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We study the time structure of vacuum jet evolution via a simple uncertainty principle estimate in the
kinematic range explored by current heavy ion collisions at the LHC. We observe that a large fraction of
the partonic splittings occur at large times, of the order of several fm. We compare the time distribution
of vacuum splittings with the distribution of path lengths traversed by jets in a heavy ion collision. We
find that if no medium induced modification of the jet dynamics were present, a very large fraction
(larger than 80% for inclusive jets) of the jet splittings would occur outside of the medium. We confront
this observation with current available data on jet properties in heavy ion collisions and discuss its
implications for the dynamics of jet–medium interactions.

© 2012 Elsevier B.V. Open access under CC BY license.
1. Introduction

Jets have for long been regarded as one of the main diagnos-
tic tools for the study of the hot and dense matter produced in
ultrarelativistic heavy ion collisions. The modification of jet ob-
servables in those collisions, as compared to their vacuum coun-
terpart (proton–proton collisions) encodes detailed information on
the properties of the created medium. However, the unambiguous
extraction of these properties poses challenges, both theoretical
and experimental, which significantly complicate these studies.

On the theoretical side, a detailed understanding of the interac-
tion between the parton showers and the QCD medium is required.
There is a broad consensus on the pivotal role of medium induced
gluon radiation as the main dynamical mechanism responsible for
this interplay (see for example [1–6] for recent reviews). However,
different model implementations of this mechanism for the phe-
nomenological description of single particle suppression, both at
RHIC [7,8] and the LHC [9], lead to the extraction of rather diverse
medium parameters [10]. Moreover, in recent years the importance
of other dynamical mechanism, such as collisional energy loss [11,
12], interference effects [13–16], non-trivial modification of the
in-medium fragmentation pattern [17], AdS/CFT inspired mecha-
nism (see [18] for a review), etc., has been stressed; this body of
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work illustrates the difficulties that models based solely on radia-
tive losses face when confronted to data.

On the experimental side, jet measurements in a heavy ion en-
vironment lead also to many challenges mainly due to the large
hadronic activity in the collision. However, modern jet reconstruc-
tion algorithms [19,20] have led to the development of strategies
to take into account both the large background and its fluctua-
tions [21–23], and hence rendering those measurements possible.
In fact, jet measurements carried out during the first LHC heavy
ion run [22,23,25,24] present serious challenges to current model
formulations. On the one hand, jets that traverse a significant
medium length lose a considerable amount of energy. Remarkably,
this energy loss is accompanied by a very mild, at most, jet deflec-
tion [22,23], thus precluding an origin in a dynamical mechanism
where a significant enhancement of radiation of semi-hard gluons
is of importance. To accommodate these data, a simple mechanism
based on the early decorrelation of soft jet components has been
proposed by some of the authors [26] (see [27–29] for other de-
scriptions of data based on radiative losses). On the other hand,
preliminary measurements of jet fragmentation functions coincide,
within errors, with those obtained in p–p collisions. The apparent
contradiction between the unmodified fragmentation functions and
the large distortion of di-jet asymmetry distributions may point to-
wards an underestimate of the effect of the fluctuating background,
as pointed out in [30]. However, if as claimed by both ATLAS and
CMS these fluctuations are under control, the measurements show,
in a nutshell, that although jets loose a significant fraction of their
energy while traversing the medium, their fragmentation pattern
is unchanged. These observations seem, a priori, at odds with the
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assumption of medium induced gluon radiation as the main mech-
anism responsible for energy degradation of in-medium jets.

Motivated by this experimental observation, we carry out here
a simple study of the time structure of the fragmentation process
of jets in vacuum. Since little is known about the details of the
space–time dynamics of this evolution, we will rely, as customary
in Monte Carlo implementations of in-medium jet dynamics [31–
34], on uncertainty principle arguments to determine the char-
acteristic emission time of the different partons produced during
hadronization. The goal of this Letter is to determine the typical
time scales for the vacuum emission of fragments in high energy
jets within the kinematic range of the heavy ion experiments at
the LHC. As we will see, for those jets the partonic showers de-
velop at times of several fm. Remarkably, this is larger than the
typical path length that jets traverse through matter in one such
collision.

The Letter is organized as follows: In Section 2, the time struc-
ture of vacuum QCD evolution is studied. Since we are motivated
by the properties of fragmentation functions, we will focus on the
time distribution of partonic splittings and determine the fraction
of splittings that occur at time larger than a given value L. In Sec-
tion 3, we determine the path length distribution of jets in heavy
ion collisions. To take into account surface biases, a simple ab-
sorption (quenching) model for jets is used and the path length
distributions for leading and associated jets are obtained. In Sec-
tion 4 we convolute both distributions to determine the fraction
of splittings that in an unmodified jet would occur outside the
medium created in heavy ion collisions. We conclude the Letter
in Section 5 by discussing how our vacuum jet analysis can help
constraining models for in-medium modification of jets.

2. Estimating the time structure of QCD vacuum showers

The description of final state QCD branching is a perfect ex-
ample of the predictive power of perturbative QCD. While both
the evolution equations that dictate the branching dynamics and
their implementation in modern Monte Carlo event generators
have become standard textbook material (see for example [36]),
they are invariably formulated in momentum space and little is
known about the space–time structure of the branching process.
Most attempts to understand this structure rely on an uncertainty
principle argument to estimate the typical emission times of par-
tons: in a time-like parton shower, the typical lifetime of a parton
of virtuality Q (i.e. the time elapsed prior to its splitting into two
less virtual objects) is given, in its rest frame, by τ f ∼ 1/Q . Thus,
a parton with energy E in the centre of mass frame of the collision
has its lifetime boosted to

τ f � 2
E

Q 2
, (1)

where the factor 2 ensures that for the emission of soft gluons
with four momenta (ω,k⊥,k), the formation time coincides with
the usual relation τ f = 2ω/k2⊥ as derived in BDMPS [35]. How-
ever, we reiterate that Eq. (1) should be understood as an estimate,
and consequently we have considered possible deviations in what
follows. In this Letter we assume that the above argument holds,
generalizing it to the estimation of the fragmentation times of par-
tons in a QCD shower.

Eq. (1) describes the lifetime of a single virtual excitation. How-
ever, final state partons in a typical high energy QCD process un-
dergo several perturbatively describable splittings with the decay
time of a given parton in the chain dictated by the kinemat-
ics of the fragmenting parton at that point in the chain. Hence,
Eq. (1) determines the time to emission relative to the parton be-
ing formed. Since DGLAP evolution imposes a strict ordering in
virtuality, with those splittings involving higher virtuality occur-
ring earlier, the time for splitting of a parton following n previous
splittings is given by

τS =
n∑

i=1

τ f (i). (2)

These assumptions allow us, provided the virtuality at each
step of the decay chain is known, to estimate the typical times
needed for the evolution of a vacuum QCD shower. We note that
the determination of the relevant virtualities is necessarily model
dependent. Although the parton shower is solidly grounded in per-
turbative QCD, its de facto implementation in event generators
together with its interface with other physics processes relevant
for an accurate description of data require additional assumptions
that go beyond the QCD calculation. However, the partonic evolu-
tion is only logarithmically sensitive to these model assumptions
and thus the uncertainties introduced by those in our computa-
tion are smaller than the uncertainty in the estimated value of the
decay time Eq. (1).

The aim of this Letter is to provide a simple, yet realistic, es-
timate. As such we resort to a specific scheme implemented in
PYTHIA [37] where the evolution variable is the mass of the split-
ting virtual object and energy momentum conservation is imposed
at each splitting step. Within this implementation we can recon-
struct the branching chain of hard patrons in any process and
assign an emission τS to each splitting.

In all event generators, DGLAP evolution is carried down to a
minimal scale Q 0 after which the dynamics is non-perturbative.
Since different event generators vary considerably at this stage we
will refrain from discussing the time structure at such late stages.
However, in order to account for the dynamics at this stage we will
add, for each fragment, a final splitting to the perturbative chain
at a time given by Eq. (1) with virtuality Q = Q 0 (Q 0 = 1 GeV in
PYTHIA). This time can be understood as the lifetime of a parton
prior to its fragmentation onto hadrons.

Of particular interest for the purposes of this Letter is the prob-
ability of splitting after a given time τ . To construct this probabil-
ity, and for reasons that will become apparent in the next section,
we will perform a longitudinal boost from the collision centre of
mass frame to the frame where the parent parton is transverse to
the beam direction. In the remainder of the Letter we will refer to
the time in this boosted frame simply as time.

The emission time of a given step in the decay chain depends
on prior splittings, see Eq. (2). Thus, information on the chain back
to the hard vertex is required. However, fragmentation functions
are mostly sensitive to the dynamics of the closest common ances-
tor (parent parton) to the final fragments and branchings prior to
the parent parton only result in overall kinematical changes. Thus,
for each final parton, we reconstruct the full chain of branchings
back to the parent parton. To avoid double counting in jets with
more than one final state parton, splittings common to two or
more particles are counted only once. Also, only splittings that are
causally connected to those partons that fall within the specific jet
selection and reconstruction procedure will be taken into account.
Fig. 1 provides a pictorial description of this procedure.

The probability distribution Pout
R (L) for splitting after a given

time L is obtained from the event generator as the average over
the Monte Carlo sample

Pout
R (L) =

〈
nout

R (L)

nR

〉
, (3)

where the index R indicates that only branchings in the chains of
those partons that end up within the jet definition are included,
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Fig. 1. Sketch of the evolution process for the associated jet in a di-jet event.
The fragmentation proceeds by several splittings from the initial hard vertex up to
the final particles. The jet reconstruction procedure, represented by the blue cone,
does not include all the fragments generated in the evolution. Thus, not all the split-
tings are directly connected to the particles used for the jet reconstruction. Note
that all the fragments within the cone originate from a common ancestor (the par-
ent parton, marked with a double line) and prior splittings only change the overall
kinematics of that parton. From all the splittings in the chain, only nR splittings,
represented by circles, are seeded by the parent parton and connected to the final
reconstructed fragments, these splittings influence the most the final fragment dis-
tribution (up to kinematical changes). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this Letter.)

nR is the total number of such splittings in an event, and nout
R (L)

the number of those that occur at τS > L. The distribution Pout
R (L)

depends on the specific procedure employed to select and recon-
struct the jet sample, in particular on the jet definition, via the
Monte Carlo average.

As we have stressed repeatedly, the above procedure provides
only an estimate of the typical distribution since it is based on
the identification of the typical scale of the emission process and
assumes that all the splittings occur at such fixed time. This pro-
cedure clearly overestimates the emission time, since in reality it
is given by a distribution in times with characteristic value τ f ,
with emission both at earlier and later times than τ f being al-
lowed. To account for this spread, we will use a simple assumption
for the emission time distribution: the probability that a given
splitting with typical formation time τ f occurs at time τ , D(τ ) is
given by

D(τ ) = 1

τ f
e−τ/τ f . (4)

This allows us to assign to each splitting a (random) emission time
and, by following the discussion around Eq. (2), determine the ab-
solute time of each emission. We will use these two evaluations
of the emission time — with a fixed typical time given by Eq. (1)
and with a random sampling around τ f , Eq. (4) — as an estimate
of the uncertainty in the distribution.

We constructed our event samples by generating di-jet events
with PYTHIA 6.4 [37] for p–p collisions at a centre-of-mass energy
of 2.76 TeV without underlying event. Jets were reconstructed at
the partonic level using the anti-kt sequential recombination algo-
rithm [19] for different values of R , as implemented in FastJet [20].
The events were selected with criteria based on those used by the
CMS Collaboration [38]. A minimum pT ,leading of 100 GeV was re-
quired for the leading jet. Once such jet was found, the subleading
jet was required to have pT ,associated > 40 GeV and to be sufficiently
separated in azimuth from the leading jet, �φ1,2 � 2π/3. Further,
a cut in rapidity was imposed, selecting only jets within |y| <2.

From this sample we compute the restricted probability Pout
R (L)

for both the leading and associated jet, see Fig. 2. In these plots the
bands correspond to the two models for computing the emission
time described above. A transverse momentum cut of the gluons
used in the jet reconstruction has been introduced: in both plots
the upper band corresponds to a pT -cut of 10 GeV and the lower
one to 0.1 GeV. For either cut, both in the leading and in the as-
sociated jet we observe that the shower develops in a rather long
time. In fact, the distribution possesses a long tail at very large
times, which reflects the logarithmic divergence in Q 2 of the split-
ting kernel. Remarkably, the probability of splittings occurring at
times as large as L = 5 fm, comparable to the radius of a large nu-
cleus, is larger than 50%.

3. In-medium length in heavy ion collisions

The dense hadronic matter produced in a heavy ion collision
can probe and modify the time structure of the evolution process
described above. The typical size of the medium produced by these
collisions is of the order of the nuclear radius and, as we have
seen, comparable to the characteristic time for the development of
the vacuum shower. For this reason, we would like to compare the
vacuum fragmentation pattern with the time extent that jets travel
through the medium. It is clear that not all jets in a nuclear col-
lision traverse the same amount of medium, as they are not all
produced at the same point within the colliding region, and path
length fluctuations must be taken into account. These originate
from simple geometrical considerations which we describe below.

As it is well known, the emission points of hard jets in the
transverse plane (x0, y0) are distributed according to the number
of collisions per unit area, T A A(x0, y0,b)

T A A(x0, y0,b) = T A(x − b/2, y)T A(x + b/2, y) (5)

where the nuclear density profile T A(x, y) = ∫
dz ρ(x2 + y2 + z2)

is computed from the nuclear density ρ(r), given by the stan-
dard Woods–Saxon potential.1 From these emission points, jets can
travel at any direction in the transverse plane given by the (ran-
domly selected) unit vector n̂ = (cos(φ), sin(φ)).

As the jet travels trough the medium, it traverses regions with
varying density since there are different number of participat-
ing nucleons at each point of the transverse plane. In addition,
the medium formed in the collision is not static, but suffers a
very strong longitudinal expansion which dilutes the system at
later times. As customary, we will assume that the medium is
boost invariant, so that all density variations occur in the trans-
verse plane. This assumption allows us to focus on the in-medium
transverse path length, L, since we can always boost the system to
a frame where the propagating parton is transverse to the beam.
Note that this is also the frame where the distribution in Fig. 1
is computed. To simplify the discussion, we will always refer to
transverse lengths simply as lengths.

Since medium effects are stronger when matter is denser,
we introduce a “density weighted” path length of the jet in the
system given by [39,40]

L = 2

∫ ∞
0 dτ τρ(x + n̂τ , τ )∫ ∞
0 dτ ρ(x + n̂τ , τ )

, (6)

where ρ(x, τ ) is the density in the (transverse) position x and
time τ . Since we expect the bulk of the matter to scale with
the number of participating nucleons in the collision, we will as-
sume, as customary, that the relevant density scale is proportional

1 Since we will use this distribution only as an estimate, we will not take into
account fluctuations in the distribution of nucleons in this computation.
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Fig. 2. Probability that the splittings of the parent partons occur at a time larger than L in the frame where the parton is transverse for leading (left) and associated (right) jets
in di-jet events of pT ,leading > 100 GeV and pT ,associated > 40 GeV. The bands correspond to the two different estimates of the splitting time described in the text. A transverse
momentum pT -cut at reconstruction level has been introduced. As the pT -cut is increased, late fragmentation patterns are favored.
to the wounded nucleon profile ρW N (x), which we compute as-
suming σN N = 42 mb. The explicit time dependence arises from
the dilution of the system due to collective expansion. For simplic-
ity, we will only take into account the longitudinal expansion in a
Bjorken-like fashion, assuming an initialization time, τ0 = 0.5 fm.
We model the density, ρ , by

ρ(x, τ ) ∝ ρW N(x)
τ0

τ + τ0
. (7)

Averaging over the transverse plane, over all possible direc-
tions of emission and over the impact parameter of the collision,
we obtained the distribution of (density weighted) in-medium
path lengths, Pdw(L), which is shown by the dashed line in Fig. 3
for a centrality class of 0–30% (which coincides with the one used
in the jet analysis [38]). Note that by taking into account the
longitudinal expansion, as in Eq. (6) the distribution of effective
path lengths is concentrated at smaller values than if the medium
would have been taken as static [11], since at any point in the
transverse plane the density drops with time.

If medium effects were absent, or if it were possible to recon-
struct all the initial energy of the jet (prior to medium interaction),
the path length distribution described above would coincide with
the distribution probed by the finally observed jets. However, if
those effects are not small, as inferred from the ATLAS [22] and
CMS [23] measurements, a surface bias occurs, since the combi-
nation of energy loss and a steeply falling spectrum favors small
in-medium path lengths. The exact description of this effect de-
mands a good microscopic description of the process of jet energy
loss and its subsequent evolution, which is beyond the scope of
this Letter, but a simple estimate of this effect can be achieved
by assuming an absorption model for the in-medium jets.2 Moti-
vated by the fact that in-medium radiative energy loss grows like
L2, we assume a survival probability for the jet given by

A(L) = e−L2/L2
c , (8)

with Lc , the critical length, a model parameter. The model is
fixed by demanding that after convoluting with the initial geom-
etry, the overall survival probability of an inclusive jet coincides
with the jet R A A . Motivated by preliminary Rcp measurements for
jets [25], we assume R A A = 0.5, which yields Lc = 3.3 fm.

2 By absorption we do not mean that the jet disappears but that the energy shift
is sufficiently large to make its contribution to the spectrum negligible.
Fig. 3. Path length distribution of high energy particles in a heavy ion collisions
for a centrality class of 0–30%. The dashed line corresponds to neglecting energy
loss effects. The dotted and solid lines correspond to leading and associated jets,
respectively, in di-jet events with energy loss effects described by the absorption
model Eq. (8).

The trigger bias we have just described leads to a different
path length distribution probed by inclusive jets and for di-jets,
since the requirement of a leading jet fixes the production point
and forces the associated jet to travel a longer distance; neglecting
acoplanarity effects between the two jets, this can be obtained via
Eq. (7) after substituting φ → φ + π in the definition of n̂ and de-
manding that the leading jet is not absorbed. This distribution is
shown by the solid line in Fig. 3 which, as expected, is shifted to-
wards larger values. However, both because of the large centrality
bin that we have considered and the strong longitudinal expan-
sion, most of the jets traverse an in-medium path length of less
than L = 5 fm.

4. Fragmentation outside of the medium

The combination of the probability distribution in Fig. 2 and
the in-medium path length distribution Fig. 3 shows that in the
absence of medium-induced modifications of the branching pro-
cess, and thus with jet evolution in matter proceeding as in the
vacuum, a large fraction of the branchings would occur outside of
the medium. The interactions between high energy partons and
the medium affect the properties of final jet observables; in par-
ticular, additional medium-induced gluon radiation is expected to
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Fig. 4. Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet evolution proceeds as in vacuum. The analysis is
performed for di-jet events of leading jet transverse momentum pT ,leading > 100 GeV and associated jet momentum pT ,associated > 40 GeV and for a lead–lead collision with
centrality class 0–30%. A very mild dependence of this fraction is observed both in the reconstruction radius R (a) and in the z-fraction of transverse momentum (b). Note
that in the two plots sample differently the distribution of splittings (see text for discussion).
occur thus modifying the emission process. Clearly, the dynam-
ics of those splittings that occur outside the medium remain un-
changed, up to an overall reduction of the parent parton energy
when it leaves the medium due to energy loss.3 Both this phase
space reduction and the additional probability of splitting tend to
accelerate the evolution process as compared to the vacuum. As a
consequence, the in-medium formation time is modified, as it has
been explicitly shown in the in the context of radiative energy loss
in [41,42]. Thus, by convoluting the vacuum distribution Fig. 2 and
Fig. 3, we can establish an upper bound on the fraction of split-
tings fout that occur outside the medium

fout =
∫

dx Pdw(x)Pout
R (x). (9)

In Fig. 4(a) we show fout as a function of the anti-kt radius R
for both leading (upper band) and associated jets (lower band)
with the energy and centrality cuts as specified in previous sec-
tions. As for the computation of Pout

R , the shown bands reflect the
spread in the result due to the two different ways of estimating the
time evolution described in Section 2. In both cases, motivated by
the experimental analysis of jet distributions [24], we have added
a lower pT = 4 GeV cut in the transverse momentum of the par-
tons at reconstruction level. From this plot we conclude that for
leading jets most of the branching process occurs outside of the
medium, with fout > 80%. For the associated jet, where the in-
medium path lengths are larger, there is a reduction in the fraction
of outside splittings; however, even for those fout > 70%. Addi-
tionally, our study shows a very small dependence of fout on the
reconstruction radius; small radii, which favor collinear fragmenta-
tion patterns, have a larger contribution of splittings outside of the
medium in both cases, but the dependence is mild and even for
radius as large as R = 0.6 the fragmentation is dominated by late
splittings.

In Fig. 4(b) we show a fragmentation function-like distribution
in which the fraction of events is computed in bins of the frac-
tional transverse momentum of the parton in the jet

z = pT ,parton

pT ,jet
, (10)

3 Note that color flow changes could alter the fragmentation pattern even for
splittings outside of the medium [17].
with pT ,jet the modulus of the vectorial sum of transverse mo-
menta of all the partons within the jet for a fixed jet radius
R = 0.3. Once again, we observe, at best, a very mild dependence
on the energy of the fragment in both leading and associated
jets; in both cases, the majority of fragments occur outside of
the medium for all energies. Note that in this distribution fout is
smaller, for all z-bins, than the corresponding value in Fig. 4(a).
This is a consequence of our procedure to avoid double count-
ing of splittings, since in the more inclusive distribution, Fig. 4(a),
more partons share common splittings than in the more differen-
tial one Fig. 4(b). Since common splittings occur earlier in the evo-
lution and they are only counted once, the sample used in Fig. 4(b)
gives a larger weight to late splittings. The difference between the
two procedures is not large and does not affect significantly the
conclusions of our study. It should be kept in mind that our ob-
servations are not based on a well grounded theoretical model and
should not be taken for more than indication of the underlying dy-
namics.

In addition to this uncertainty, we would like to stress once
more that our analysis has been performed at parton level and
hadronization effects have not been taken into account. While the
time scale estimation of the gluon shower is not affected by such
effects, hadronization can alter the distribution of particles within
the reconstruction cone, especially at small radius [43]. Further-
more, the decay of the final partonic system into hadrons will
lead to a softer distribution of fragments at hadronic level than
at partonic level. In this sense, the pT -cut we have imposed in
the distribution in Fig. 4(a) is too low for a comparison with ex-
perimental data; generically, hadrons with pT > 4 GeV will be the
result of the hadronization of more energetic partons. However,
as we have shown in Fig. 2, imposing a higher pT cut pushes the
distribution of splittings to later times, increasing the fraction fout .

Finally, the particular value of fout we have obtained depends
on the absorption model for jets that we have described in Sec-
tion 3. As stressed there, while we view this model as theoretically
motivated, the exact length dependence of the jet energy loss is
not known [44–46]. A weaker length dependence than the one we
have used would reduce the difference of path lengths between
leading and associated jets and the value of fout for each of them
would be between the two bands in Fig. 4. A stronger length de-
pendence would increase that separation, increasing fout for the
leading jets and reducing it for the associated ones. However, un-
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less a very strong dependence on L is advocated, which is neither
theoretical nor phenomenologically justified, we do not expect a
dramatic change in the fout value. In particular, for leading jets
and for any length dependence, the fraction of relevant splittings
outside of the medium will be always larger than 70% (in the kine-
matic range of interest and for R = 0.3).

5. Summary and discussion

In this Letter we have studied the time structure of jet evolu-
tion in the vacuum by following the DGLAP chain and assigning
to each splitting a decay time given by Eq. (1). For the kinematic
range currently explored in jet measurements at the LHC, several
splittings occur as the partons produced in an elementary collision
shower towards final hadrons. We have studied the time distribu-
tion of those splittings from the parent parton, Fig. 2, defined as
the latest step in the decay chain common to all the fragments
within the reconstructed cone, and concluded that for those jets
the fragmentation process in vacuum takes a long time, compara-
ble to the nuclear radius. We have also observed that this time is
larger than the typical path lengths traveled by jets in heavy ion
collisions, Fig. 3. By convoluting these two distributions we found
that more than 80% (70%) of the splittings in leading (associated)
jets occur at a time greater than the path length of an equivalent
parton propagating in the medium created in a heavy ion collision.

The fact that the branching process takes such a long time
seems to be in agreement with preliminary observation by both
ATLAS [25] and CMS [24], which have shown that for di-jet sam-
ples with leading jet of ET greater than 100 GeV (ATLAS and CMS)
and an associated jet of ET greater than 40 GeV (CMS), and with
relatively small anti-kT reconstruction radius, there is no observed
modification of the fragmentation pattern. Surprisingly, this is so
even for associated jets in di-jet events with a large transverse
energy imbalance, for which a strong distortion of the asymme-
try distribution has been observed. While the average energy of
associated jets is reduced, their fragmentation function is indistin-
guishable from that of associated jets in p–p collisions at the same
(associated) jet energy.

A natural explanation for this agreement is that most of the
relevant part of the jet evolution happens at late times, outside of
the medium, where the branching process cannot be altered by its
interaction with the medium. This is precisely what we have ob-
served for vacuum jets, since most of the splittings of the parent
partons occur late. Our study supports this explanation: if vac-
uum branching occurs at very early times, it must be affected by
the medium and, then, it is hard to understand how such modifi-
cation could leave the fragmentation functions unchanged, unless
the medium effects were small. However, the strong distortion of
the di-jet asymmetry distribution in a heavy-ion environment re-
ported in [22,23] indicates that this is not the case. Thus, while we
cannot rule out that modified branching patterns may lead to the
same fragmentation distribution, we will adopt the more natural
assumption that current fragmentation function measurements are
mostly sensitive to the dynamics outside of the medium.

Since medium effects are strong, the in-medium distribution
of splittings may be altered and conclusions based on a vacuum
physics analysis may not be valid. A fair comparison to data de-
mands a dynamical understanding of the jet–medium interactions.
However, the main mechanism responsible for the observed energy
loss of high energy partons remains unclear and several models are
available. Enlightened by our study, we discuss the effect of three
different sets of those models for the splitting distribution:

1. The interaction with matter may modify significantly the radi-
ation of (almost collinear) partons, increasing the rate of radi-
ation and leading to a large energy loss [47,31,32,34]. In this
case, the evolution process becomes faster than in the vacuum,
since increasing the radiation rate would lead to a faster evo-
lution, as compared to the vacuum, and most of the virtuality
would be relaxed in the medium. In this case the fragmenta-
tion functions should be sensitive to this modified pattern and
show a modification with respect to the vacuum.

2. The medium could add extra relatively hard induced radia-
tion via scattering with the matter constituents without sig-
nificantly modifying the relaxation of virtuality. This corre-
sponds to the usual mechanism of radiative energy loss [1–6].
Since the rate of evolution is not modified, a significant part
of the branchings of the parent parton would take place still
outside of the medium. Energy loss is due to additional early
splittings of the parent parton, which only affect the late split-
tings by reducing the available energy. The induced splittings
add extra fragments into the final hadron distribution but
with an angular pattern which is different from vacuum emis-
sions.

3. Energy degradation could be due to many small losses trans-
ported to large angles. This is the case for collisional en-
ergy loss [11], coupling to collective modes [48], transport
of soft quanta at large angles [26] or soft large angle ra-
diation via interference effects [13–15]. As in the previous
case, energy loss would occur at early times, reducing the
energy of the parent parton, but leaving the late branch-
ings, which influence the most the final distribution of frag-
ments, unmodified. For all these models, the contribution of
the lost energy to the fragmentation function would have a
weak dependence on the reconstruction radius R . Addition-
ally, in all these scenarios the energy is degraded into modes
with momenta of the same order as the underlying event,
which would hide their contribution to the fragmentation
function.

Preliminary data from both CMS [24] and ATLAS [25] clearly
disfavor the first scenario, since no modification of the fragmen-
tation function has been observed. However, from the available
data it is not possible to favor any of the two last scenarios:
if the additional radiation by the second mechanism occurs at suf-
ficiently large angles, its effect in small radius cones is negligible.
Clearly, extending these measurements, specially for the associ-
ated jet, to larger R values could allow us to distinguish among
those two possibilities; however, the large fluctuating backgrounds
complicate these measurements. Fortunately, there are other qual-
itative features which could help disentangle the correct mecha-
nism. Since, as we have argued, the extra relatively hard radiation
of the second scenario must lie outside of the jet cone, it leads
to an increase in the number of (semi-hard) jets associated to a
parton that traverses the medium. Assuming a sufficiently strong
surface bias, trigger jet events in heavy ion collisions would show
a larger number of softer jets in the away side, specially for those
events with large di-jet asymmetries. On the contrary, such an ef-
fect would be much milder for the third scenario for which the
jets would be accompanied by an increase of the underlying event
activity as compared to the heavy ion background.

To conclude, we would like to remark that while the typical
scale of the vacuum distribution in Fig. 2 is larger than those
probed by the medium, it is not asymptotically large. As a conse-
quence, theoretical uncertainties in the space–time distribution of
the vacuum splitting process can have a very large impact on our
understanding of jet data at the LHC. In particular, a factor of 2
reduction of the time scale for emissions, Eq. (1), leads to non-
negligible reduction of the importance of out-of-medium fragmen-
tation; concretely for R = 0.3 fout for the leading (associate) jet is
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reduced to 76–67% (62–53%). Thus, in a heavy ion collision, a non-
negligible part of the evolution takes place, in this case, within the
medium. To the best of our knowledge, no theoretically satisfactory
description of the space–time structure of the vacuum fragmenta-
tion process exists and that translates inevitably on the absence of
a fundamental building block for the study of medium modifica-
tion of jet physics. With the estimates presented in this Letter we
have explicitly showed the importance of the understanding of this
structure for the description of jet data in heavy ion collisions.
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