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Jet	

p Experiments	  at	  LHC	  are	  
suitable	  for	  Jet	  measurements.	

Parton	  Jet	

Par*cle	  Jet	

Reconstructed	  	  Jet	

Perturbative QCD fits to data [8, 9, 10, 11, 12, 13, 14, 15] use different coupled choices forKNLO

and 〈k2
T 〉 and the extracted values are thus not directly comparable. However, similar agreement between

data and theory at the level of spectral shapes and the
√

s dependence of the corrective factors discussed
above is found. In [16] the factorization and fragmentation scales were set to QPDF = pT /2 and
QFF = pT /2zc and no KNLO factors were employed. The extracted 〈k2

T 〉 decreases from 2.7 GeV2 at√
s $ 50 GeV to 0.75 GeV2 at

√
s $ 2 TeV. Alternatively, in [17] no primordial kT -smearing was used

and the scales in the calculation were fixed to be QPDF = QFF = pT . The deduced KNLO decreases
from ∼ 6 at

√
s $ 50 GeV to ∼ 1.5 at

√
s $ 2 TeV.

In the fits shown in Fig. 1 we have used the GRV98 LO PDFs [18] and the BKK LO FFs [19].
Proton+antiproton fragmentation has been parameterized as in [20], inspired from PYTHIA [21] results.
A fixed 〈k2

T 〉pp = 1.8 GeV2 has been employed, leading to a KNLO parameter that naturally exhibits
a smaller variation with

√
s. A ±25% error band about the KNLO value, fixed by the requirement to

match the moderate- and high-pT behavior of the data, is also shown. The fragmentation and factorization
scales were fixed as in [17]. In the lower right panel the systematic decrease of the next-to-leading order
K-factor is presented. Two fits to KNLO have been used: linear KNLO = 2.7924 − 0.0999 ln s and
quadratic KNLO = 3.8444 − 0.3234 ln s + 0.0107 ln2 s in ln s. For center of mass energies up to 1 TeV
the two parameterization differ by less than 15% but this difference is seen to grow to 30%-50% at√

s = 5 − 10 TeV.
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Fig. 2: The predicted LO differential cross section dσpp/dyd2pT for inclusive neutral pion and charged hadron
production at midrapidity y = 0 in p + p (p̄ + p) reactions is shown for

√
s = 17, 200, and 5500 GeV. The ratio of

neutral pions to inclusive charged hadrons versus pT is given in the right panel.

In Fig. 2 the predicted transverse momentum distribution of neutral pions and inclusive charged
hadrons is shown, corresponding to the quadratic in ln s fit toKNLO for energies typical of SPS, RHIC,
and the LHC. The significant hardening of the spectra with

√
s has two important consequences for p+A
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Jet	  Modifica2on	

p Parton	  jet	  modifica2on	  
Ø Collision	  with	  quarks	  in	  QGP	  
Ø Gluon	  Radia2on	

Parton	  Jet	

Par*cle	  Jet	

Reconstructed	  	  Jet	

in	  QGP	

STAR	  PRL	  91(2003)	  072304	

4<pTtrig<6GeV/c,2<pTasso<pTtrig	
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Direct	  Measurement	  of	  Jet	  Modifica2on	

OBSERVATION AND STUDIES OF JET QUENCHING IN . . . PHYSICAL REVIEW C 84, 024906 (2011)

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 inefficiencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The figure also shows the contributions to 〈"p‖
T〉 for five

transverse momentum ranges from 0.5–1 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 0.5–8 GeV/c regions. Looking at the
pT < 8 GeV/c region in detail, important differences between
data and simulation emerge. For PYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediate pT region of 4–8 GeV/c, while the contribution
from the two regions spanning 0.5–2 GeV/c is very small. In
peripheral PbPb data, the contribution of 0.5–2 GeV/c tracks
relative to that from 4–8 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 in PYTHIA + HYDJET. In data, the
4–8 GeV/c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance
measurement comes from the pT-dependent uncertainty in
the track reconstruction efficiency and fake rate described in
Sec. III B. A 20% uncertainty was assigned to the final result,
stemming from the residual difference between the PYTHIA
generator level and the reconstructed PYTHIA + 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%–30% central events
similar to the study described in Sec. III B. The overall
systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 φ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to !φ12 > 5π/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 the AJ > 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 < pT < 4 GeV/c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum 〈"p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈"p‖

T〉 values are shown as a function
of dijet asymmetry AJ for 0%–30%
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 individual pT

ranges, the statistical uncertainties are
shown as vertical bars.
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the track momentum composition of the subleading jets is
seen, confirming the calorimeter determination of the dijet
imbalance. The biggest difference between data and simulation
is found for tracks with pT < 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 with AJ , 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 the pT-dependent uncertainty
in the track reconstruction efficiency. The algorithmic track
reconstruction efficiency, which averages 70% over the pT >
0.5 GeV/c and |η| < 2.4 range included in this study, was
determined from an independent PYTHIA + 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 pure PYTHIA dijet events for generated
particles with those seen in PYTHIA + 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%–30% 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 with pT >
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 missing pT of reconstructed
charged tracks onto the leading jet axis. For each event, this
projection was calculated as

!p‖
T =

∑

i

−pi
T cos (φi − φLeading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and
|η| < 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 |ηjet| < 0.8 and 0.5 < pTrack

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
|η| < 1.6.

In Fig. 14, 〈!p‖
T〉 is shown as a function of AJ for two

centrality bins, 30%–100% (left-hand side) and 0%–30%
(right-hand side). Results for PYTHIA + HYDJET are presented
in the top row, while the bottom row shows the results for PbPb
data. Using tracks with |η| < 2.4 and pT > 0.5 GeV/c, one
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FIG. 14. (Color online) Average
missing transverse momentum 〈!p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈!p‖

T〉 values are shown as a func-
tion of dijet asymmetry AJ for 30%–
100% centrality (left-hand side) and
0%–30% 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 five ranges of track pT.
The top and bottom rows show results
for PYTHIA + HYDJET and PbPb data,
respectively. For the individual pT

ranges, the statistical uncertainties are
shown as vertical bars.

024906-14

OBSERVATION AND STUDIES OF JET QUENCHING IN . . . PHYSICAL REVIEW C 84, 024906 (2011)

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 inefficiencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The figure also shows the contributions to 〈"p‖
T〉 for five

transverse momentum ranges from 0.5–1 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 0.5–8 GeV/c regions. Looking at the
pT < 8 GeV/c region in detail, important differences between
data and simulation emerge. For PYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediate pT region of 4–8 GeV/c, while the contribution
from the two regions spanning 0.5–2 GeV/c is very small. In
peripheral PbPb data, the contribution of 0.5–2 GeV/c tracks
relative to that from 4–8 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 in PYTHIA + HYDJET. In data, the
4–8 GeV/c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance
measurement comes from the pT-dependent uncertainty in
the track reconstruction efficiency and fake rate described in
Sec. III B. A 20% uncertainty was assigned to the final result,
stemming from the residual difference between the PYTHIA
generator level and the reconstructed PYTHIA + 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%–30% central events
similar to the study described in Sec. III B. The overall
systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 φ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to !φ12 > 5π/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 the AJ > 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 < pT < 4 GeV/c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum 〈"p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈"p‖

T〉 values are shown as a function
of dijet asymmetry AJ for 0%–30%
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 individual pT

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 inefficiencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The figure also shows the contributions to 〈"p‖
T〉 for five

transverse momentum ranges from 0.5–1 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 0.5–8 GeV/c regions. Looking at the
pT < 8 GeV/c region in detail, important differences between
data and simulation emerge. For PYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediate pT region of 4–8 GeV/c, while the contribution
from the two regions spanning 0.5–2 GeV/c is very small. In
peripheral PbPb data, the contribution of 0.5–2 GeV/c tracks
relative to that from 4–8 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 in PYTHIA + HYDJET. In data, the
4–8 GeV/c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance
measurement comes from the pT-dependent uncertainty in
the track reconstruction efficiency and fake rate described in
Sec. III B. A 20% uncertainty was assigned to the final result,
stemming from the residual difference between the PYTHIA
generator level and the reconstructed PYTHIA + 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%–30% central events
similar to the study described in Sec. III B. The overall
systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 φ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to !φ12 > 5π/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 the AJ > 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 < pT < 4 GeV/c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum 〈"p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈"p‖

T〉 values are shown as a function
of dijet asymmetry AJ for 0%–30%
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 individual pT

ranges, the statistical uncertainties are
shown as vertical bars.

024906-15

p Par2cle	  produc2on	  is	  modified	  
Ø However….	  

² azimuthal	  informa2on	  is	  minimized	  
² we	  could	  not	  see	  the	  modifica2on	  in	  jet	  bases	  

Aj	  =	  (Elead	  –Esublead)/(Elead+Esublead)	

Le
ad
in
g	

Su
b-‐
Le
ad
in
g	

2012/Dec./19	 TAC	  seminar	 7	



Huge	  Background	  in	  Pb-‐Pb	

p Sog	  Par2cle	  produc2on	  
Ø quark,	  gluon	  pair	  produc2on	  in	  color	  field	  
Ø quark	  recombina2on	  
Ø Decay	  
Ø Conversion	  
Ø Expansion(radial,	  ellip2c..)	  

p Event	  Characteriza2on	  
Ø centrality	  
Ø event	  plane	  
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Mo2va2on	  &	  Cogita2ons	

p RHIC	  
Ø  difficult	  to	  reconstruct	  jets	  

due	  to	  collision	  energy	  
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the track momentum composition of the subleading jets is
seen, confirming the calorimeter determination of the dijet
imbalance. The biggest difference between data and simulation
is found for tracks with pT < 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 with AJ , 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 the pT-dependent uncertainty
in the track reconstruction efficiency. The algorithmic track
reconstruction efficiency, which averages 70% over the pT >
0.5 GeV/c and |η| < 2.4 range included in this study, was
determined from an independent PYTHIA + 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 pure PYTHIA dijet events for generated
particles with those seen in PYTHIA + 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%–30% 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 with pT >
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 missing pT of reconstructed
charged tracks onto the leading jet axis. For each event, this
projection was calculated as

!p‖
T =

∑

i

−pi
T cos (φi − φLeading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and
|η| < 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 |ηjet| < 0.8 and 0.5 < pTrack

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
|η| < 1.6.

In Fig. 14, 〈!p‖
T〉 is shown as a function of AJ for two

centrality bins, 30%–100% (left-hand side) and 0%–30%
(right-hand side). Results for PYTHIA + HYDJET are presented
in the top row, while the bottom row shows the results for PbPb
data. Using tracks with |η| < 2.4 and pT > 0.5 GeV/c, one

0.1 0.2 0.3 0.4

-40

-20

0

20

40

(a)

PYTHIA+HYDJET

30-100%

JA
0.1 0.2 0.3 0.4

> 
(G

eV
/c

)
  T

p<

-40

-20

0

20

40
CMS

=2.76 TeVsPb+Pb
-1bµL dt = 6.7 ∫

30-100%(c)

> 0.5 GeV/c
0.5 - 1.0 GeV/c
1.0 - 2.0 GeV/c
2.0 - 4.0 GeV/c
4.0 - 8.0 GeV/c
> 8.0 GeV/c

0-30%(b)

  > 120GeV/c
T,1

p

  > 50GeV/c
T,2

p

π3
2>

1,2
φ∆ | < 1.6

1,2
η|

JA
0.1 0.2 0.3 0.4

0-30%(d)

> 
(G

eV
/c

)
  T

p<

FIG. 14. (Color online) Average
missing transverse momentum 〈!p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈!p‖

T〉 values are shown as a func-
tion of dijet asymmetry AJ for 30%–
100% centrality (left-hand side) and
0%–30% 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 five ranges of track pT.
The top and bottom rows show results
for PYTHIA + HYDJET and PbPb data,
respectively. For the individual pT

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 inefficiencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The figure also shows the contributions to 〈"p‖
T〉 for five

transverse momentum ranges from 0.5–1 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 0.5–8 GeV/c regions. Looking at the
pT < 8 GeV/c region in detail, important differences between
data and simulation emerge. For PYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediate pT region of 4–8 GeV/c, while the contribution
from the two regions spanning 0.5–2 GeV/c is very small. In
peripheral PbPb data, the contribution of 0.5–2 GeV/c tracks
relative to that from 4–8 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 in PYTHIA + HYDJET. In data, the
4–8 GeV/c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance
measurement comes from the pT-dependent uncertainty in
the track reconstruction efficiency and fake rate described in
Sec. III B. A 20% uncertainty was assigned to the final result,
stemming from the residual difference between the PYTHIA
generator level and the reconstructed PYTHIA + 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%–30% central events
similar to the study described in Sec. III B. The overall
systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 φ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to !φ12 > 5π/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 the AJ > 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 < pT < 4 GeV/c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum 〈"p‖

T〉 for
tracks with pT > 0.5 GeV/c, projected
onto the leading jet axis (solid circles).
The 〈"p‖

T〉 values are shown as a function
of dijet asymmetry AJ for 0%–30%
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 individual pT

ranges, the statistical uncertainties are
shown as vertical bars.
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Two	  Par2cle	  Correla2on	 Momentum	  Asymmetry	  in	  Di-‐Jet	

p LHC	  
Ø  minimized	  azimuthal	  

informa2on	  in	  current	  studies	  

comprehensive	  measurements	  are	  needed!	  
Jet	  and	  Charged	  Par*cle	  Azimuthal	  Correla*on	  
To	  draw	  out	  jet	  modifica*on	  effect	  directly!!!	
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My	  Contribu2on	
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M1,M2	  2007-‐2008	

MRPC	  test	  &	  FTBL	  Const.	  	

TRD	  Test	  at	  CERN	

D1	  2009	 D2	  2010	

D3	  2011	 D4	  2012	

Jet	  Alg.	  study	  on	  Sim.	 Jet	  Modi.	  study	  on	  Sim.	

TRD	  HV	  &	  Data	  Base	

Jet	  Yield	  on	  Data	 Jet-‐Par2cle	  Study	  	

TRD	  work	  shop	

APW	 QM	

3rd	  NPD&APW	

JHEP	  03	  (2012)	  053	  	

LHC	  run	

pp	  
Pb-‐Pb	

Nagoya	



Analysis	



Large	  Hadron	  Collider	  (LHC)	

p Proper2es	  
Ø Ring	  Property	  

² R=9km,2πR2=27km	  
Ø Top	  Energy	  

² pp	  	  	  	  	  	  	  :	  14TeV	  
² Pb-‐Pb	  :	  5.5TeV/nucleon	

9km	

2009	  :	  pp	  900GeV	  
2010	  :	  pp	  7TeV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Pb-‐Pb	  	  2.76TeV	  
2011	  :	  pp	  2.76TeV,7TeV	  	  Pb-‐Pb	  	  2.76TeV	  
2012	  :	  pp	  7TeV,8TeV	  	  	  	  	  	  	  	  p-‐Pb	  	  	  	  2.76TeV	
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A	  Large	  Ion	  Collider	  Experiment	  (ALICE)	

p ZDC	  	  (η=±8)	  
Ø  Trigger(offline)	  

p VZERO	  
Ø  Trigger	  
Ø  Centrality	  
Ø  Event	  Plane	  

p  ITS+TPC	  (-‐0.9<η<0.9)	  
Ø  Trigger	  (ITS	  inner	  only)	  
Ø  Global	  Tracking	

ZDC-‐A	 ZDC-‐C	V0-‐A	

V0-‐C	

TPC	

ITS	

MB:	  SPD||(V0A||V0C)~93%	  efficiency	  
　　　|VZ|<10cm	  (offline)	  

	  ZDC	  2ming	  	  (offline	  for	  Pb-‐Pb)	
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Track	  Reconstruc2on	

p Global	  Tracking	  (ITS+TPC)	  
Ø with	  SPD	  	  	  	  	  	  	  &	  ITS	  refit	  
Ø without	  SPD	  &	  ITS	  refit	  
	  (due	  to	  SPD	  problem)	  

 (GeV/c)
T

p
0 10 20 30 40 50

T
)/p T(pm

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 |<0.8d = 2.76 TeV, |NNsALICE, Pb-Pb,  
 resolution

T
TPC-ITS p

>1 GeV/c)
T

fit (p

syst. errors

ALI−PERF−16396

@	  pT	  ~	  40GeV/c	  
σpT/pT	  	  	  	  	  	  <	  10%	  
Efficiency	  ~	  80%	  PbPb	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ~	  85%	  pp	
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FastJet: sequential clustering algorithms http://www.lpthe.jussieu.fr/~salam/fastjet/	 

 Parameters 
    - R size  (= √dϕ2 +dη2) 
    - pT cut of single particle 
    - Jet enregy threshold 

Procedure of Jet Finding 
Calculate particle distance  : dij 
Calculate Beam distance      : diB=kti

2p 

Find smallest distance (dij or diB) 
If  dij is smallest combine particles 
If diB is smallest  
   and the cluster momentum 
                           larger than threshold 
                                     call the cluster a Jet. 

arXiv:0802.1189v2 
 [hep-pn] (2008)	 € 

dij =min(kti
2p,ktj

2p )ΔR
2

R2

p =1
p = 0
p = −1

$ 

% 
& 

' 
& 

kT algorithm 
Cambridge/Aachen algorithm 
anti-kT algorithm 

Cone jet KT jet 

Jet	  Reconstruc2on	  (FASTJET)	

:	  	  0.4	  
:	  	  0.15	  GeV/c	  
:	  	  10	  	  	  	  GeV/c	
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Di-‐Jet	  Event	  Selec2on	

p Within	  the	  acceptance,	  	  
	  	  	  	  	  	  	  	  almost	  leading	  jets	  are	  reconstructed	  as	  leading	  jets.	

leading
T
p
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Efficiency [dR<0.4] p Di-‐Jet	  Event	  Selec2on	  

Ø pTlead	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >10GeV/c	  
Ø pTlead	  >	  pTsub-‐lead	  	  	  	  	  	  >10GeV/c	  
Ø cos(φlead-‐φsub-‐lead)<-‐0.5	
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Centrality	

p Glauber	  Model	  
Ø Thickness	  func2on	  
Ø Wood-‐saxon	  
distribu2on	  

p propor2onality	  of	  
par2cle	  produc2on	  
Ø number	  of	  collisions	  

p V0	  amplitude	

VZERO Amplitude (a.u.)
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Ev
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12 第 1章 序論

図 1.11:
√

sNN=200GeV金+金衝突で測定された v2にBWフィットを行なっ
ている図 [11]

v2 に対してフィッティングすることで、フリーズアウト時の温度は 120MeV程度であるという結果が得られて
いる。

1.4.2 高次方位角異方性
本研究で行なった高次方位角異方性の起こる原因、測定目的について説明する。
加速される重イオンに含まれる粒子数が無限で形状がなめらかであるという理想的な重イオンを想像した場合、

図 1.6のように反応関与部の形状は対象な形が生成される。1.4.1で述べたように、異方性は初期形状に大きく影
響しているため、対象な形状からは v3, v5といった奇数の項は生成されない。しかし、実際の重イオンは含まれる
粒子数は有限であるため、重イオン内での核子の位置がゆらぎ、衝突に関与する粒子数が変化し、反応関与部の
形状が変形する。そのため、衝突により生成される QGPが変形し、奇数項 (v3, v5)が生成される。

図 1.12: participantの変形のイメージ図

そのことから、高次の方位角異方性というのは 1回 1回の衝突におけるQGPの形状の変形により生成されると
考えられる。現在、初期形状を決定するモデルはいくつか考えられており、モデルごとに変形具合が異なる値を
計算されている。初期形状を計算するモデルの確立のために、高次の方位角異方性の研究が重要となっている。
また、1.4で説明したように、異方性は初期形状に加え QGPの粘性 (η/s)などの影響ををうけて生成される。

この η/sは高い次数ほど大きくはたらくと考えられている。[9] そのため、η/sの測定のためにも高次の方位角異
方性の研究は重要となっている。
本研究では、高次方位角異方性の中でも v3, v4 について測定を行なった。

Centrality依存性

1.4.1の図 1.7で v2は Centralityに対して依存性を持っていることを説明した。そして、その結果から方位角異
方性は反応初期の形状が非常に重要であることを説明した。
高次の異方性ではどのような Centrality依存性を持っているか、そして、初期形状とどのように関係している

かについて説明する。v3, v4の Centrality依存性を示したのが図 1.13である。v3は Centralityに対して変化がほ

Event	  Plane	

−3.7	  <	  η	  <	  −1.7	  ,	  2.8	  <	  η	  <	  5.1	  	
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Figure 1.5: timeevolution

free path l quite smaller than system size R (l << R).The Particle emission pattern is subject
to influence by energy/pressure anisotropy. This azimuthal anisotropy of particle distribution is
so called flow.

The particle azimuthal distribution with respect to reaction plane ψn in transverse plane can
be given by following.

E
d3N

d3p
=

d2N

sπptdpT dy
(1 +

∞∑

n=1

2vn cos[n(φ− ψn)]) (1.21)

ψn =
1
n

(tan−1

∑
i
wi sinnφi

∑
i
wi cos nφi

) (1.22)

The strength of first-order of series on Func.?? is called directed flow.The effect is so small
in mid-rapidity.The second-order is called elliptic-flow and third-order called triangular flow.The
latter two flow influence to azimuthal particle distribution in mid-rapidity and these flow can be
described as perfect fluid on hydrodynamics model.And measurements of flow is quite important
in order to understand initial condition of collision and state of hot/dense matter.

1.4.3 Jet Production

In this section,let’s consider simple two body scattering with large momentum transfer.As shown
Fig.??,two parton from protons participates in inelastic collision.

The cross section of deep inelastic parton collision in proton-proton collision might be given
with PDF and short distance cross-section of two body scattering by.

d2σjet

dx1dx2
(pp → 3 + 4) =

∑

i,j=q,q̄,g

fi(x1, p2
T)fi(x2, p2

T)σ̂ij→kl (1.23)

Rainer Schicker, Univ. Heidelberg, Plenary meeting hadronphysics2,  sept 28-29,  2007,  Frascati

ALICE diffractive gap 
trigger

J additional forward detectors            
(no particle identification) 

�����K�������
����K�����

Luminosity  L = 5x1030cm-2s-1 :
J definition of gaps K� ��KB

J one interaction/ 80 bunches

high level trigger (software):

diffractive L0 trigger (hardware):
gap K+: �����K�������J 'K a����
gap K�: �����K�������J 'Ka����

����������K���������

EP	  :	  	
p Points!!	  

Ø  Large	  η	  gaps	  to	  reduce	  non-‐flow	  effects	  
Ø  Re-‐centering	  calibra2on	  was	  applied	  
Ø ψ2,ψ3	  is	  reconstructed	  for	  the	  analysis	  
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Jet	  Momentum	  Enhancement	  w.r.t	  EP	

p Reconstructed	  jet’s	  momentum	  is	  strongly	  
biased	  on	  centrality	  and	  event	  plane.	
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Back	  Ground	  Subtrac2on	

p Fill	  par2cle	  with	  their	  pT	  
p Fit	  func2on	  to	  2D	  histogram	  
p Subtract	  BKG	  from	  Jet	  pT	  
p Calc.	  <pTBKG>	  at	  φ	  (dR(jet-‐bin)>0.5)	  
p Correct	  bin	  value	  pTbin	  -‐	  <pTBKG>	  
p Fit	  &	  subtract	  again	

η	

φ	

3.7. JET HADRON CORRELATION 33

Generally, we can calculate amount of momentum which is under area in φ − η space as
following.

pBKG
T = Area × dptotal

T

dφdη
(3.10)

In this analysis,we calculated background momentum density event by event then subtract
background jet by jet. The procedure of background subtraction in jet reconstruction is following.

1. Reconstruct jets with no bias

2. Fill all particles into two dimensional histogram in φ− η plane

3. Fit function [f = A+B cos(2(φ−ψ2))+C cos(3(φ−ψ3))] to 2D histogram to get momentum
density

4. Subtract background momentum from reconstructed jets momentum according to Func.2.10

5. Correct bin value in ∆R(bin − jet) < 0.5 to be average value of φ direction

6. Fit again to get momentum density

7. Subtract momentum from jet momentum

Fig?? is conceptual diagram to follow up the procedure to subtract background from jets.
BKG distribution
pt dis tribulation after subtraction

3.7 Jet Hadron Correlation

3.8 Systematic Uncertainties
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Subtracted	  Jet	  Momentum	

p We	  got	  uniform	  momentum	  distribu2on	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  w.r.t	  EP	  ager	  BKG	  subtrac2on.	  
p S2ll	  have	  slightly	  EP	  dependence	  in	  
	  	  	  	  	  	  	  	  mid-‐central,	  peripheral	  due	  to	  pass	  length	  dependence	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  of	  Jet	  modifica2on.	
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Jet	  Par2cle	  Azimuthal	  Correla2on	

p Momentum	  distribu2on	  of	  associate	  
par2cles	  w.r.t	  Jet	  axis.	  
Ø  Leading	  jet	  proper2es	  (pT	  and	  σpT/dφ)	  
Ø  Sub-‐leading	  jet	  proper2es	  
Ø Underlying	  momentum	  
Ø  fragmenta2on	  func2on	
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p Topics	  
Ø  pp	  

² Trigger	  momentum	  dependence	  
² Center	  mass	  energy	  dependence	  

Ø  Pb-‐Pb	  
² Centrality	  dependence	  
² Jet	  modifica2on	

|ηjet|<0.5,	  |ηpar2cle|<0.9	
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Results	  &	  Discussion	



Momentum	  Distribu2on	  w.r.t	  Jet	  Axis	

p Peak	  width	  and	  height	  depend	  on	  trigger	  jet	  momentum.	  
p Underlying	  momentum	  depend	  on	  center	  mass	  energy.	  	
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7TeV	 2.76TeV	
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Comparison	  with	  MC	  events	
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PYTIA	  Jet	  has	  good	  agreement	  with	  Jet	  on	  Data	



Jet	  Par2cle	  Correla2on	  in	  Pb-‐Pb	

p Jet	  modifica2on	  effects	  
Ø  jet	  momentum	  scale	  
Ø associate	  distribu2on	  modifica2on	  

p BKG	  flow	  effects	  
Ø  jet	  momentum	  scale	  
Ø associate	  distribu2on	  modifica2on	  
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We	  would	  like	  to	  minimize	  	  
BKG	  flow	  effects!!!	



BKG	  Flow	  Effect	  in	  J-‐P	  Correla2on	
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Es*mated	  Modifica*on	  
	  	  	  Jet	  energy	  scale	  
	  	  associate	  distribu2on	
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Momentum	  Modifica2on	
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Yppcorrected	  =	  SF*Ypp	

4.5	  	  <pTasso.	  
3.0	  	  <pTasso.<4.5	  
1.5	  	  <pTasso.<3.0	  
0.15<pTasso.<1.5	  



Momentum	  Modifica2on	
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p Near	  Side	  
Ø  high	  pT	  par2cle	  is	  suppressed,	  low	  pT	  par2cles	  enhanced	  	  
Ø modifica2on	  is	  saturated?	  -‐>	  jet	  E	  scale	  effects	  due	  to	  jet	  modifica2on?	   	  	  

p Away	  Side	  
Ø  high	  pT	  par2cle	  is	  suppressed,	  low	  pT	  par2cles	  enhanced	  	  
Ø  But	  difference	  of	  high	  pT	  and	  low	  pT	  decrease	  with	  centrality?	  -‐>	  jet	  E	  scale?	



Trigger	  Momentum	  Dependence	

p Suppression	  &	  enhancement	  stronger	  with	  
trigger	  jet	  momentum.	
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10<pTlead<20	  GeV/c	

20<pTlead<40	  GeV/c	

4.5	  	  <pTasso.	  
3.0	  	  <pTasso.<4.5	  
1.5	  	  <pTasso.<3.0	  
0.15<pTasso.<1.5	  



Summary	  &	  Outlook	

p First	  Pb-‐Pb	  runs	  are	  analyzed	  for	  jet	  measurement.	  
p BKG	  subtrac2on	  technics	  are	  established.	  
p Jet	  Par2cle	  Correla2on	  is	  also	  established.	  
p We	  see	  flow	  effects	  in	  jet	  modifica2on.	  
p We	  could	  draw	  out	  jet	  modifica2on	  effects	  in	  JPC	  

Ø high	  pT	  par2cles	  suppression	  with	  azimuthal	  info.	  
Ø low	  pT	  par2cles	  enhancement	  with	  azimuthal	  info.	  
Ø re-‐distribute	  of	  low	  pT	  to	  	  large	  angel	  (cf	  CMS)	  
Ø jet	  modifica2on	  looks	  balanced	  	  
Ø jet	  modifica2on	  quan2ty	  larger	  with	  jet	  momentum	  
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outlookのoutlook	

p Aj依存性、ジェット内粒子多重度によるクラス分け	  
p QPYTHIAなどのJet	  modifica2onを考慮したモデル

のチューニング	  
p PYTHIAジェットとQPYTHIAジェットの区別	  

Ø cf)quark	  jet,	  gluon	  jet	  セパレーション	  
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Backup	



Jet	  Asymmetry	  Dependence	
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Mul2plicity	  in	  Leading	  Jet	
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Energy	  Flow	

p う　うーん。。。。	
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10<pTlead<20	  [near]	 20<pTlead<40	  [near]	

20<pTlead<40	  [away]	10<pTlead<20	  [away]	

associate	  par2cle	  momentum	  GeV/c	

centrality	  
0-‐5%	  
5-‐30%	  
30-‐60%	  
60-‐90%	


