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Abstract

Aspects of quark-gluon plasma signatures that can be measured by CMS are discussed. First the
initial conditions of the system from minijet production are introduced, including shadowing effects.
Color screening of the Upsilon family is then presented, followed by energy loss effects on charm and
bottom hadrons, high; jets and global observables.
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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 3(gauge theory (gluons only), the phase transition

is second order,.€. continuous), for SU(2) and first order (discontinuous) for SU(3). For the gluon theory, the
critical temperaturel,, is 260 MeV. When light quark degrees of freedom are included, the critical temperature is
substantially lower with two light flavorg. ~ 170 MeV, although in this case the phase transition appears to be
continuous. For simulations with more light flavors, > 3, the transition again appears to be first order. However,

this conclusion depends on the relative quark masses. The critical energy degsityis- 2 GeV/fm?, 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 largefilande.. 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 PbyRb-=at5.5 TeV

per nucleon pair, the highest energy available for these collisions. This section will focus on possible signature of
guark-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
T 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 of
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 cdiygesuppression, 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 forY production as for the/ /v [7], perhaps allowing a cleaner interpretation of thelata 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 atforesstreances has
important contributions fronac 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 studipcimdpPb 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

Atthe Pb+Pb collision energy perturbative QCD processes are expected to drive the initial conditions. In particular,
at early timesy ~ 1/pr < 1/pg ~ 0.1 fm for py ~ 2 GeV, semihard production of minijétswill 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].

U Minijets are jets withpr > po ~ 1 — 3 GeV [8], usually not observable as individual jets below~ 5 GeV [9].



The calculation of minijet production is based on the jet cross sectiop;for py. At leading order, LO, the
rapidity distribution of a particular parton flavor #hA collisions is

do’
d—y(\/g,po) = K/dpszyzZJ?lfi/A(ﬂ?l,pzT)ﬂ?zfj/A($27p%)
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The parton distributions in the nucleus are normalized to the per nucleon distribution. The limits of integration on
p% andys, arep? < p2 < s/(4cosh? y) andin(r,, —e¥) < yo < In(rp, —e¥) wherely| < In(ry, + 4 [rZ —1),

Tpr = V/$/pr andr,, = \/s/2po. 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 thatos(pr) is calculated at one loop with four flavors. The final factgi(l + dx;), is needed to correctly count
identical particles in the final state. The parton densities are evaluated apscalith = values aty = y» = 0 as

low asxq 2 ~ 2po/+/s ~ 7 x 10~*in Pb+Pb collisions. Thus the smalbehavior 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 smalincertainties 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. The( factor in eq. (1) indicates the NLO corrections. Previous analysis showef{thal.5 at

LHC energies [15]. Assuming’ = 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 fraetions

and0.3 < z < 0.7, a depletion is observed in the nuclear parton distributions. The:|aw shadowing, region

and the larger, or EMC region, is bridged by an enhancement known as antishadowifgdlfer x < 0.3. The

entire characteristic modification as a functiomeas 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(ﬂTl,pQT)fj/A(a?z,pQT) - Si(A,Il,pQT)fi/p(xlapQT)Sj(A,$27P%)fj/p($27p%) . 2

When S(A, z,p2) = 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 firstS; (A4, z), is based on fits to recent nuclear deep inelastic scattering data [20]. It treats
the quark, gluon and antiquark functions equally with@it evolution. The second$i(A4, x, Q?), separately
modifies the valence quark, sea quark and gluon densities and in€)ddaslution up to 100 Ge¥[21] but is

based on the Duke-Owens parton distributions [22]. The most recent shadowing parameteization, Q?),

based on the GRV LO parton distributions [23], evolves each parton distribution separat@fy for.25 GeV?

[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 fa 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 néygrarameterization. Assuming that the
shadowing is independent of impact parameter, the average number of partons produced in a Pb+Pb collision in
the CMS acceptance,| < 2.4, can be calculated. In collisions lat= 0, the total number of partons of flavgr

is then

NQA(b =0,v/5,p0) = 2T4a(b = 0) o/ (/s,p0) (3)

whereT' 4 4(b) is the nuclear overlap function [26] calculated using measured nuclear density distributions [27].
For estimates of conditions in centrllz 0, Pb+Pb collisionsT 4 4(0) ~ A%/(rR%) o< A*/? = 30.4/mb is used.
The transverse area of the system and the initial volume in the nuclear rest frame with the leadagdit .62

fm, are
Ar = 7R}, =137.8 fm? (4)
Vi = ArAy/po=65.28 fm® (5)
2
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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 parameterigatitire dot-dashed is with
parameterizatio; and the dotted usess. Adapted from [25].
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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 parameteriZatidime dot-dashed is with parameteri-
zationS; and the dotted usess. Adapted from [25].



wherer; = 1/po with py = 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 shadéWing

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 onAhe first
moment of each flavoiz(1/5, po)(E4.), calculated within the CMS acceptance. A crude approximation of the
acceptance is

0 otherwise

e(y):{ 1 if |y < 2.4 . ©)

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 B¥e moments. Thev distribution of each flavor is
[11]

1

ﬂ(\/g po) = 1/dpQ dyady Y a1 fija (@, p7)afisa (@, pr)———
dEr » PO ) T i/A »PT Jj/A » PT 1+ 0k

ij=

(kL)

de 1=kl
y {E (i, 0)0(Br — [Snely) + d1€(y2)] pr)

— (4, £)8(Er — [01€(y) + 5fk6(y2)]pT)} : (7)

The firstE; moment is obtained by integrating eq. (7) o¥&r so that

1

o(v/5,p0)(Bf) = /dp%dzndyZfflfi/A(xl,PQT)@fj/A(ffzap%)m

ij=

(kL)

dgii—kl )
x [6fk d(;j- (tvﬁ) +6fl 2 (ﬁvt)‘| e(y)pT : (8)

The Er 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

Eq(b = 0,y/5,po) = Taa(b = 0) o(v/5,po) (EL) | ©)

Whereo(\/E,po)<E§> is calculated in eq. (8). The energy density of each parton species in a central collision in
the CMS acceptance then follows:

— o VAR (10)

=
5 Er(0,4/5,p0)
¢ v,

The results from egs. (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]

f e+P
dr T

0 (11)

whereP is the pressure. There are two extreme cases for the evolution: free stre®wing, leading toe ~ 7!

and ideal hydrodynamics? = ¢/3, wheree ~ 7=%/3. The lower limit of multiplicity is obtained from ideal
hydrodynamics where the system is assumed to be in thermal equilibrivm=al /p, = 0.1 fm and expands
adiabatically with7. Then the initial entropy determines the final-state multiplicity. The energy and entropy
densities are = 3aT* ands = 4aT? wherea = vq0r72 /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
smallz in central collisions at this energy [24].
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Figure 3: The firstt moment,o(+/s, p0)<E§:>, as a function of rapidity for quarks, antiquarks, gluons and the
sum of all contributions in Pb+Pb collisions gfs = 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
parameterizatioy, the dot-dashed is with parameterizatinand the dotted usess. Adapted from [25].
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Figure 4: The firs&r momentg(+/s, po) <E§), as a function of rapidity for quarks, antiquarks, gluons and the sum

of all contributions in Pb+Pb collisions gts = 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 parameterizatignand the dotted uses;. Adapted from [25].



GRV 94 LO MRS G
S q | q | g |_ total q | q | g | total
Npbry(0, V5, po)

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
Sa 437.2 384.5 | 10015.3 | 10837.0| 405.8 361.8 7277.5 8045.1
Ss3 568.6 512.5 | 11948.7 | 13029.7 | 535.6 488.5 8693.5 9717.4
E7(0, /5, po) (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
So | 1460.3 | 1266.6 | 31695.0 | 34421.9| 1357.9 | 1192.6 | 23076.3| 25656.6
Ss | 1858.3 | 1652.2 | 36957.3 | 40465.4| 1752.6 | 1576.3 | 26930.8| 30259.6
e7(0,+/s,p0) (GeVIfm3)

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
Sa 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, eg. (9), and energy density,
eq. (10), in central Pb+Pb collisions gk = 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 shadowfing, 1, and with shadowing parameterizatiosts S-

andsSs.

with vq0¢ = 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

€\ 1/4
n-(5) 42
The final multiplicity in the CMS acceptance is then [29]
AN 1dS 1 4 [rnR%ya [ By (lyl < 2.4)
—— ~ —— ~ —7wRY4aT} = — | A 13
dy 36dy 36 A 3.6[ 27 { Ay } ’ (13)

whereT; and E are related by egs. (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 gt = 0 is &~ 4000 — 6000 or about 2700-4000 charged
particles. Shadowing reduces the number of charged particles 1800 — 2600. Again, as with the average
parton number, the gluoA7 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[; 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 valuegqff and7; and, consequently,

larger multiplicities than earlier estimates (€2g.[30]). The reason for this is twofold: the fast gluon equilibration

time, 7, ~ 1/py ~ 0.1 fm, and the increase in the parton density at smalk 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 the//¢y) and’ has been observed in nucleus-nucleus collisions at the CERN SPS [5]. In a
QGP, the suppression occurs due to the shielding ofidha@nding potential by color screening, leading to the

6



GRV 94 LO MRS G

S g | total g | total
dN/dy
1 4004.6 | 5649.3 | 3139.5| 45234
S1 | 2486.8 | 3505.5| 1968.3 | 2832.8
Sa2 | 2665.6 | 3721.7 | 2101.0 | 2983.0
Sz | 2991.1 | 4201.9 | 2359.0 | 3378.9
T; (MeV)
1 1051 820 969 762
S1 897 699 829 652
Sa 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 shadowingS = 1, and with shadowing parameterizatiofis S; andSs.

breakup of the resonance. Theandbb resonances have smaller radii than light-quark hadrons and therefore
need higher temperatures for the quarkonium states to break up. At current energies, the situatiod for the

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 explanafipn stippression even though an
increased density of secondary production is needed, see [6]. Becadséstiraich smaller than th& and other

bb resonances, a much higher temperature is needed to dissociat¢3Rp Therefore it was previously assumed

that theY would not be suppressed by QGP production [32, 33]. However, in view of the high initial temperature
ofagluon plasmdl’ ~ 0.9—1 GeV, as shown in Table 2, it was recently shown that, depending upon the properties

of the plasma, th& 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 massi€) 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&at= 0 are given in Table 3.

JY | b [ x(AP) | T X’ xo(1P)

M (GeV) | 3.07 | 3.698| 35 9.445 | 10.004 | 9.897
7 (fm) 0.453 | 0.875| 0.696 | 0.226 | 0.509 | 0.408

Tr (fm) 0.89 15 2.0 0.76 1.9 2.6
up (GeV) | 0.699 | 0.357 | 0.342 | 1.565| 0.671 0.558

Table 3: Properties of the quarkonium states botli'at 0 andT = Tp, taken from Ref. [32]. The masses,
radii and formation times df' = 0 are obtained by solving the Schrodinger equation [32]. The valu&,ois
determined by the functional form @f( 7). The screening mass at breakpp, 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 masg(T), is a function of temperature [32]. Minimizing the quarkonium energy at each tempera-

ture gives the radius of the bound state as a functidh.d¥or 1.(T") above the critical valueyp, there is no longer

a minimum and the screening has become strong enough to prevent the formation of the resonance at temperature
Tp whereu(Tp) = up. The values ofip for the quarkonium states are also given in Table 3. The actual values

of T depend upon the functional form pfT).

Perturbative estimates of the screening suggesiifiay o« ¢7" [35],

wr) _ oy (T T
. 1+69 )T (14)

where the temperature-dependent running coupling constant is
T 4872
2
Z =" 15
g (T) (33— 2ny)In F2 (15)

with FF = K(T/T.)(T./As;5) and K is also in principle temperature dependent [36]. In SU(3) gauge theory,
T. = 260 MeV [37] andT,/Agg = 1.03 £ 0.19 [38]. A fit to the heavy quark potential in the high temperature
limit, ' > T, yields the constank’ ~ 33.8 [36]. Lattice results withhy =2 and 4 suggesi, = 170 MeV

7



andT, /Ay = 1.05 [38]. Realistically, the high temperature limit is probably invalid Tof7. < 3.5 [39]. Then
fitting K to lattice results fofl” > T yields [36],
K(T/T.) = 18 16
( / C) - 18.46_0'5(T/TC)2 + 1 . ( )
The lower values oK (T'/T.) nearT. results in larger values @f(7T"), suggesting’p = T. for all states except the
T. As shown in Fig. 5 fom; = 3, the two different limiting assumptions @ produce similar results fqe(7")
whenT'/T, > 3 even though below this ratio, they are quite different.
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Figure 5: The screening mass as a function of temperature for eq. (17Ywith260 MeV (solid). The dashed
and dot-dashed curves takex g7, eq. (14), withn s = 3 in the high temperature limit and the Idi¥fit, eq. (16)
respectively. The values @fp, for the quarkonium states are indicated by the dotted lines. From [6].

In their prediction ofJ/¢ suppression, Matsui and Satz [31] used a parameterization based of) &itt{ce
simulations [40],
w®) T
~4— 17
T, T (17)
which produces values @fp similar to the results with eq. (16) except for thie This parameterization is also
shown in Fig. 5 fofl. = 260 MeV.

Due to the uncertain behavior p{T") aboveT,, the suppression hierarchy of the quarkonium states in several
possible scenarios, described below, is given. The values obtain@g fareach case are shown in Table 4.

Tp (MeV)
nf:2 nf:3 nf:4 TLfZO eg. (17)
J/P 451 406 366 541 260
P’ 211 189 170 260 260
Xe 185 178 170 260 260
T 1105 994 901 1326 391
T’ 434 386 352 512 260
Xb 350 314 282 416 260

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

Two cases are chosen for further illustrationnl) = 3 in the high-temperature limit and IV)p = T, = 260
MeV (n; = 0 and SU(3)), eq. (17).



As a first step toward studying color screening with théamily, it must be determined if th& 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, Y@ pair neutralizes its color by interaction with the
collision-induced color field—*“color evaporation”. Tlig 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
on my, the yield of all bottomonium states may be only a small fraction of the tétatoss section below the

Vs = 2mp threshold. At leading order,

4m23
i)=Y /4 s / da1drs fiyp(e1) fy7(2) 04y (3) 55 — Tr2s) | (18)

4,3

whereij = ¢g or gg ando;;(3) is theij — bb subprocess cross section. The color evaporation model was
taken to next-to-leading order (NLO) using exclusi¥€) hadroproduction [42] to obtain the energy;, and
pr-dependence of quarkonium production [43, 44]. In the color evaporation pigigsgattering followed by

the splittingg — bb incorporated at NLO is similar to models gf— Y fragmentation [54]. By including this
splitting, the color evaporation model provides a good description of the quarkeriwistributions.

The division ofg 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 satigsand)’ /¢ over a broad energy range

[45, 46, 47, 48]. The available bottomonium data also follows this tréffdY = 0.53 £ 0.13 andY" /Y =

0.17 £ 0.06 for pp interactions at 400 [49] and 800 GeV [50, 51] angjfhcollisions 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 the- dependence of the charmonium statesThe Tevatron charmonium and
bottomoniunp data are also in good agreement with the model at NLO [44].

Using the measured’ /Y andY” /Y 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 existipg/pp data. Fixed targer’ data have generally given the sumofY’,

andY” production, especially if the mass resolution is not good enough to clearly separate the peaks. From the
cross section aj = 0, B(do/dy),=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 (dadés))y_o =133 x 1073 (d&dEj))y_o . (19)

The cross sectiods /dy is computed using the MRS G [14] and GRV 94 LO [13] parton densitiesmijth= 4.75
GeV and the renormalization and factorization scales set te m..,; = \/mg + (p7,, + p2.;)/2 reflecting

the production yield through th®, Y’, andY” resonances. As shown in Fig. 6, from Ref. [43] with updated
parton densities, the high energy data from UAL [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 tHE yield will be given with the MRS G densities.

The indirectY, Y’ andY"” components are extracted separately usingth& andY” /Y ratios, and the known
branching ratiosBy, = B(Y; — p*p~) whereY; represents the individual states. Ifdoy,/dy|ly—0 =
f.da /dy|,—o for theT; cross sections, then from eq. (19),

ftiBT + frirn/B'r/ + frirnuBT// = B =0.00133. (20)
Using fi8/ fi# = Y'/T = 0.53 and fi8, / fi# = T /Y = 0.17 [49, 50, 51, 52] andBr, [58],

AR =0038, =002, f& =0.0065, (21)

3) At high zr, other production mechanisms such as intrinsic heavy quarks [53] may be important. Additionaity; the
dependence in nuclear targets is non-trivial.
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Figure 6: We showBdo /dy|,—o for T + Y’ + Y” 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 srhahavior of the parton densities.

Finally, direct and indirect production are separated. The mea&iyredoduction cross sections, or equivalently
;P are only effective values which reflect both direct production and chain decays of higher mass states. For each
i, We assume

fgm(lP) = ITD' ; fgm(2P) = Airn” ’ (22)

wherei = 0, 1, 2 labels they, states in Particle Data Group notation [58], q”@d indicates the fraction of from
directproduction. With this and the summed branching ratios [58]

> B(xu(1P) = Tv) ~ 063,
i=0,1,2

> B(xui(2P) = Yv) ~0.16,
i=0,1,2

> B(wi(2P) — T'y) ~ 042,
i=0,1,2

along with B(Y — YTX) ~ 0.27 andY” decays toY’, T and x;:(2P), the fg 's for direct production can be
found for all theY;. About 0.013 of the totafi* = 0.038 is due toy,; (1P) decays, similar to the analogouignd
x. fractions. Similarly~ 0.001 of fi* and~ 0.0027 of fi& would be due toy,;(2P) decays. Also important are
Y’ — TX decays; from eq. (21)% implies that an additional 0.0054 ¢{* would be indirect. The contributions
from chain decays of th&” are small. Also, there are no contributions to #érate coming from higher states
that are known to be significant. Altogether:

f4~0.019, f$, ~0.017, f4, ~0.0065,
d d
fxbi(lP) ~ 00207 bez‘(QP) ~ 00065, (23)

wherei = 0, 1,2 labels the different,; (1P, 2P) states. Note that only about half ¢* is due to direct
production.

In Table 5, the corresponding normalized direct production cross sectignsdallisions, f45,,, are given for
each state withfd from eq. (23) andr,,, computed using the MRS G parton densities/at= 5.5 TeV/nucleon.
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T T’ T xo(1P) xb(2P)
196, (Nb) 301 269 103 316 103
N9(central) 1.42 x 108 | 1.27 x 105 | 4.87 x 10° | 1.49 x 10% | 4.87 x 10°
NI (central) [ 3.52 x 10% [ 1.66 x 10* [ 8.81 x 103 - -
N9(min bias) | 7.64 x 10% | 6.28 x 10 | 2.61 x 10° | 8.02 x 10% | 2.61 x 106
NZ,(min bias) | 1.89 x 105 | 8.91 x 107 | 4.72 x 10% - -

Table 5: The normalized cross sectiorf§5,,, for directly produced bottomonium states jip collisions at
/s = 5.5 TeV/nucleon, using the direct fractioifé from eq. (23) and the prediction of eq. (18),, = 15.84 ub,
with the MRS G parton densitiesy, = 4.75 GeV andu = Mo 45 Also given is the numbefy<, of each type of
bottomonium state directly produced in central, eq. (24), and minimum bias, eq. (25), Pb+Pb collisicisYFor
and Y’ the corresponding number pf;,~ pairs from decays of directly produced statﬁ’%‘w 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 tl$g parameterization, 30% with = S; and 26% withSs.

The results forf4s,, 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) = UNNprpb(O)fd&ppL-Pbe , (24)

int

whereo ynTrppp(0) = 1824 is the number of central Pb+Pb collisidhs The number off" states produced in
minimum bias collisions (all impact parameters) is
N4 (min bias) = A%* f45,, LEPPP (25)
wherea = 0.95 for T production at fixed-target energies [59]. In one month (30 days) of running the integrated
luminosity for lead beams is expected to bEYFP = 2.59/nb assuming thaL®*"? = 1 x 1027 cm=2s~L.
Typical rates are on the order ofLfbor T andY’. Approximately 10-15% of the cross section is withim < 1.
The number of muon pairs from thg, Y/ andY” decays, found by multiplying the total number¥f directly
produced in central or minimum bias collision$d, 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
ptp~ final state decay mode.

Since the expected rate is large enough to be measurable before color screening is taken into account, predictions
of how theY 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 timety ~ 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 suppressiorpat IBacause 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 evéiy thdoghr.

The time at which the temperature drops belbwand the state can no longer be suppresseds to(7y/Th)?,

and the maximum quarkoniupy- for which the resonance is suppressed,, = M +/(tp/7r)? — 1, are given

in Table 6 for cases (1) « gT with ny = 3 in the high temperature limit sincg, > 37.) and Il (u(T) = 4T,
SU(3) plasma withl. = 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 Isbts 1 and the lowest
temperatures obtained with shadowing when= S;. Note that the reduction of the initial temperature due to
shadowing significantly reduces the 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 sucti’dg andY’/Y as a function opy may provide a
conclusive test of plasma production at high energies. However, before the efficacity of the measurement as a test

4 Assuming thaty n rises asr,; at high energiesyyny = 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, ther 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 significant;-dependence at largg- in AB collisions, it will be virtually certain that a quark
gluon plasma was formed. The precise behavior of/the> andY’ /Y ratios can then be used to strongly constrain
the QGP model parameters. In particular, the ratios will be very different if only'thoe ¢/’ is suppressed relative
to the case where all quarkonium states are suppressed.

| LHC |
| case lny =3 | casell,T, = 260 MeV
parton gas
To = 820 MeV, tg = 0.5 fm
tp (fm) PTm (GeV) tp (fm) PTm (GeV)
() 4.12 13.96 15.69 54.0
P’ 40.8 100.6 15.69 38.5
Xe 48.9 85.47 15.69 27.2
T - 0 4.6 56.53
T’ 4.79 23.16 15.69 81.98
Xb 8.90 32.42 15.69 58.9
minijet plasma,S = 1
To = 820 MeV, tg = 0.1 fm To = 1.05 GeV,tg = 0.1 fm
tp (fm) PTm (GeV) tp (fm) PTm (GeV)
@ - 0 6.59 227
)’ 8.17 19.8 6.59 15.8
Xec 9.78 16.75 6.59 11.0
T - 0 1.94 22.2
T’ - 0 6.59 33.2
Xb - 0 6.59 23.05
minijet plasmasS = S
To =699 MeV, top = 0.1fm | Top = 897 MeV, top = 0.1 fm
tp (fm) PTm (GeV) tp (fm) PTm (GeV)
M - 0 411 13.8
)’ 5.06 11.9 4.11 9.4
Xe 6.06 10.0 411 6.3
T - 0 1.21 11.7
T’ - 0 4.11 19.2
b - 0 411 12.1

Table 6: LHC values of», andpr,, with cases | and Il fop(T") with a parton gas and a minijet plasma with
S =1ands; from the GRV 94 LO calculation, adapted from Ref. [34].

In Fig. 7, the ratio of the)’ andy cross sections are shown for several sets of initial conditions. Since it has been
demonstrated that the. and’ contributions to larger J/v production can be subtractedyat colliders [45],

the direct or ‘prompt’ ratio is displayed. The parton gas produces suppression over nearly twigertimge as

the minijet initial conditions, as shown in Table 6. In case Il,¢his more suppressed than théfor a large range

of pr, up to 54 GeV for the parton gas. In case I, fiés more suppressed than thieexcept whempr < 9 GeV

in the parton gas. The kink in the dashed curve appears whefitheo longer suppressed. In each casepthe
signature obvious in the’ /«) production ratios is unique if the fullr range can be measured. Otherwise it may
be difficult to distinguish between the parton gas and minijet plasma initial conditiong-fer 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-ttenge of the suppression, the shape of
the ratio remains similar.

It is doubtful that the prompt rate can be successfully extracted because the feeding frostates will be

difficult to disentangle [63]. Th& family is also more comple, including feeddown to therom Y/, T” and

two sets ofy, states and feeddown to th& from the Y andx,(2P) states. Thus in th&’ /Y ratio, all sources

of Y’ andY, each associated with a different suppression factor, must be considered [34]:
T’ T + xo(2P)(— X))+ Y (— Y1)

T |indirect = T +Xb(]-P; 2P)(—> T) 4 "r/(_> ’r) + T”(—> ’r) ’
12

(26)
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In computing this ‘indirect’Y’ /Y ratio it is assumed that the suppression factor is the same foy,{12é°) and
x»(1P) states and that identical suppression factors can be used Y #twed Y. The relative production and
suppression rates in the color evaporation model, including jfetates, can be found in Ref. [34].

Figure 8 gives the indirect results. In a parton gas assuming a plasma like case Il Yaitdtes can be suppressed

for pr > 50 GeV, producing the rather flat ratio given in the solid curve. A measurement at the 20% level is
thus needed to distinguish between tipevalue 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 variationpwithThis is a
disadvantage of the indirect ratio: the prongpf+ ratio is enhanced by nearly a factor of two over tpevalue,
making detection easier. With the slowly growing screening mass of case |, the flirate is not suppressed
while the Y’ and x, states are suppressed. Under these conditions, the indirect ratio is less tipanvithaee

until the Y’ is no longer suppressed and then is slightly enhanced by thdecays until they also no longer
suffer from plasma effects. Thus although the indirect ratio is less sensitive to the plasrifa/Thand’ /¢

ratios together can significantly constrain plasma models, especially if the quarkonium states can be measured
with sufficient accuracy up to highy. 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 SB%) production is compared to the dilepton continuum [5, 64].

The continuum is assumed to be produced via the Drell-Yan4*-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
semileptonicc andbb decays. Not only are there uncertainties in the tataiross 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 fhe and theY. Another choice is needed. One possibilitZiproduction.
Because the is produced in point-like fashion, the difference betweenZher-dependence ipp and Pb+Pb
collisions will not be influenced by the quark-gluon plasma.

Figure 9illustrates the cross section foproduction as a function gfr at/s = 5.5 TeV assuming no shadowing.
The pr distribution,do /dpr, is given forpp — Z X including the individual contributions fromi andgg + gg
collisions. One-loop corrections to the + jet cross section are includ@dbut resummation effects are not.

To obtain the number of events per month per GeV in central collisions, multiplyabyZpypn(0) LEPED =

4.973 x 10 nb~!. At pr = 50 GeV, the cross section is of ord&d—2 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/dpw
event rates are a factor ef 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 gpectra will be larger. Thus, production rates in the

pr < 50 GeV domain are high enough that — [*/~ can provide a standard of comparison. It is necessary to
also measure 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 pp te 50 GeV requires an integrated luminosity
for pp collisions of ordetZ = 0.01 fb~!, which should be easily achieved in a few weeks of running.

The two difficulties with usingZ production as a benchmark arey > m~, and the difference in the production
mechanisms;g andqg + gg for the Z andgg for bb production. The large:, reduces the value &f production
as a benchmark for two reasons. First, shadowing and related nuclear effects may be dependght apam
S, andSs [21, 18, 19]. Thus, it is possible that the shadowing)dt= m%i will differ substantially from that
atQ? = m%. Second, the: values probedx ~ mz//s ~ 0.016 aty = 0) are much larger than in Upsilon
production at the same energy. In Fig. 9, one seesgdihabllisions are dominant fopr < 15 GeV while at
higherps valuesqg + gg collisions dominate. Thus, to probe nuclear effects ongtdéstribution atQ? = m?%,
these effects on the andg distributions at the same valuesofindQ? must be understood. There is no direct
measurement of andg shadowing at smalt with Q2 values as high as%. However, if nuclear beams become
available at HERA, such measurements would be possible.

Given these issues, it would be advantageous if lepton pair productian-gf- ~ m~, could be to constrain
shadowing and nuclear effects at partoand@Q? values closer to those of direct relevance. As already noted, a
large background fromc andbb production processes is expectedioy,- < mry,. At these low masses, this

% Thanks to U. Baur for providing a program against which to check these calculations.
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Figure 9: In (a), we plotio/dpr for pp — pTp~X at/s = 5.5TeV as a function ofpr for Z production
(defined bymz — 5GeV < M,+,~- < mz + 5GeV). In (b), the same cross section is plotted 16/GeV <
M+, <20GeV. The separate contributions frafg andqg + gg 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 @btV the dilepton rate fronac (bb)

pair production is predicted to be smaller than (comparable to) that frorii*-exchange [65]. Further, in this

higher mass range, vetoing thiecomponent using isolation requirements on the leptons might prove feasible at a
level adequate to extract the pure DY dilepton spectrum. In Figo 8dpr is given for production of muon pairs

with 15 GeV < M+, < 20 GeV coming fromy*, Z*-exchange. In this case thgg + gg 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 af ttessonance, 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 neededdegel-af0%. Thus,

the low rate and uncertainty regarding the ability to veto#th&ackground implies that it may not be possible

to use lepton pairs below thg 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 8&;, 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 pflduemvy-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 far< M < 10 GeV [17] after randomr and K 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 th& 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 veloeify= =/t in the local frame [28], essentially the fluid velocity

of free-streaming particles producec:at 0 andt = 0. Transverse flow, which sets in later, is neglected and both

the medium and the heavy quarks are assumed to be produced@tthe same point at which expansion begins.

Then, for any space-time point,, (), a heavy quark s in a fluid with the same longitudinal velocity. In the fluid rest
frame, the heavy quark thus has momentonyr). Energy loss reduces the heavy quark momentufd tg;)

in the rest frame so that the momentum of the heavy quark changegftemsinh y, jr) to (m/. sinhy, p7’) 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 radiRg = 1.2A4'/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 transvéiseapdthmean-free

path,), in the mediumy = i/ gives the average number of scatterings. The actual number of scatterings,

is generated from the Poisson distributid(n, 1) = e~ #p™ /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 lags= n\ dE/dz.

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'r, is smaller than the average transverse momentum of thermalized heavy quarks with a temperahese
thermalized heavy quarks are then given a random thermal momentum in the rest frame of the fluid generated
from the distributiond N /d®p o 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 ardE/dx = —1 GeV/fm, A = 1 fm andT = 150 MeV. Note that larger values ofE/dz,

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 lI6Ag@s > (pr)/Ra where(pr) is

the average transverse momentum of the heavy quark which produces leptons inside the detector acceptance. At
central rapidities with Pb beams ang) = 3 GeV, (pr)/Ra ~ 0.4 GeV/im.

The momentum distribution of th@(Q 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 oflerThe MRS D-’ [71] parton distribution functions are used to
normalize the charm pair production cross section to 17.7 mb ollisions at,/s = 5.5 GeV [17]. The number

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

NQ@ = O’Z%prpb(()) (27)

whereTpy,py(0) = 30.4/mb. This scaling results in 540 charm pairs in a central Pb+Pb eventTgreduction

cross section is 224b in /s = 5.5 TeV pp collisions, extrapolating to 6.8 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 correlate@(Q pair decaysN;°™ = NQGBQ(Q/@ — [*X) are considered,e, a single

QQ pair produces the dilepton. Dileptons from uncorrelaf®g 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
Nypreor™ = NQ@(NQQ —1)B%(Q/Q — I*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

% 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
backgroundr or K decay. Treatment of this background could be a problem, especially sincg/igbns 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 jewhadroproduction [72, 73], highr

heavy quarks should fragment according to the Peterson functionfp74],oc [2(1—1/z—¢/(1—2))?~! where

z = po/pa ande. = 0.06 ande, = 0.006 [75]. Note that the heavy quark quantities are denote@hwhile

the heavy hadron formed from the fragmentation of the quark is denotedHvitA corresponding intrinsié

kick of 1 GeV for the partons in the proton is also included. In a high-energy colligierim > 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

dp, dp. shygd
dn o dyg = D= _ Pz _ _ COS 2yH YH (28)
Eq Eq v/ cosh” ypy — a?
where
m2 — m2
o= C (29)
mi g

Form. = 1.3 GeV,mp = 1.87 GeV andmr p ~ v2mp, o = 0.25, enhancing the distribution aty = 0 by
~ 15%. Whenm;, = 4.75 GeV,mp = 5.27 GeV andmr g = V2mg, o = 0.09, enhancing theé3 distribution
by ~ 5%. The range of the enhancemenljig| < 2.5. If the Peterson function is used instead,increases,

m2 — 22m2
2=t 9 (30)
mr g
increasing theD enhancement at= 0 to ~ 30% for (z) ~ 0.7 and theB enhancement te 15% for (z) ~ 0.85.
These(z) are typical for the Peterson function with thgalues given above. The fragmentation then tends to pile

up heavy hadrons at central rapidities.

Since the CMS detector is sensitive to decays of charm quarkspwitt- 20 GeV, the charm spectrum was
generated in two steps to obtain a sufficient number of pigltharm quarks. First0® normalce pairs were
generated followed by an equal numberoipairs with a highpr trigger such that thec pair spectrum contains
pairs withpr . > 5 GeV andprz > 5 GeV only. These higpr cc pairs were then removed from the normal
spectrum so that the resulting seft spectrum contains those pairs wiih . < 5 GeV orprz < 5 GeV. The
relative weight of the higly; spectrum is obtained from the ratio of the high events to the total distribution.
Because thé quarks have a hardgt- spectrum than charm quarks, such a proceedure is unnecessarpéins.

The average branching ratios bf — X are~ 12%. The lepton energy spectrum frafmeson semileptonic
decaysin PYTHIA 6.115 is consistent with the measurement of the MARK-III collaboration [76} xerks are
assumed to fragmentin®—, FO, FS andA{ 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 — [X are primary while those indirectly producel, -~ DX — [Y, are secondary. Primary
leptons have a harder energy spectrum than secondary leptons. A decédmpn mainly produces primary

p~ and secondaryt although it can also produce a smaller number of primarydue to B — B’ mixing.

The branching ratios of the necessathhadron decays are 9.30% to primary, 2.07% to secondany—, 1.25%

to primary ., and 7.36% to secondagy". The total number of dimuons from BB 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 — DI} X — [11.Y. The branching ratio for a singlB meson to a dimuon is 0.906%, therefore this source
gives 0.018 dimuons, comparable to the yield frobb pair decay. These branching ratios [58] and energy spectra
from PYTHIA 6.115 are consistent with measurements [77].

In Fig. 10 the single charmy distribution and the resulting dilepton invariant mass spectrum from correlated

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 lpw, as seen in Fig. 10(a). At higher values, a shifpjnoccurs 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.
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Figure 10: (a) Theyr distribution of singleD mesons. (b) The invariant mass distribution of lepton pairs from
correlatedD D decays. Both distributions are integrated over all phase space. The dashed curves are results without
energy loss, the solid curves include energy loss Wit dz = —1 GeV/fm. From [68].

Figure 11 shows the corresponding single botjgmdistribution and the integrated invariant mass spectra from
correlatedB B and singleB decays. The dotted curve is the result of the decays of a siidtelepton pairs.

WhenM < 3 GeV, this contribution is larger than the dilepton yield frdB 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 dindgeay.

The CMS muon acceptance is in the range< 2.4 with a leptonpy cut of 3 GeV. After these simple cuts are
applied, the results are shown in Fig. 12 for bfth and BB decays. Whereas fai/ < 15 GeV, theD D decays

would dominate those aBB before the cuts, the measur&B decays are everywhere larger than those from
charm mesons both before and after energy loss. The generally larger momentum of muoBsdecays and

the rather high momentum cut result in less acceptance los8Bodecays. NaDD decay pairs with\/ < 5

GeV survive the momentum cut. A factor of 50 reduction in ratd/at~ 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 frBB decays is significantly less, a factor sf 8 before energy loss

and~ 15 when energy loss is included. Interestingly, the leptons in the decay chain of a Bingkson are
energetic enough for both to pass the momentum cut, causing the pkbak-a2 — 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 th& family could instead measure thé production cross section indirectly. A comparison

with the spectrum fronpp interactions at the same energy would then be sensitive to the amount of energy loss,
dFE/dx, of the medium.

A comparison of ther distributions of single muons in the CMS acceptance from the decaysaofd B mesons
can also provide a measure of theross section, shown in Fig. 13. When > 10 — 15 GeV, the muompy
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Figure 11: (a) The distribution of singleB mesons. (b) The invariant mass distribution of lepton pairs from
correlatedBB decays and singl® decays. Both distributions are integrated over all phase space. The dotted
curve is the contribution from semileptonic decay chains of siigjlmesons 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 withZ/dxz = —1 GeV/fm. Note that in (b), the dashed and solid curves include all
single B and BB pair decays. From [68].
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Figure 12: The dilepton invariant mass distribution in the CMS acceptance. The dashed and dotted curves are the
DD and summed singl® and BB decays respectively without energy loss. The solid and dot-dashed curves are
the corresponding results witht /dx = —1 GeV/fm. ¢ From [68].
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distribution is clearly dominated b# decays. This method of studying heavy quark production with single high
pr leptons was proposed as a measure of the charm rate at RHIC [78]. However, for this method to be viable, the
background from random and K decays must be well understood.
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Figure 13: The single muagmy distributions in the CMS acceptance. The dashed and dotted curves d@)atite
B meson decays respectively without energy loss. The solid and dot-dashed curves are the corresponding results
with dE/dz = —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
guantitatively change the low invariant mass dilepton yields, is also not included. However, the qualitative features
of the results, such as the clear dominancibafecays and the effect of energy loss whéh /dz| > (pr)/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 highpr 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 agdoson [85] or a photon [86].

The total energy lost by a hard parton due to multiple scatterxf;.;, is obtained by averaging over dijet
production verticesR, ), the@? of the rescattering, and the space-time evolution of the medium [87, 88]:

1 27rd Ra L dE rad dE coll
A= = / £ / AR Pa(R) / ar (T m+ 2w (31)
0 0

70

18

wherery andr, = (/R% — R? sin? ¢ — Rcos ¢ are the QGP formation time and the time the jet escapes the
plasma, respectively. Assuming a spherical nucléug,R) is the distribution of distance® from the nuclear
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collision axis to the dijet production verteR, (R) ~ 3(R% — R?)/2R3 for R < R4, andd is the polar angle of
the jet relative to the collision axis.

There are two contributions to the energy log€:**! /dz is the radiative loss andE<°!!/dzx 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 sifig. Including radiative loss would increagel;,; 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 indepenéenibe
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 momgntandpr, produced in the initial
hard scatterings in centralA collisions is the result of averaging the total energy loss of each jet, eq.(31), over all
dijet production verticesRk, ¢),

dN‘d-ijet 2 d o
ij %) 5 doj
e dRPA( / S(pr, —
dy1dy2dpr, dpr, / / Al PT 2 (pr, —pr

+ AEtlot(S‘97 R)) 6(pTz —pr+ Aly‘cot (7'(' - ¢ R)) . (32)

The jet cross sectiody;; /dp%, is calculated ipp collisions using PYTHIA [70]

dO’i' -~ d(/f\z tAﬂ
23 :K/d:z:l/dxg/dtfi/p(arl,pQT)fj/p(arg,pQT)—A](S(pzT - =), (33)
dp dt g

Wheredﬁij/this parton-parton scattering cross section &d- 2 was used to account for higher order contri-
butions. Shadowing is not included since it is not expected to be a strong effectinréimge of highEr jets
[84].

At leading order, hard jets are produced with = pr,. 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 momenfuinof the second (unobserved) jet for, smaller than the threshold
valuep.,;. Then the dijet rateR4¢, with pr,, pr, > peut, and the corresponding monojet raf&?°"°, with

PT, > Peut @NAPT, < peut, iN CceNtralAA collisions aty = 0 is

Ndljet

Rdl]et(prpTz > Peut) / dpr, / dpra / dyldyQZ T de . (34)
1 2

Pcut Pcut

Pcut

szllfé)lno(pTl > Peut, PT, <pcut) = /de1 /dez/

Pcut

delJet

dyd _— 35
Y1 yzz dyrdys de1 de2 (35)

The dijet rate inA A 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,

. dii .
Rilfqet B ljet/ dl]et (36)
Rg;ljet X/O'DY ’

or Z production. This normalization is necessary to remove systematic errors in the luminosity. However, the ratio
Rmere / Rdiiet does not need any external normalization since both rates can be measured simultaneddsly in
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collisions, making such a study possible during a single run. A measurement relative to a reference process, as in
eg. (36), requiregp 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 wher\E;) ~ 10 GeV aty = 0 is obtained from eq. (31); (iii) jet quenching in a maximally
viscous plasma witl’,, = 0.34, resulting in(AE,) ~ 20 GeV aty = 0 [87]. The quark loss can be determined
from the gluon loss by the ratio of color factors such thais,) = 4/9(AE,). A parton with energy loses

on averager = (Q?/2my) in a single elastic scattering with a parton of enengyin the medium and also gets

a transverse momentum kiédk- = @Q+/1 — v/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 asslnvfﬁr)@y|y:0 =

8000 in the central unit of rapidity withp7.) = 0.5 GeV and(pX) = 0.7 GeV [88, 89]. Central Pb+Pb events

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

To assess the CMS calorimeter response, some simplifying assumptions were made [88, 90]. Only the barrel
calorimeter,|n| < 1.5, is included with a 4 T uniform magnetic field. The calorimeter cell sizé.1sx 0.1

in 7 — ¢ with hadronic calorimeter resolution/E = 70%/+/E/GeV + 1% and electromagnetic calorimeter
resolutions/E = 2%/+/E/GeV + 0.5%. The modified UA1 jet finding algorithm was used and only jets with
(R)/Rjet < 0.5 were accepted, whet.; = \/An? 4+ A¢? = 0.5 is the jet radius im — ¢ space. The average
jetradius is

(R) = Riy(E; = E;)/B, B =% (B - Ey), (37)
whereR;, is the distance between celbf the jet and the center of the jgt; and Ei°t are the transverse energy
in the cell and in the complete jet respectively, andis 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:

E’%’ jet — max ETi )
? i=1,n
Efjo = max Er, cos(pr — @i =) . (38)

Figure 14 showskdiet as a function of the threshold jet ener@y in central Pb+Pb collisions. An average

jet radius(R)/Rjct < 1 is assumed in (a) whiléR)/R;ec < 0.5 is used in (b). The probability of false dijet
detection forEjle’f > Er = 100 GeV decreases by 2 orders of magnitude when the UA1 criteria is used. The
contamination from false dijets, produced in secondary collisions, at threghold 100 GeV is about25% in

(a) and only~ 0.5% in (b), decreasing rapidly with increasing threshalgd. 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 luminosity Lpppp, ~ 1 x 1027 em~2s~! with ol ,, ~ 8 b and a3%-centrality trigger, there aréssitral =
3%Lpppros p, = 240 events per second. Table 7 shows the hard dijet detectionﬁi@ﬂﬁ = Rgﬁg‘;fbfggggal,
monojetsHE%se = Rumeno [eentral and the monojet to dijet rati@™er° / H4iiet in the CMS barrel. The expected
statistics should be sufficient to study high 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 jeg. pr, # pr,, in contrast to the simple QCD picture of a
single hard parton-parton scattering. As a consequetieg° / R4iet > 1 even when no plasma is produced (see

the lower solid line in Fig. 15) because of the smearingzin— pr, at the parton level. Dijets with energy lower

than the threshold enerdy; are partly transformed into monojets with energy higher tharwhile the reverse
process is suppressed due to the sharp decrease of the initial dijet spectrum Withcedé;@y,When energy loss

in the plasma is includedz™°»° / R4t increases up to a factor af5 — 2 at Ez > 100 GeV over the rate in a
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Er (GeV) | 100 | 150 200 | 250 300
no loss,(AE,) =0
HIiet (Hz) 1.0 1.5x 1071 [ 33x1072 [ 1.0x1072 [ 41x 1073
H™o1 (Hz) 6.3 8.0x1071 [1.4x1071 [ 36x1072 [ 1.4 x 1072
Hono / prdijet 6.3 5.3 4.2 3.6 3.4
jet quenching in ideal QGRAE,) = 10 GeV
Hdiet (Hz) 3.1x1071 [47x1072[12x1072]3.0x1072 [ 1.0x 1073
H™ono (Hz) 3.0 33x1071 [69%x1072 [ 1.3x1072 [ 52x 1073
Hmono / prdijet 9.7 7.0 5.7 4.2 5.2
jet quenching in viscous QGRAE,) = 20 GeV
HAIiet (Hz) 1.3x1071 [21x1072 [ 54x1073 [ 1.8x 1073 [ 8.0 x 10~%
H™ono (Hz) 1.7 21x107! [43%x1072 [ 1.1x1072 [ 5.0x 1073
Hmone / fdijet 12.7 10.0 8.0 6.1 6.2

Table 7: The dijet £ > Er) and monojet £}, > Er) rates in central Pb+Pb collisions fpy| < 1.5.
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Figure 14: The dijet raté?g;;ec With transverse energg{f]}’2 > FEp 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 withV* /dy(y = 0) = 8000. The histograms represefih ;) = 0

(solid), 10 GeV (dashed), and 20 GeV (dotted). In{(@&)/R;.: < 1is used while(R)/R;.; < 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 factordof 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. Studigg™sf©/ Rt can also provide additional
information on the energy loss. Using the selection critéRg/ R;.. < 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 enBggiyn central Pb+Pb collisions for dif-
ferent quenching scenarios a(l) / R;.: < 0.5. The histograms represefh £,) = 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 egadtthe neutral

and charged particle multiplicitiegy, and N, [63]. These measurements would allow the correlation of plasma
signals with event centrality in a meaningful way. The pseudorapidity coverage of the caloriméters; < 5,

will cover ~ 80% of dEr/dn, 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 d&/dn. 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 rangédn| < 2.

Fig. 16 showslEr /dn for ~ 1,000 minimum bias Pb+Pb collisions gts = 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
|n| < 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 reducesEr /dn in the central region by a factor ef 2.6, larger than the decreaseliir 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 enhancemedfin/dn at centraly 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 wherys > 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 gfs 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+@,+ «, 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 global distributions,dE+ /dn. However, qualitatively the same picture
is seen when charged or neutral particle production is studied instdag. of
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Figure 16: Madification ofilEr/dn (GeV) as a function of; for 1,000 Pb+Pb collisions gfs = 5 TeV/nucleon
normalized to the number of events with = 0.087 from the HIJING model. From top to bottom at= 0 the
curves are: 4) energy loss only, no shadowindg)(no energy loss or shadowing;) energy loss and shadowing;
(d) no energy loss, shadowing only. From [91].
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Figure 17: Total transverse energy as a function,@fEr /dn (GeV), for Pb+Pb collisions at (from top to bottom)
Vs =5,3,1,0.5,0.2, and 0.1 TeV/nucleon normalized to the number of eventsiwith 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 gerghaé¢s, 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 with Otherwise, distortions in the electromagnetic calorimeter

due to charged hadron contamination must be shown to be small. In nucleus-nucleus collisions, hormalization to
pp collisions at the same energy would eliminate these systematic uncertainties. Only a relatively small sample of
eventsis then needed to observe the enhancemgritD0 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,alEr /dn (GeV) for (from top to bottom) Pb+Pb, Nb+Nb,
Ca+Ca, and O+O caollisions afs = 5 TeV/nucleon with and without energy loss normalized to the number of
events withdn = 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 tiidamily is a promising signature, as already known from fixed-target exper-
iments at the CERN SPS [5]. The dependence of th€’/Y 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 tiié¢/Y ratio. TheY production rate is large enough for such measurements

to be feasible. The'/+ ratio as a function ofr can provide additional important information on the plasma even

at highpr.

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 BighBoth effects are observable

by CMS. The CMS detector is particularly well suited for measuring tighets.

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 baselipeand pPb collisions at the same energy as the
Pb+Pb collisions are strongly advised. Going down in energygdhe 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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