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Abstract. Jets produced in nucleus–nucleus collisions at the LHC are expected to be strongly modified due
to the interaction of the parton shower with the dense QCD matter. Here, we point out that jet quenching
can leave signatures not only in the longitudinal and transverse jet energy and multiplicity distributions,
but also in the hadrochemical composition of the jet fragments. In particular, we show that even in the ab-
sence of medium-effects at or after hadronization, the medium-modification of the parton shower may result
in significant changes in jet hadrochemistry. We discuss how jet hadrochemistry can be studied within the
high-multiplicity environment of nucleus–nucleus collisions at the LHC.

1 Introduction

Highly energetic partons, propagating through dense QCD
matter, are fragile. Their fragmentation pattern changes
in the presence of a strongly interacting medium. This
is reflected in the medium-modification of their hadronic
remnants in nucleus–nucleus collisions at RHIC [1–4] and
will soon be further explored at the higher LHC collider
energies [5–8]. The generic suppression of high-pT single
inclusive hadron spectra [9–15] and triggered particle cor-
relations [16–18] in A–A collisions at RHIC support this
picture. These measurements can be largely accounted for
in models of radiative parton energy loss [19–24], which
assume that additional medium-induced parton splitting
leads to a softening of the parton shower, and thus to an
energy degradation of the leading hadrons. If the leading
hadronic fragment in a jet carries less energy, then – due
to energy-momentum conservation – either the sublead-
ing fragments carry more, or their multiplicity increases
accordingly. The resulting changes expected for the longi-
tudinal [25–28] and transverse [25, 29–33] jet energy and
jet multiplicity distributions have been discussed in the
context of models, which account successfully for the sup-
pression of single inclusive hadron spectra. In this pa-
per, we study a third class of jet characteristics, which
may show significant medium-effects: measurements of the
hadrochemical composition of jet fragments.
There are several reasons for why one expects parton

energy loss to affect jet hadrochemistry. In particular, in all
models of radiative parton energy loss [34–39], the inter-
action of a parent parton with the QCD medium transfers
color between partonic projectile and target. This changes
the color flow in the parton shower and is thus likely
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to affect hadronization. To illustrate this point, we have
sketched in Fig. 1a an entirely gluonic parton shower in
the large-Nc approximation, where gluons are represented
as qq̄-dipoles. At large Nc, the color singlet prehadronic
subsystems at the end of the perturbative evolution of the
shower may be identified with the connected fermion lines
in this diagram. Figure 1b illustrates the conceivable ef-
fects of single gluon exchange between the projectile gluon
and a target quark in the medium. The multiplicity in
the shower increases and the momentum distribution may
soften and widen accordingly. Also, in general, the color
singlet prehadronic subsystems at the end of the perturba-
tive evolution will have a different distribution in invariant
mass. This makes it likely that their subsequent fragmen-
tation into hadrons results in a hadrochemical distribution
different from that of a gluon fragmenting in the vacuum.
This model-dependent example illustrates that existing
models of parton energy loss, though formulated in an en-
tirely partonic language, contain one possible ingredient
for a medium-induced modification of the hadrochemical
composition of jets, namely color exchange between projec-
tile and target.
In addition, flavor or baryon number could be ex-

changed between medium and projectile. For instance,
subleading partons in the jet may be subject to hadron-
ization via recombination with partons from the
medium [40–46], a mechanism which is conjectured to
underlie baryon enhancement of identified single inclu-
sive spectra at intermediate pT. If parton energy loss in-
volves non-negligible recoil effects (a.k.a. collisional energy
loss [47–49]), then one may also speculate that the hard
parton kicks components of the medium into the jet cone.
Depending on the quantum numbers carried by the compo-
nents kicked, this will affect jet hadrochemistry. In short,
medium-induced modifications of jet hadrochemistry are
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Fig. 1. Sketch of an entirely gluonic parton shower in the large Nc limit, where gluons are represented as pairs of qq̄ fermion
lines, and quarks as single lines. a Fragmentation of the gluon in the vacuum. b Interaction of the gluon with a target quark in
the medium via a single gluon exchange. This interaction changes the color flow and may affect hadronization; see text

a direct (for the case of color transfer) or conceivable (for
the case of recombination, flavor and baryon number trans-
fer) consequence of the current models of jet quenching.
They provide complementary information on the micro-
scopic mechanism underlying parton energy loss. Thus, jet
hadrochemistry may be a valuable tool for establishing the
properties of the matter produced in heavy ion collisions.
The interfacing of a parton shower with the hadronic

world is a significant modeling task with very little guid-
ance from theory, even for the simplest systems without
medium-modifications, such as jets in e+e− collisions. This
task is more complex for the case of a medium-modified
jet, since it depends now additionally on information about
the exchange of momentum, color, flavor and baryon num-
ber between the partonic projectile and the medium. In
the present work, we shall largely bypass these complica-
tions. We merely observe that even if the exchange of quan-
tum numbers between projectile and target is disregarded,
a change of hadrochemical composition can be expected for
the generic case that the distribution of partons in invari-
ant mass is modified. It is a model of this type [27] that
we introduce in Sect. 2. Since this model does not imple-
ment any of the effects mentioned above, it may be ex-
pected to underestimate the medium-modifications of jet
hadrochemistry. Specific signatures of hadrochemicalmod-
ifications, indicative e.g. of color, flavor or baryon number
transfer, may be established as deviations from this model.
In Sect. 3, we discuss the hadrochemical composition of
the high-multiplicity soft background, in which medium-
modified jets are immersed in heavy ion collisions. We em-
phasize that the hadrochemical composition of this back-
ground differs significantly from that of a proton–proton
collision, and it also differs from the vacuum fragmentation
of a jet. This difference in composition will help to char-
acterize jet hadrochemistry in nucleus–nucleus collisions.
Our main conclusions are summarized in Sect. 4.

2 Jet multiplicity distributions and their
medium-modification

In this section, we introduce and study a specific model of
how the single inclusive hadron distribution in a jet is com-

posed of different hadron species, and how it changes due
to medium-effects.

2.1 Single inclusive intra-jet distributions in the
absence of medium-modification

The single inclusive distribution dNh/dξ of hadrons in-
side a jet, plotted versus the logarithm of the hadronic mo-
mentum fraction ξ = ln[1/x], x= Eh/Ejet, shows a char-
acteristic hump-backed plateau. Measurements of this dis-
tribution in e+e− collisions and hadronic collisions are
well described in the MLLA (modified leading logarith-
mic approximation) formalism [50–53], supplemented by
local parton–hadron duality (LPHD) [52, 54, 55]. Here, the
MLLA is a perturbative calculation of the parton distribu-
tionDq,g(ξ, τ, λ) inside a quark or gluon jet, which achieves
double and single logarithmic accuracy in ξ = ln[1/x] and
τ = ln[Q/Λ], where λ = ln[Q0/Λ]. It is based on leading
order parton splitting functions and uses Q∼ Ejet as the
starting scale of the parton shower evolution. The evo-
lution is stopped at the scale Q0, which is, like Λ, a fit
parameter of order O(ΛQCD). The effects of destructive
quantum interference, which are responsible for the shape
of the distribution, translate at small x into the prescrip-
tion of angular ordering of a probabilistic parton cascade.
At high energies the spectrum turns out to be insensi-

tive to the value of Q0 and it is sufficient to consider the
case λ= 0, which is equivalent toQ0 =Λ=Qeff. This is the
so called limiting spectrum, which for gluon jets takes the
form [50]

Dlimg (ξ, Y ) =

AΓ (B)

∫ π
2

−π2

dτ

π
e−Bα

[
coshα+(1−2ζ) sinhα

AY α
sinhα

]B/2

× IB

(√
4AY

α

sinhα
[coshα+(1−2ζ) sinhα]

)
. (1)

In the MLLA approximation, the spectrum for massless
quark jets differs by an overall prefactorCF/Nc = 4/9 only.
Here, IB denotes the modified Bessel function of order B
and the factors A and B are determined by the prefac-
tors of the LO parton splitting functions Pq→qg , Pg→gg and
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Pg→qq ,
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, B =

(
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)/
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3
Nc−
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3
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(2)

where Nc is the number of colors and nf the number of
flavors. In what follows we use Nc = nf = 3. We have also
introduced the following notational shorthands:

Y = ln
Ejet

Λ
, α= α0+ iτ ,

tanhα0 = 2ζ−1 , ζ = 1−
ξ

Y
. (3)

Local parton–hadron duality (LPHD) [52, 54, 55] is a model
that translates the partonic yield (1) into a hadronic one.
For unidentified hadrons, LPHD postulates a one-to-one
correspondence between partons and hadrons, introducing
a proportionality factor of orderO(1):

dNhadrons

dξ
=KLPHDDq,g(ξ, Y, λ) . (4)

To describe the spectra of identified hadrons inside jets,
it has been suggested that one goes beyond the limit-
ing spectrum (1) by stopping the evolution of the parton
shower at a finite scale λ, related to the mass of the hadron
Q0 ≈Mh [54, 55]. This leads to

Dh(ζ̄ , Ejet,Mh) =K0(Mh)D
lim(ζ̄ , Ejet) , (5)

Fig. 2. Two examples for the comparison of the MLLA+LPHD formalism with data on single inclusive spectra inside a jet
as a function of the logarithm of the hadron momentum fraction ξ. a The distribution (4) of charged pions (π++π−), kaons
(K++K−) and (anti-) protons (p+ p̄) in a jet of energy Ejet = 14.5 GeV, compared to TPC data on e

+e− collisions [56]. The
MLLA parameters are Λ = 155MeV and KLPHD = 1.22. b The MLLA+LPHD distribution of all charged hadrons in a jet of
energy Ejet = 108 GeV for various opening angles Θc, compared to CDF data from pp̄ collisions [57]. The MLLA parameters are
Λ=Q0 = 235MeV, KLPHD = 0.555

where

K0(Mh) =
2

Γ (B)
(Aλ)B/2KB(

√
4Aλ) . (6)

Here,KB is the modified Bessel function of order B and

ζ̄ =
y

ymax
, y = ln

Eh+ph
Mh

,

ymax = ln
Ejet+

√
E2jet−M

2
h

M2h
. (7)

We have written the distribution (5) as a function of ζ̄
rather than of ξ. The relation between these two variables
is

ζ̄ =
1

ymax
cosh−1

[
e−ξ cosh ymax

]
. (8)

It can be shown that ζ̄ and ζ, defined in (3), coincide for
ultra high energies. However, here we follow the arguments
of [54, 55] that at presently available energies the defin-
ition (8) is better suited.
In Fig. 2a, we compare the distribution (5) with sin-

gle inclusive spectra of identified hadrons, measured in jets
in e+e− collisions. We note that by plotting (4) in terms
of ξ = ln [Ejet/ph] rather than ξ = ln [Ejet/ph], the Jaco-

bian
p2h

p2
h
+M2

h

has to be included. For notational simplicity,

we do not write the Jacobian explicitly in what follows.
We use the mass Mh of the identified hadron species in
the definition of the rapidity (7) and in the argument of
the prefactor K0 in (6), Here, the limiting spectrum was
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calculated taking Q0 = Λ ≈Mπ. In accordance with the
data, one observes that the spectrum gets harder for more
massive hadrons. Also, the mass-dependent hierarchy of
hadron multiplicity is reproduced. For an improved agree-
ment, we followed [55] and multiplied the conversion fac-
tor KLPHD by an additional suppression factor γs = 0.73
for kaons. This heuristic factor may account for the fact
that the probability of hadronizing into strange hadrons
is reduced due to the larger mass of the strange quark. In
contrast to the original analysis [55], we calculateK0(Mh)
from (6) rather than extract it from a fit to the TPC
data.
In Fig. 2b, we compare the MLLA formalism to the sin-

gle inclusive spectra of all charged hadrons, contained in-
side smaller jet subcones of opening angles Θc. The MLLA
formalism is the result of an evolution equation that im-
plements a parton shower with angular ordering, and the
Θc-dependence ofD

h is given by replacing in (3)

Ejet −→Ejet sinΘc. (9)

As seen in Fig. 2b, and in accordance with [57], the MLLA
formalism leads to a fair description of the Θc-dependence
of the unidentified charged hadron spectrum dNh/dξ in-
side a jet. We are not aware of an experimental study of
the jet hadrochemical composition as a function of the jet
opening angle. In what follows, we assume that the rela-
tive distributions of identified hadron species inside a jet
do not change significantly as a function of Θc, so that the
replacements (9) applies to the identified yields, too.
In summary, MLLA+LPHD are known to provide

a fair description of the charged and identified single inclu-
sive hadron spectra inside a jet, and of their dependence on
the jet opening angle. This will serve as the baseline for the
following study of jet medium-modifications.

Fig. 3. Medium-modification of the single inclusive spectra inside a jet as a function of the logarithm of the hadron momentum
fraction ξ for fmed = 1. a Distributions of all charged particles in the jet of energy Ejet = 108 GeV for various opening angles Θc.
b Expected modification of the pion, kaon and proton spectra in the jet of energy Ejet = 14.5 GeV and opening angle Θc = π/2

2.2 Modeling medium-modifications of single inclusive
intra-jet distributions

A unique prescription of how to model the medium-
modification of jet fragmentation does not exist. RHIC
data indicate that a realistic prescription should lead
to a softening of the jet distribution, consistent with
a suppression of the leading hadron spectra by a fac-
tor ∼ 5 in central Au+Au collisions. One possibility
to achieve this is to enhance the probability of parton
branching in the jet fragmentation. This is also mo-
tivated by calculations of medium-induced gluon radi-
ation of hard partons, which imply enhanced parton
splitting. In what follows, we consider a model of this
type [27], in which the singular parts of all parton split-
ting functions Pqq , Pgg and Pgq are enhanced by one
common model-dependent factor (1+fmed), such that for
instance

Pqq = CF

{
2(1+fmed)

(1− z)+
− (1+ z)

}
. (10)

The factor (1+fmed) is the only medium-modification in
our model. The LPHD prescription will be adopted un-
changed. For the present exploratory study, this model
has several wanted features: the model is easy to im-
plement. Within the MLLA formalism, the medium-
modification (10) amounts solely to a redefinition of the
parameters A and B,

A=
4Nc(1+fmed)

b
, B =

(
11+12fmed

3
Nc+

2

3

nf

N2c

)/
b .

(11)

The model describes not only leading fragments, but the
entire jet distribution. Also, the value of the only model
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parameter fmed can be constrained since it determines the
degree to which single inclusive hadron spectra are sup-
pressed. Here, we add the caveat that the MLLA spec-
trum becomes unreliable in the region of large momentum
fraction, ξ < 1 say, mainly since MLLA resums only loga-
rithms in 1/x and not in 1/(1−x). The use of Dh(ξ,Q=
Ejet) as a fragmentation function for leading hadron pro-
duction is thus unreliable. But the finding that in this
way a value fmed = 0.6–0.8 can account for a suppression
∼ 5 of leading hadron spectra may still provide an indi-
cation of the parameter range of fmed supported by the
data [27]. Our only reason for mentioning this argument
is to motivate a choice of fmed. It is clear that at the
LHC, experimental constraints on fmed will come mainly
from measuring the distributions shown in Fig. 3, rather
than from single inclusive hadron spectra. In the absence
of such constraints, we use for the following numerical
studies fmed = 1, which lies certainly in the right order of
magnitude and allows us to illustrate the features of this
model.
We now discuss the modifications of jet observables in-

troduced by this model. As seen in Fig. 3a, enhancing the
parton splitting by a factor (1+fmed) softens the jet multi-
plicity distributions irrespective of the jet opening angle.
Also, this softening is reflected in all identified hadron
spectra; see Fig. 3b. The mass hierarchy of the intra-jet dis-
tributions is preserved in this model: the yields of heavier
hadrons peak at larger momentum fractions and thus at
smaller ξ.
To better characterize the medium-modification of the

jet hadrochemical composition implemented in this model,
we focus in the following not on the absolute yields as in
Fig. 3, but on the ratios of identified hadron yields. Also,
we translate the ξ-dependence at fixed Ejet into a trans-
verse momentum dependence. For a single jet of energy
Ejet, the pT spectrum of identified hadronic fragments of
type h, collected within the opening angle Θc, takes the
form

[
dNh(Θc)

dpT

]
jet

=KLPHDγhK0(Mh)

×
1

pT
Dlim(ζ̄(pT,Mh, Ejet), Ejet, Θc, Λ) .

(12)

Here, γh is an additional particle species-dependent sup-
pression factor. We choose γh = 1 for pions and protons,
and γK = γs = 0.73 for kaons [55], which are the same
choices as made in Sect. 2.1. For the local parton–hadron
duality parameter, we takeKLPHD = 0.5. This factor must
be slightly lower than the one used in Fig. 2b, since it deter-
mines the normalization of the identified hadron spectra,
while Fig. 2b shows the spectrum of all charged particles.
We note that for fmed = 1, K0(Mh) changes only by up
to ∼ 12% from its value in the vacuum. In the following,
we shall focus on results for a relatively small opening
angle Θc = 0.28 rad. We have tested that the dependence
of identified particle ratios within the jet on Θc is very
weak.

In our model, the hadrochemical composition of jet
fragments changes significantly in the presence of parton
energy loss (i.e. for finite fmed). Heavier hadrons become
more abundant. As seen in Fig. 4, for an Ejet = 50GeV
jet, the kaon-to-pion ratio increases by a factor ∼ 50%, the
proton-to-pion ratio by a factor ∼ 100%. These medium-
induced changes persist over the entire transverse momen-
tum range. They decrease slightly with increasing jet en-
ergy but remain clearly visible even forEjet = 200GeV jets.
The significant medium-modification of jet hadrochem-

istry is remarkable, since the present model does not en-
code for medium-effects at or after hadronization. Also,
in contrast to the sketch in Fig. 1, the model does not in-
volve color transfer between projectile and target, nor does
it involve the transfer of other quantum numbers. It only
encodes an enhancement of the probability of parton split-
ting, which affects the distribution of the invariant mass of
partons at the end of the parton shower. It is one of the
main results of this paper, that enhanced parton splitting
alone without explicit medium-induced modification of the
hadronization mechanism can lead to significant changes
in the jet hadrochemical composition. In this sense, char-
acteristic deviations in jet hadrochemistry are a generic
characteristic of any parton energy loss mechanism, as long

Fig. 4. Results of the MLLA+LPHD formalism for K±/π±

and p(p̄)/π± ratios in jets with energies Ejet = 50, 100 and
200 GeV. The jet opening angle is Θc = 0.28 and medium-
induced changes are calculated for fmed = 1
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as medium-modified splitting is indispensable for parton
energy loss.
We have studied whether medium-effects generally en-

hance the yield of heavier hadrons, as seen in Fig. 4, or
whether the opposite may be possible. In the context
of MLLA+LPHD, we observe that the yield of heavier
hadrons peaks at smaller values of ξ and that increasing
the splitting parameter fmed enhances the small-x part of
this yield. However, there is a ξ region in which medium-
effects enhance the yield of heavier particles, while the
yield of lighter particles is reduced. For instance, in Fig. 3b,
this is the case for 1.5< ξ < 2.5, since the pion yield de-
creases with increasing fmed for ξ < 2.5, while the proton
yield increases for ξ > 1.5. This opposite fmed-dependence
at intermediate ξ excludes the possibility that the ratios
K±/π± and p(p̄)/π± decrease over the entire transverse
momentum range with increasing medium-effects. This
gives support to the idea that the enhancement of heavier
hadrons, observed in Fig. 4, is rather generic for jet quench-
ing models.

3 Medium-modified jets in a high-multiplicity
environment

The success of MLLA+LPHD in reproducing hadrochem-
ical distributions (see e.g. Fig. 2a), as well as the model of
medium modifications described in Sect. 2.2, are based on
a mass effect : identified hadronic yields are determined by
relating the QCD evolution scale to the mass of the hadron
species. In contrast, RHIC data indicate that the hadro-
chemical abundance of the underlying event in heavy ion
collisions follows a valence quark counting rule in a wide
intermediate transverse momentum range: the identified
hadronic yields are characterized by a baryon-to-meson en-
hancement, irrespective of the hadron mass [1, 4]. So, the
hadrochemical composition of unmodified jets, and of the
underlying event in heavy ion collisions appear to differ
qualitatively.
If parton energy loss constitutes the onset of a partonic

equilibration mechanism, does this imply that the hadro-
chemical distribution of medium-modified jets approaches
that of the medium, rather than remaining qualitatively
different? Access to these and other far reaching questions
may be gained by establishing whether the qualitative dif-
ference between jet hadrochemistry and bulk hadrochem-
istry persists at the LHC. Here, we shall not attempt to
address these questions by building jet quenching models
that implement specific features of hadrochemical equili-
bration. Rather, we explore in a jet quenching model with-
out hadrochemical equilibration (namely that of Sect. 2.2)
what happens if the particle identified yield of a jet is
superimposed to a realistic heavy ion background. This
may serve as a baseline on top of which signals of hadro-
chemical equilibration can be established. We first intro-
duce in Sect. 3.1 a recombination model for the underly-
ing event in heavy ion collisions. Then we superimpose in
Sect. 3.2 jet multiplicity distributions to this underlying
event.

3.1 Two-component model of underlying event

To model the underlying event we use the framework pro-
posed in [40, 44] and further explored in [45], in which
hadrons are produced via two competing mechanisms, re-
combination and fragmentation. Recombination models
assume that hadrons can form by coalescence of con-
stituents quarks, which are taken as effective degrees of
freedom during hadronization. The recombination mech-
anism competes with the standard fragmentation of quarks
into hadrons. Recombination models typically discard glu-
onic degrees of freedom and use the same quark spectrum
for the calculation of recombination and fragmentation
contributions to single inclusive spectra. Despite these
simplifications, a fair description of relative hadrochemi-
cal yields is obtained [44, 45]. Here, we limit ourselves to
central collisions and we specify the model input follow-
ing [45]. The main input for recombinationmodels is know-
ledge of the partonic transversemomentum spectrum. This
is typically modeled by a two-component distribution,
showing an exponential “thermal” slope at low transverse
momentum and displaying a characteristic power-law at
high transverse momentum.
We characterize the exponential component of the

quark and anti-quark spectrum by the distribution

wi(R, p)∼ e
−pµυµ(R)/T . (13)

This distribution is assumed to be emitted from the spatio-
temporal positionsRµ = (τ cosh η, ρ cosφ, ρ sinφ, τ sinh η),
which lie in a thermally equilibrated system at tempera-
ture T along a space-like freeze-out hypersurface Σ. Here,
η is the space-time rapidity, ρ the radial coordinate, and
a suitable hypersurface can be specified by fixing τ =√
t2− z2 = const. The system is expanding at position Rµ

with a longitudinally boost-invariant flow profile υµ(R),
which displays a velocity υT = tanh ηT in the transverse di-
rection. Integratingwi along the freeze-out hypersurface, it
is a standard procedure to find the soft contribution to the
quark spectrum, dN softa /(d

2pa,Tdy). In the following, we
denote by pa,T the momentum of the partons, and by pT
the momentum of the hadrons.
The hard, power-law contribution to the quark spec-

trum is determined by

dNharda

d2pa,Tdy

∣∣∣∣
y=0

=K
C

(1+pa,T/B)β
. (14)

Here, the parameters C, B and β are taken from lead-
ing order perturbative QCD calculations [58] and the con-
stant K � 1.5 accounts for higher order corrections [40,
44]. Parton energy loss is modeled by quenching this par-
tonic spectrum via shifting its momentum distribution by
∆pa,T(pa,T) = ε0

√
pa,T, as suggested in [59].

We now explain how these partonic spectra are turned
into hadronic yields. For an exponential spectrum based
on (13), recombination always wins over fragmentation,
since there are exponentially many recombination partners
at soft pT. For a power-law tail (14), however, fragmenta-
tion wins over recombination, since there are sufficiently
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many high-pT components that can fragment into softer
ones. Thus, the partonic pa,T-scale at which the power-law
contribution (14) overcomes the exponential one sets the
hadronic pT-scale at which fragmentation starts to domi-
nate over recombination [44].
The momentum spectrum for mesons and baryons from

recombination can be written as [44, 45]

dNM,B
d2pTdy

∣∣∣∣
y=0

= CM,BMT
τAT

(2π)3

×2ΠaγaI0

[
pT sinh ηT
T

]
k2,3(pT) ,

(15)

where γa are quark fugacities,CM,B the degeneracy factors
for mesons and baryons respectively, and MT their trans-
verse masses.AT = πρ

2
0 is the transverse area of the parton

system at freeze-out and τ the hadronization time. Here,
we introduced the shorthand

kN (pT) =K1

[
cosh ηT
T

N∑
a=1

√
m2a+

p2T
N2

]
.

The spectrum for hadrons from fragmentation is given
by

E
dNh
d3pT

=
∑
a

∫ 1
0

dz

z2
Da→h(z,Q

2)Ea
dNharda

d3pa,T
, (16)

with Da→h(z,Q
2) denoting the fragmentation function of

a parton a into a hadron h. We use KKP fragmentation
functions [60].
The fragmentation functions Da→h in (16) enter our

modeling of the underlying event. The single inclusive
intra-jet distributionDh of (5) determines the multiplicity
distribution in the jet. Both quantities are functions of the
momentum fraction of the parent parton, which the hadron
carries away. We emphasize, however, that these momen-
tum fractions differ significantly. The spectrum (16) con-
volutes the fragmentation function with a steeply falling
partonic spectrum. This leads to a significant trigger bias:
if one requires a high-pT hadron of specific transverse mo-
mentum, one triggers on a subclass of fragmentation pat-
terns, for which the leading hadron carries a large part
of the totally available momentum. Typically, for a light
quark parent, the leading hadron entering a single inclu-
sive spectrum (16) carries ∼ 3/4 of the total energy of
the parent parton. On the other hand, for a jet character-
ized calorimetrically, there is no convolution with a steeply
falling parton spectrum and so there is no such trigger bias.
As a consequence, for a jet initiated by a light quark par-
ent, the leading hadron inside the jet is known to carry on
average only∼ 1/4 of the total energy of the parent parton.
These observations imply that the single inclusive spec-
trum (16) should be formulated with a fragmentation func-
tion that is reliable for large momentum fractions – and to
this end we use the set of KKP fragmentation functions. In
contrast, the single inclusive intra-jet distribution should
be reliable for momentum fractions smaller than ∼ 1/4,

and this necessitates our use of the MLLA resummed lim-
iting spectrum (5). The MLLA limiting spectrum (5) is
known to be unrealistic for too large momentum fractions,
and the KKP fragmentation functions are not of desired
accuracy for small parton momentum fractions.
It has been shown [40, 44, 45] that, with appropriately

chosen parameters, the two-component model described
above accounts successfully for the baryon-to-meson en-
hancement observed in a large class of RHIC data on Au+
Au collisions at intermediate pT. In particular, recombina-
tion models can reproduce the proton to pion and kaon-to-
pion ratio at intermediate transverse momentum [40, 44,
45]. Recombination dominates at RHIC up to phadronT �
4–6 GeV, and fragmentation takes over for higher trans-
verse momentum.
This model has been extrapolated to Pb+Pb collisions

at
√
s = 5.5 TeV [45, 46] by fixing the temperature of the

quark phase at hadronization at 175MeV, similar to the
RHIC case, and rescaling the parameters υT and τAT such
that the results of fluid simulations [61] are reproduced:
υT = 0.68 and τAT = 11.5×103 fm3 [45]. The quenching
of high-pa,T partons is fixed by the choice ε0 = 2.5, which
amounts to a factor � 10 suppression of the single inclu-
sive hadron spectra at pT = 10GeV. Our description of
the hadrochemical composition of the underlying event in
heavy ion collisions is based on this model. The single in-
clusive hadron spectra calculated this way for LHC are
dominated by recombination up to a scale that lies� 2 GeV
higher than the corresponding scale at RHIC [45, 46].

3.2 The hadrochemical composition of jets within
high-multiplicity nucleus–nucleus collisions

In this section, we superimpose the jet spectrum calculated
in Sect. 2.2 onto the background spectrum introduced in
Sect. 3.1. The background yield in a cone of opening angle
Θc is given by

[
dNh(Θc)

dpT

]
background

�Θ2cπpT
dNh

d2pTdy

∣∣∣∣
y=0

, (17)

where the spectrum on the right hand side is a sum of
contributions from recombination, see (15), and fragmen-
tation, see (16). To arrive at this expression, we have in-
tegrated the full double-differential spectrum dNh/d2pT
dy|y=0 over one unit in rapidity and the full azimuthal
phase space. Since the spectrum is flat around mid-
rapidity, the integral is trivial. In the ∆η×∆φ-space, this
is an area of 2π. We subsequently havemultiplied our result
with the fraction πΘ2c/2π, which a cone of opening angle
Θc occupies in this plane.
A jet of energy Ejet will deposit within the opening

angle Θc the particle yield
dNh(Θc)
dpT

given in (12). On aver-

age, this jet will sit on top of the background (17). In Fig. 5,
we compare these two contributions. One sees that despite
the high-multiplicity environment of a heavy ion collision,
the harder distribution of jet fragments dominates rapidly
over the abundant distribution of soft particles at trans-
verse momenta larger than 5–7 GeV. In the high-pT region,
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Fig. 5. Identified transverse momentum spectra within a cone
of opening angle Θc = 0.28 for pions, kaons and protons

the slope of the combined transverse momentum spectrum
is dominated by jet fragments. This slope steepens char-
acteristically in the presence of medium-induced parton
energy loss. Hence, if the energy of the jet can be measured
reliably in heavy ion collisions, then such transverse mo-
mentum spectra provide direct experimental access to the
longitudinal jet fragmentation function.
In Fig. 6, we have plotted the identified particle ra-

tios K±/π± and p(p̄)/π±, measured in a cone of opening
angle Θc. From an experimental point of view, this may be
a relatively straightforward hadrochemical measurement:
it is performed by counting all particles within an open-
ing angle Θc as a function of pT. Particle identification is
statistical. An experimental separation of the jet from the
underlying event is not needed. In principle, the measure-
ment requires knowledge of the energy of the jet contained
in the opening angle. However, this determination of Ejet
does not need to be particularly good, since the hadronic
ratios shown in Fig. 6 depend only weakly on Ejet.
We remarked in our discussion of Fig. 5 that in the

presence of a jet, the spectrum within an opening cone is
essentially background free above pT > 5–7 GeV. In Fig. 6,
this is reflected in the fact that above this transverse mo-
mentum scale, the particle ratios match those shown in
Fig. 4 and calculated without including the background. It
is remarkable that in this high-pT range, medium-effects
enhance these ratios, thus widening rather than narrow-

Fig. 6. The particle ratiosK±/π± and p(p̄)/π± obtained from
the spectra shown in Fig. 5. These ratios are measured in a cone
of opening angle Θc = 0.28 in the ∆η×∆φ-plane, which con-
tains both soft background and a jet of energy Ejet

ing the difference with the background. At lower transverse
momentum, the background yield dominates the hadronic
abundances and particle ratios.
We finally explore yet another possibility of presenting

information on the hadrochemical composition in jets and
their change in a medium. To this end, we introduce, in
close analogy with the nuclear modification factor, the jet
modification factor:

JAA ≡
dNh

dpT

∣∣
med

dNh

dpT

∣∣
vac

. (18)

Here, the numerator denotes the particle spectrum within
a cone of opening angle Θc in the presence of a jet. We de-
termine it as the sum of the background (17) and the spec-
trum (12) for a quenched jet (fmed = 1). The denominator
is constructed experimentally by measuring the minimum
bias spectrum in a cone of angle Θc and adding the spec-
trum of an unquenched jet. In our calculation, we add on
top of the background (17) the spectrum (12) for a vacuum
jet (fmed = 0).
Jet quenching amounts to a reshuffling of hadronic yield

from high to low transverse momentum. The transverse
momentum scale pcritT above which the yield in a jet spec-
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Fig. 7. The jet modification factor JAA, defined in (18) within
a cone of opening angle Θc = 0.28 as a function of trans-
verse momentum for different jet energies and different hadron
species

trum is depleted is characterized in the measurement of
JAA by JAA(p

crit
T ) = 1. From the right column of Fig. 7,

one sees that pcritT grows significantly with Ejet. This indi-
cates that the subleading jet fragments, additionally pro-
duced due to medium-effects, are distributed in an in-
creasingly wide transverse momentum regime, which ex-
tends significantly beyond the low-pT region dominated by
background yield, and up to pcritT . Also, the total amount
of additional multiplicity, produced due to parton energy
loss, increases with Ejet, and so JAA increases with Ejet
in a wide intermediate transverse momentum regime in
which hadrochemical identification is possible. The order
of the particle species dependence of JAA, seen in the left
column of Fig. 7, is a direct consequence of the medium-
induced enhancement of the ratios K±/π± and p(p̄)/π±,
seen in Figs. 5 and 6. Namely, if for instance at fixed trans-
verse momentum, 〈K±〉med/〈π±〉med > 〈K±〉vac/〈π±〉vac,
then 〈K±〉med/〈K±〉vac > 〈π±〉med/〈π±〉vac, and this order
is reflected in Fig. 7.

4 Summary

The analysis of the hadrochemical composition of jets in
heavy ion collisions is a terra incognita, for which data are

not available yet. It is within experimental reach of the
LHC. In this paper, we have argued that jet quenching
generically implies modifications of the jet hadrochemical
composition (see discussion in Sects. 1 and 2.2). A simple
model of a parton shower with enhanced medium-induced
branching but unmodified hadronization (see Sect. 2.2)
then allowed us to illustrate that a significantly modi-
fied jet hadrochemistry can be expected even if at the
time of hadronization medium-effects are not present
any more. This is important, since formation time argu-
ments indicate that for sufficiently large Ejet, hadroniza-
tion occurs outside the medium produced in heavy ion
collisions.
Remarkably, at sufficiently high pT, we observed that

medium-modifications increase the hadrochemical ratios
K±/π± and p(p̄)/π±, thus further increasing the differ-
ence between the distributions inside the jet and those
of the underlying event. We gave arguments of why this
is likely to be a generic feature, which should persist for
a wide class of jet quenching models. On the other hand,
any jet quenching mechanism, which for instance kicks
components of the background into the jet cone, may be
expected to have the opposite effect, namely to narrow
the difference between the hadrochemical composition of
the jet and the background. It is in this sense that we
view the model study presented in Sects. 2.2 and 3 as
a baseline, on top of which effects indicative of specific
microscopic mechanisms of parton energy loss may be
established.
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