly reduces the plasma lifetime in the scaling expansion, causing the minijet
plasma to be too short-lived to produce quarkonium suppression in some cases.

Alternatively, the initial conditions could be dominated by kinetic equilibration processes [60] with a correspond-
ingly longer equilibration time,t0 ∼ 0.5 − 0.7 fm. This time is reached when the momentum distributions are
locally isotropic due to elastic scatterings and the expansion of the system. Chemical equilibrium is generally not
assumed but the system moves toward equilibrium as a function of time. Then the cooling of the plasma is more
rapid than the simple scaling [28] adopted here, producing incomplete suppression at lowpT . Because the equili-
bration time of the parton gas is longer than that obtained from the minijet initial conditions, the time the system
spends above the breakup temperature is also longer, leading to stronger suppression even thoughT0 is lower.

The time at which the temperature drops belowTD and the state can no longer be suppressed,tD = t0(T0/TD)3,
and the maximum quarkoniumpT for which the resonance is suppressed,pT,m = M

√
(tD/τF )2 − 1, are given

in Table 6 for cases I (µ(T ) ∝ gT with nf = 3 in the high temperature limit sinceT0 > 3Tc) and II (µ(T ) = 4T ,
SU(3) plasma withTc = 260 MeV) with both the parton gas and minijet, Table 2, initial conditions. Results
for the minijet initial conditions are given for the GRV 94 LO parton densities for bothS = 1 and the lowest
temperatures obtained with shadowing whenS = S1. Note that the reduction of the initial temperature due to
shadowing significantly reduces thepT range of the suppression. However, this result can be distinguished from a
case with no significant shadowing and a plasma with a smaller spatial extent [34].

A high statistics study of quarkonium production ratios such asψ′/ψ andΥ′/Υ as a function ofpT may provide a
conclusive test of plasma production at high energies. However, before the efficacity of the measurement as a test

4) Assuming thatσNN rises asσpp at high energies,σNN ≈ 60 mb.
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of QGP formation is proven, the relative importance of other effects must be established. Although shadowing is
important, the effects should be canceled in ratios of quarkonium states with very similar masses, as can be checked
by pA studies. Nuclear absorption would also cancel in the ratios if the quarkonium state interacts with nucleons
while still in a preresonance color octet state, as already proposed at fixed-target energies [61]. To complicate
matters, the resonances can interact with comoving secondaries. However, even though these cross sections can
differ for individual resonances, thepT dependence of these comover interactions is already weak at CERN SPS
energies [62] and expected to be weaker at the LHC [34].

If the ratios exhibit a significantpT -dependence at largepT inAB collisions, it will be virtually certain that a quark
gluon plasma was formed. The precise behavior of theψ′/ψ andΥ′/Υ ratios can then be used to strongly constrain
the QGP model parameters. In particular, the ratios will be very different if only theΥ′ orψ′ is suppressed relative
to the case where all quarkonium states are suppressed.

LHC

case I,nf = 3 case II,Tc = 260 MeV
parton gas

T0 = 820 MeV, t0 = 0.5 fm
tD (fm) pTm (GeV) tD (fm) pTm (GeV)

ψ 4.12 13.96 15.69 54.0
ψ′ 40.8 100.6 15.69 38.5
χc 48.9 85.47 15.69 27.2
Υ - 0 4.6 56.53
Υ′ 4.79 23.16 15.69 81.98
χb 8.90 32.42 15.69 58.9

minijet plasma,S = 1
T0 = 820 MeV, t0 = 0.1 fm T0 = 1.05 GeV, t0 = 0.1 fm
tD (fm) pTm (GeV) tD (fm) pTm (GeV)

ψ - 0 6.59 22.7
ψ′ 8.17 19.8 6.59 15.8
χc 9.78 16.75 6.59 11.0
Υ - 0 1.94 22.2
Υ′ - 0 6.59 33.2
χb - 0 6.59 23.05

minijet plasma,S = S1

T0 = 699 MeV, t0 = 0.1 fm T0 = 897 MeV, t0 = 0.1 fm
tD (fm) pTm (GeV) tD (fm) pTm (GeV)

ψ - 0 4.11 13.8
ψ′ 5.06 11.9 4.11 9.4
χc 6.06 10.0 4.11 6.3
Υ - 0 1.21 11.7
Υ′ - 0 4.11 19.2
χb - 0 4.11 12.1

Table 6: LHC values oftD, andpTm with cases I and II forµ(T ) with a parton gas and a minijet plasma with
S = 1 andS1 from the GRV 94 LO calculation, adapted from Ref. [34].

In Fig. 7, the ratio of theψ′ andψ cross sections are shown for several sets of initial conditions. Since it has been
demonstrated that theχc andψ′ contributions to largepT J/ψ production can be subtracted atpp colliders [45],
the direct or ‘prompt’ ratio is displayed. The parton gas produces suppression over nearly twice thepT range as
the minijet initial conditions, as shown in Table 6. In case II, theψ is more suppressed than theψ′ for a large range
of pT , up to 54 GeV for the parton gas. In case I, theψ′ is more suppressed than theψ except whenpT < 9 GeV
in the parton gas. The kink in the dashed curve appears when theψ is no longer suppressed. In each case, thepT

signature obvious in theψ′/ψ production ratios is unique if the fullpT range can be measured. Otherwise it may
be difficult to distinguish between the parton gas and minijet plasma initial conditions forpT < 20 GeV at the
LHC unless the measurement is made with sufficiently high statistics. Note that even though the decreased initial
temperature of the minijet gas when shadowing is included reduces thepT range of the suppression, the shape of
the ratio remains similar.

It is doubtful that the promptΥ rate can be successfully extracted because the feeding fromχb states will be
difficult to disentangle [63]. TheΥ family is also more complex, including feeddown to theΥ from Υ′, Υ′′ and
two sets ofχb states and feeddown to theΥ′ from theΥ′′ andχb(2P ) states. Thus in theΥ′/Υ ratio, all sources
of Υ′ andΥ, each associated with a different suppression factor, must be considered [34]:

Υ′

Υ
|indirect ≡ Υ′ + χb(2P )(→ Υ′) + Υ′′(→ Υ′)

Υ + χb(1P, 2P )(→ Υ) + Υ′(→ Υ) + Υ′′(→ Υ)
. (26)
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Figure 7: The direct or promptψ′/ψ ratio as a function ofpT is shown for several choices of initial conditions and
R = RPb. In (a), parton gas results are shown for case I (dashed) and case II (solid). In (b) minijet results are
given for both cases without shadowing, case I (dashed) and case II (solid), and withS = S1, case I (dotted) and
case II (dot-dashed). The horizontal curve represents thepp ratio. Modified from [6].

Figure 8: TheΥ′/Υ ratio computed from eq. (26) is shown for several initial conditions andR = RPb. In (a),
parton gas results are shown for case I (dashed) and case II (solid). In (b) minijet results are given for case II
without shadowing (solid) and withS = S1 (dashed). The horizontal curve represents thepp ratio. Modified from
[6, 34].

13



In computing this ‘indirect’Υ′/Υ ratio it is assumed that the suppression factor is the same for theχb(2P ) and
χb(1P ) states and that identical suppression factors can be used for theΥ′ andΥ′′. The relative production and
suppression rates in the color evaporation model, including theχb states, can be found in Ref. [34].

Figure 8 gives the indirect results. In a parton gas assuming a plasma like case II, all theΥ states can be suppressed
for pT > 50 GeV, producing the rather flat ratio given in the solid curve. A measurement at the 20% level is
thus needed to distinguish between thepp value of the ratio and the QGP prediction. Substantial systematic errors
in the ratio could make the detection of a deviation quite difficult due to the slow variation withpT . This is a
disadvantage of the indirect ratio: the promptψ′/ψ ratio is enhanced by nearly a factor of two over thepp value,
making detection easier. With the slowly growing screening mass of case I, the directΥ rate is not suppressed
while theΥ′ andχb states are suppressed. Under these conditions, the indirect ratio is less than thepp value
until the Υ′ is no longer suppressed and then is slightly enhanced by theχb decays until they also no longer
suffer from plasma effects. Thus although the indirect ratio is less sensitive to the plasma, theΥ′/Υ andψ′/ψ
ratios together can significantly constrain plasma models, especially if the quarkonium states can be measured
with sufficient accuracy up to highpT . Again, the shape of the ratio is similar when the effect of shadowing on the
initial conditions is included although the range of the suppression is reduced.

4 Using theZ as a Baseline
In the current experiments at the CERN SPS,J/ψ production is compared to the dilepton continuum [5, 64].
The continuum is assumed to be produced via the Drell-Yan (γ?, Z?-exchange) process and is, in fact, Drell-Yan-
like. At the LHC, the continuum will be more difficult to understand because of the important contribution from
semileptoniccc andbb decays. Not only are there uncertainties in the totalcc cross section, but the heavy quark
decays are also subject to nuclear effects. The relatively small Drell-Yan contribution is also subject to shadowing
effects in the mass range between theJ/ψ and theΥ. Another choice is needed. One possibility isZ production.
Because theZ is produced in point-like fashion, the difference between theZ pT -dependence inpp and Pb+Pb
collisions will not be influenced by the quark-gluon plasma.

Figure 9 illustrates the cross section forZ production as a function ofpT at
√
s = 5.5 TeV assuming no shadowing.

ThepT distribution,dσ/dpT , is given forpp → ZX including the individual contributions fromqq andqg + qg
collisions. One-loop corrections to theZ + jet cross section are included5) but resummation effects are not.
To obtain the number of events per month per GeV in central collisions, multiply byσNNTPbPb(0)LPbPb

int =
4.973 × 103 nb−1. At pT = 50 GeV, the cross section is of order10−3 nb/GeV, implying about 2 events per
GeV for 40% acceptance and detection efficiency. Thus, for a 5 GeV bin, about 10 events are found in this bin
per month of running. After a year of running, this would yield a statistical accuracy of order 9%. At lowpT ,
event rates are a factor of∼ 10 larger, yielding correspondingly greater accuracy. The predicted effects of the
QGP typically imply survival probabilities that differ by much larger percentages compared to unity. In any case,
as estimated earlier, the errors in the measurements of theΥ spectra will be larger. Thus, production rates in the
pT <∼ 50 GeV domain are high enough thatZ → l+l− can provide a standard of comparison. It is necessary to
also measureZ production inpp collisions at

√
s = 5.5 TeV to determine if shadowing and other nuclear effects

influence the Pb+Pb spectra. Good statistical accuracy for up topT = 50 GeV requires an integrated luminosity
for pp collisions of orderL = 0.01 fb−1, which should be easily achieved in a few weeks of running.

The two difficulties with usingZ production as a benchmark are:mZ � mΥi and the difference in the production
mechanisms,qq andqg + qg for theZ andgg for bb production. The largemZ reduces the value ofZ production
as a benchmark for two reasons. First, shadowing and related nuclear effects may be dependent uponQ2, as in
S2 andS3 [21, 18, 19]. Thus, it is possible that the shadowing atQ2 = m2

Υi
will differ substantially from that

atQ2 = m2
Z . Second, thex values probed (x ∼ mZ/

√
s ∼ 0.016 at y = 0) are much larger than in Upsilon

production at the same energy. In Fig. 9, one sees thatqq collisions are dominant forpT <∼ 15 GeV while at
higherpT valuesqg + qg collisions dominate. Thus, to probe nuclear effects on theg distribution atQ2 = m2

Z ,
these effects on theq andq distributions at the same values ofx andQ2 must be understood. There is no direct
measurement ofq andq shadowing at smallx with Q2 values as high asm2

Z . However, if nuclear beams become
available at HERA, such measurements would be possible.

Given these issues, it would be advantageous if lepton pair production atmµ+µ− ≈ mΥi could be to constrain
shadowing and nuclear effects at partonx andQ2 values closer to those of direct relevance. As already noted, a
large background fromcc andbb production processes is expected formµ+µ− ≤ mΥi . At these low masses, this

5) Thanks to U. Baur for providing a program against which to check these calculations.
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Figure 9: In (a), we plotdσ/dpT for pp → µ+µ−X at
√
s = 5.5 TeV as a function ofpT for Z production

(defined bymZ − 5 GeV ≤ Mµ+µ− ≤ mZ + 5 GeV). In (b), the same cross section is plotted for15 GeV ≤
Mµ+µ− ≤ 20 GeV. The separate contributions fromqq andqg + qg collisions are indicated by dashed and dotted
histograms, respectively. From [34].

background will be very difficult to veto by requiring that the leptons be isolated because of the high density of soft
tracks in the Pb+Pb collision environment. In the mass region above about15 GeV the dilepton rate fromcc (bb)
pair production is predicted to be smaller than (comparable to) that fromγ?, Z?-exchange [65]. Further, in this
higher mass range, vetoing thebb component using isolation requirements on the leptons might prove feasible at a
level adequate to extract the pure DY dilepton spectrum. In Fig. 9,dσ/dpT is given for production of muon pairs
with 15 GeV ≤ Mµ+µ− ≤ 20 GeV coming fromγ?, Z?-exchange. In this case theqg + qg collision component
is always dominant, as would be desirable for learning as much about gluon shadowing as possible. However, the
cross section is nearly a factor of 100 below that for production at theZ resonance, implying that statistics would be
a factor of 10 worse. Even a year of running will not provide enough Pb+Pb luminosity to yield measurements that
are sufficiently accurate to constrain the shadowing and nuclear effects at the needed level of<∼ 5 − 10%. Thus,
the low rate and uncertainty regarding the ability to veto thebb background implies that it may not be possible
to use lepton pairs below theZ mass to improve the understanding of nuclear effects on the gluon distribution.
Nonetheless, the possibility of doing so should not be ignored and appropriate data, including event characteristics
that might allow vetoing, should be collected.

5 Energy Loss
A dense parton system is expected to be formed in the early stage of relativistic heavy-ion collisions due to the
onset of hard and semihard parton scatterings. Interactions among the produced partons in this dense medium
will most likely lead to partial thermalization and formation of a quark-gluon plasma. It is thus important to
study phenomenological signals of the early parton dynamics, a crucial step towards establishing the evidence of
a strongly interacting initial system and its approach to thermal equilibrium. Therefore the energy loss of fast
partons is a good probe of dense matter [66]. Three signals of this energy loss,dE/dx, are discussed: the effect
on heavy quark decays and consequently, on the shape of the dilepton continuum, jet quenching and rapidity shifts
in global event characteristics.

5.1 Heavy Quarks and the Dilepton Continuum

Since heavy-flavored mesons carry most of the heavy quark energy after hadronization, the energy lost by heavy
quarks traveling through the quark-gluon plasma is directly reflected in the suppression of largepT heavy-flavored
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mesons. Previous work suggested that since the charm production cross section is large, charm decays would
dominate the dilepton continuum for2 < M < 10 GeV [17] after randomπ andK decays had been subtracted.
Therefore the dilepton yields could be used as an indirect measurement of the charm spectrum. However, this
conclusion depends crucially on the hadronization mechanism, the acceptance of a real detector and the energy
loss in the medium. Large invariant mass heavy quark pairs are suppressed by the energy loss. Thus dileptons
from their decays are also suppressed [67, 68]. The treatment of the energy loss in the model is described [67, 68]
followed by a discussion of how thecc andbb pairs are generated, hadronized and decayed. The effect observable
by CMS is finally examined.

First, the phase space distribution of the heavy quarks and the space-time evolution of the dense matter must be
specified. The matter has a longitudinal fluid velocityvF

z = z/t in the local frame [28], essentially the fluid velocity
of free-streaming particles produced atz = 0 andt = 0. Transverse flow, which sets in later, is neglected and both
the medium and the heavy quarks are assumed to be produced atz = 0, the same point at which expansion begins.
Then, for any space-time point, (z, t), a heavy quark is in a fluid with the same longitudinal velocity. In the fluid rest
frame, the heavy quark thus has momentum(0, ~pT ). Energy loss reduces the heavy quark momentum to(0, ~pT

′)
in the rest frame so that the momentum of the heavy quark changes from(mT sinh y, ~pT ) to (m′

T sinh y, ~pT
′) in

the lab frame. Thus the heavy quark loses its transverse momentum but retains its rapidity because it follows the
longitudinal flow.

To simplify the calculations, spherical nuclei of radiusRA = 1.2A1/3 are assumed so that in central collisions, the
transverse area of the system is the area of the nucleus. For a heavy quark with a transverse path,lT , and mean-free
path,λ, in the medium,µ = lT /λ gives the average number of scatterings. The actual number of scatterings,n,
is generated from the Poisson distribution,P (n, µ) = e−µµn/n!. This corona effect is particularly important for
heavy quarks produced at the edge of the transverse plane of the collision. In the rest frame of the medium, the
heavy quark then experiences momentum loss∆p = nλ dE/dx.

When a heavy quark loses most of its momentum in the fluid rest frame, it begins to thermalize with the dense
medium. The heavy quark is considered to be thermalized if its final transverse momentum after energy loss,
p′T , is smaller than the average transverse momentum of thermalized heavy quarks with a temperatureT . These
thermalized heavy quarks are then given a random thermal momentum in the rest frame of the fluid generated
from the distributiondN/d3p ∝ exp (−E/T ). The final momentum of the thermalized heavy quark is obtained
by transforming back from the local fluid frame to the center-of-mass frame of the collision. The parameters used
in the calculation aredE/dx = −1 GeV/fm, λ = 1 fm andT = 150 MeV. Note that larger values ofdE/dx,
both collisional and radiative have been recently suggested for heavy quarks in the high temperature environment
of the LHC [69]. However, simulations at RHIC energies [67] suggest that once the heavy quarks are assumed to
lose energy, the suppression of the heavy quark spectra appears as long as|dE/dx| ≥ 〈pT 〉/RA where〈pT 〉 is
the average transverse momentum of the heavy quark which produces leptons inside the detector acceptance. At
central rapidities with Pb beams and〈pT 〉 = 3 GeV,〈pT 〉/RA ∼ 0.4 GeV/fm.

The momentum distribution of theQQ pairs is generated with from PYTHIA 6.115 [70]. Initial and final state
radiation effectively simulates higher-order contributions to heavy quark production so that the pair is no longer
azimuthally back-to-back as at leading order6). The MRS D−′ [71] parton distribution functions are used to
normalize the charm pair production cross section to 17.7 mb inpp collisions at

√
s = 5.5 GeV [17]. The number

of QQ pairs in a Pb+Pb collision at impact parameterb = 0 is obtained by multiplying thepp production cross
section by the nuclear overlap,

NQQ = σpp

QQ
TPbPb(0) (27)

whereTPbPb(0) = 30.4/mb. This scaling results in 540 charm pairs in a central Pb+Pb event. Thebb production
cross section is 224µb in

√
s = 5.5 TeV pp collisions, extrapolating to 6.8bb pairs in an average central Pb+Pb

event. Although the energy loss experienced by bottom quarks may be different from that of charm quarks [69],
the same parameters are used.

Only dileptons from correlatedQQ pair decays,N corr
ll = NQQB

2(Q/Q → l±X) are considered,i.e., a single

QQ pair produces the dilepton. Dileptons from uncorrelatedQQ decays, which appear at higher invariant mass
than the correlated decays due to their larger rapidity gap, will be particularly abundant for charm decays since
Nuncorr

ll = NQQ(NQQ − 1)B2(Q/Q → l±X). In principle, the finite detector acceptance significantly reduces
the uncorrelated rate and like-sign subtraction should remove most of the remainder. In practice however, full

6) No shadowing has been included in these calculations.
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subtraction will be difficult. Another problem arises from uncorrelated lepton pairs from a heavy quark and a
backgroundπ orK decay. Treatment of this background could be a problem, especially since highpT pions and
kaons are also expected to experience energy loss.

In order to obtain the final meson distributions, the heavy quark distributions are convoluted with a fragmentation
function. While a delta-function type of fragmentation is sufficient for lowpT hadroproduction [72, 73], highpT

heavy quarks should fragment according to the Peterson function [74],D(z) ∝ [z(1−1/z− ε/(1−z))2]−1 where
z = pQ/pH andεc = 0.06 andεb = 0.006 [75]. Note that the heavy quark quantities are denoted byQ while
the heavy hadron formed from the fragmentation of the quark is denoted withH . A corresponding intrinsickT

kick of 1 GeV for the partons in the proton is also included. In a high-energy collision,
√
s/m � 1, the heavy

quark rapidity distribution is essentially flat. However, the hadronization of the heavy quark enhances the rapidity
distribution at central rapidities. If the delta-function type of fragmentation is assumed, the momentum does not
change but the rapidity shifts so that

dn ∝ dyQ =
dpzQ

EQ
=
dpzH

EQ
=

cosh yHdyH√
cosh2 yH − α2

(28)

where

α2 =
m2

H −m2
Q

m2
T,H

. (29)

Formc = 1.3 GeV,mD = 1.87 GeV andmT,D ≈ √2mD, α2 = 0.25, enhancing theD distribution aty = 0 by
≈ 15%. Whenmb = 4.75 GeV,mB = 5.27 GeV andmT,B =

√
2mB, α2 = 0.09, enhancing theB distribution

by≈ 5%. The range of the enhancement is|yH | < 2.5. If the Peterson function is used instead,α2 increases,

α2 =
m2

H − z2m2
Q

m2
T,H

, (30)

increasing theD enhancement aty = 0 to≈ 30% for 〈z〉 ≈ 0.7 and theB enhancement to≈ 15% for 〈z〉 ≈ 0.85.
These〈z〉 are typical for the Peterson function with theε values given above. The fragmentation then tends to pile
up heavy hadrons at central rapidities.

Since the CMS detector is sensitive to decays of charm quarks withpT > 20 GeV, the charm spectrum was
generated in two steps to obtain a sufficient number of highpT charm quarks. First105 normalcc pairs were
generated followed by an equal number ofcc pairs with a highpT trigger such that thecc pair spectrum contains
pairs withpT,c > 5 GeV andpT,c > 5 GeV only. These highpT cc pairs were then removed from the normal
spectrum so that the resulting softcc spectrum contains those pairs withpT,c < 5 GeV orpT,c < 5 GeV. The
relative weight of the highpT spectrum is obtained from the ratio of the highpT events to the total distribution.
Because theb quarks have a harderpT spectrum than charm quarks, such a proceedure is unnecessary forbb pairs.

The average branching ratios ofD → µX are≈ 12%. The lepton energy spectrum fromD meson semileptonic
decays in PYTHIA 6.115 is consistent with the measurement of the MARK-III collaboration [76]. Theb quarks are

assumed to fragment intoB−, B
0
, B

0

s andΛ0
b with production percentages 38%, 38%, 11% and 13%, respectively.

Single leptons from bottom decays can be categorized as primary and secondary leptons. Muons directly produced
in the decayB → lX are primary while those indirectly produced,B → DX → lY , are secondary. Primary
leptons have a harder energy spectrum than secondary leptons. A decayingb hadron mainly produces primary

µ− and secondaryµ+ although it can also produce a smaller number of primaryµ+ due toB0 − B
0

mixing.
The branching ratios of the necessaryB hadron decays are 9.30% to primaryµ−, 2.07% to secondaryµ−, 1.25%
to primaryµ+, and 7.36% to secondaryµ+. The total number of dimuons from aBB decay can be readily
estimated to be 0.020. Another important source of dimuons from bottom decays is the decay of a single bottom,
B → Dl1X → l1l2Y . The branching ratio for a singleB meson to a dimuon is 0.906%, therefore this source
gives 0.018 dimuons, comparable to the yield from abb pair decay. These branching ratios [58] and energy spectra
from PYTHIA 6.115 are consistent with measurements [77].

In Fig. 10 the single charmpT distribution and the resulting dilepton invariant mass spectrum from correlatedDD
decays are shown without any phase space cuts. The spectra in Fig. 10 are normalized, as are all figures in this
section, to a single central Pb+Pb event. The dashed curves are the generated spectra without energy loss while
the solid curves are the distributions after energy loss. Thermalization of charm quarks that have lost most of
their momentum causes the build-up at lowpT , as seen in Fig. 10(a). At higher values, a shift inpT occurs but
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these quarks are sufficiently energetic to escape the dense medium without being thermalized. A comparison of
the dilepton spectra before and after energy loss, Fig. 10(b), would naively suggest that the overall effect is small.
However, this impression is misleading because the spectrum is integrated over the entire phase space. Heavy
quarks and antiquarks in a pair tend to be separated by a significant rapidity gap. This gap can cause the invariant
mass of the subsequent lepton pair to also be large. However, once the finite detector geometries are included, the
effect of energy loss becomes more dramatic.

Figure 10: (a) ThepT distribution of singleD mesons. (b) The invariant mass distribution of lepton pairs from
correlatedDD decays. Both distributions are integrated over all phase space. The dashed curves are results without
energy loss, the solid curves include energy loss withdE/dx = −1 GeV/fm. From [68].

Figure 11 shows the corresponding single bottompT distribution and the integrated invariant mass spectra from
correlatedBB and singleB decays. The dotted curve is the result of the decays of a singleB to lepton pairs.
WhenM < 3 GeV, this contribution is larger than the dilepton yield fromBB decays, shown in the dot-dashed
curve. Both include energy loss. The solid curve is the sum of the two contributions while the dashed curve is the
sum of single and pair decays to dileptons without energy loss. The same trends are seen for bottom as well as
charm except that the suppression of the spectrum due to energy loss begins at larger invariant mass. Note that the
mass distribution in Fig. 11(b) is truncated to more clearly show the contribution from singleB decay.

The CMS muon acceptance is in the range|η| ≤ 2.4 with a leptonpT cut of 3 GeV. After these simple cuts are
applied, the results are shown in Fig. 12 for bothDD andBB decays. Whereas forM ≤ 15 GeV, theDD decays
would dominate those ofBB before the cuts, the measuredBB decays are everywhere larger than those from
charm mesons both before and after energy loss. The generally larger momentum of muons fromB decays and
the rather high momentum cut result in less acceptance loss forBB decays. NoDD decay pairs withM ≤ 5
GeV survive the momentum cut. A factor of 50 reduction in rate atM ∼ 10 GeV is found before energy loss
when comparing Figs. 12 and 10(b). A decrease in rate by a factor of 100 is obtained when energy loss is included.
The corresponding loss of acceptance fromBB decays is significantly less, a factor of≈ 8 before energy loss
and≈ 15 when energy loss is included. Interestingly, the leptons in the decay chain of a singleB meson are
energetic enough for both to pass the momentum cut, causing the peak atM ∼ 2 − 3 GeV. These results suggest
that rather than providing an indirect measurement of the charm cross section, as postulated in [17], the dilepton
continuum above theΥ family could instead measure thebb production cross section indirectly. A comparison
with the spectrum frompp interactions at the same energy would then be sensitive to the amount of energy loss,
dE/dx, of the medium.

A comparison of thepT distributions of single muons in the CMS acceptance from the decays ofD andB mesons
can also provide a measure of theb cross section, shown in Fig. 13. WhenpT > 10 − 15 GeV, the muonpT
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Figure 11: (a) ThepT distribution of singleB mesons. (b) The invariant mass distribution of lepton pairs from
correlatedBB decays and singleB decays. Both distributions are integrated over all phase space. The dotted
curve is the contribution from semileptonic decay chains of singleB mesons while the dot-dashed curve is from
correlatedBB decays. Both include energy loss. The dashed curves are results without energy loss, the solid
curves include energy loss withdE/dx = −1 GeV/fm. Note that in (b), the dashed and solid curves include all
singleB andBB pair decays. From [68].

Figure 12: The dilepton invariant mass distribution in the CMS acceptance. The dashed and dotted curves are the
DD and summed singleB andBB decays respectively without energy loss. The solid and dot-dashed curves are
the corresponding results withdE/dx = −1 GeV/fm. ¿From [68].
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distribution is clearly dominated byB decays. This method of studying heavy quark production with single high
pT leptons was proposed as a measure of the charm rate at RHIC [78]. However, for this method to be viable, the
background from randomπ andK decays must be well understood.

Figure 13: The single muonpT distributions in the CMS acceptance. The dashed and dotted curves are theD and
B meson decays respectively without energy loss. The solid and dot-dashed curves are the corresponding results
with dE/dx = −1 GeV/fm. ¿From [68].

There are a number of uncertainties in the model. Although the relative formation times are neglected, the longi-
tudinal velocity of heavy quarks and the fluid could be mismatched. The rapidity distribution of the heavy quarks
is very sensitive to the flow pattern. The energy loss is assumed to be constant during the expansion of the system
and the subsequent drop in the energy density. This need not necessarily be the case. Transverse flow, which could
quantitatively change the low invariant mass dilepton yields, is also not included. However, the qualitative features
of the results, such as the clear dominance ofbb decays and the effect of energy loss when|dE/dx| ≥ 〈pT 〉/RA,
are not likely to change.

5.2 Jet Quenching: The Monojet to Dijet Ratio

Jet quenching is a very good candidate for measuring energy loss since a fast parton traversing dense matter must
experience multiple scatterings, or collisional energy loss, and also suffer radiative energy loss [79, 80, 81]. Two
signatures of this energy loss in hard jet production addressed in this section are dijet quenching, a suppression of
pairs of highpT jets [82], and an enhancement of monojet production relative to the dijet rate [83]. The sensitivity
of CMS to these signals for jets with transverse energy greater than 100 GeV was recently considered [84]. Other
possible signatures that could directly measure the energy loss involve tagging the hard jet opposite a particle that
does not interact strongly such as aZ boson [85] or a photon [86].

The total energy lost by a hard parton due to multiple scattering,∆Etot, is obtained by averaging over dijet
production vertices (R, ϕ), theQ2 of the rescattering, and the space-time evolution of the medium [87, 88]:

∆Etot =
1

sin θ

2π∫
0

dϕ

2π

RA∫
0

dRPA(R)

τL∫
τ0

dτ

(
dE

dx

rad

(τ) +
dE

dx

coll

(τ)

)
(31)

whereτ0 andτL =
√
R2

A −R2 sin2 ϕ − R cosϕ are the QGP formation time and the time the jet escapes the

plasma, respectively. Assuming a spherical nucleus,PA(R) is the distribution of distancesR from the nuclear
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collision axis to the dijet production vertex,PA(R) ≈ 3(R2
A −R2)/2R3

A for R ≤ RA, andθ is the polar angle of
the jet relative to the collision axis.

There are two contributions to the energy loss:dErad/dx is the radiative loss anddEcoll/dx is the collisional
loss. The discussion here is restricted to the collisional loss, as in Refs. [87, 88]. Although the radiative energy
loss is expected to dominate the collisional loss by up to an order of magnitude [79], there is no direct experi-
mental verification of this loss. It was recently shown [80, 81] that the radiation of energetic gluons in a QCD
medium is essentially different from the Bethe-Heitler independent radiation pattern since the formation time of
such gluons exceeds their mean free path in the medium. Then coherent effects play a crucial role, leading to
a strong suppression of medium-induced gluon radiation. This suppression is the QCD analogue of the Landau-
Pomeranchuk-Migdal (LPM) effect in QED. The coherent LPM radiation induces a significant dependence of the
jet energy on the jet cone sizeθ0. Including radiative loss would increase∆Etot and thus enhance the proposed
dijet quenching effect.

The collisional loss represents an incoherent sum over all rescatterings and is almost independent of the initial
parton energy. Additionally, the angular distribution of the collisional energy loss is essentially different from
that of the radiative loss. The majority of particles knocked out of the dense matter by elastic scatterings fly
off transverse to the hard jet axis. As a result, the collisional energy loss is practically independent ofθ0. The
contribution from the collisional loss could become significant for jets with finite cone size propagating through
the plasma predicted in central heavy ion collisions.

The dijet production rate for jet pairs with individual jet transverse momentapT1 andpT2 produced in the initial
hard scatterings in centralAA collisions is the result of averaging the total energy loss of each jet, eq.(31), over all
dijet production vertices (R, ϕ),

dNdijet
ij

dy1dy2dpT1dpT2

= TAA(0)

2π∫
0

dϕ

2π

RA∫
0

dRPA(R)
∫
dp2

T

dσij

dp2
T

δ(pT1 − pT

+ ∆Ei
tot(ϕ,R)) δ(pT2 − pT + ∆Ej

tot(π − ϕ,R)) . (32)

The jet cross section,dσij/dp
2
T , is calculated inpp collisions using PYTHIA [70]

dσij

dp2
T

= K

∫
dx1

∫
dx2

∫
dt̂ fi/p(x1, p

2
T )fj/p(x2, p

2
T )
dσ̂ij

dt̂
δ(p2

T −
t̂û

ŝ
), (33)

wheredσ̂ij/dt̂ is parton-parton scattering cross section andK ∼ 2 was used to account for higher order contri-
butions. Shadowing is not included since it is not expected to be a strong effect in thex range of highET jets
[84].

At leading order, hard jets are produced withpT1 = pT2 . A monojet is created from a dijet if one of the two
hard jets loses so much energy that only a single jet is observable. This monojet rate is obtained by integrating
the dijet rate over the transverse momentumpT2 of the second (unobserved) jet forpT2 smaller than the threshold
valuepcut. Then the dijet rate,Rdijet, with pT1 , pT2 > pcut, and the corresponding monojet rate,Rmono, with
pT1 > pcut andpT2 < pcut, in centralAA collisions aty = 0 is

Rdijet
AA (pT1 , pT2 > pcut) =

∫
pcut

dpT1

∫
pcut

dpT2

∫
dy1dy2

∑
i,j

dNdijet
ij

dy1dy2dpT1dpT2

, (34)

Rmono
AA (pT1 > pcut, pT2 < pcut) =

∫
pcut

dpT1

pcut∫
dpT2

∫
dy1dy2

∑
i,j

dNdijet
ij

dy1dy2dpT1dpT2

. (35)

The dijet rate inAA relative topp collisions can studied by introducing a reference process, unaffected by energy
loss and with a rate proportional to the number of nucleon-nucleon collisions, such as Drell-Yan production,

Rdijet
AA

Rdijet
pp

=
σdijet

AA /σdijet
pp

σDY
AA/σ

DY
pp

, (36)

orZ production. This normalization is necessary to remove systematic errors in the luminosity. However, the ratio
Rmono/Rdijet does not need any external normalization since both rates can be measured simultaneously inAA
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collisions, making such a study possible during a single run. A measurement relative to a reference process, as in
eq. (36), requirespp and Pb+Pb runs at the same energy.

Three different assumptions of the collisional energy loss were studied in [88]: (i) no quenching; (ii) jet quenching
in an ideal plasma where〈∆Eg〉 ' 10 GeV aty = 0 is obtained from eq. (31); (iii) jet quenching in a maximally
viscous plasma withCη = 0.34, resulting in〈∆Eg〉 ' 20 GeV aty = 0 [87]. The quark loss can be determined
from the gluon loss by the ratio of color factors such that〈∆Eq〉 = 4/9〈∆Eg〉. A parton with energyE loses
on averageν = 〈Q2/2m0〉 in a single elastic scattering with a parton of energym0 in the medium and also gets
a transverse momentum kickkT = Q

√
1− ν/E. The initial conditions for a gluon plasma in central Pb+Pb

collisions were taken from Ref. [29], without shadowing.

The hard jet background is principally lower energy jets from secondary parton scatterings after the system has
thermalized. This false jet background was simulated with a hydrodynamical model assumingdN±/dy|y=0 =
8000 in the central unit of rapidity with〈pπ

T 〉 = 0.5 GeV and〈pK
T 〉 = 0.7 GeV [88, 89]. Central Pb+Pb events

are constructed from a superposition of the hydrodynamical model with the hard jet generated by PYTHIA inpp
collisions [70].

To assess the CMS calorimeter response, some simplifying assumptions were made [88, 90]. Only the barrel
calorimeter,|η| < 1.5, is included with a 4 T uniform magnetic field. The calorimeter cell size is0.1 × 0.1
in η − φ with hadronic calorimeter resolutionσ/E = 70%/

√
E/GeV + 1% and electromagnetic calorimeter

resolutionσ/E = 2%/
√
E/GeV + 0.5%. The modified UA1 jet finding algorithm was used and only jets with

〈R〉/Rjet < 0.5 were accepted, whereRjet =
√

∆η2 + ∆φ2 = 0.5 is the jet radius inη − φ space. The average
jet radius is

〈R〉 =
∑

i

Ri0(Ei − Ei)/Ejet, Ejet =
∑

i

(Ei − Ei), (37)

whereRi0 is the distance between celli of the jet and the center of the jet,Ei andEjet are the transverse energy
in the cell and in the complete jet respectively, andEi is the average cell transverse energy. A dijet is extracted
from n-jet events by selecting the jet with the maximum transverse energy and because of the strong correlation,
essentially back-to-back in azimuth, between the initial jet pair momenta, the jet opposite the first jet with the
largest transverse energy was also selected:

E1
T,jet = max

i=1,n
ETi ,

E2
T,jet = max

i=2,n
ETi cos(ϕ1 − ϕi − π) . (38)

Figure 14 showsRdijet as a function of the threshold jet energyET in central Pb+Pb collisions. An average
jet radius〈R〉/Rjet < 1 is assumed in (a) while〈R〉/Rjet < 0.5 is used in (b). The probability of false dijet
detection forE1,2

jet ≥ ET = 100 GeV decreases by 2 orders of magnitude when the UA1 criteria is used. The
contamination from false dijets, produced in secondary collisions, at thresholdET = 100 GeV is about25% in
(a) and only∼ 0.5% in (b), decreasing rapidly with increasing thresholdET . Thus the selection criterion on jet
internal structure maximizes suppression of the false jet background. The hard dijet yield can be suppressed by
up to a factor of∼ 7 due to collisional loss alone and could be even larger when radiative loss is included. The
quenching is nearly independent of jet energy if the loss depends only weakly on the energy of the initial hard
parton.

At luminosityLPbPb ' 1 × 1027 cm−2s−1 with σin
PbPb ' 8 b and a3%-centrality trigger, there areIcentral

PbPb =
3%LPbPbσ

in
PbPb = 240 events per second. Table 7 shows the hard dijet detection ratesHdijet

PbPb = Rdijet
PbPbI

central
PbPb ,

monojetsHmono
PbPb = Rmono

PbPbI
central
PbPb and the monojet to dijet ratioHmono/Hdijet in the CMS barrel. The expected

statistics should be sufficient to study highET jet production.

On the other hand, monojet detection and resolution are far from ideal. Initial state gluon radiation, finite calorime-
ter energy resolution, peculiarities of the jet finding algorithm, in addition to the background smears the observed
hadronic jet characteristics relative to the initial partonic jet. In particular, there is a finite probability to register
a jet with energy higher or lower than the initial jet,i.e. pT1 6= pT2 , in contrast to the simple QCD picture of a
single hard parton-parton scattering. As a consequence,Rmono/Rdijet > 1 even when no plasma is produced (see
the lower solid line in Fig. 15) because of the smearing inpT1 − pT2 at the parton level. Dijets with energy lower
than the threshold energyET are partly transformed into monojets with energy higher thanET while the reverse
process is suppressed due to the sharp decrease of the initial dijet spectrum with energy,∝ E−5

T . When energy loss
in the plasma is included,Rmono/Rdijet increases up to a factor of1.5 − 2 atET ≥ 100 GeV over the rate in a
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ET (GeV) 100 150 200 250 300
no loss,〈∆Eg〉 = 0

Hdijet (Hz) 1.0 1.5× 10−1 3.3× 10−2 1.0× 10−2 4.1× 10−3

Hmono (Hz) 6.3 8.0× 10−1 1.4× 10−1 3.6× 10−2 1.4× 10−2

Hmono/Hdijet 6.3 5.3 4.2 3.6 3.4
jet quenching in ideal QGP,〈∆Eg〉 = 10 GeV

Hdijet (Hz) 3.1× 10−1 4.7× 10−2 1.2× 10−2 3.0× 10−3 1.0× 10−3

Hmono (Hz) 3.0 3.3× 10−1 6.9× 10−2 1.3× 10−2 5.2× 10−3

Hmono/Hdijet 9.7 7.0 5.7 4.2 5.2
jet quenching in viscous QGP,〈∆Eg〉 = 20 GeV

Hdijet (Hz) 1.3× 10−1 2.1× 10−2 5.4× 10−3 1.8× 10−3 8.0× 10−4

Hmono (Hz) 1.7 2.1× 10−1 4.3× 10−2 1.1× 10−2 5.0× 10−3

Hmono/Hdijet 12.7 10.0 8.0 6.1 6.2

Table 7: The dijet (E1,2
T > ET ) and monojet (E1

T > ET ) rates in central Pb+Pb collisions for|η| < 1.5.

Figure 14: The dijet rateRdijet with transverse energyE1,2
T > ET in central Pb+Pb collisions for different

quenching scenarios with true hard jets (histograms) compared to false jets (points with Gaussian fit, dot-dashed
curve) from the hydrodynamic calculation withdN±/dy(y = 0) = 8000. The histograms represent〈∆Eg〉 = 0
(solid), 10 GeV (dashed), and 20 GeV (dotted). In (a)〈R〉/Rjet < 1 is used while〈R〉/Rjet < 0.5 is assumed in
(b). The scaled PYTHIA result for the dijet spectrum is shown in the solid curve. From [84].

plasma without energy loss, a factor of3− 6 above the baseline scaled PYTHIA result without plasma production,
as also shown in Fig. 15.

Dijet production is more sensitive to the multiple scattering of jet partons in dense matter than the monojet yield
which suffers from finite resolution and background effects. Studies ofRmono/Rdijet can also provide additional
information on the energy loss. Using the selection criteria〈R〉/Rjet < 0.5 maximizes the efficiency of true hard
jet recognition while suppressing the false jet background.
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Figure 15: The monojet/dijet ratio as a function of the threshold jet energyET in central Pb+Pb collisions for dif-
ferent quenching scenarios and〈R〉/Rjet < 0.5. The histograms represent〈∆Eg〉 = 0 (solid), 10 GeV (dashed),
and 20 GeV (dotted). The scaled PYTHIA result for the dijet spectrum in shown in the solid curve. From [84].

5.3 Jet Quenching: Effects on Initial Conditions

CMS can also measure global event characteristics such as total transverse energy in the event,ET , and the neutral
and charged particle multiplicities,N0 andNch [63]. These measurements would allow the correlation of plasma
signals with event centrality in a meaningful way. The pseudorapidity coverage of the calorimeters,−5 < η < 5,
will cover≈ 80% of dET /dη, providing a good measure of the global transverse energy. The energy loss by fast
partons in matter, already discussed for heavy quarks [67, 68] and high transverse energy jets [84], would also
modify global characteristics such asdET /dη. Studies [91] of radiative energy loss effects, proportional to the
transverse distance traveled by a jet in the medium, using the HIJING event generator [92] indicate an enhancement
in the range|η| < 2.

Fig. 16 showsdET /dη for∼ 1, 000 minimum bias Pb+Pb collisions at
√
s = 5 TeV/nucleon generated by HIJING

in four different scenarios: no energy loss or nuclear shadowing; energy loss only; shadowing only; and the
combined effect of shadowing and energy loss. A significant enhancement appears in the pseudorapidity range
|η| < 2 when energy loss is included. Even peripheral Pb+Pb collisions show the effects of energy loss with the
central enhancement still evident at impact parameters up to 12 fm [91]. Note that the shadowing parameterization
used in HIJING reducesdET /dη in the central region by a factor of∼ 2.6, larger than the decrease inET expected
with more recent shadowing parameterizations and parton densities as shown in Table 1. This is perhaps because
HIJING uses a simplified model of shadowing [92] along with the Duke-Owens parton densities [22]. Shadowing
is included in all the HIJING simulations shown here.

The energy dependence of the enhancement indET /dη at centralη is studied in Fig. 17. The results are given
for Pb+Pb collisions at

√
s = 5, 3, 1, 0.5, 0.2, and 0.1 TeV/nucleon. The enhancement is observable above a

central plateau when
√
s > 0.5 TeV/nucleon. At lower energies the effect is less pronounced because the rapidity

gap between the projectile and target fragmentation regions is decreased. A study of the energy dependence
thus requires a scan of

√
s from a few hundred GeV/nucleon to several TeV/nucleon to survey the onset of the

enhancement.

Since the LHC heavy ion injection system can provide sufficient luminosity for a variety of fully stripped nuclei
with a short transition time between the injection of different ion types [93], it is possible to study the nuclear
dependence of the energy loss. Because smaller nuclei require a shorter transverse distance for the partons to
traverse before escaping the system, the effect must depend on system size. A scan of collisions of different
nuclear systems provides an additional test of jet quenching. Thus HIJING was also used to simulate up to 10,000
minimum bias Nb+Nb, Ca+Ca, O+O,α+α, andpp interactions at

√
s = 5 TeV, compared to the Pb+Pb results in

Fig. 18. The central enhancement due to energy loss decreases with system size as obvious from the comparisons
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with and without energy loss.

The effect has only been shown for the globalET distributions,dET /dη. However, qualitatively the same picture
is seen when charged or neutral particle production is studied instead ofET .
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Figure 16: Modification ofdET /dη (GeV) as a function ofη for 1,000 Pb+Pb collisions at
√
s = 5 TeV/nucleon

normalized to the number of events withdη = 0.087 from the HIJING model. From top to bottom atη = 0 the
curves are: (a) energy loss only, no shadowing; (b) no energy loss or shadowing; (c) energy loss and shadowing;
(d) no energy loss, shadowing only. From [91].
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Figure 17: Total transverse energy as a function ofη, dET /dη (GeV), for Pb+Pb collisions at (from top to bottom)√
s = 5, 3, 1, 0.5, 0.2, and 0.1 TeV/nucleon normalized to the number of events withdη = 0.087. The HIJING

simulation includes both energy loss and shadowing. From [91].

The greater the energy loss, the more transverse energy is piled up at centralη values, leading to an increase in
energy density or ‘stopping’ in the central region, as has been seen at lower energies [95], in contradiction to the
assumption of nuclear transparency [28]. Preliminary results indicate that the qualitively same results shown in
Figs. 16-18 can be obtained using VENUS [94] with nucleon rescattering included. It is interesting to note that
even though the physics of the VENUS rescattering mode is very different than that of the energy loss mechanism
in HIJING, the end result is similar. This may be due to the fact that nucleon rescattering is also an effective form
of nuclear ‘stopping’ [95]. The measurement of global characteristics can also provide an important correlation
with collision centrality for signatures such as jet [84] and lepton pair production [34, 67, 68] as well as studies of
the spatial dependence of the nuclear parton distributions [24].

This study demands a brief run with the solenoid switched off and variations in collision energy and system size.
The availabilty of heavy ion beams when the CMS solenoid is not yet on is necessary to obtain undistorted distri-
butions of total energy and charged multiplicity withη. Otherwise, distortions in the electromagnetic calorimeter
due to charged hadron contamination must be shown to be small. In nucleus-nucleus collisions, normalization to
pp collisions at the same energy would eliminate these systematic uncertainties. Only a relatively small sample of
events is then needed to observe the enhancement,e.g.100 Pb+Pb events was shown to be sufficient for observation
of this central enhancement [96].
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Figure 18: Total transverse energy as a function ofη, dET /dη (GeV) for (from top to bottom) Pb+Pb, Nb+Nb,
Ca+Ca, and O+O collisions at

√
s = 5 TeV/nucleon with and without energy loss normalized to the number of

events withdη = 0.087 from the HIJING model. All simulations include shadowing. From [91].

6 Summary
Some of the most prominent quark-gluon plasma signatures that could be studied with the CMS detector have been
discussed here. Since the relative importance of these signatures depend on the initial conditions of the system, the
role of minijet production in determining the initial conditions was described. Parton shadowing, which influences
the initial temperature and the final multiplicity in an ideal quark-gluon plasma, was included. It was found that
shadowing could reduce the initial temperature by decreasing the initial parton production. This reduction in the
multiplicity would have the effect of making the environment easier to handle experimentally since the number of
particles to be tracked would be reduced.

Quarkonium suppression through theΥ family is a promising signature, as already known from fixed-target exper-
iments at the CERN SPS [5]. ThepT dependence of theΥ′/Υ ratio, as measured by CMS, could provide valuable
information on the initial conditions of the plasma. As was shown, the initial conditions and the subsequent expan-
sion of the system strongly influence theΥ′/Υ ratio. TheΥ production rate is large enough for such measurements
to be feasible. Theψ′/ψ ratio as a function ofpT can provide additional important information on the plasma even
at highpT .

Energy loss effects such as the modification of the dilepton continuum through heavy quark decays and jet quench-
ing will provide complementary information on the density of the medium traversed by the hard partons as well as
the influence of energy loss on global variables. The size of the energy loss influences the relative charm and bot-
tom contribution to the dilepton continuum and the monojet to dijet ratio at highET . Both effects are observable
by CMS. The CMS detector is particularly well suited for measuring highET jets.

Finally, it is important to note that any conclusions regarding quark-gluon plasma production depend on correlating
as many signatures as possible. To understand the systematics of plasma production, studies of other systems at
more than one energy will be crucial. To establish a baseline,pp andpPb collisions at the same energy as the
Pb+Pb collisions are strongly advised. Going down in energy toe.g.the Tevatron energy of 1.8 TeV could provide
an important cross check. Comparison of the Pb+Pb results with other nuclear systems such as Ca+Ca will also
be important for a study of finite volume effects. Another necessary cross check for CMS will be comparison
with results from the dedicated heavy-ion detector ALICE whenever possible since controversial results require
confirmation, as already evident from the fixed-target heavy-ion program. Lessons learned from the CERN SPS
heavy-ion program and the lower energy collider studies at RHIC should be put to good use as well.
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