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180 CMS Collaboration / Physics Letters B 712 (2012) 176–197

Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three

2.4. Jets and particles as observables 35

several centrality bins, there is an evolution of the behavior of the RAA with the

centrality class, and with the hadron pT . For the most central collisions, the

nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to

RAA ∼ 0.4. This suppression is much larger than the one expected from the

nPDFs, which indicates additional jet quenching effects that are present due

to the production of a hot and dense medium in the collision. Another ob-

servation that supports the picture of energy loss is the strong dependency

that is observed between the collision geometry and the suppression of the

hadron yield, that is less pronounced for more peripheral collisions. In a more

peripheral collision, the overlap region where the dense medium is formed is

smaller in extent and of smaller density. This translates into a smaller path

length of medium to be crossed by the fast parton, inducing in this way a

smaller amount of energy loss. Detailed studies on the RAA for D-mesons by

ALICE [Abelev 2012b] show a similar behavior.

Single particle measurements are, however, limited in their utility as there

are several indications that the medium effects take place at the partonic

level and not when the final state hadron is already formed. The connection

between the two is made through the FFs which means that the interpretation

of the process must be made in the context of a factorization between medium

effects and fragmentation. A more general framework that does not enforce

this strict separation, such as fully reconstructed jets, is more desirable.

2.4.3. Jet measurements

Jet quantities are directly sensitive to quenching effects at the same time

that they open new possibilities to include them as direct input objects into

physical analysis. QCD calculations predict a abundant rates of jets with

pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is

easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point

is other than in the central of the fireball, the jet that traverses a smaller

extension of medium will experience less energy loss with respect to the other.

The difference of momentum between the two jets can provide information

about the properties of the QGP that is produced.

Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]

probed this jet momentum suppression by computing the dijet asymmetry for

back-to-back jet pairs, AJ ,

AJ =
p1T − p2T
p1T + p2T

, (2.54)

Increasing  centMalitA

pT1 pT2

Transverse  moment@m  of  the  jets
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to

F. Ma / Nuclear Physics A 904–905 (2013) 740c–743c742c

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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40 Chapter 2. Basic Concepts about QCD and HIC

jet cone with the jet axis in PbPb and pp. The jet fragmentation function is
usually presented as a function of the variable

ξ = ln

�
1

z

�
, z =

ptr�
pjet

, (2.57)

where ptr� is the momentum component of the track along the jet axis, and pjet

is the total momentum of the jet. Preliminary results from CMS [Ma 2013]
are shown in figure 2.16, where a comparison between PbPb and pp is made
for different centralities, using tracks with pT > 1 GeV. In the most peripheral
collisions the jet fragmentation is compatible with pp, but as the centrality
increases, there is an enhancement at high ξ (low z), with a corresponding
suppression of intermediate pT particles. Still, the fragmentation of high-pT
particles is consistent with the high-pT jet fragmentation function in pp at
the same jet energy within uncertainties. This seems to indicate that the
hadronization process of the hard partons that form the jet is the same as in
vacuum.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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resolution due to the underlying event, and then re-weighted to match the jet distribution in
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Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

Figure 2.16: Ratio of the fragmentation functions in PbPb to its pp reference
in bins of increasing centrality (left to right) (figure from [Ma 2013]).

As in particle measurements, the inclusive yield of jets per event in PbPb
collisions is studied through the nuclear modification factor, but now relative
to the jet yield in pp interactions, normalized to the average number of binary
nucleon-nucleon collisions. Another way of presenting similar information, is
through the ratio RCP ,

RCP (pT ) =
1

Rcent
coll




Ncent

jet (pT )

Ncent
evt

N60−80
jet (pT )

N60−80
evt (pT )



 , (2.58)

that measures the relative jet yield in a given centrality class cent in PbPb
collisions versus the peripheral collisions represented by the centrality class
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Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three
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several centrality bins, there is an evolution of the behavior of the RAA with the

centrality class, and with the hadron pT . For the most central collisions, the

nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to

RAA ∼ 0.4. This suppression is much larger than the one expected from the

nPDFs, which indicates additional jet quenching effects that are present due

to the production of a hot and dense medium in the collision. Another ob-

servation that supports the picture of energy loss is the strong dependency

that is observed between the collision geometry and the suppression of the

hadron yield, that is less pronounced for more peripheral collisions. In a more

peripheral collision, the overlap region where the dense medium is formed is

smaller in extent and of smaller density. This translates into a smaller path

length of medium to be crossed by the fast parton, inducing in this way a

smaller amount of energy loss. Detailed studies on the RAA for D-mesons by

ALICE [Abelev 2012b] show a similar behavior.

Single particle measurements are, however, limited in their utility as there

are several indications that the medium effects take place at the partonic

level and not when the final state hadron is already formed. The connection

between the two is made through the FFs which means that the interpretation

of the process must be made in the context of a factorization between medium

effects and fragmentation. A more general framework that does not enforce

this strict separation, such as fully reconstructed jets, is more desirable.

2.4.3. Jet measurements

Jet quantities are directly sensitive to quenching effects at the same time

that they open new possibilities to include them as direct input objects into

physical analysis. QCD calculations predict a abundant rates of jets with

pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is

easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point

is other than in the central of the fireball, the jet that traverses a smaller

extension of medium will experience less energy loss with respect to the other.

The difference of momentum between the two jets can provide information

about the properties of the QGP that is produced.

Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]

probed this jet momentum suppression by computing the dijet asymmetry for

back-to-back jet pairs, AJ ,

AJ =
p1T − p2T
p1T + p2T

, (2.54)

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to

F. Ma / Nuclear Physics A 904–905 (2013) 740c–743c742c

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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40 Chapter 2. Basic Concepts about QCD and HIC

jet cone with the jet axis in PbPb and pp. The jet fragmentation function is
usually presented as a function of the variable

ξ = ln

�
1

z

�
, z =

ptr�
pjet

, (2.57)

where ptr� is the momentum component of the track along the jet axis, and pjet

is the total momentum of the jet. Preliminary results from CMS [Ma 2013]
are shown in figure 2.16, where a comparison between PbPb and pp is made
for different centralities, using tracks with pT > 1 GeV. In the most peripheral
collisions the jet fragmentation is compatible with pp, but as the centrality
increases, there is an enhancement at high ξ (low z), with a corresponding
suppression of intermediate pT particles. Still, the fragmentation of high-pT
particles is consistent with the high-pT jet fragmentation function in pp at
the same jet energy within uncertainties. This seems to indicate that the
hadronization process of the hard partons that form the jet is the same as in
vacuum.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
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fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

Figure 2.16: Ratio of the fragmentation functions in PbPb to its pp reference
in bins of increasing centrality (left to right) (figure from [Ma 2013]).

As in particle measurements, the inclusive yield of jets per event in PbPb
collisions is studied through the nuclear modification factor, but now relative
to the jet yield in pp interactions, normalized to the average number of binary
nucleon-nucleon collisions. Another way of presenting similar information, is
through the ratio RCP ,

RCP (pT ) =
1

Rcent
coll




Ncent

jet (pT )

Ncent
evt

N60−80
jet (pT )

N60−80
evt (pT )



 , (2.58)

that measures the relative jet yield in a given centrality class cent in PbPb
collisions versus the peripheral collisions represented by the centrality class
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Figure 2. Example of a hard q q → q q event embedded in a nucleus-nucleus collision in which one of the

high-pT quarks interacts once with the surrounding QCD matter which induces gluon radiation. Gluons

are denoted by qq̄-pairs. The red lines denote the color singlet into which the leading quark k is grouped

to form a cluster (left-hand side) or a Lund-string (right-hand side) in the corresponding hadronization

models.
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Figure 3. Same as Fig. 2, but for the case that the high-pT quark radiates the gluon prior to interacting

with the medium.

projectile with the QCD medium. The second possibility is shown in Fig. 3, where (from the point of
view of color flow) interaction with the medium occurs after the gluon emission. As a consequence,

the leading color singlet cluster combines a quark at projectile energy with a target component
at low (thermal) pT . In [19] the invariant mass of this cluster was shown to be parametrically

larger than the one of the cluster in Fig. 2. Analogously, in the Lund framework the leading
string connects the quark k directly to the target. The radiated gluon is, in both descriptions,
color decohered from the projectile and will contribute only to an increase of the multiplicity of

soft hadrons. In the following, we shall refer to these color configurations as medium-modified or
gluo-decohered.

We finally relate this discussion to the diagrams in Fig. 4 that are usually drawn for the
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Fig. 2. Radiation diagrams in the limiting case x → 0.

Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A′ the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x → 1

We will now to parallel the derivation in the previous section
but in the limit x → 1. This means that the kinematics of the pro-
cess is now constrained by

|q⊥| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi⊥ , qi⊥ or ki⊥ are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to

i/pi

p2
i + iε

% i/pi

2pi+ pi− + iε
, (10)

whereas for the final quark, the term proportional to q2
i⊥ is kept

in the denominator:

i/qi
q2i + iε

% i/qi
2qi+qi− − q2

i⊥ + iε
. (11)

By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi⊥ in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads

T q
1 =

∫
d4p

(2π)4
d4x1

d4p1

(2π)4
eix1·(p1−p)ū(q)igT a

A′ A1
/ε∗

× i/p1

p2
1 + iε

ig/AA1A(x1+ ,x1⊥)
i/p

p2 + iε
Mh(p), (12)

with A ≡ AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
∫

dp−
2π

e−ip−(x(i+1)+−xi+) i
p− − (−iε)

= Θ(x(i+1)+ − xi+), (13)

where Θ is the step function. Thus Eq. (12) can be reduced to

T q
1 = −gT a

A′A1

(q + k)+
2(q · k)

∫
dx1+

[
ig(A−)A1A(x1+,0⊥)

]

× Θ(x1+)ū(q)/ε∗γ−Mh(k + q). (14)

Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = −gT a
A′A1

(q + k)+
2(q · k) WA1A(x0+, L+;0⊥)ū(q)/ε∗γ−Mh(k + q).

(15)

We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,

T g
1 =

∫
d4p

(2π)4
d4x1

d4p1

(2π)4
d4 y

d4q1
(2π)4

d4x′
1

d4k1
(2π)4

d4 y1

× eix1·(p1−p)eix
′
1·(q−q1)eiy1·(k−k1)eiy·(q1+k1−p1)

× ū(q)ig/AA′A′
1

(
x′
1+,x′

1⊥
) i/q1
q21 + iε

igT a1
A′
1A1

γ µ1

× i/p1

p2
1 + iε

ig/AA1A(x1+ ,x1⊥)
i/p

p2 + iε
Mh(p)ε∗

µ(k)g f aa1b

× V µµ′
1ν(−k,k1,0)Ab

ν(y1+,y1⊥)
−igµ′

1µ1

k21 + iε
. (16)

The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A′
1/q1︸ ︷︷ ︸

(b)

/ε∗(k) /p1/A1/p︸ ︷︷ ︸
(a)

(17)

where

4 In the case x → 0, q % p and thus the following simplification was used:
ū(q)/ε∗/p1 % ū(q)/ε∗/q % 2q · ε∗ % 2q+ε∗

− , where ε = (ε+,ε−,ε⊥) is the gluon po-
larization. Now, for x → 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /ε∗ unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
ū(q)/ε∗(/q + /k)/Ab

A1 A
/pMh(p) = 2(q + k)+(A−)A1 A p+ū(q)/ε∗γ−Mh(p) (see Appendix A

for the relations between the γ matrices).
5 V αβδ(k1,k2,k3) = gαβ (k1 − k2)δ + gβδ(k2 − k3)α + gδα(k3 − k2)β .

k = x p
q = (1-x) p
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(b) q → qg splitting where all particles interact with the medium.

Figure 1: Diagrams that contribute to the medium q → qg splitting.

and

Tin =
ig

(2π)3

� L+

x0+

dx1+

� +∞

−∞
dx0 dx1 dy dz e−iz·k−iy·q+ix0·p0

×GBB1(Y,X1|q+)T a1
B1A1

GA1A(X1, X0|p0+)Gaa1(Z,X1|k+)

× 1

2
ū(q)/�∗kγ−Mh(p0+)δ(k + q − p0)+ ,

(2.7)

withX0 = (x0+,x0) representing the beginning of the medium, X1 = (x1+,x1) the emission

point and X = (L+,x) , Y = (L+,y) , Z = (L+, z), the final scatterings of the initial

quark, the final quark and the gluon, respectively.

To determine these amplitudes for a parton leaving the hrs scattering with a fixed

momentum p0, we have inserted a δ-function for the conservation of momenta after the

hard scattering in the form of its Fourier transform

δ(p− p0) =

�
d4x0
(2π)4

eix0(p−p0) . (2.8)

Besides, an additional δ-function has been introduced to constrain the initial x0+ coordinate

to be the beginning of the medium.

2.3 Emission cross section

The cross section for single gluon emission is given by the average over the ensemble of

medium configurations �. . .� (to be carried out in section 3)

d2σ

dΩkdΩq
=

�
|Ttot|2

�
, (2.9)
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d2σ

dΩk dΩq
=

�
|Ttot|2

�

dΩk =
dk

(2π)3
dk+
2k+

|Ttot|2 = |Tout|2 + |Tin|2 + 2Re
�
TinT †

out

�
,        where

|...|  ≡  Average  over  initial  spin,  color  and  
gluon  polarization

<  ...  >  ≡  Medium  averages

Kinematics:
k+  =  z  p+            kT  =  k

q+  =  (1-­‐z)  p+            qT  =  q
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Results
Out-­‐out  terb:

σel =
Mh(p0) p, A

...

pf , A1

Figure 7: Diagram representing the elastic propagation of a quark through a coloured

medium.

where the integral over b comes from the fact that we are using plane waves, and

P (p0 → pf ) =
1

π∆t1q̂F
exp

�
−
(pf − p0)2

∆t1q̂F

�
. (4.5)

This expression, normalised to one, simply provides the momentum broadening of the

initial quark that propagates through a medium.

The corresponding number of emitted gluons is

d2Iout
dΩqdΩk

=
1

σel

d2σout
dΩqdΩk

=

�
|Tout|2

�

σel
, (4.6)

where σel is the total elastic cross section. Using the same assumptions as in section 2.2,

it is possible to calculate the elastic channel that is schematically represented in figure 7.

The result reads

Tel =
1

(2π)3

�

x0,x
e−ix·pf+ix0·p0GA1A(L+,x;x0+,x0|p0+)

1

2
u(p)γ+γ−Mh(p0+)δ(pf − p0)+ ,

(4.7)

giving the differential cross section

dσel
dΩ

=
�
|Tel|2

�
=

2
√
2 pf+

(2π)2
P (p0 → pf )|Mh(p0+)|2 (δ(k + q − p0)+)

2
�

b

1

(2π)2
. (4.8)

Integrating over all phase space dΩ = (2π)−3dpfdpf+/(2pf+), we get

σel =

√
2

(2π)5
|Mh(p0+)|2

�

b

1

(2π)2
δ(0)+ . (4.9)

Finally, one finds that

d2Iout
dΩqdΩk

= (2π)3g2
4ξ(1− ξ)p0+

((1− ξ)k− ξq)2
Pg←q(ξ)P (p0 → k+ q)δ(k + q − p0)+ , (4.10)

where all undetermined factors cancel. In order to obtain the vacuum distribution, the

limit q̂FL+ → 0 is taken and the integration over the quark phase space is performed.

Furthermore, we fix the initial transverse direction p0 = 0. Doing so, the complete vacuum

radiation spectrum with the corresponding splitting function7 is recovered (αs = g2/(4π)):

d2Iout
dξdk

����
q̂FL+→0

=
d2Ivac
dξdk

=
αs

2π2

1

k2
Pg←q(ξ) . (4.11)

7In [34] we were only able to recover the splitting function in the considered limit, Pg←q(ξ → 1).

– 17 –

where Brownian  motion  of  the  initial  quark

Transverse  moment@m  broadeningP (p0 → pf ) =
1

π(L+ − x0+)q̂F
exp

�
− (pf − p0)2

(L+ − x0+)q̂F

�

|Ttot|2 = |Tout|2 + |Tin|2 + 2Re
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Figure 7: Diagram representing the elastic propagation of a quark through a coloured

medium.

where the integral over b comes from the fact that we are using plane waves, and
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This expression, normalised to one, simply provides the momentum broadening of the

initial quark that propagates through a medium.
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d2Iout
dΩqdΩk

=
1

σel

d2σout
dΩqdΩk

=

�
|Tout|2

�

σel
, (4.6)

where σel is the total elastic cross section. Using the same assumptions as in section 2.2,

it is possible to calculate the elastic channel that is schematically represented in figure 7.
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Integrating over all phase space dΩ = (2π)−3dpfdpf+/(2pf+), we get
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where all undetermined factors cancel. In order to obtain the vacuum distribution, the

limit q̂FL+ → 0 is taken and the integration over the quark phase space is performed.

Furthermore, we fix the initial transverse direction p0 = 0. Doing so, the complete vacuum

radiation spectrum with the corresponding splitting function7 is recovered (αs = g2/(4π)):
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7In [34] we were only able to recover the splitting function in the considered limit, Pg←q(ξ → 1).
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St@dy  of  jet  quenching  can  provide  inforbation  about  the  dyjamical  proper?ies  of  the  quark-­‐gluon  
plasma:

Several  effor?s  up  to  now:  medium-­‐induced  gluon  radiation  beyond  the  eikonal  approximation  
(Massive)  Medium  antenna,  Sost  Conforbal  Effective  TheorA,  laRice  QCD..

In  this  work  we  provide  a  complete  calculation  of  the  medium-­‐induced  single  gluon  radiation  
spectM@m  off  a  quark  in  the  limit  of  static  scaRering  centers  and  small  angle  emissions:

Ex?end  our  previous  results  of  [1204.2929]  by  allowing  Brownian  motion  for  all  ver?ex  
par?icles.

Results  beyond  [1209.4585]  by  considering  finite  size  medium.
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Resulting  pict@re:  

Opaque  media:  par?on  branching  can  be  understood  as  a  factorization  of  single  gluon  emissions  
(but  suppressed  by  vacuum  interferences);

Dilute  medium:  coherence  effects  star?  to  become  impor?ant  ➟  spectM@m  is  additionally  
suppressed  ➟  Most  of  the  energA  loss  by  a  jet  happens  verA  early  in  its  development!
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How to measure if a probe is affected by the medium? 

RAA = ratio between the production yield in PbPb and the production yield in pp, 
normalized by the number elementary collisions  

RAA = σpp ! TAA 

NAA 

TAA= overlap nuclear function 
Estimated with Glauber model 
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3.2 Charged particles

In pp collisions measurements of charged particle spectra indicate that models which
describe the particle multiplicity in pp collisions well still struggle to describe the
shape of the momentum spectrum [17]. Models are particularly poor at describing
low momentum (pT < 500 MeV/c) particles. Identified π±, K±, and p(p) spectra show
that models fail to describe the particle composition, systematically underestimating
the production of both kaons and protons at high momenta [18]. The combination of
ALICE’s particle identification capabilities with the precision low momentum tracking
allows proton identification and rejection of secondary protons. This enables accurate
measurements of the p/p ratio in pp collisions at both

√
s = 0.9 (0.957 ± 0.006 ±

0.014) and 7 TeV (0.991 ± 0.005 ± 0.014). This ratio is described by models well [19].
Suppression of high momentum particle production is expected in A+A collisions

due to interactions of hard partons with the hot, dense medium. This suppression is
often quantified by reporting the nuclear modification factor:

RAA(pT ) =
(1/NAA

evt )d
2NAA/dηdpT

< Ncoll > (1/Npp
evt)d2Npp/dηdpT

, (1)

the ratio of the particle yield in A+A collisions (1/NAA
evt )d

2NAA/dηdpT ) to that in
pp collisions ((1/Npp

evt)d
2Npp/dηdpT ) at the same energy scaled by the number of

binary collisions in the A+A collisions (< Ncoll >). If Pb+Pb collisions were just a
superposition of nucleon-nucleon collisions, the nuclear modification factor would be
one at high pT , where particle production is dominated by hard parton scattering.
RAA unidentified charged particles reaches values as low as 0.15, lower than the
suppression of 0.2 observed at RHIC [20]. Early comparisons of identified π±, K±,
and p(p) spectra in heavy ion collisions shown in Figure 3 indicate that while models
provide a reasonable description of pions and kaons, they fail to describe both the
shape and the yield of protons and anti-protons [21].

3.3 Strange particles

Strange particles which decay weakly can be identified by the reconstruction of their
decay vertices and identification of the decay daughters improves measurements by
helping reduce the combinatorial background. Models fail to describe either the shape
or the yield of strange particles, underestimating kaon spectra by as much as a factor
of two above 1 GeV/c and Λ and Λ spectra by as much as a factor of three above 1
GeV/c in pp collisions at

√
s = 0.9 TeV [22]. Similar discrepancies between Monte

Carlo event generators and kaon and Λ (Λ) spectra are observed at
√
s = 7 TeV.

Production of Ξ± and Ω± is underestimated by as much as a factor of four and ten,
respectively [23]. However, models are considerably better at describing production
of the φ resonance [24]. While Monte Carlo generators have substantial difficulties

5

Ratio  of  the  par?icle  yield  in  AA  collisions  over  
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Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three
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several centrality bins, there is an evolution of the behavior of the RAA with the

centrality class, and with the hadron pT . For the most central collisions, the

nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to

RAA ∼ 0.4. This suppression is much larger than the one expected from the

nPDFs, which indicates additional jet quenching effects that are present due

to the production of a hot and dense medium in the collision. Another ob-

servation that supports the picture of energy loss is the strong dependency

that is observed between the collision geometry and the suppression of the

hadron yield, that is less pronounced for more peripheral collisions. In a more

peripheral collision, the overlap region where the dense medium is formed is

smaller in extent and of smaller density. This translates into a smaller path

length of medium to be crossed by the fast parton, inducing in this way a

smaller amount of energy loss. Detailed studies on the RAA for D-mesons by

ALICE [Abelev 2012b] show a similar behavior.

Single particle measurements are, however, limited in their utility as there

are several indications that the medium effects take place at the partonic

level and not when the final state hadron is already formed. The connection

between the two is made through the FFs which means that the interpretation

of the process must be made in the context of a factorization between medium

effects and fragmentation. A more general framework that does not enforce

this strict separation, such as fully reconstructed jets, is more desirable.

2.4.3. Jet measurements

Jet quantities are directly sensitive to quenching effects at the same time

that they open new possibilities to include them as direct input objects into

physical analysis. QCD calculations predict a abundant rates of jets with

pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is

easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point

is other than in the central of the fireball, the jet that traverses a smaller

extension of medium will experience less energy loss with respect to the other.

The difference of momentum between the two jets can provide information

about the properties of the QGP that is produced.

Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]

probed this jet momentum suppression by computing the dijet asymmetry for

back-to-back jet pairs, AJ ,

AJ =
p1T − p2T
p1T + p2T

, (2.54)
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3.2 Charged particles

In pp collisions measurements of charged particle spectra indicate that models which
describe the particle multiplicity in pp collisions well still struggle to describe the
shape of the momentum spectrum [17]. Models are particularly poor at describing
low momentum (pT < 500 MeV/c) particles. Identified π±, K±, and p(p) spectra show
that models fail to describe the particle composition, systematically underestimating
the production of both kaons and protons at high momenta [18]. The combination of
ALICE’s particle identification capabilities with the precision low momentum tracking
allows proton identification and rejection of secondary protons. This enables accurate
measurements of the p/p ratio in pp collisions at both

√
s = 0.9 (0.957 ± 0.006 ±

0.014) and 7 TeV (0.991 ± 0.005 ± 0.014). This ratio is described by models well [19].
Suppression of high momentum particle production is expected in A+A collisions

due to interactions of hard partons with the hot, dense medium. This suppression is
often quantified by reporting the nuclear modification factor:

RAA(pT ) =
(1/NAA

evt )d
2NAA/dηdpT

< Ncoll > (1/Npp
evt)d2Npp/dηdpT

, (1)

the ratio of the particle yield in A+A collisions (1/NAA
evt )d

2NAA/dηdpT ) to that in
pp collisions ((1/Npp

evt)d
2Npp/dηdpT ) at the same energy scaled by the number of

binary collisions in the A+A collisions (< Ncoll >). If Pb+Pb collisions were just a
superposition of nucleon-nucleon collisions, the nuclear modification factor would be
one at high pT , where particle production is dominated by hard parton scattering.
RAA unidentified charged particles reaches values as low as 0.15, lower than the
suppression of 0.2 observed at RHIC [20]. Early comparisons of identified π±, K±,
and p(p) spectra in heavy ion collisions shown in Figure 3 indicate that while models
provide a reasonable description of pions and kaons, they fail to describe both the
shape and the yield of protons and anti-protons [21].

3.3 Strange particles

Strange particles which decay weakly can be identified by the reconstruction of their
decay vertices and identification of the decay daughters improves measurements by
helping reduce the combinatorial background. Models fail to describe either the shape
or the yield of strange particles, underestimating kaon spectra by as much as a factor
of two above 1 GeV/c and Λ and Λ spectra by as much as a factor of three above 1
GeV/c in pp collisions at

√
s = 0.9 TeV [22]. Similar discrepancies between Monte

Carlo event generators and kaon and Λ (Λ) spectra are observed at
√
s = 7 TeV.

Production of Ξ± and Ω± is underestimated by as much as a factor of four and ten,
respectively [23]. However, models are considerably better at describing production
of the φ resonance [24]. While Monte Carlo generators have substantial difficulties
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Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three
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several centrality bins, there is an evolution of the behavior of the RAA with the

centrality class, and with the hadron pT . For the most central collisions, the

nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to

RAA ∼ 0.4. This suppression is much larger than the one expected from the

nPDFs, which indicates additional jet quenching effects that are present due

to the production of a hot and dense medium in the collision. Another ob-

servation that supports the picture of energy loss is the strong dependency

that is observed between the collision geometry and the suppression of the

hadron yield, that is less pronounced for more peripheral collisions. In a more

peripheral collision, the overlap region where the dense medium is formed is

smaller in extent and of smaller density. This translates into a smaller path

length of medium to be crossed by the fast parton, inducing in this way a

smaller amount of energy loss. Detailed studies on the RAA for D-mesons by

ALICE [Abelev 2012b] show a similar behavior.

Single particle measurements are, however, limited in their utility as there

are several indications that the medium effects take place at the partonic

level and not when the final state hadron is already formed. The connection

between the two is made through the FFs which means that the interpretation

of the process must be made in the context of a factorization between medium

effects and fragmentation. A more general framework that does not enforce

this strict separation, such as fully reconstructed jets, is more desirable.

2.4.3. Jet measurements

Jet quantities are directly sensitive to quenching effects at the same time

that they open new possibilities to include them as direct input objects into

physical analysis. QCD calculations predict a abundant rates of jets with

pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is

easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point

is other than in the central of the fireball, the jet that traverses a smaller

extension of medium will experience less energy loss with respect to the other.

The difference of momentum between the two jets can provide information

about the properties of the QGP that is produced.

Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]

probed this jet momentum suppression by computing the dijet asymmetry for

back-to-back jet pairs, AJ ,

AJ =
p1T − p2T
p1T + p2T

, (2.54)

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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40 Chapter 2. Basic Concepts about QCD and HIC

jet cone with the jet axis in PbPb and pp. The jet fragmentation function is
usually presented as a function of the variable

ξ = ln

�
1

z

�
, z =

ptr�
pjet

, (2.57)

where ptr� is the momentum component of the track along the jet axis, and pjet

is the total momentum of the jet. Preliminary results from CMS [Ma 2013]
are shown in figure 2.16, where a comparison between PbPb and pp is made
for different centralities, using tracks with pT > 1 GeV. In the most peripheral
collisions the jet fragmentation is compatible with pp, but as the centrality
increases, there is an enhancement at high ξ (low z), with a corresponding
suppression of intermediate pT particles. Still, the fragmentation of high-pT
particles is consistent with the high-pT jet fragmentation function in pp at
the same jet energy within uncertainties. This seems to indicate that the
hadronization process of the hard partons that form the jet is the same as in
vacuum.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.

 = ln(1/z)!
0 1 2 3 4 5

!
 /d

 tr
ac

k
 d

N
 je

t
1/

N

-210

-110

1

10 CMS Preliminary
-1bµ = 129 IntL

50% - 100%

 = ln(1/z)!
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3  = ln(1/z)!
0 1 2 3 4 5

!
 /d

 tr
ac

k
 d

N
 je

t
1/

N

-210

-110

1

10 PbPb
pp reference

30% - 50%

 = ln(1/z)!
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3  = ln(1/z)!
0 1 2 3 4 5

!
 /d

 tr
ac

k
 d

N
 je

t
1/

N

-210

-110

1

10

10% - 30%

Systematic uncertainty

 = ln(1/z)!
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3  = ln(1/z)!
0 1 2 3 4 5

!
 /d

 tr
ac

k
 d

N
 je

t
1/

N

-210

-110

1

10

0% - 10%

| < 2"  > 100GeV/c, |
T

Jet p
  > 1 GeV/c, r < 0.3

T
Track p

 = ln(1/z)!
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3

Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

Figure 2.16: Ratio of the fragmentation functions in PbPb to its pp reference
in bins of increasing centrality (left to right) (figure from [Ma 2013]).

As in particle measurements, the inclusive yield of jets per event in PbPb
collisions is studied through the nuclear modification factor, but now relative
to the jet yield in pp interactions, normalized to the average number of binary
nucleon-nucleon collisions. Another way of presenting similar information, is
through the ratio RCP ,

RCP (pT ) =
1

Rcent
coll




Ncent

jet (pT )

Ncent
evt

N60−80
jet (pT )

N60−80
evt (pT )



 , (2.58)

that measures the relative jet yield in a given centrality class cent in PbPb
collisions versus the peripheral collisions represented by the centrality class
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3.2 Charged particles

In pp collisions measurements of charged particle spectra indicate that models which
describe the particle multiplicity in pp collisions well still struggle to describe the
shape of the momentum spectrum [17]. Models are particularly poor at describing
low momentum (pT < 500 MeV/c) particles. Identified π±, K±, and p(p) spectra show
that models fail to describe the particle composition, systematically underestimating
the production of both kaons and protons at high momenta [18]. The combination of
ALICE’s particle identification capabilities with the precision low momentum tracking
allows proton identification and rejection of secondary protons. This enables accurate
measurements of the p/p ratio in pp collisions at both

√
s = 0.9 (0.957 ± 0.006 ±

0.014) and 7 TeV (0.991 ± 0.005 ± 0.014). This ratio is described by models well [19].
Suppression of high momentum particle production is expected in A+A collisions

due to interactions of hard partons with the hot, dense medium. This suppression is
often quantified by reporting the nuclear modification factor:

RAA(pT ) =
(1/NAA

evt )d
2NAA/dηdpT

< Ncoll > (1/Npp
evt)d2Npp/dηdpT

, (1)

the ratio of the particle yield in A+A collisions (1/NAA
evt )d

2NAA/dηdpT ) to that in
pp collisions ((1/Npp

evt)d
2Npp/dηdpT ) at the same energy scaled by the number of

binary collisions in the A+A collisions (< Ncoll >). If Pb+Pb collisions were just a
superposition of nucleon-nucleon collisions, the nuclear modification factor would be
one at high pT , where particle production is dominated by hard parton scattering.
RAA unidentified charged particles reaches values as low as 0.15, lower than the
suppression of 0.2 observed at RHIC [20]. Early comparisons of identified π±, K±,
and p(p) spectra in heavy ion collisions shown in Figure 3 indicate that while models
provide a reasonable description of pions and kaons, they fail to describe both the
shape and the yield of protons and anti-protons [21].

3.3 Strange particles

Strange particles which decay weakly can be identified by the reconstruction of their
decay vertices and identification of the decay daughters improves measurements by
helping reduce the combinatorial background. Models fail to describe either the shape
or the yield of strange particles, underestimating kaon spectra by as much as a factor
of two above 1 GeV/c and Λ and Λ spectra by as much as a factor of three above 1
GeV/c in pp collisions at

√
s = 0.9 TeV [22]. Similar discrepancies between Monte

Carlo event generators and kaon and Λ (Λ) spectra are observed at
√
s = 7 TeV.

Production of Ξ± and Ω± is underestimated by as much as a factor of four and ten,
respectively [23]. However, models are considerably better at describing production
of the φ resonance [24]. While Monte Carlo generators have substantial difficulties
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Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three
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several centrality bins, there is an evolution of the behavior of the RAA with the

centrality class, and with the hadron pT . For the most central collisions, the

nuclear modification factor is strongly suppressed for particles with pT ∼ 6−7
GeV (RAA ∼ 0.13) and then increase for higher transverse momentum up to

RAA ∼ 0.4. This suppression is much larger than the one expected from the

nPDFs, which indicates additional jet quenching effects that are present due

to the production of a hot and dense medium in the collision. Another ob-

servation that supports the picture of energy loss is the strong dependency

that is observed between the collision geometry and the suppression of the

hadron yield, that is less pronounced for more peripheral collisions. In a more

peripheral collision, the overlap region where the dense medium is formed is

smaller in extent and of smaller density. This translates into a smaller path

length of medium to be crossed by the fast parton, inducing in this way a

smaller amount of energy loss. Detailed studies on the RAA for D-mesons by

ALICE [Abelev 2012b] show a similar behavior.

Single particle measurements are, however, limited in their utility as there

are several indications that the medium effects take place at the partonic

level and not when the final state hadron is already formed. The connection

between the two is made through the FFs which means that the interpretation

of the process must be made in the context of a factorization between medium

effects and fragmentation. A more general framework that does not enforce

this strict separation, such as fully reconstructed jets, is more desirable.

2.4.3. Jet measurements

Jet quantities are directly sensitive to quenching effects at the same time

that they open new possibilities to include them as direct input objects into

physical analysis. QCD calculations predict a abundant rates of jets with

pT > 100 GeV/c in the pseudo-rapidity range |η| < 4.5, a region that is

easily accessible to the LHC detectors. They are usually produced in 2 →
2 processes, being the two jets emitted back-to-back. If the collision point

is other than in the central of the fireball, the jet that traverses a smaller

extension of medium will experience less energy loss with respect to the other.

The difference of momentum between the two jets can provide information

about the properties of the QGP that is produced.

Both ATLAS [Aad 2010] and CMS [Chatrchyan 2011, Chatrchyan 2012a]

probed this jet momentum suppression by computing the dijet asymmetry for

back-to-back jet pairs, AJ ,

AJ =
p1T − p2T
p1T + p2T

, (2.54)

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to

F. Ma / Nuclear Physics A 904–905 (2013) 740c–743c742c

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to

F. Ma / Nuclear Physics A 904–905 (2013) 740c–743c742c

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to

F. Ma / Nuclear Physics A 904–905 (2013) 740c–743c742c

which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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which means no modification. However, an excess in high ξ is observed for more central events.
In the most central 0–10% collisions and for the lowest charged particle momenta studied, the
PbPb/pp fragmentation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for
central collisions the spectrum of particles in a jet has an enhanced contribution of soft particles
compared to pp collisions.
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Figure 1: Top row shows fragmentation function in PbPb in bins of increasing centrality overlaid with pp. Jets have pT
above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb data is shown in the top row in four increasing centrality
bins from left to right. The bottom row shows the ratio of each PbPb fragmentation function to its pp reference. Error
bars are statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess
by re-plotting the jet fragmentation for the same tracks in the jet cone as a function of track pT.
These distributions are obtained with the same background subtraction described above. Fig. 2
shows the spectra of tracks in the jet cone, background subtracted and compared to pp reference.
The bottom panels show the difference of the two distributions, pp subtracted from PbPb, in order
to quantify the excess of tracks at a given pT. The excess that is observed at the high-ξ region of
the fragmentation functions is localized at low-pT tracks below ∼ 3 GeV/c.

In the previous published result [9] for particle pT > 4 GeV/c on a smaller data, no modi-
fication in that kinematic region within the experimental uncertainties was observed. The new
fragmentation ratio was directly compared to the previous one and they are in good agreement.
The newly observed deficient of fragmentation products compared to pp at intermediate pT range
starts to become significant due to the decreased systematic uncertainty.

4. Summary and Conclusion

In summary, the first detailed measurements of the fragmentation function for inclusive jets
with pT, jet > 100 GeV/c in PbPb have been presented. The results were compared to measure-
ments with the same selection in pp collisions at the same collision energy. The jet fragmentation
function ratios for central PbPb/pp collisions indicate a transport of energy from intermediate to
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40 Chapter 2. Basic Concepts about QCD and HIC

jet cone with the jet axis in PbPb and pp. The jet fragmentation function is
usually presented as a function of the variable

ξ = ln

�
1

z

�
, z =

ptr�
pjet

, (2.57)

where ptr� is the momentum component of the track along the jet axis, and pjet

is the total momentum of the jet. Preliminary results from CMS [Ma 2013]
are shown in figure 2.16, where a comparison between PbPb and pp is made
for different centralities, using tracks with pT > 1 GeV. In the most peripheral
collisions the jet fragmentation is compatible with pp, but as the centrality
increases, there is an enhancement at high ξ (low z), with a corresponding
suppression of intermediate pT particles. Still, the fragmentation of high-pT
particles is consistent with the high-pT jet fragmentation function in pp at
the same jet energy within uncertainties. This seems to indicate that the
hadronization process of the hard partons that form the jet is the same as in
vacuum.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

14 8 Results

8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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8.2 Fragmentation function analysis

Figure 7 show fragmentation functions reconstructed in pp and PbPb data for tracks with pT
above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.
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above 1 GeV/c within radius=0.3 of the respective jets. For the PbPb fragmentation function,
the contribution from the underlying event is subtracted using the η reflection method. For the
pp reference, the corresponding jet distribution is first smeared with the additional PbPb jet
resolution due to the underlying event, and then re-weighted to match the jet distribution in
data.

Figure 7 shows that the modification of the fragmentation function of jets grows with the colli-
sion centrality. In the 50-100% bin, the ratio of PbPb/pp is flat at unity which means no modi-
fication. However, an excess in high ξ is observed for more central events. In the most central
0–10% collisions and for the lowest charged particle momenta studied, the PbPb/pp fragmen-
tation function ratio rises to 2.2 ± 0.3(stat.) ± 0.7(syst.). This implies that for central collisions
the spectrum of particles in a jet has an enhanced contribution of soft particles compared to one
from pp collisions.
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Figure 7: Top row shows fragmentation function in PbPb in bins of increasing centrality over-
laid with pp. Jets have pT above 100 GeV/c, and tracks have pT above 1 GeV/c. The PbPb
data is shown in the top row in four increasing centrality bins from left to right. The bottom
row shows the ratio of each PbPb fragmentation function to its pp reference. Error bars are
statistical, and yellow boxes are the systematic uncertainty.

One can investigate in which track pT ranges the fragmentation functions exhibit an excess by
plotting the track pT spectra in the jet cone. These distributions are obtained with the same the
background subtraction described above and are compared to the pp-based reference. Fig. 8
shows the spectra of tracks in the jet cone, background subtracted and compared to pp-based
reference. The bottom panels show the difference of the two distributions, pp subtracted from
PbPb, in order to quantify the excess of tracks at a given pT. As a cross check, the result is
also compared to that obtained from an analysis of calorimeter jets, which display the same
behaviour. The excess that is observed at the high-ξ region of the fragmentation functions is
localized at low-pT tracks.

Figure 2.16: Ratio of the fragmentation functions in PbPb to its pp reference
in bins of increasing centrality (left to right) (figure from [Ma 2013]).

As in particle measurements, the inclusive yield of jets per event in PbPb
collisions is studied through the nuclear modification factor, but now relative
to the jet yield in pp interactions, normalized to the average number of binary
nucleon-nucleon collisions. Another way of presenting similar information, is
through the ratio RCP ,

RCP (pT ) =
1

Rcent
coll




Ncent

jet (pT )

Ncent
evt

N60−80
jet (pT )

N60−80
evt (pT )



 , (2.58)

that measures the relative jet yield in a given centrality class cent in PbPb
collisions versus the peripheral collisions represented by the centrality class
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