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Mass depletion: a new parameter for quantitative jet modification
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We propose an extension to classify jet modification in heavy-ion collisions by including the jet
mass along with its energy. The mass of a jet, as measured by jet reconstruction algorithms, is
constrained by the jet’s virtuality, which in turn has a considerable effect on such observables as the
fragmentation function and jet shape observables. The leading parton, propagating through a dense
medium, experiences substantial virtuality (or mass) depletion along with energy loss. Meaningful
comparisons between surviving jets and jets produced in p-p collisions require mass depletion to be
taken into account. Using a vacuum event generator, we show the close relationship between the
actual jet mass and that after applying a jet reconstruction algorithm. Using an in-medium event
generator, we demonstrate the clear difference between the mass of a surviving parton exiting a
dense medium and a parton with a similar energy formed in a hard scattering event. Effects of this

difference on jet observables are discussed.

PACS numbers: 25.75.-q, 25.75.Dw, 13.85.-t

I. INTRODUCTION.

With the advent of the LHC, the study of the mod-
ification of hard jets in a Quark-Gluon-Plasma (QGP)
has entered a detailed phase: Unlike the case at the Rel-
ativistic Heavy-Ion Collider (RHIC), where one has so
far been limited to few particle observables [T}, 2], isola-
tion and reconstruction of particles within a jet, from the
background of particles at the LHC, has led to an entirely
new methodology of studying jets [8HI0]: currently, new
observables such as the dijet asymmetry, intra-jet frag-
mentation functions and jet shapes are being measured
in multiple experiments.

By all accounts, detailed comparisons between theory
and the new observables should lead to deeper insight
into the mechanisms by which jet showers are modified by
the presence of a medium [ITHI5], and how energy flows
away from the jet into the medium [I6] [I7]. However,
in order to make such comparisons, any calculation of
jet modification has to be incorporated within an event
generator!. Generated events, both with and without a
medium, will have to be reconstructed similarly to those
in the experiment, prior to any detailed comparison.

In such comparisons, there is a marked difference be-
tween the case of single particles and full jets: Single
particles at high-pr approximate to nearly massless four-
vectors, and thus may be classified by only three intrinsic
parameters: The pp, the azimuthal angle ¢ and the ra-
pidity n. For ¢ integrated quantities (such as R44), in
limited ranges of rapidity, the pr represents the sole in-
trinsic parameter used to quantify the yield of a hard
leading particle in a jet. High energy jets, which are re-

1 All simulations in this Letter will be carried out using the MAT-
TER event generator [18], which is based on a medium mod-
ification [I9] of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) shower [20H22], or using the PYTHIA/JETSET event
generators which are also based on a DGLAP shower.

constructed from several such vectors have, in addition, a
reconstructed mass M [23], which is non-negligible com-
pared to their pp. To clarify our statement, if n almost
massless four-momenta are reconstructed, then, for the
reconstructed jet,
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while, the z-component and magnitude of the vector may
be obtained as,

n n
p. = Y prsinhn;, p= prcoshn.  (2)
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In terms of the equations above, the reconstructed mass
of the jet may be obtained as,

M = \/p* —p% —p2 (3)

One should note that the calculation of the mass of the
reconstructed jet involves, not just a knowledge of the
pr of each particle, but also their azimuthal angles and
their rapidities. As a result, full jet analyses which re-
quire a knowledge of the mass of the reconstructed jet,
will have to be carried out at the four-vector level, as
opposed to solely the pr level. In the case of heavy-ion
collisions, corrections to account for the large and fluc-
tuating underlying background on the four-vector level
provides new experimental challenges. Detailed studies
need to be carried out, and are not part of this publica-
tion, in order to verify that methods developed for large
pileup pp collisions [24, 25] can be extend and utilized
in heavy-ion collisions to achieve a reasonable jet mass
resolution.

This Letter represents the first in a series of attempts
to generalize the phenomenology and analysis of jet mod-
ification to the four-vector level. The remainder of the
paper is organized as follows: In Sect. II, we discuss jet



mass in vacuum event generators such as PYTHIA. In
Sect. III, we discuss an in-medium event generator and
the modification of the jet mass distribution in such cases.
In Sect. IV we present results of our simulations in a
static medium of finite size. We present concluding dis-
cussions in Sect. V.

II. JET MASS IN VACUUM EVENT
GENERATORS.

In this Letter, we will use the terms virtuality, mass,
reconstructed mass and scale of the jet, several times.
The nomenclature is resolved as follows: A hard par-
ton, produced in a hard interaction, is almost never pro-
duced on its mass shell. Instead, it possesses an off-shell
mass which lies between zero and Q2, the off-shellness
(squared) of the exchanged virtual parton that leads
to the production of two back-to-back partons. A jet
produced in Deep-Inelastic Scattering (DIS), has an off-
shellness that lies between zero and Q?, the off-shellness
or virtuality of the exchanged photon. This value of Q2
will be referred to as the scale of the jet, the upper limit
of the virtuality of either parton that emanates from the
hard collision. The virtuality is the property of a single
parton and varies with the choice of parton in the shower.
For a shower in vacuum, the virtuality drops monoton-
ically with each emission. For a shower in a medium,
the virtuality of individual partons may also rise due to
scatterings. The mass of a jet, on the other hand, refers
to the virtuality of the originating parton of the shower.
The reconstructed mass refers to the mass obtained by
applying Eqgs. on the final outgoing remnants of a
shower. If the final remnants were massless partons, then
the reconstructed mass (for a large enough capture an-
gle R) would be the same as the jet mass. In reality,
perturbative splitting is expected to continue down to a
low value of virtuality ~ 1 GeV. Beyond this, one expects
non-perturbative processes to dominate in the hadroniza-
tion of the shower. As such the reconstructed mass is not
exactly equal to the jet mass in every event. However,
for high enough jet energy and jet mass, the event aver-
aged mass and reconstructed mass are closely correlated.
This is illustrated in Fig. [I, which includes the results
of jets reconstructed in PYTHIA [20] simulations. The
plot shows the result for the reconstructed mass versus
an underestimate for the mass of the originating parton,
for jets with energies between 90-110 GeV, reconstructed
using the anti-k7 algorithm in FASTJET [27], with an
R = 0.7. The mass m of the parent parton with mo-
mentum p is estimated using the momenta of the two
daughter partons after the first split,

— - \2 — - 2
m? = (|p1| + p2])” — |1 + pa|”, (4)

where P, p> are the 3-momenta of the daughter partons.
This equation is an underestimate for the jet mass as
it assumes that the two daughter partons are massless,

which is not the case in most events.
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FIG. 1: The correlation between an underestimate of the jet
mass [Eq. } and the reconstructed mass using the anti-kr
algorithm, with an R = 0.7, in FASTJET. Jets with energies
between 90-110 GeV, generated in vacuum using the PYTHIA
generator. The black points represent the mean Mpgrton in a
given MT% bin. See text for details.

Using the reconstructed mass, one may easily demon-
strate the influence of jet mass on the intra-jet quanti-
ties such as the fragmentation function [28] 29]. Cur-
rently, there are multiple measurements of this quantity
from LHC experiments. We present results for the intra-
jet fragmentation function for jets with energies between
70-80 GeV, simulated by the PYTHIA event generator.
These are reconstructed using the anti-kp algorithm with
an R = 0.7 in FASTJET, in separate bins of recon-
structed mass: 8-12 GeV, 12-16 GeV, 16-20 GeV. Results
are displayed in Fig. One will immediately note that
the fragmentation function is very sensitive to the range
of reconstructed mass, with larger masses leading to a
suppression of the higher z portion of the fragmentation
function, and an enhancement of the lower z portion. As
such, the effect of reconstructed mass on the fragmenta-
tion function is qualitatively similar to that of the scale
of the fragmentation function.

IITI. JET MASS IN MEDIUM MODIFIED
EVENT GENERATORS.

As the hard jet propagates through vacuum, the vir-
tuality of partons tends to drop with increasing time as
more partons are formed. In the limit that the virtual-
ity is large compared to Agcp, multiple radiations tend
to be virtuality ordered and can be simulated in event
generators by sampling a perturbatively calculable Su-
dakov form factor. In a medium, scattering processes
may tend to increase the virtuality temporarily. How-
ever, on the whole, it tends to drop. In the limit that
the virtuality is large, the jet resolves very short distance
scales in the medium. At this resolution, the medium
will appear to be diluted and thus the jet will not scat-
ter as much with the constituents of the medium. In this
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FIG. 2: Pythia8 fragmentation function: for an R = 0.7 jet

reconstructed with the anti-kr algorithm, with a p7* = 70-80
GeV/c for different jet mass (M jet) selections. The compar-
ison is limited to the leading jet (jet with highest energy)
obtained after applying the anti-kr algorithm, this is referred
to as “Leading Anti-k7r” in the legend.

limit, the few scattering Higher-Twist expressions for sin-
gle gluon emission [I4] [I5] are valid and one obtains vir-
tuality ordered emissions. Given these approximations,
the medium modified Sudakov form factor for a quark
with light-cone momentum p~, with a maximum virtu-
ality Q?, propagating through a dense medium, starting
at the light-cone location ¢, is given as [I§],
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In the equation above, the factor Py, (y) represents the
splitting function for the quark to radiate a gluon with
a momentum fraction y. The factor of unity within the
curly brackets on the second line represents the contri-
bution from vacuum like splits, i.e., splits which are not
induced by the medium, or interfere with splits induced
by the medium. The second term, which involves a po-
sition integral, is the contribution from the interference
between vacuum like radiation and that induced by the
medium. The leading twist contribution to the multiple
scattering, single emission kernel K, is given as

— %‘Z {22(308{22:(;(1_%}] . (6)

In the equation above, ¢ represents the one transport
coefficient of the medium, which both induces radiation
and leads to transverse momentum diffusion of radiated
gluons. Using this set up we may study the effect of the
medium on the surviving energy and mass of hard jets.

Along with the minima of the y integration, we also

Kp’ ,Q? (ya C)

insist that the first split produces two partons that are
emitted in the same hemisphere. In what follows, we
present results for the theoretical process of a hard jet
produced at the edge of a cubic container containing a
static QGP with a fixed ¢. To mimic LHC like conditions
we will use a ¢ = 1 GeV?/fm. This was found to be the
approximate average value in a recent phenomenological
comparison [30] for 0-5% central LHC collisions. We first
plot the distribution of invariant mass of the originating
parton for a 100 GeV jet, simulated within the MATTER
event generator (blue dot-dashed line) and compare with
the JETSET event generator (solid black line) in Fig.
Both generators yield similar distributions with small dif-
ferences at very low mass m < 1 GeV. One may notice
that these distributions are somewhat lower than those
obtained from a PYTHIA [26] simulation or even those
measured in p-p collisions at the LHC [23]. This is due
to that fact that both JETSET and MATTER (at this
stage) simulate events with no initial state.
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FIG. 3:  Virtuality distribution of the leading parton at
L = 0fm (parton that originates the shower), from MATTER,
compared with the results from JETSET. Virtuality distribu-
tion of the leading parton at L=2fm (red dot-dot-dashed line)
and 4fm (green dashed line). The leading parton is seen to
drop virtuality swiftly with distance.

IV. JET MODIFICATION IN A STATIC
MEDIUM (“THE BRICK PROBLEM”).

Based on current data from the LHC experiments, the
emerging picture of jet modification indicates that hard
jets tend to radiate a fraction of their energy to softer
gluons, which are then scattered out of the jet cone by
the medium [311, [32]. The remnant hard core of the jet
emerges from the medium with a minimal amount of net
transverse momentum [33]. The energy lost in radiated
gluons is recovered at large angles away from the jet cone



[7, 34]. We simulate an extreme example of this princi-
ple: After traversing a certain length of medium, all but
the leading parton is stopped by the medium. The lead-
ing parton escapes, showers and hadronizes as a jet in
vacuum, and is then captured solely and entirety by jet
reconstruction and subtraction algorithms. Our analysis
indicates that these emerging jets not only have lost a
part of their energy, but compared to jets of the same
lower energy, produced in p-p collisions, have a much
lower mass or virtuality.

This is demonstrated in a MATTER simulation by al-
lowing the produced 100 GeV jets to propagate through
a static medium with a mean ¢ = 1 GeV?/fm (to mimic
LHC conditions). As the shower splits into more par-
tons, we track the leading parton. The virtuality distri-
butions of the leading partons are then plotted in Fig.
after traversing a 2fm (red dot-dot-dashed line) and a 4fm
(green dashed line) medium. One notes that the mass of
the leading parton has dropped significantly. We contend
that this large “mass depletion” is not due to medium in-
duced radiation but is mostly a DGLAP shower effect; in
fact, scattering in the medium reduces the mass deple-
tion with increasing length. To illustrate this, we plot, in
Fig. [ the mean mass and energy of the leading parton
for four different cases: in vacuum and in three different
media. The lines at the top of the plot represent the en-
ergy of the leading parton, while those at the bottom of
the plot represent the mass of the leading parton.
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FIG. 4: The mean energy and mass of the leading parton in
a quark jet as a function of length in four different scenarios.
See text for details.

Focussing on the mass of the leading parton, one no-
tices that a jet in vacuum (blue solid line) loses its mass
swiftly, and by a distance of 4fm, the mass has dropped
below 2 GeV. At this point, the leading parton still car-
ries ~ 90% of the energy of the jet on average. In the
presence of a medium, multiple scattering tends to slow
down the drop, thus the red dot-dot-dashed line (§ = 1

4

GeV?/fm, L = 2fm) starts to separate from the vacuum
curve within a fraction of a Fermi. This continues to
separate until the extent of the medium (2fm) and then
begins to fall towards the vacuum curve. The case where
the medium extends to L = 4fm (green circles), the mass
of the leading parton continues to separate from the vac-
uum curve till 4fm. For the case with double the density
G =2 GeV?/fm and L=2fm, the in-medium mass of the
leading parton separates more swiftly from the vacuum
case up to L = 2fm and then also begins to dip towards
the vacuum curve. For the case of 100 GeV jets, media
with realistic values of ¢ seem to have a very minor effect
on the mass depletion of the leading parton with length.

V. CONCLUSIONS AND DISCUSSION

In this Paper, we considered the effect of medium mod-
ification of a perturbative shower on the mass of the jet,
and in particular on the mass of the leading parton. For
the case of the jet in vacuum, a mass measurement would,
in principle, include most of the radiated partons and
thus yield the full mass at L = 0fm. However, in the
presence of a dense medium where the radiated partons
may be lost or scattered out of the jet cone, one will re-
construct a subset of the entire jet around the leading
parton. In the extreme case that only the leading parton
were to escape the medium, and then shower in vacuum,
one will reconstruct the mass of the leading parton at
the point of exit. The fragmentation of such a jet will no
doubt produce a harder spectrum of hadrons compared
to a jet of the same reduced energy produced in a p-p
collision, which will start with a much larger mass.

Such a study, while limited in scope at this moment
by only focusing on the leading parton, clearly indicates
the importance of jet mass measurements. Leaving the
more sophisticated treatments for future efforts, we have
established, given the above limitations, that jets escap-
ing a dense medium are different from those of the same
energy produced in a hard collision in vacuum. Current
measurements of the jet fragmentation function in Pb-Pb
compared to p-p at the LHC [35] [36] show a suppression
at intermediate-z and a rise towards unity (or above) at
high-z. The intermediate-z suppression is expected due
to partonic energy loss. The rise at high-z could be un-
derstood due to a reduced jet mass of the escaping jets in
Pb-Pb (Fig. [d). This would result in a harder fragmen-
tation of the escaping jets with respect to the vacuum
case at the same jet energy (Fig.[2). In a broader con-
text, the potential of accessing the virtuality evolution
via jet mass measurements would add a new dimension
to jet quenching measurements, by constraining both of
the relevant quantities, energy and virtuality, and if ex-
perimentally feasible would provide non-trivial tests for
models of in-medium shower evolution.
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