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The length scalelp for production of leading hadrons in high-pT jets, constrained by energy

conservation, is rather short and does not rise withpT . Therefore, the dominant source of sup-

pression of high-pT single hadrons is attenuation of the produced colorless dipoles in the dense

matter created in heavy ion collisions, rather than the induced energy loss at the short early stage

of hadronization. Since the evolution of the initially small dipole size up to the hadron dimension

is slowed down by Lorentz time dilation, the dipole survivalprobability rises withpT in a good

accord with LHC data. ThepT dependence ofRAA at the energies of RHIC is weaker due to

closeness of the kinematic bound. This description is parameter free, except the absorption rate

of the medium, which is the goal of this analysis and is adjusted to data. The maximal value of the

coordinate- and time-dependent transport coefficient ˆq is found to be ˆq0 = 0.30−0.45 GeV2/ fm

at
√

s= 62−200 GeV; and ˆq0 = 0.60 GeV2/ fm at
√

s= 2.76 TeV. The impact parameter de-

pendence ofRAA(pT) at different collision energies is successfully reproduced without further

adjustments.
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1. INTRODUCTION

The last data on high-pT charged hadron production [1, 2] in heavy ion collisions (HIC) at LHC
clearly demonstrate a strong nuclear suppression and discover also two novel features compared
with PHENIX [3, 4] and STAR [5] measurements at RHIC. First, the nuclearmodification factor
RAA measured at LHC reaches significantly smaller values. Second,RAA(pT) steeply rises withpT

at LHC but exhibits a rather flatpT dependence at RHIC.

The explanation of observed high-pT suppression is connected with understanding of a hadroniza-
tion mechanism, namely an energy loss scenario of a created parton after HIC. There are two time
scales controlling the hadronization process related to production of a colorless dipole (pre-hadron)
and the final hadron [6, 7]. The former results in color neutralization stopping the intensive energy
loss, while the latter lasts much longer up to formation of the hadron wave function.

Here we rely on the model [8] for the production timelp distribution of leading hadrons in
a jet produced at the mid rapidity. In this case the initial parton energy and virtuality are equal,
E = Q = kT = pT/zh, wherezh is a fraction of the jet momentum carried by the hadron,kT andpT

are the transverse momenta of the parton initiating the jet and of the detected hadron, respectively.
The left panel of Fig. 1 shows thepT dependence of the mean〈lp〉 for quark (upper three curves)
and gluon (lower three curves) jets at fixedzh = 0.5, 0.7, 0.9.
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Figure 1: (Left) The mean production length as function ofpT for quark (upper three curves) and gluon (lower
three curves) jets atzh = 0.5, 0.7, 0.9 (from top to bottom). (Right) ALICE [1] and CMS [2] data for charged hadrons
produced in central, 0-5%, lead-lead collisions at

√
s= 2.76 TeV vs. calculations at adjusted value of ˆq0 = 0.6 GeV2/ fm.

Note, that for gluon jets the energy loss is larger and the Sudakov suppression stronger due to
the Casimir factor. This leads to a shorter production length correspondingto 〈lp〉 < 1fm at large
pT as is demonstrated in the left panel of Fig. 1.

The recent study ofJ/Ψ suppression [9] found that the density of the medium is rather low
corresponding to the transport coefficient ˆq0 ∼ 0.2 GeV2/ fm. Similar value ˆq0 ∼ 0.4GeV2/ fm
was found in [10] studying suppression of high-pT hadrons at LHC in central lead-lead collisions.

Here we employ the same description of dipole propagation in a medium as was used for
hadron suppression at LHC [10] extending it also for non-centralA+ B collisions and for lower
energies. For a relative quark-gluon jet contributions to final hadron production we use the standard
convolution expression based on QCD factorization [11]. For the RHIC energy range we include
also the additional suppression factor related to the energy conservationconstraints [12, 13].
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2. DIPOLE ATTENUATION IN A MEDIUM

Contribution of the dipole attenuation to nuclear suppression is related to properties of the cre-
ated medium described in terms of the transport coefficient ˆq. Here we rely on the usual assump-
tions that the initial medium density at timet = t0 is proportional to the number of participants
npart, and the density is diluting with time as 1/t. Then the transport coefficient reads [14],

q̂(t,~b,~τ ) =
q̂0 t0

t

npart(~b,~τ )

npart(0,0)
, (2.1)

where the parameter ˆq0 represents the maximal value of ˆq, for the medium produced att = t0 in a
central collision atb= τ = 0. Variables~b and~τ are the impact parameters of collision and position
of the parton. In what follows we treat the transport coefficient ˆq0 as an adjusted parameter.

A small size dipole propagating in a medium attenuates with the cross section proportional to
r2
T(t), where its transverse expansion reads [7, 10],

r2
T(t) =

2t

α (1−α ) Ẽ
+ r2

0 , (2.2)

whereα is the fractional light-cone momentum of the parton,Ẽ = pT is the dipole energy in the
c.m. of the collision andr0 ∼ 1/pT is the initial dipole size, neglected in what follows.

The nuclear attenuation factor at given impact parameterb reads,

RAB(b, pT) =
σAB(b, pT)

∞
∫

0
d2τTA(τ )TB(~b−~τ )σpp(pT)

, (2.3)

where cross sectionsσpp(pT) of the processp+ p→ h+X andσAB(b, pT) of the processA+B→
h+X are calculated using the standard convolution expression [11],

σpp(pT) = ∑
i, j,k,l

Fi/p⊗Fj/p⊗ σ̂i j→kl ⊗Dh/k (2.4)

σAB(b, pT) =
∫ ∞

0
d2τTA(τ )TB(~b−~τ ) ∑

i, j,k,l

Fi/A⊗Fj/B⊗ σ̂i j→kl ⊗Dh/k Rk
AB(~b,~τ , pT) . (2.5)

FunctionsFi/p, Fj/p andFi/A, Fj/B in Eqs. (2.4) and (2.5) represent the distributions of parton
speciesi, j in Bjorkenx1, x2 and transverse momenta in colliding protons and nuclei, respectively.
For the parton distribution function in a nucleon we use the leading order MSTW-2008 parametriza-
tion [18]. The nuclear parton distributions,Fi/A, Fj/B are parametrized according to [19]. For the
hard parton scattering cross sectionσ̂i j→kl in Eqs. (2.4) and (2.5) we use regularization masses
mg = 0.8 GeV andmq = 0.2 GeV for gluon and quark propagators, respectively. The fragmenta-
tion functions of a partonk into the final hadronh, Dh/k are taken from [20] in leading order. In
Eq. (2.5)TA(b) =

∫ ∞
−∞ ρA(b,z)dz is the nuclear thickness function, where for the nuclear density

ρA(b,z) we use the realistic Woods-Saxon paramerization [21].
The suppression factorRk

AB(
~b,~τ , pT) in Eq. (2.5) has the form [7],

Rk
AB(~b,~τ , pT) =

π
∫

0

dφ
π

exp

[

− 1
α (1−α ) pT

∞
∫

lkmax

dl l q̂(l ,~b,~τ +~l)

]

, (2.6)

wherelk
max= max{〈lk

p〉, l0}. Heret0 = l0 ∼ 1fm is the time scale of the medium creation.
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3. ENERGY CONSERVATION CONSTRAINTS

In the RHIC kinematic region the dipole attenuation contribution to high-pT hadron production
in HIC is not sufficient and requires to include additionally more complicated and model dependent
dynamics. It was demonstrated in [12, 13] that besides coherent effects a significant suppression of
hadrons at forward rapidities,xF ∼> 0.1, can be caused also by energy conservation constraints.

Since such additional nuclear suppression rises steeply withxF and/orxT , it is convenient to

introduce the variableξ =
√

x2
F +x2

T , with xF = 2pL/
√

s andxT = 2pT/
√

s, wherepL and pT

is the longitudinal and transverse component of the momentum of the produced particles in c.m.
frame.

In the vicinity of the kinematic limitξ → 1 any hard reaction can be treated as a large rapidity
gap (LRG) process where no particle is produced within rapidity interval∆y = − ln(1− ξ ). The
suppression factor as a survival probability for LRG was evaluated in [12], S(ξ ) ≈ 1−ξ . Then the
parton distribution in the proton of the projectile nucleusA can be expressed in terms of the nuclear
thickness functionTB(~b) of the nucleusB and the effective cross sectionσe f f = 20mb [12],

F(B)
i/p

(

x1,k
2
1,T ,~b

)

= CFi/p

(

x1,k
2
1,T

)

exp

[

− [1−S(ξ )]σe f fTB(~b)

]

−exp

[

−σe f fTB(~b)

]

S(ξ )

{

1 − exp
[

−σe f fTB(~b)
]

}

,

(3.1)

where the normalization factorC is fixed by the Gottfried sum rule.
Including energy conservation constraints one should modify also the expression (2.5) replac-

ing Fi/A ⇒ F(B)
i/A (~τ ) andFj/B ⇒ F(A)

j/B(~b−~τ ).
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Figure 2: (Left) RAA(pT) as function ofpT for charged hadrons produced in lead-lead collisions at
√

s= 2.76 TeV
and at different centralities 0-10%, 20-40% and 40-80%. Calculations with q̂0 = 0.6 GeV2/ fm are compared with the
ALICE data [1, 15]. (Right)RAA(pT) as function ofpT for neutral pions produced in central, 0-5%, gold-gold collisions
at
√

s= 200 GeV. Calculations with ˆq0 = 0.45 GeV2/ fm are compared with the PHENIX data [3] - triangles and [4] -
squares. The solid and dashed line corresponds to calculations includingand excluding energy conservation constraints,
respectively.

4. RESULTS VS DATA

Results of calculations with Eqs. (2.3)-(2.6) and (3.1) and with ˆq0 = 0.6 GeV2/ fm are shown
in the right panel of Fig. 1, in comparison with the ALICE [1] and CMS [2] data. Except for ˆq0, no
further adjustment was done, and agreement with data at largepT > 7 GeV is rather good.
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The left panel of Fig. 2 showspT behavior ofRAA at different centralities. Using the same
valueq̂0 = 0.6 GeV2/ fm one can see again a good agreement of calculations with the ALICE data
[1, 15] at largepT > 7 GeV. The steep rise withpT of RAA is due to color transparency effects and
is slightly slowing down since quarks with largerlp become more dominant.

In comparison with LHC a dominance of quarks with largerlp leads to a weaker suppression at
RHIC. Such an expectation is confirmed by the PHENIX data [3, 4] as is shown in the right panel of
Fig. 2. With the same description of the dipole propagation in a medium we obtainedpredictions
depicted by the dashed line with adjusted value ˆq0 = 0.45 GeV2/ fm. After inclusion of energy
conservation constraints, Eq. (3.1), we obtained predictions presentedby the solid line. This brings
into a much better agreement with data atpT > 5 GeV exhibiting so rather flatpT dependence.
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Figure 3: (Left) RAA(pT) as function ofpT for neutral pions produced in gold-gold collisions at
√

s= 200 GeV and
at different centralities 0-10%, 20-30%, 40-50% and 60-70%. Calculations with q̂0 = 0.45 GeV2/ fm are compared
with the PHENIX data [17]. (Right) The same as the left panel but at lowerc.m. energy

√
s= 62 GeV and at different

centralities 0-10%, 10-20%, 20-40% and 40-60%. Calculations with ˆq0 = 0.3 GeV2/ fm are compared with the PHENIX
data [16].

Using the same adjusted value ˆq0 = 0.45 GeV2/ fm at
√

s = 200 GeV we calculatedpT be-
havior of RAA at different centralities and found a nice agreement with the PHENIX data [17] at
pT > 5 GeV as is shown in the left panel of Fig. 3.

Another way to make effects related to energy conservation constraints stronger is to decrease
the energy of a collison. Thus we can predict that a flatpT dependence ofRAA at

√
s= 200 GeV

should be changed for a rise of nuclear suppression withpT at smaller
√

s = 62 GeV. Such an
expectation is confirmed by the last PHENIX data [16] depicted in the right panel of Fig. 3. For
calculations we used ˆq0 = 0.30 GeV2/ fm adjusted from the central gold-gold collisions. One can
see that agreement with data is rather good forpT > 5 GeV.

5. SUMMARY

We applied a simple model for a dipole propagation in a medium using the standardconvo-
lution expression for description of high-pT hadron production in HIC. The dynamics of a strong
nuclear suppression is based on the shortness oflp of a colorless dipole (pre-hadron) and on its
devepment and propagation through a dense medium described by the survival probability leading
to a steep rise ofRAA with pT (color transparency effect) . In comparison with LHC a dominance
of quarks with largerlp leads to a weaker suppression at RHIC. In the RHIC kinematic region we
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introduced also an additional suppression factor related to the constraintson nuclear parton dis-
tributions imposed by the energy conservation. This suppression factor falling steeply withpT is
irrelevant at LHC but causes rather flatpT dependence ofRAA at RHIC c.m. energy

√
s= 200 GeV.

At smaller
√

s= 62 GeV this factor leads even to a rise of suppression withpT . Calculations con-
tain only medium density adjustment and we found the transport coefficients ˆq0 = 0.30 GeV2/ fm
at
√

s= 62 GeV,q̂0 = 0.45 GeV2/ fm at
√

s= 200 GeV and ˆq0 = 0.60 GeV2/ fm at
√

s= 2.76 TeV.
These calculations can be further improved using the rigorous quantum-mechanical approach based
on the path integral technique for description of the ¯qqdipole evolution.
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