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Figure 9: The total JES uncertainty on the 2013
p

s = 2.76 TeV pp data (filled blue), with the total uncertainty
in 2011

p
sNN = 2.76 TeV Pb+Pb data in the 60–80% (filled blue plus red) and 0–10% (filled blue plus red plus

green) show for di↵erent ranges of |⌘ |.

gluon fractions and estimate of its uncertainty for 5.02 TeV, and include the e↵ects of the boosted kin-
ematics. The latter requires that the uncertainties be generalized from the 2.76 TeV case to be a function
of signed (detector) ⌘, the plots shown below correspond to the proton travelling in the positive ⌘ direc-
tion.
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Figure 10: The various contributions fractional JES uncertainty as function of pT for HI jets in
p

s = 5.02 TeV
p+Pb data shown in di↵erent bins of ⌘.

This note has presented the determination of the JES and its uncertainty for jets measured in ATLAS
using a procedure that designed to remove the large UE contribution present in heavy-ion collisions from
the jet energy measurement. The JES for these jets was established by calibrating them with respect to
EM+JES jets. This calibration was performed in 8 TeV pp data where the absolute energy scale and its
uncertainty on the EM+JES jets has previously been evaluated. This JES was then adapted to other data-
taking periods, collision systems and beam energies. Finally, di↵erences in the response to quenched jets
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Heavy ion jet measurements

• Reconstructed jets are a sophisticated tool for exploring parton 
energy loss in the hot nuclear medium created in Pb+Pb collisions 
➡ substantial evolution within ATLAS from first “observations” of 

dijet energy imbalance… 
➡ … to detailed understanding of jet performance and HEP-style 

in situ constraints on energy scale

ATLAS HI Jets 2010

ATLAS HI 
Jets 2015!

ATLAS-CONF-2014-016



• Broad program of jet suppression and modification 
measurements in Pb+Pb collisions by ATLAS 
➡ in this talk, focus on two new measurements of dijet 

energy balance (ATLAS-CONF-2015-052) and inclusive 
jet fragmentation functions (ATLAS-CONF-2015-055) 
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ATLAS Inner Detector!
|η| < 2.5

Forward Calorimeters!
3.2 < |η| < 4.9

EMCal+HCal system!
|η| < 4.9

Pb

+ Minimum Bias Detectors!
+ High Level Trigger system

Pb
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FIG. 1: The di↵erential yield dN/dAJ for proton-proton collisions at (solid) and for lead-lead

collisions (dashed, dotted), both at
p
s = 2.76 GeV for each nucleon-nucleon collision.
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1. Dijet asymmetries

• Back to back jets see different path lengths, destroying the 
expected pT-balance, AJ = (pT,1 - pT,2)/(pT,1 + pT,2) ≫ 0 
➡ insightful probe of differential energy loss within an event 

• Much theoretical interest and activity in this observable 
➡ published results typically not corrected to particle-level, 

making direct comparisons ambiguous
5

4

tector response we present all further results w ithout any
attempt at smearing with the hope that particular detec-
tor responses can be folded into the data as required.
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FIG. 3: The VNI/BMS post diction of the dijet
asymmetry as measured at CMS, jets are reconstructed

with Anti-Kt R = 0.5 and a smearing
E

?

t

⇠ N(E
t

, 1.2
p
E

t

) is applied to simulate the detector
response.

We now consider the modification of the RHIC dijet
asymmetry under variation of all the factors in our de-
sign. In Fig. 4 we show the variation of A

j

with the
medium radius for two di↵erent medium temperatures.
The higher temperature has a q̂ roughly double the lower,
see Fig. 1. The vacuum jet distribution falls o↵ very
quickly, jets with an initial E

t,`

> 65 GeV are exceedingly
rare. Increasing the medium temperature from 250 MeV
to 350 MeV leads to a depletion of jets with a small mod-
ification shifting the dijet distribution towards higher A

j

values. By applying an energy cut to di↵erentiate the
leading and sub-leading jets in a dijet pair we have bi-
ased our results. We select for leading jets which travel
a short distance, and are less modified, along with sub-
leading jets that travel a very long distance and so experi-
ence a larger integrated q̂. This surface bias gives a large
contribution to A

j

relative to the vacuum result. For the
remainder of the analysis we have fixed R

med

= 5 fm .
The joint leading and sub-leading energy loss distribu-

tion for elastic only interactions and the full simulation
is shown in Fig. 5 for jets with T

med

= 350 MeV and
E

t,`

> 20 GeV. In both cases the distribution is peaked
at zero, most jets simply don’t lose any energy which
contributes to the relatively large peaks at A

j

⇠ 0. The
leading partons may lose energy by interacting with the
medium this energy has to be transported outside of the
jet cone for the E

t

of the jet to be modified. The line
�E

t,`

= �E

t,s

is also responsible for the peak at small
A

j

. The leading jet rarely loses much energy in either
scheme while the sub-leading jet is noticeably more mod-
ified in the radiative scheme. In Fig. 6 the distribution
of energy loss against distance traveled is shown. The
leading jet shows a very strong surface bias. The leading
jets travel a few fm and lose no energy. The sub-leading

jet distribution is also peaked at z = 0 but this peak is
smaller and the bulk of the distribution is spread into a
wide range of path lengths and energy losses. An under-
standing of the path length dependence of the leading
and sub-leading jet energy loss is vital for understanding
the tomographic implications of A

j

.
Since q̂ / T

3 the dijet asymmetry depends strongly
upon the medium temperature. In Fig. 7 we show re-
sults of varying the medium temperature. Increasing
medium temperature and therefore q̂ leads to increased
jet-medium interactions and a strong swing in the ob-
served A

j

. The di↵erence between the elastic only results
and the full simulation including radiation is remarkably
small at lower temperatures. The modification of the ra-
diative jets is somewhat greater at T = 0.45 GeV. For
jets at these scales the asymmetry is relatively insensitive
to the details of the jet interactions.
In Fig. 8 we show A

j

as a function of the anti-kt cone
angle R for jets in mediums with T = 250 MeV and
T = 350 MeV. As R is increased the amount of di-
jet modification is significantly reduced. It is important
to note that the only partons which can be included as
part of the measured jets were either directly created by
the jet or are those which have scattered with jet par-
tons. The thermal medium is currently artificially ex-
cluded from the jet finder, this removes uncertainty as-
sociated with background removal. As R increases more
of the relatively soft radiated partons and forward scat-
tered medium partons are included in the jet definition
along with original hard core. This leads to higher re-
constructed jet energies at larger R’s which in turn leads
to the observed reduced A

j

. The e↵ect is proportional to
the distance traveled by the sub-leading jet, jets which
have traveled shorter distances have built up less of a
cloud of soft partons and picked up fewer medium par-
tons by elastic forward scattering. The rate of transverse
di↵usion of these soft partons is proportional to q̂, so the
jet-cone/cloud will be wider at higher medium tempera-
tures.
The leading jet energy cut is varied in Fig. 9, at fixed

T = 350 MeV and R = 0.2, the dijet asymmetry ap-
pears to be relatively insensitive to this parameter. We
explore the variation of the strong coupling constant ↵

s

in Fig. 10. The strength of elastic interactions are scales
with the strong coupling and so q̂ / ↵

2
s

. The radia-
tive process itself also depends upon the strong coupling,
the total cross section for emission in the DLA (double
log approximation) scheme is �

N

/ (g2
s

log

2)N where the
large logs arise from the kinematics of small angle radi-
ation [21]. Given these considerations it is interesting to
note that the relative similarity of the results with and
without radiation.
Let us now examine the modification of the radial jet

profile under the same set of factors. We define the radial
jet profile as the ratio of jet energy reconstructed within
a certain jet-cone radius R relative to the reconstructed
energy at R = 1. This gives a normalized radial profile
which is very sensitive to variations in the medium tem-
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Figure 8: Di-jet asymmetry distributions for different coupling strength in cen-
tral Pb+Pb collisions at

√
s = 2.76 TeV compared to data. The top panel is for

leading jets of ET 1 > 100 GeV, subleading jets of ET 2 > 25 GeV (ATLAS [19],
R = 0.4). The bottom panel is for leading jets of ET 1 > 120 GeV, subleading
jet of ET 2 > 50 GeV (CMS [20], R = 0.5). Black lines are the results for
p+p collisions under pQCD theory. Green lines assume perfect jet/background
separation and are denoted pminT = 0 GeV. Red lines, denoted pminT = 20 GeV,
show the consequences of the ambiguity in the jet/background separation or the
diffusion of the in-medium parton shower energy away from the jet axis due to
collisional processes.

vestigate further in the future. This scenario is also modeled
by pminT = 20 GeV and in this case we have made quantitative
connection to theoretical simulations [27]. We finally point out
that even if all the energy associated with the medium-induced
parton shower is removed, the resulting AJ distribution is flat.
Specifically, a peak in this distribution at finite AJ = 0.3−0.4 is
not compatible with realistic jet quenching calculations3. This
is easy to be understood from the O(α3s) results presented here.
The interested reader can analyze Fig. 7 and see that the flat AJ
distribution is related to the very broad approximately constant
R2−jetAA .
Fig. 9 shows the dependence of the di-jet asymmetry on the

jet radius R and the the momentum cut pminT with a fixed cou-
pling strength gmed = 2. Note that for pminT = 0 GeV there is
a significant dependence on the jet size. For pminT = 20 GeV,
the dependence on the radius is practically eliminated. This
observation is compatible with the comment by the ATLAS
Collaboration [19] that their asymmetry measurement has lit-
tle sensitivity to the choice of R over a wide range of cone sizes
R = 0.2−0.6. It once again stresses the importance of consider-
ing the interaction between the full parton shower and the QGP

3At the recent QM2011 conference, after the results presented in this
manuscript were posted to the archive, the ATLAS Collaboration presented a
re-analysis of their AJ measurement with improved background subtraction.
The peak at AJ ≃ 0.4 is no longer present and the new distribution is consistent
with flat up to the kinematic bound.
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Figure 9: Same as Fig 8, but for a fixed jet-medium interaction strength
gmed = 2. Dot-dashed, solid, and dashed lines correspond to R = 0.6, 0.4, 0.2
respectively. Note that if some of the subtracted “background” is in fact re-
lated to the medium-induced parton shower or energy diffuses away from the
jet axis due to collisional processes, the enhanced asymmetry becomes radius-
independent.

beyond the medium-induced parton splitting processes [27]
and/or the ambiguity in the experimental jet/background sep-
aration [4].

4. Summary and Conclusions

Jet production and modification in high-energy nucleus-
nucleus collisions have been proposed as new ways to unravel
the properties of the hot and dense QCD medium and to elu-
cidate the mechanisms of in-medium parton shower forma-
tion [13, 14, 18]. Measurements of jets in heavy ion collisions
have now become available [15, 16, 17]. With this in mind, in
this Letter we presented first O(α3s ), O(α2sαrads ) results for the
single and double inclusive jets production rates in p+p and
central Pb+Pb collisions at the LHC at center-of-mass energies
per nucleon-nucleon pair √sNN = 7 TeV and 2.76 TeV, respec-
tively. We placed emphasis on the good agreement between the
perturbative QCD theory and the experimental measurements
in p+p collisions. The importance of reliable O(α3s) calculation
cannot be under emphasized, since for tagged jets and di-jets an
inaccurate description of the p+p baseline at LO can produce
even qualitatively incorrect jet quenching predictions [18].
We first addressed the suppression of inclusive jet produc-

tion in central Pb+Pb collisions at the LHC and found that it
is dominated by final-state inelastic parton interactions in the
QGP. Cold nuclear matter effects [31, 32, 33], even though
larger than those for inclusive Z0 production [37], still do not
contribute significantly to the attenuation of jets for R ≤ 0.4.
On the other hand, there is a clear dependence of R1−jetAA on the

8
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tor responses can be folded into the data as required.
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We now consider the modification of the RHIC dijet
asymmetry under variation of all the factors in our de-
sign. In Fig. 4 we show the variation of A

j

with the
medium radius for two di↵erent medium temperatures.
The higher temperature has a q̂ roughly double the lower,
see Fig. 1. The vacuum jet distribution falls o↵ very
quickly, jets with an initial E

t,`

> 65 GeV are exceedingly
rare. Increasing the medium temperature from 250 MeV
to 350 MeV leads to a depletion of jets with a small mod-
ification shifting the dijet distribution towards higher A

j

values. By applying an energy cut to di↵erentiate the
leading and sub-leading jets in a dijet pair we have bi-
ased our results. We select for leading jets which travel
a short distance, and are less modified, along with sub-
leading jets that travel a very long distance and so experi-
ence a larger integrated q̂. This surface bias gives a large
contribution to A

j

relative to the vacuum result. For the
remainder of the analysis we have fixed R

med

= 5 fm .
The joint leading and sub-leading energy loss distribu-

tion for elastic only interactions and the full simulation
is shown in Fig. 5 for jets with T

med

= 350 MeV and
E

t,`

> 20 GeV. In both cases the distribution is peaked
at zero, most jets simply don’t lose any energy which
contributes to the relatively large peaks at A

j

⇠ 0. The
leading partons may lose energy by interacting with the
medium this energy has to be transported outside of the
jet cone for the E

t

of the jet to be modified. The line
�E

t,`

= �E

t,s

is also responsible for the peak at small
A

j

. The leading jet rarely loses much energy in either
scheme while the sub-leading jet is noticeably more mod-
ified in the radiative scheme. In Fig. 6 the distribution
of energy loss against distance traveled is shown. The
leading jet shows a very strong surface bias. The leading
jets travel a few fm and lose no energy. The sub-leading

jet distribution is also peaked at z = 0 but this peak is
smaller and the bulk of the distribution is spread into a
wide range of path lengths and energy losses. An under-
standing of the path length dependence of the leading
and sub-leading jet energy loss is vital for understanding
the tomographic implications of A

j

.
Since q̂ / T

3 the dijet asymmetry depends strongly
upon the medium temperature. In Fig. 7 we show re-
sults of varying the medium temperature. Increasing
medium temperature and therefore q̂ leads to increased
jet-medium interactions and a strong swing in the ob-
served A

j

. The di↵erence between the elastic only results
and the full simulation including radiation is remarkably
small at lower temperatures. The modification of the ra-
diative jets is somewhat greater at T = 0.45 GeV. For
jets at these scales the asymmetry is relatively insensitive
to the details of the jet interactions.
In Fig. 8 we show A

j

as a function of the anti-kt cone
angle R for jets in mediums with T = 250 MeV and
T = 350 MeV. As R is increased the amount of di-
jet modification is significantly reduced. It is important
to note that the only partons which can be included as
part of the measured jets were either directly created by
the jet or are those which have scattered with jet par-
tons. The thermal medium is currently artificially ex-
cluded from the jet finder, this removes uncertainty as-
sociated with background removal. As R increases more
of the relatively soft radiated partons and forward scat-
tered medium partons are included in the jet definition
along with original hard core. This leads to higher re-
constructed jet energies at larger R’s which in turn leads
to the observed reduced A

j

. The e↵ect is proportional to
the distance traveled by the sub-leading jet, jets which
have traveled shorter distances have built up less of a
cloud of soft partons and picked up fewer medium par-
tons by elastic forward scattering. The rate of transverse
di↵usion of these soft partons is proportional to q̂, so the
jet-cone/cloud will be wider at higher medium tempera-
tures.
The leading jet energy cut is varied in Fig. 9, at fixed

T = 350 MeV and R = 0.2, the dijet asymmetry ap-
pears to be relatively insensitive to this parameter. We
explore the variation of the strong coupling constant ↵

s

in Fig. 10. The strength of elastic interactions are scales
with the strong coupling and so q̂ / ↵

2
s

. The radia-
tive process itself also depends upon the strong coupling,
the total cross section for emission in the DLA (double
log approximation) scheme is �

N

/ (g2
s

log

2)N where the
large logs arise from the kinematics of small angle radi-
ation [21]. Given these considerations it is interesting to
note that the relative similarity of the results with and
without radiation.
Let us now examine the modification of the radial jet

profile under the same set of factors. We define the radial
jet profile as the ratio of jet energy reconstructed within
a certain jet-cone radius R relative to the reconstructed
energy at R = 1. This gives a normalized radial profile
which is very sensitive to variations in the medium tem-
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Figure 8: Di-jet asymmetry distributions for different coupling strength in cen-
tral Pb+Pb collisions at

√
s = 2.76 TeV compared to data. The top panel is for

leading jets of ET 1 > 100 GeV, subleading jets of ET 2 > 25 GeV (ATLAS [19],
R = 0.4). The bottom panel is for leading jets of ET 1 > 120 GeV, subleading
jet of ET 2 > 50 GeV (CMS [20], R = 0.5). Black lines are the results for
p+p collisions under pQCD theory. Green lines assume perfect jet/background
separation and are denoted pminT = 0 GeV. Red lines, denoted pminT = 20 GeV,
show the consequences of the ambiguity in the jet/background separation or the
diffusion of the in-medium parton shower energy away from the jet axis due to
collisional processes.

vestigate further in the future. This scenario is also modeled
by pminT = 20 GeV and in this case we have made quantitative
connection to theoretical simulations [27]. We finally point out
that even if all the energy associated with the medium-induced
parton shower is removed, the resulting AJ distribution is flat.
Specifically, a peak in this distribution at finite AJ = 0.3−0.4 is
not compatible with realistic jet quenching calculations3. This
is easy to be understood from the O(α3s) results presented here.
The interested reader can analyze Fig. 7 and see that the flat AJ
distribution is related to the very broad approximately constant
R2−jetAA .
Fig. 9 shows the dependence of the di-jet asymmetry on the

jet radius R and the the momentum cut pminT with a fixed cou-
pling strength gmed = 2. Note that for pminT = 0 GeV there is
a significant dependence on the jet size. For pminT = 20 GeV,
the dependence on the radius is practically eliminated. This
observation is compatible with the comment by the ATLAS
Collaboration [19] that their asymmetry measurement has lit-
tle sensitivity to the choice of R over a wide range of cone sizes
R = 0.2−0.6. It once again stresses the importance of consider-
ing the interaction between the full parton shower and the QGP

3At the recent QM2011 conference, after the results presented in this
manuscript were posted to the archive, the ATLAS Collaboration presented a
re-analysis of their AJ measurement with improved background subtraction.
The peak at AJ ≃ 0.4 is no longer present and the new distribution is consistent
with flat up to the kinematic bound.
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Figure 9: Same as Fig 8, but for a fixed jet-medium interaction strength
gmed = 2. Dot-dashed, solid, and dashed lines correspond to R = 0.6, 0.4, 0.2
respectively. Note that if some of the subtracted “background” is in fact re-
lated to the medium-induced parton shower or energy diffuses away from the
jet axis due to collisional processes, the enhanced asymmetry becomes radius-
independent.

beyond the medium-induced parton splitting processes [27]
and/or the ambiguity in the experimental jet/background sep-
aration [4].

4. Summary and Conclusions

Jet production and modification in high-energy nucleus-
nucleus collisions have been proposed as new ways to unravel
the properties of the hot and dense QCD medium and to elu-
cidate the mechanisms of in-medium parton shower forma-
tion [13, 14, 18]. Measurements of jets in heavy ion collisions
have now become available [15, 16, 17]. With this in mind, in
this Letter we presented first O(α3s ), O(α2sαrads ) results for the
single and double inclusive jets production rates in p+p and
central Pb+Pb collisions at the LHC at center-of-mass energies
per nucleon-nucleon pair √sNN = 7 TeV and 2.76 TeV, respec-
tively. We placed emphasis on the good agreement between the
perturbative QCD theory and the experimental measurements
in p+p collisions. The importance of reliable O(α3s) calculation
cannot be under emphasized, since for tagged jets and di-jets an
inaccurate description of the p+p baseline at LO can produce
even qualitatively incorrect jet quenching predictions [18].
We first addressed the suppression of inclusive jet produc-

tion in central Pb+Pb collisions at the LHC and found that it
is dominated by final-state inelastic parton interactions in the
QGP. Cold nuclear matter effects [31, 32, 33], even though
larger than those for inclusive Z0 production [37], still do not
contribute significantly to the attenuation of jets for R ≤ 0.4.
On the other hand, there is a clear dependence of R1−jetAA on the
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“a smearing Et* ~ N(Et, 1.2√Et) 
is applied to simulate the 

detector response”



• Jets within |η| < 2.1!
• Leading pT,1 > 100 GeV!
• Subleading pT,2 > 25 GeV !
• Azimuthal balance, |Δɸ| > 7π/8

➡ xJ = p T,2 / p T,1
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1. Data selection & corrections
• Unbiased two-jet (pT,1, pT,2) spectrum in 2.76 TeV pp 

and Pb+Pb collisions efficiently filled by MB + jet triggers  
➡ unfold in both simultaneously to account for 

important event-by-event correlations in the response
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Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.

15th September 2015 – 07:17 11

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T
p100 < 0 - 10 %

Pb+Pb
pp

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
10 - 20 % InternalATLAS

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb
 = 2.76 TeVNNs = 0.4 jets, R tkanti-

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
20 - 30 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
30 - 40 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
40 - 60 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
60 - 80 %

Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.

15th September 2015 – 07:17 11

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T
p100 < 0 - 10 %

Pb+Pb
pp

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
10 - 20 % InternalATLAS

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb
 = 2.76 TeVNNs = 0.4 jets, R tkanti-

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
20 - 30 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
30 - 40 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
40 - 60 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
60 - 80 %

Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.

15th September 2015 – 07:17 11

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T
p100 < 0 - 10 %

Pb+Pb
pp

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
10 - 20 % InternalATLAS

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb
 = 2.76 TeVNNs = 0.4 jets, R tkanti-

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
20 - 30 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
30 - 40 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
40 - 60 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
60 - 80 %

Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.

15th September 2015 – 07:17 11

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T
p100 < 0 - 10 %

Pb+Pb
pp

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
10 - 20 % InternalATLAS

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb
 = 2.76 TeVNNs = 0.4 jets, R tkanti-

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
20 - 30 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
30 - 40 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
40 - 60 %

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
60 - 80 %

Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.

15th September 2015 – 07:17 11

Pb+Pb
pp

9

ATLAS-CONF-2015-052

1. xJ for pT,1 > 100 GeV, vs. centrality
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Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.
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Figure 2: The 1
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distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.
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Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
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Figure 3: The 1
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distributions for di↵erent selections on pT1 , shown for the 0–10% centrality bin (red) and for

pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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1. xJ at high leading-pT

• Substantially weaker centrality-dependence for 
dijets with leading pT,1 > 200 GeV
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Figure 5: The 1
N

dN

dxJ
distributions for di↵erent selections on pT1 , shown for the 20–30% centrality bin (red) and

for pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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Figure 6: The 1
N

dN

dxJ
distributions for di↵erent selections on pT1 , shown for the 60–80% centrality bin (red) and

for pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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2. Fragmentation functions

• In addition to energy loss, jet internal structure can be modified 
➡ popularly, probe longitudinal momentum structure D(z) 

• Much theoretical interest in early results 
➡ higher statistics & precision now allow for a more differential 

look…
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RD(z) =  
D(z)PbPb,central / D(z)PbPb,peripheral 

!
or RD(pThadron)



Jet RAA Phys.Rev.Lett. 114 (2015)
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2. η-dependence 
of quenching

• Varying η range tests the interplay of several effects: 
➡ at fixed pT, increased quark fraction at high η 
➡ at fixed pT, (modestly) steeper spectrum at high η 
➡ at fixed pT, smaller path length at high η

PRL 114 (2015) 072302
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2. Fragmentation function vs. η
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
indicate systematic uncertainties.
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
indicate systematic uncertainties.
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• RD(z) = D(z)Pb+Pb / D(z)pp 

➡ plotted here vs. z 

• Moderate η dependence at  
all centralities 

➡ suggests, e.g. higher quark 
fraction at forward 
rapidities? (hep-ph/
1504.05169)

 ATLAS-CONF- 
2015-055
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Figure 7: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent centrality
bins (rows) and four di↵erent selections on jet pT of jets with |⌘| < 2.1 (columns). The error bars on the
data points indicate statistical uncertainties while the shaded bands indicate systematic uncertainties.
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central

semi-central

increasing pT

➡ Low and high-z excesses become 
systematically smaller with higher jet pT…
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2. Fragmentation function vs. pT

 ATLAS-CONF- 
2015-055



2. Difference in fragment yield

➡ Modification may arise from << 1 particle/jet on average!
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• ATLAS collected > 650 μb-1 of 5.02 TeV Pb+Pb data in November-
December 2015 
➡ large statistics enables more differential looks at old observables 
➡ and entirely new measurements as well!
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Summary
• Broad program of jet-based imaging of the hot nuclear medium 

in ATLAS 
• New results on jet-jet pT balance, xJ vs. pT,1 and centrality 

➡ fully corrected to particle-level allow theory comparisons 
➡ non-trivial pT,1- and centrality-dependent evolution of xJ 

distribution 
• New results on inclusive fragmentation functions 

➡ full η-, pT-, centrality-dependence can shed light on flavor 
dependence of quenching 

• ATLAS is expecting to perform exciting high-statistics jet 
measurements in Run 2!
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 ⇒ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults ⟸

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
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Systematic uncertainties
• Dominant at high-pT and in peripheral collisions: 

➡ Response matrices regenerated with variations for each jet 
energy scale and jet energy resolution sub-uncertainty 

• Dominant at lower-pT and in central collisions: 

➡ Unfolding procedure uncertainty: # of Bayesian 
iterations, refolding test, large reweighting of xJ prior 

• Subdominant effects evaluated: 

➡ Cross-check with factorizing two-jet response into the 
product of the single jet response 

➡ Variations in combinatoric jet-jet subtraction procedure
21



Combinatoric removal
• Residual pT,1-pT,2 contribution from combinatoric jet-jet 

correlations pushed up by v3- & v4-modulated UE flow 

➡ of the form Nbkg(1 + 2 c3 cos(3Δɸ) + 2 c4 cos(4 Δɸ) )

Δɸ

Δη

1. fix c3, c4 of 
background 
from here

2. fix overall 
background rate 
Nbkg from here

3. signal region: 
subtract 

background 
contribution

7π/8 π1.41.0

1.5
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≈10% effect at 
smallest xJ in 

central collisions

typically ≈1% 
effect elsewhere



pT,1

pT,2

xJ

𝛂 = ratio of 
adjacent pT bin 

edges 
pT,0 𝛂n+1

pT,0 𝛂n
pT →  

(pT,0, pT,0 𝛂, pT,0𝛂2, …)

pT,0 𝛂m+1pT,0 𝛂m

𝛂m-n 𝛂m-n+1𝛂m-n-1

xJ →  
(…, 𝛂-2, 𝛂-1, 1)

split contribution from 
each pT,1-pT,2 bin in 

half among the 
appropriate xJ bins
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