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Background Models
✦ Two different background models:

✦ Parton-String-Model (PSM): (arXiv:hep-ph/0103060)

✦ Toy model based on a ÔthermalÕ spectrum:
✦ ! = 6

✦ T !  [0.7; 1.2]
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Background Subtraction
✦ Two different background subtraction techniques (p Tmin

part = 1GeV):

✦ FastJet
✦ kT-jets with R = 0.4;

✦ Subtraction with active areas on the jet level.
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✦ Pedestal
✦ 1) Define a grid resembling the calorimeter segmentation of CMS;

✦ 2) Background estimation in each cell:

✦ 3) Correct each cell by:

✦ 4) Using only non-zero            reconstruct jets with                     and R = 0.3;

✦ 5) Removing the particles contained inside the previous list of jets, repeat 2);

✦ 6) Do 3) with the new background parameters but initial values of           .
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only charged particles with a minimum cut of ET min = 0 .5 GeV, and the acceptance is
tightened to |! | < 2.4 for particles and |! | < 1.6 for the dijet pair. Also, the jet resolution
parameter in this case is changed toR = 0 .4.

For the background subtraction, two di! erent techniques are applied: an area-based
method using the FastJet package [38, 49] and a pedestal subtraction method. In the case
of the area-based method, jets are found with thekt -algorithm ( R = 0 .4) over a full stripe
in |! | < 2. The event-wise energy density per unit area," is estimated by taking the median
of the ratio prec

T /A rec for all kt clusters, whereArec and prec
T are the area and momentum of

the reconstructed cluster. To reduce the inßuence of true jets on the background estimate,
the two hardest clusters are removed from the median calculation. The ßuctuations are
computed through the 1-# dispersion (below the median) from the distribution of the ratio
prec

T /A rec for all kt clusters, see [38, 49] for details.

2.3.1 Pedestal background subtraction method

In order to apply this method, we deÞne a grid resembling the calorimeter segmentation
of CMS: for ! 3 " ! " ! 1.74 and 1.74 " ! " 3, we divided the ! axis in 13 bins and the$
axis in 36 bins giving each cell an area of" ! # " $ $ 0.0969# 0.174. For the most central
part of the calorimeter, ! 1.74 < ! < 1.74, the ! axis was divided in 40 bins whereas the$
axis into 72 bins, resulting in an area of" ! # " $ $ 0.0870# 0.0873 for each cell.

The subtraction procedure consists on the following steps:

1. Each cell is Þlled with the transverse energy of the input particles that have an
ET min > 1 GeV. For each bin of ! , all the cells in $ are summed and the average
transverse energy and dispersion are computed as:
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2. For each cell, the average cell energy and dispersion in the corresponding! stripe are
subtracted and set to zero if the result is negative:
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where E tower
T is the original energy of the cell andE tower !

T the corrected one (note
that this implies noise reduction).

3. Using only particles that are inside cells with a non-zeroE tower !
T , jets with a transverse

energy higher than a cut,ET > E T,jets , are reconstructed.

4. In order to remove true jets from the background estimate,the cells/particles con-
tained in the reconstructed jets with ET > E T,jets are removed from the event and
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✦ 1) Define a grid resembling the calorimeter segmentation of CMS;
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tained in the reconstructed jets with ET > E T,jets are removed from the event and
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tightened to |! | < 2.4 for particles and |! | < 1.6 for the dijet pair. Also, the jet resolution
parameter in this case is changed toR = 0 .4.
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of the area-based method, jets are found with thekt -algorithm ( R = 0 .4) over a full stripe
in |! | < 2. The event-wise energy density per unit area," is estimated by taking the median
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T /A rec for all kt clusters, whereArec and prec
T are the area and momentum of

the reconstructed cluster. To reduce the inßuence of true jets on the background estimate,
the two hardest clusters are removed from the median calculation. The ßuctuations are
computed through the 1-# dispersion (below the median) from the distribution of the ratio
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T /A rec for all kt clusters, see [38, 49] for details.

2.3.1 Pedestal background subtraction method

In order to apply this method, we deÞne a grid resembling the calorimeter segmentation
of CMS: for ! 3 " ! " ! 1.74 and 1.74 " ! " 3, we divided the ! axis in 13 bins and the$
axis in 36 bins giving each cell an area of" ! # " $ $ 0.0969# 0.174. For the most central
part of the calorimeter, ! 1.74 < ! < 1.74, the ! axis was divided in 40 bins whereas the$
axis into 72 bins, resulting in an area of" ! # " $ $ 0.0870# 0.0873 for each cell.

The subtraction procedure consists on the following steps:

1. Each cell is Þlled with the transverse energy of the input particles that have an
ET min > 1 GeV. For each bin of ! , all the cells in $ are summed and the average
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energy higher than a cut,ET > E T,jets , are reconstructed.
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axis in 36 bins giving each cell an area of" ! # " $ $ 0.0969# 0.174. For the most central
part of the calorimeter, ! 1.74 < ! < 1.74, the ! axis was divided in 40 bins whereas the$
axis into 72 bins, resulting in an area of" ! # " $ $ 0.0870# 0.0873 for each cell.

The subtraction procedure consists on the following steps:

1. Each cell is Þlled with the transverse energy of the input particles that have an
ET min > 1 GeV. For each bin of ! , all the cells in $ are summed and the average
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T is the original energy of the cell andE tower !

T the corrected one (note
that this implies noise reduction).

3. Using only particles that are inside cells with a non-zeroE tower !
T , jets with a transverse

energy higher than a cut,ET > E T,jets , are reconstructed.

4. In order to remove true jets from the background estimate,the cells/particles con-
tained in the reconstructed jets with ET > E T,jets are removed from the event and
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of CMS: for ! 3 " ! " ! 1.74 and 1.74 " ! " 3, we divided the ! axis in 13 bins and the$
axis in 36 bins giving each cell an area of" ! # " $ $ 0.0969# 0.174. For the most central
part of the calorimeter, ! 1.74 < ! < 1.74, the ! axis was divided in 40 bins whereas the$
axis into 72 bins, resulting in an area of" ! # " $ $ 0.0870# 0.0873 for each cell.

The subtraction procedure consists on the following steps:

1. Each cell is Þlled with the transverse energy of the input particles that have an
ET min > 1 GeV. For each bin of ! , all the cells in $ are summed and the average
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where E tower
T is the original energy of the cell andE tower !

T the corrected one (note
that this implies noise reduction).

3. Using only particles that are inside cells with a non-zeroE tower !
T , jets with a transverse

energy higher than a cut,ET > E T,jets , are reconstructed.

4. In order to remove true jets from the background estimate,the cells/particles con-
tained in the reconstructed jets with ET > E T,jets are removed from the event and
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Background Subtraction 
✦ Fixing the parameters of the background subtraction technique:

✦ Fixing # = 1 and find the best E T,jets  by estimating the background density and fluctuations:

5

proofs JH
E

P
_048P

_1112

!
-3 -2 -1 0 1 2 3

)>
 (

G
eV

)
!

 (
to

w
er

T
<

E

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

(a) Transverse energy
!
E tower

T (! )
"
.

!
-3 -2 -1 0 1 2 3

)>
 (

G
eV

)
!

 (
to

w
er

T
"

<

0

2

4

6

8

10

PbPb 2.76TeV
-1 fm2 = 0 GeVq

T = 0.9, mult = 2100

Etmin = 1 GeV

Etjets = 60 GeV

First estimation

Background

Final estimation

(b) Dispersion
!
" tower

T (! )
"
.

Figure 14 . Dependence of the! -averaged background parameters on pseudo-rapidity" , for a
simulation using Q-PYTHIA with öq = 0 (i.e. unquenched jets) embedded in a background with
T = 0 .9 GeV. The red dotted line corresponds to the Þrst estimationof background parameters and
the green solid to the Þnal one. The black dashed line corresponds to the background parameters
when using simulated events containing only background.

that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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✦ Fixing the parameters of the background subtraction technique:

✦ Fixing # = 1 and find the best E T,jets  by estimating the background density and fluctuations:
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that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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✦ Fixing the parameters of the background subtraction technique:

✦ Fixing # = 1 and find the best E T,jets  by estimating the background density and fluctuations:
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that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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the green solid to the Þnal one. The black dashed line corresponds to the background parameters
when using simulated events containing only background.

that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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Background Subtraction 
✦ Fixing the parameters of the background subtraction technique:

✦ Fixing # = 1 and find the best E T,jets  by estimating the background density and fluctuations:
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that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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simulation using Q-PYTHIA with öq = 0 (i.e. unquenched jets) embedded in a background with
T = 0 .9 GeV. The red dotted line corresponds to the Þrst estimationof background parameters and
the green solid to the Þnal one. The black dashed line corresponds to the background parameters
when using simulated events containing only background.

that may come from an underestimation of the background due to the zeroing of negative
cells in steps 2, 5 in subsection2.3.1.

In Þgure 16(a) the dijet asymmetry is shown for di! erent values ofT. In contrast to
the other methods or procedures discussed previously, we observe that the asymmetry is
reduced with increasingT. This may be linked to the increasing shift of the single inclusive
distributions discussed above.

The e! ect of the background subtraction on the azimuthal correlation of the dijet pair
is shown in Þgure16(b). The azimuthal correlation shows a pedestal in the whole" ! range
for the highest ßuctuations, more pronounced in this case of# = 1 than for the previously
discussed procedure with# = 2 .2. A tentative explanation is that this pedestal comes from
the fake, combinatorial jets which are uncorrelated with the hard PYTHIA dijet. This
e! ect may be more pronounced for the pedestal method as the zeroing procedure leaves
some regions of phase space for jet reconstruction empty. Thus, the azimuthal correlation
between some reconstructed jets may become washed out.

Þgure 17(a) shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 =
0.1,v3 = 0; v2 = 0 .1,v3 = 0 .03). The dijet asymmetry shows negligible dependence on ßow,
as it was the case for previous procedures of background subtraction.

On the other hand and more pronouncedly than for previously discussed methods, the
azimuthal correlation, see Þgure17(b), shows a bump near" ! ! 0. The origin is the same
as discussed in subsection3.2, see Þgure18.
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Background Subtraction 
✦ Fixing the parameters of the background subtraction technique:

✦ Fix ET,jets  = 30 GeV (closer from CMS value), and find the best # by constraining the single-jet 
inclusive spectra:
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Figure 13 . Spectrum of pure PYTHIA jets (black dotted lines) and of subtracted jets using
PYTHIA with PSM as background model (blue solid lines) and with the toy model with T = 0 .7
GeV (red dashed lines).

Consolider-Ingenio 2010 CPAN CSD2007-00042 (LA and NA); byXunta de Galicia grant
PGIDIT10PXIB 206017PR (LA and NA); by Fundaüc÷ao para a Ciöencia e a Tecnologia of
Portugal under projects SFRH/BD/64543/2009 and CERN/FP/1 16379/2010 (LA); and
by FEDER.

A Comparison of the background models

The Þrst studies that were done to understand the inßuence ofthe background main char-
acteristics on the observables used a Monte Carlo (PSM [55]) to simulate the background.
In the end, this was substituted by a toy model, described in subsection 2.2, since it was
easier to provide di! erent values of ! and " jet . In order to test if the toy model was an
valid tool for jet studies, we compare the inclusive jet subtracted spectrum (Figure 13) us-
ing both background models, with the same level of ßuctuations (" jet ,PSM = 7 .8 GeV and
" jet ,toy = 7 .7 GeV) and similar average level of contamination (! P SM = 115.6 GeV/area
and ! toy = 137 GeV/area). For the toy model, these correspond toT = 0 .7 GeV. In
Þgure 13(a), the background subtraction was performed using FastJet with its standard
parameters, indicated in subsection2.3. We get a very good agreement between both sub-
tracted spectra (red dashed lines for the toy model and blue solid lines for PSM) and the
original PYTHIA spectrum (black dotted lines). In fact, the subtraction seems to be e! ec-
tive up to smaller pT when using the toy model, which may come from the detailed shape !
distribution for each background. We also compare the e! ect of the background structure
in the dijet asymmetry and azimuthal correlation, but no sizable change was found.

For the pedestal subtraction method, a discontinuity in the subtracted spectrum ap-
pears in Þgure15. As discussed there, this is related to the cut used in the subtraction
procedure,ET,jets . But the cut only appears for a uniform background (without t he clus-
tering structures coming from a more realistic underlying event). We test the same back-

Ð 23 Ð

proofs JH
E

P
_048P

_1112

 (GeV)TE
40 60 80 100 120 140 160 180 200

)
-1

 (
G

eV
T

/d
E

je
ts

dN

310

410

PbPb 2.76TeV, ptgen = 5-302 GeV

Etmin = 1 GeV
R = 0.3, Rbkg = 0.4

-1 fm2 = 0 GeVq
FastJet bkg sub

Pythia

Pythia + T = 0.7

Pythia + PSM

(a) Jet subtracted spectrum using
the FastJet area-based technique.

 (GeV)TE
40 60 80 100 120 140 160 180 200

)
-1

 (
G

eV
T

/d
E

je
ts

dN

310

410

PbPb 2.76TeV, ptgen = 5-302 GeV
Etmin = 1 GeV
R = 0.3

-1 fm2 = 0 GeVq
Pedestal bkg sub
Etjets = 30 GeV, k = 2.2
Pythia
Pythia + T = 0.7
Pythia + PSM

(b) Jet subtracted spectrum using
a pedestal technique with ! = 2 .2.

 (GeV)TE
40 60 80 100 120 140 160 180 200

)
-1

 (
G

eV
T

/d
E

je
ts

dN

310

410

510

PbPb 2.76TeV, ptgen = 5-302 GeV
Etmin = 1 GeV
R = 0.3

-1 fm2 = 0 GeVq
Pedestal bkg sub
Etjets = 40 GeV, k = 1.0
Pythia
Pythia + T = 0.7
Pythia + PSM

(c) Jet subtracted spectrum using
a pedestal technique with ! = 1.

Figure 13 . Spectrum of pure PYTHIA jets (black dotted lines) and of subtracted jets using
PYTHIA with PSM as background model (blue solid lines) and with the toy model with T = 0 .7
GeV (red dashed lines).

Consolider-Ingenio 2010 CPAN CSD2007-00042 (LA and NA); byXunta de Galicia grant
PGIDIT10PXIB 206017PR (LA and NA); by Fundaüc÷ao para a Ciöencia e a Tecnologia of
Portugal under projects SFRH/BD/64543/2009 and CERN/FP/1 16379/2010 (LA); and
by FEDER.

A Comparison of the background models

The Þrst studies that were done to understand the inßuence ofthe background main char-
acteristics on the observables used a Monte Carlo (PSM [55]) to simulate the background.
In the end, this was substituted by a toy model, described in subsection 2.2, since it was
easier to provide di! erent values of ! and " jet . In order to test if the toy model was an
valid tool for jet studies, we compare the inclusive jet subtracted spectrum (Figure 13) us-
ing both background models, with the same level of ßuctuations (" jet ,PSM = 7 .8 GeV and
" jet ,toy = 7 .7 GeV) and similar average level of contamination (! P SM = 115.6 GeV/area
and ! toy = 137 GeV/area). For the toy model, these correspond toT = 0 .7 GeV. In
Þgure 13(a), the background subtraction was performed using FastJet with its standard
parameters, indicated in subsection2.3. We get a very good agreement between both sub-
tracted spectra (red dashed lines for the toy model and blue solid lines for PSM) and the
original PYTHIA spectrum (black dotted lines). In fact, the subtraction seems to be e! ec-
tive up to smaller pT when using the toy model, which may come from the detailed shape !
distribution for each background. We also compare the e! ect of the background structure
in the dijet asymmetry and azimuthal correlation, but no sizable change was found.

For the pedestal subtraction method, a discontinuity in the subtracted spectrum ap-
pears in Þgure15. As discussed there, this is related to the cut used in the subtraction
procedure,ET,jets . But the cut only appears for a uniform background (without t he clus-
tering structures coming from a more realistic underlying event). We test the same back-
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A Comparison of the background models

The Þrst studies that were done to understand the inßuence ofthe background main char-
acteristics on the observables used a Monte Carlo (PSM [55]) to simulate the background.
In the end, this was substituted by a toy model, described in subsection 2.2, since it was
easier to provide di! erent values of ! and " jet . In order to test if the toy model was an
valid tool for jet studies, we compare the inclusive jet subtracted spectrum (Figure 13) us-
ing both background models, with the same level of ßuctuations (" jet ,PSM = 7 .8 GeV and
" jet ,toy = 7 .7 GeV) and similar average level of contamination (! P SM = 115.6 GeV/area
and ! toy = 137 GeV/area). For the toy model, these correspond toT = 0 .7 GeV. In
Þgure 13(a), the background subtraction was performed using FastJet with its standard
parameters, indicated in subsection2.3. We get a very good agreement between both sub-
tracted spectra (red dashed lines for the toy model and blue solid lines for PSM) and the
original PYTHIA spectrum (black dotted lines). In fact, the subtraction seems to be e! ec-
tive up to smaller pT when using the toy model, which may come from the detailed shape !
distribution for each background. We also compare the e! ect of the background structure
in the dijet asymmetry and azimuthal correlation, but no sizable change was found.

For the pedestal subtraction method, a discontinuity in the subtracted spectrum ap-
pears in Þgure15. As discussed there, this is related to the cut used in the subtraction
procedure,ET,jets . But the cut only appears for a uniform background (without t he clus-
tering structures coming from a more realistic underlying event). We test the same back-
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Bkg & Bkg Subtraction
✦ Similar results on the dijet asymmetry...
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.

Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

" ! distance between the dijet is stable under changes on the background main characteristics,"
and #jet . When using the pedestal method withET,jets = 30 GeV and $ = 2 .2 (Figure 4(b)), the
azimuthal correlation shows similar features to those observed with the area-based subtraction,
though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in the pedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to understand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

8These values correspond to semi-peripheral collisions, see [46]
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Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

" ! distance between the dijet is stable under changes on the background main characteristics,"
and #jet . When using the pedestal method withET,jets = 30 GeV and $ = 2 .2 (Figure 4(b)), the
azimuthal correlation shows similar features to those observed with the area-based subtraction,
though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in the pedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to understand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

8These values correspond to semi-peripheral collisions, see [46]
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Bkg & Bkg Subtraction
✦ Similar results on the dijet asymmetry...

✦ ...but some differences in the dijet azimuthal correlation with increasing 
fluctuations:
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding error bars and the purple triangles
the CMS Monte Carlo [26].

By introducing the ßow components, the e" ective value of the ßuctuations change. In Table
1 the e" ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di" erence is observed forT = 1 .2 GeV, where the ßuctuations
increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0,v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (withET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results for the second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b) for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
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Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding error bars and the purple triangles
the CMS Monte Carlo [26].

By introducing the ßow components, the e" ective value of the ßuctuations change. In Table
1 the e" ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di" erence is observed forT = 1 .2 GeV, where the ßuctuations
increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0,v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (withET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results for the second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b) for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
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Flow
✦ Thermal model:

✦ Azimuth particle distribution modulation:

✦ Integrated p T values (peripheral collisions): & 2(pT)=<&2> = 0.1 and & 3(pT) = <&3> = 0.03

✦ Effective values of " jet  (GeV):
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.

Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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Flow
✦ Thermal model:

✦ Azimuth particle distribution modulation:

✦ Integrated p T values (peripheral collisions): & 2(pT)=<&2> = 0.1 and & 3(pT) = <&3> = 0.03

✦ Effective values of " jet  (GeV):
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Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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(a) Dijet azimuthal correlation using FastJet.
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Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
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(a) Dijet azimuthal correlation using FastJet.
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Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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✦ Thermal model:

✦ Azimuth particle distribution modulation:

✦ Integrated p T values (peripheral collisions): & 2(pT)=<&2> = 0.1 and & 3(pT) = <&3> = 0.03

✦ Effective values of " jet  (GeV):
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.

Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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(a) Dijet azimuthal correlation using FastJet.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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(a) Results for v2 = 0 , v3 = 0.
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(b) Results for v2 = 0 .1, v3 = 0.
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(c) Results for v2 = 0 .1, v3 = 0 .03.

Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
red denotes increasing correlations.
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(a) Dijet azimuthal correlation using FastJet.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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(c) Results for v2 = 0 .1, v3 = 0 .03.

Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
red denotes increasing correlations.
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Flow
✦ Thermal model:

✦ Azimuth particle distribution modulation:

✦ Integrated p T values (peripheral collisions): & 2(pT)=<&2> = 0.1 and & 3(pT) = <&3> = 0.03

✦ Effective values of " jet  (GeV):
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.

Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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(a) Dijet azimuthal correlation using FastJet.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
red denotes increasing correlations.
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(a) Dijet azimuthal correlation using FastJet.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
red denotes increasing correlations.
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reconstruction

✦ No effect on the dijet asymmetry, but on the dijet azimuthal correlation (for large " jet ):



Flow
✦ Thermal model:

✦ Azimuth particle distribution modulation:

✦ Integrated p T values (peripheral collisions): & 2(pT)=<&2> = 0.1 and & 3(pT) = <&3> = 0.03

✦ Effective values of " jet  (GeV):

✦ No effect on the dijet asymmetry, but some on the dijet azimuthal correlation (larger " jet ):
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(a) Dijet asymmetry using FastJet.
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(b) Dijet asymmetry using a pedestal technique.

Figure 3: Dijet asymmetry (AJ ) for a simulation using Q-PYTHIA with öq = 0 embedded in a
background with di! erent TÕs. The red dotted lines correspond to a background withT = 0 .7,
the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV. The blue points
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].

though a small pedestal in the whole" ! range appears for the highest ßuctuations - an e! ect
that becomes more pronounced for the second procedure in thepedestal method indicated in
Subsection 2.3.1, see Appendix B.

3.2 Flow

Now we turn to introducing ßow in our simulation in order to un derstand its relevance for
the observables that we want to describe. To consider the e! ects of ßow in our toy model we
modulate the distribution of particles in azimuth according to:

dN
d!

! 1 +
!

n

vn(pT ) cos(n! ). (8)

We include up to the third component v3 in the previous expression and take thepT integrated
values8 to be v2(pT ) = < v 2 > = 0 .1 and v3(pT ) = < v 3 > = 0 .03. While these values are larger
than the experimentally measured ones for central collisions [46], we use them in order to explore
the potential sensitivity of the jet observables. Additionally, a random reaction plane (RP) is
deÞned for each event. Note that we assume that PYTHIA jets and their constituents do not
ßow and are uncorrelated with the reaction plane.

By introducing the ßow components, the e! ective value of the ßuctuations change. In Table
1 the e! ective values of " jet for each backgroundT and each conÞguration of ßow parame-
ters are shown. The largest di! erence is observed forT = 1 .2 GeV, where the ßuctuations

8These values correspond to semi-peripheral collisions, see [46]
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(a) Dijet azimuthal correlation using the FastJet area-
based method.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 4: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background with di" erent TÕs. The red dotted lines correspond to a background
with T = 0 .7, the black dashed ones to aT = 0 .9 and the green solid ones to aT = 1 .2 GeV.
The blue points are the CMS data with the corresponding errorbars and the purple triangles
the CMS Monte Carlo [26].

increase by! 5 GeV/area. In the following, we use this background conÞguration to examine
jet observables.

Temperature (GeV) v2 = 0 .0, v3 = 0 .0 v2 = 0 .1, v3 = 0 .0 v2 = 0 .1, v3 = 0 .03
T = 0 .7 7.69 9.16 9.26
T = 0 .9 10.74 13.31 13.47
T = 1 .2 15.14 19.36 19.67

Table 1: Values of" jet (in GeV) obtained using FastJet.

Figure 5 shows the dijet asymmetry for three extreme cases (v2 = 0, v3 = 0; v2 = 0 .1,v3 = 0; v2 =
0.1,v3 = 0 .03) using the FastJet area-based (Figure 5(a)) and the pedestal (with ET,jets = 30
GeV and # = 2 .2, Figure 5(b)) methods for background subtraction. The dijet asymmetry
shows negligible dependence on ßow, see also the results forthe second procedure in the pedestal
method in Appendix B.

The azimuthal correlation, as shown in Figures 6(a) and 6(b)for FastJet area-based and pedestal
subtraction (with ET,jets = 30 GeV and # = 2 .2) methods respectively, shows a bump near! ! !
0. This bump is more evident for the second procedure in the pedestal method, see Appendix
B. Note that since the azimuthal ßow is a modulation in ! , the corresponding ßuctuations are
not local or random. They have a symmetry that follows the Fourier components. Due to a
higher concentration of particles in certain areas of the phase space, the jet Þnding algorithm
will reconstruct mostly the jets on that regions. Thus, the t ransverse energy is recovered, not
a" ecting signiÞcantly the dijet momentum imbalance. But the number of events in which the two
leading jets are close in azimuth (but not too close to be merged by the clustering algorithm)
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(a) Dijet azimuthal correlation using FastJet.
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(b) Dijet azimuthal correlation using a pedestal tech-
nique.

Figure 6: Dijet azimuthal correlation ( ! ! ) for a simulation using Q-PYTHIA with öq = 0
embedded in a background withT = 1 .2 GeV. The red dotted lines correspond to a simulation
without ßow, the black dashed ones with an elliptic ßow component (v2 = 0 .1) and the green
solid ones with an additional triangular ßow component (v2 = 0 .1, v3 = 0 .03). The blue dots
are the CMS data with the corresponding error bars and the purple triangles the CMS Monte
Carlo [26].
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(a) Results for v2 = 0 , v3 = 0.
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(b) Results for v2 = 0 .1, v3 = 0.
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(c) Results for v2 = 0 .1, v3 = 0 .03.

Figure 7: Correlation betweenAJ and ! 1 for a simulation using Q-PYTHIA with öq = 0 embedded
in a background with T = 1 .2 GeV with a reaction plane Þxed to! RP = 0. The background
subtraction was made using a pedestal method. The colour gradation from deep blue to deep
red denotes increasing correlations.
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Jet Quenching
✦ Effect on dijet asymmetry and azimuthal correlation:

✦ Q-PYTHIA (PQM geometry) with different qhat parameters:
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(a) Dijet asymmetry AJ .
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(b) Dijet azimuthal correlation.

Figure 8: Dijet observables for a simulation using Q-PYTHIA with di ! erent öq embedded in a
background with T = 0 .9 GeV (! jet ! 11 GeV). The red dotted lines corresponds to öq = 0, the
black dashed ones to öq = 4 GeV2 fm! 1 and the green solid ones to öq = 8 GeV2 fm! 1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo [26]. The background subtraction method is the area-based FastJet one.
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(a) Dijet asymmetry AJ .
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Figure 9: Dijet observables for a simulation using Q-PYTHIA with di ! erent öq embedded in a
background with T = 0 .9 GeV (! jet ! 11 GeV). The red dotted lines corresponds to öq = 0, the
black dashed ones to öq = 4 GeV2 fm! 1 and the green solid ones to öq = 8 GeV2 fm! 1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo. The background subtraction was made using a pedestal method [26].
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Figure 8: Dijet observables for a simulation using Q-PYTHIA with di ! erent öq embedded in a
background with T = 0 .9 GeV (! jet ! 11 GeV). The red dotted lines corresponds to öq = 0, the
black dashed ones to öq = 4 GeV2 fm! 1 and the green solid ones to öq = 8 GeV2 fm! 1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo [26]. The background subtraction method is the area-based FastJet one.
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background with T = 0 .9 GeV (�jet ' 11 GeV). The red dotted lines corresponds to öq = 0, the
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Monte Carlo. The background subtraction was made using a pedestal method [26].

observable that considers all particles without background subtraction (except for the deÞnition
of the leading jet axis that hopefully is little a ! ected as shown by the experimental azimuthal
correlations). Note that our toy model simulates a system with global variables similar to those
measured in the experiment: multiplicity and average background ßuctuations. However, the
distribution of particles in momentum and the range of their correlations is unconstrained. The
observable deÞned in equtation (3) studies the track structure with respect to the dijet axis and
is sensitive to these details not considered in our toy model. In the absence of a truly realistic
background model we rather present our results for Q-PYTHIA alone, thus aiming for - at most
- a qualitative study of the observable.

In Figure 10, we show the results for the average missing transverse momentum using Q-PYTHIA
with öq = 0. Each pT bin contribution is associated to a di! erent color. In Figure 10(a), where
the full phase space for the projection is considered, there is a higher amount of hard particles
(pT > 8 GeV) in the direction of the leading jet. Those are essentially balanced by particles
with a transverse momentum pT > 2 GeV and only a small fraction of the available energy
is carried by the softest particles. When only particles inside a cone ofR = 0 .8 around the
leading and subleading jets are considered (Figure 10(b)), the momentum imbalance is due to
an excess of hard particles in the direction of the leading jet. Outside this cone (Figure 10(c))
the composition of the event is also essentially hard (pT > 4 GeV/c). These features are in
qualitative agreement with the CMS Monte Carlo [25].

Taking our results for öq = 0 as reference, we now explore the e! ects of quenching: we consider
Q-PYTHIA with a öq = 8 GeV2 fm! 1 in Figure 11. The global structure changes and the
projections onto the leading and subleading axis are softened. Note that for öq = 0 there was an
excess of hard particles atR > 0.8 with respect to the subleading jet. For öq = 8 GeV2 fm! 1,
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black dashed ones to q̂ = 4 GeV2 fm! 1 and the green solid ones to q̂ = 8 GeV2 fm! 1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo. The background subtraction was made using a pedestal method [26].
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leading and subleading jets are considered (Figure 10(b)), the momentum imbalance is due to
an excess of hard particles in the direction of the leading jet. Outside this cone (Figure 10(c))
the composition of the event is also essentially hard (pT > 4 GeV/c). These features are in
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Jet Quenching
✦ Effect on dijet asymmetry and azimuthal correlation:

✦ Q-PYTHIA (PQM geometry) with different qhat parameters:
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Figure 8: Dijet observables for a simulation using Q-PYTHIA with di ! erent öq embedded in a
background with T = 0 .9 GeV (! jet ! 11 GeV). The red dotted lines corresponds to öq = 0, the
black dashed ones to öq = 4 GeV2 fm! 1 and the green solid ones to öq = 8 GeV2 fm! 1. The blue
dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo [26]. The background subtraction method is the area-based FastJet one.
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Figure 9: Dijet observables for a simulation using Q-PYTHIA with di ! erent öq embedded in a
background with T = 0 .9 GeV (! jet ! 11 GeV). The red dotted lines corresponds to öq = 0, the
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dots are the CMS data with the corresponding error bars, and the purple triangles the CMS
Monte Carlo. The background subtraction was made using a pedestal method [26].
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✦ Effect on average missing transverse momentum      :
✦ CMS results: dijets events with large momentum imbalance

✦ Core of subleading jets is degraded in energy;

✦ Energy recovered at large angles.
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✦ Effect on average missing transverse momentum      :
✦ CMS results: dijets events with large momentum imbalance

✦ Core of subleading jets is degraded in energy;

✦ Energy recovered at large angles.
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✦ Effect on average missing transverse momentum      :
✦ CMS results: dijets events with large momentum imbalance

✦ Core of subleading jets is degraded in energy;

✦ Energy recovered at large angles.
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✦ Q-PYTHIA events without background:



✦ Effect on average missing transverse momentum      :
✦ CMS results: dijets events with large momentum imbalance

✦ Core of subleading jets is degraded in energy;

✦ Energy recovered at large angles.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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the track momentum composition of the subleading jets is
seen, conÞrming the calorimeter determination of the dijet
imbalance. The biggest difference between data and simulation
is found for tracks withpT < 4 GeV/ c. For PYTHIA, the
momentum in the subleading jet carried by these tracks is
small and their radial distribution is nearly unchanged with
AJ . However, for data, the relative contribution of low-pT
tracks grows withAJ , and an increasing fraction of those
tracks is observed at large distances to the jet axis, extending
out to! R = 0.8 (the largest angular distance to the jet in this
study).

The major systematic uncertainties for the track-jet corre-
lation measurement come from thepT-dependent uncertainty
in the track reconstruction efÞciency. The algorithmic track
reconstruction efÞciency, which averages 70% over thepT >
0.5 GeV/ c and |" | < 2.4 range included in this study, was
determined from an independentPYTHIA + HYDJET sample,
and from simulated tracks embedded in data. Additional un-
certainties are introduced by the underlying event subtraction
procedure. The latter was studied by comparing the track-jet
correlations seen in purePYTHIA dijet events for generated
particles with those seen inPYTHIA + HYDJET events after
reconstruction and background subtraction. The size of the
background subtraction systematic uncertainty was further
cross checked in data by repeating the procedure for random
ring-like regions in 0%Ð30% central minimum bias events.
In the end, an overall systematic uncertainty of 20% per bin

was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig.13.

C. Overall momentum balance of dijet events

The requirements of the background subtraction procedure
limit the track-jet correlation study to tracks withpT >
1.0 GeV/ c and! R < 0.8. Complementary information about
the overall momentum balance in the dijet events can be
obtained using the projection of missingpT of reconstructed
charged tracks onto the leading jet axis. For each event, this
projection was calculated as

!p"
T =

!

i

# pi
T cos (#i # #Leading Jet), (2)

where the sum is over all tracks withpT > 0.5 GeV/ c and
|" | < 2.4. The results were then averaged over events to
obtain$!p"

T%. No background subtraction was applied, which
allows this study to include the|" jet| < 0.8 and 0.5 < p Track

T <
1.0 GeV/ c regions not accessible for the study in Sec.III B .
The leading and subleading jets were again required to have
|" | < 1.6.

In Fig. 14, $!p"
T%is shown as a function ofAJ for two

centrality bins, 30%Ð100% (left-hand side) and 0%Ð30%
(right-hand side). Results forPYTHIA + HYDJET are presented
in the top row, while the bottom row shows the results for PbPb
data. Using tracks with|" | < 2.4 andpT > 0.5 GeV/ c, one
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FIG. 14. (Color online) Average
missing transverse momentum$!p"

T%for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The $!p"

T%values are shown as a func-
tion of dijet asymmetryAJ for 30%Ð
100% centrality (left-hand side) and
0%Ð30% centrality (right-hand side).
For the solid circles, vertical bars and
brackets represent the statistical and
systematic uncertainties, respectively.
Colored bands show the contribution
to $!p"

T%for Þve ranges of trackpT.
The top and bottom rows show results
for PYTHIA + HYDJET and PbPb data,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (! R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (! R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (! R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (! R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (! R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (! R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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statistical and systematic uncertainties,
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ranges, the statistical uncertainties are
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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the track momentum composition of the subleading jets is
seen, conÞrming the calorimeter determination of the dijet
imbalance. The biggest difference between data and simulation
is found for tracks withpT < 4 GeV/ c. For PYTHIA, the
momentum in the subleading jet carried by these tracks is
small and their radial distribution is nearly unchanged with
AJ . However, for data, the relative contribution of low-pT
tracks grows withAJ , and an increasing fraction of those
tracks is observed at large distances to the jet axis, extending
out to! R = 0.8 (the largest angular distance to the jet in this
study).

The major systematic uncertainties for the track-jet corre-
lation measurement come from thepT-dependent uncertainty
in the track reconstruction efÞciency. The algorithmic track
reconstruction efÞciency, which averages 70% over thepT >
0.5 GeV/ c and |" | < 2.4 range included in this study, was
determined from an independentPYTHIA + HYDJET sample,
and from simulated tracks embedded in data. Additional un-
certainties are introduced by the underlying event subtraction
procedure. The latter was studied by comparing the track-jet
correlations seen in purePYTHIA dijet events for generated
particles with those seen inPYTHIA + HYDJET events after
reconstruction and background subtraction. The size of the
background subtraction systematic uncertainty was further
cross checked in data by repeating the procedure for random
ring-like regions in 0%Ð30% central minimum bias events.
In the end, an overall systematic uncertainty of 20% per bin

was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig.13.

C. Overall momentum balance of dijet events

The requirements of the background subtraction procedure
limit the track-jet correlation study to tracks withpT >
1.0 GeV/ c and! R < 0.8. Complementary information about
the overall momentum balance in the dijet events can be
obtained using the projection of missingpT of reconstructed
charged tracks onto the leading jet axis. For each event, this
projection was calculated as

!p"
T =

!

i

# pi
T cos (#i # #Leading Jet), (2)

where the sum is over all tracks withpT > 0.5 GeV/ c and
|" | < 2.4. The results were then averaged over events to
obtain$!p"

T%. No background subtraction was applied, which
allows this study to include the|" jet| < 0.8 and 0.5 < p Track

T <
1.0 GeV/ c regions not accessible for the study in Sec.III B .
The leading and subleading jets were again required to have
|" | < 1.6.

In Fig. 14, $!p"
T%is shown as a function ofAJ for two

centrality bins, 30%Ð100% (left-hand side) and 0%Ð30%
(right-hand side). Results forPYTHIA + HYDJET are presented
in the top row, while the bottom row shows the results for PbPb
data. Using tracks with|" | < 2.4 andpT > 0.5 GeV/ c, one
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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ranges, the statistical uncertainties are
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size! R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
not " symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!" 12 > 5#/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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✦ Effect on average missing transverse momentum      :
✦ Considering events with large asymmetry (A J>0.3):
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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✦ Effect on average missing transverse momentum      :
✦ Considering events with large asymmetry (A J>0.3):
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
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jets instead of a single broad jet. This combination of semi-hard jet multiplication at large
angles (but still inside the dijet cone as hard particles lead the jet reconstruction in the anti-kt

algorithm) with the fact that these semi-hard jets are further forced to radiate in-medium, may
lead to an overall softer composition even outside the cone formed by the dijet pair.
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Figure 12: Average number of jets,< #( jets ) > , for Q-PYTHIA simulated events with di ! erent
öq. The red dotted lines corresponds to öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and
the green solid ones to öq = 8 GeV2 fm! 1.

Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
in proton-proton, on average only the dijet pair is reconstructed but, when medium e! ects are
present, an additional jet with pT > 8 GeV is identiÞed. Outside the cone, however, if we
compute the average number of jets that have at least one particle with a transverse momentum
pT,track > 8 GeV, we see that this number decreases with increasing öq (Figure 12(c)). So, in
general, medium e! ects produce more jets but with a softer composition.

One may argue that such considerations may become washed out by the presence of a background
in PbPb collisions that may lead to a larger number of jets picking background, relatively soft
constituents. Even in this case, the increase of the soft contribution at large angles with respect
to the dijet should remain.

5 Conclusions

In this work we address the question of the e! ects of jet reconstruction and background subtrac-
tion in high-energy heavy-ion collisions on di! erent jet observables. Our aim is to gain insight on
how these issues a! ect the understanding and detailed characterization of the produced medium
through present jet observables (using the experimental data on the dijet asymmetry and az-
imuthal correlation in [26] and on the missing transverse momentum in [25] as references).

For this purpose, see Section 2, we use a highly ßexible toy model for the background - where
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✦ Effect on average missing transverse momentum      :
✦ Considering events with large asymmetry (A J>0.3):
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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jets instead of a single broad jet. This combination of semi-hard jet multiplication at large
angles (but still inside the dijet cone as hard particles lead the jet reconstruction in the anti-kt

algorithm) with the fact that these semi-hard jets are further forced to radiate in-medium, may
lead to an overall softer composition even outside the cone formed by the dijet pair.
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Figure 12: Average number of jets,< #( jets ) > , for Q-PYTHIA simulated events with di ! erent
öq. The red dotted lines corresponds to öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and
the green solid ones to öq = 8 GeV2 fm! 1.

Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
in proton-proton, on average only the dijet pair is reconstructed but, when medium e! ects are
present, an additional jet with pT > 8 GeV is identiÞed. Outside the cone, however, if we
compute the average number of jets that have at least one particle with a transverse momentum
pT,track > 8 GeV, we see that this number decreases with increasing öq (Figure 12(c)). So, in
general, medium e! ects produce more jets but with a softer composition.

One may argue that such considerations may become washed out by the presence of a background
in PbPb collisions that may lead to a larger number of jets picking background, relatively soft
constituents. Even in this case, the increase of the soft contribution at large angles with respect
to the dijet should remain.

5 Conclusions

In this work we address the question of the e! ects of jet reconstruction and background subtrac-
tion in high-energy heavy-ion collisions on di! erent jet observables. Our aim is to gain insight on
how these issues a! ect the understanding and detailed characterization of the produced medium
through present jet observables (using the experimental data on the dijet asymmetry and az-
imuthal correlation in [26] and on the missing transverse momentum in [25] as references).

For this purpose, see Section 2, we use a highly ßexible toy model for the background - where

18

jets instead of a single broad jet. This combination of semi-hard jet multiplication at large
angles (but still inside the dijet cone as hard particles lead the jet reconstruction in the anti-kt

algorithm) with the fact that these semi-hard jets are further forced to radiate in-medium, may
lead to an overall softer composition even outside the cone formed by the dijet pair.

JA
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 >
 8

 G
eV

)
T

<
#(

je
ts

)>
 (

p

2.5

3

3.5

4

4.5

5

5.5

pp 2.76 TeV ptgen = 70 GeV
-1 fm2 = 0 GeVq
-1 fm2 = 4 GeVq
-1 fm2 = 8 GeVq

All R

(a) Average number of jets with a
minimum pT > 8 GeV for the whole
phase space.

JA
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 >
 8

 G
eV

)
T

<
#(

je
ts

)>
 (

p

2

2.2

2.4

2.6

2.8

3

3.2

3.4

 0.8!R 

(b) Average number of jets with a
minimum pT > 8 GeV inside a cone
with R = 0 .8.

JA
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 >
 8

 G
eV

)
T,

tr
ac

k
<

(#
je

ts
)>

 (
p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 R > 0.8

(c) Average number of jets that have
at least one particle with a minimum
pT,track > 8 GeV outside a cone with
R = 0 .8.

Figure 12: Average number of jets,< #( jets ) > , for Q-PYTHIA simulated events with di ! erent
öq. The red dotted lines corresponds to öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and
the green solid ones to öq = 8 GeV2 fm! 1.

Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
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✦ Effect on average missing transverse momentum      :
✦ Considering events with large asymmetry (A J>0.3):
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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jets instead of a single broad jet. This combination of semi-hard jet multiplication at large
angles (but still inside the dijet cone as hard particles lead the jet reconstruction in the anti-kt

algorithm) with the fact that these semi-hard jets are further forced to radiate in-medium, may
lead to an overall softer composition even outside the cone formed by the dijet pair.
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Figure 12: Average number of jets,< #( jets ) > , for Q-PYTHIA simulated events with di ! erent
öq. The red dotted lines corresponds to öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and
the green solid ones to öq = 8 GeV2 fm! 1.

Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
in proton-proton, on average only the dijet pair is reconstructed but, when medium e! ects are
present, an additional jet with pT > 8 GeV is identiÞed. Outside the cone, however, if we
compute the average number of jets that have at least one particle with a transverse momentum
pT,track > 8 GeV, we see that this number decreases with increasing öq (Figure 12(c)). So, in
general, medium e! ects produce more jets but with a softer composition.

One may argue that such considerations may become washed out by the presence of a background
in PbPb collisions that may lead to a larger number of jets picking background, relatively soft
constituents. Even in this case, the increase of the soft contribution at large angles with respect
to the dijet should remain.

5 Conclusions

In this work we address the question of the e! ects of jet reconstruction and background subtrac-
tion in high-energy heavy-ion collisions on di! erent jet observables. Our aim is to gain insight on
how these issues a! ect the understanding and detailed characterization of the produced medium
through present jet observables (using the experimental data on the dijet asymmetry and az-
imuthal correlation in [26] and on the missing transverse momentum in [25] as references).

For this purpose, see Section 2, we use a highly ßexible toy model for the background - where
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Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
in proton-proton, on average only the dijet pair is reconstructed but, when medium e! ects are
present, an additional jet with pT > 8 GeV is identiÞed. Outside the cone, however, if we
compute the average number of jets that have at least one particle with a transverse momentum
pT,track > 8 GeV, we see that this number decreases with increasing öq (Figure 12(c)). So, in
general, medium e! ects produce more jets but with a softer composition.

One may argue that such considerations may become washed out by the presence of a background
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to the dijet should remain.
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✦ Effect on average missing transverse momentum      :
✦ Considering events with large asymmetry (A J>0.3):
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this excess of momentum is driven by particles withpT ! [0.5, 4] GeV/c. This softening of the
particle composition, mostly noticeable at large angles with respect to the subleading jet, is in
qualitative agreement with data.
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Figure 11: Average missing transverse momentum
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öq = 8 GeV2 fm" 1.

In order to discuss this Þnding, let us consider events with a large asymmetryAJ > 0.3. Both
the Q-PYTHIA simulation with öq = 0 (proton-proton) and the CMS simulation contain a hard
contribution outside the subleading jet cone. This can only come from either hard emissions at
large angles from the subleading jet that are reconstructed as a third jet at! R > 0.8 or from
a hard scattering with 3 hard particles (real Ó3 jet-likeÓ structures). The latter are suppressed
by the cut in ! ! and, in any case, they are not considered in PYTHIA that only contains
lowest-order matrix elements. Now we turn on quenching: by deÞnition, the subleading jet
su" ers a larger energy degradation that implies a larger amount of radiation in radiative energy
loss scenarios, and the jet-Þnding algorithm will most probably reconstruct two or more smaller
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jets instead of a single broad jet. This combination of semi-hard jet multiplication at large
angles (but still inside the dijet cone as hard particles lead the jet reconstruction in the anti-kt

algorithm) with the fact that these semi-hard jets are further forced to radiate in-medium, may
lead to an overall softer composition even outside the cone formed by the dijet pair.
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Figure 12: Average number of jets,< #( jets ) > , for Q-PYTHIA simulated events with di ! erent
öq. The red dotted lines corresponds to öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and
the green solid ones to öq = 8 GeV2 fm! 1.

Such considerations are supported by Figure 12(a), where the average number of jets with a
transverse momentumpT > 8 GeV is shown for all phase space. The red dotted lines corresponds
to a simulation of Q-PYTHIA using öq = 0, the black dashed ones to öq = 4 GeV2 fm! 1 and the
green solid ones to öq = 8 GeV2 fm! 1. The number of jets is found to increase with the asymmetry
and with öq. With quenching, the jet Þnding algorithm reconstructs more jets than in vacuum.
Inside a cone around the leading and subleading jet (Figure 12(b)) the same description is found:
in proton-proton, on average only the dijet pair is reconstructed but, when medium e! ects are
present, an additional jet with pT > 8 GeV is identiÞed. Outside the cone, however, if we
compute the average number of jets that have at least one particle with a transverse momentum
pT,track > 8 GeV, we see that this number decreases with increasing öq (Figure 12(c)). So, in
general, medium e! ects produce more jets but with a softer composition.

One may argue that such considerations may become washed out by the presence of a background
in PbPb collisions that may lead to a larger number of jets picking background, relatively soft
constituents. Even in this case, the increase of the soft contribution at large angles with respect
to the dijet should remain.

5 Conclusions

In this work we address the question of the e! ects of jet reconstruction and background subtrac-
tion in high-energy heavy-ion collisions on di! erent jet observables. Our aim is to gain insight on
how these issues a! ect the understanding and detailed characterization of the produced medium
through present jet observables (using the experimental data on the dijet asymmetry and az-
imuthal correlation in [26] and on the missing transverse momentum in [25] as references).

For this purpose, see Section 2, we use a highly ßexible toy model for the background - where
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