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What’s	
  in	
  this	
  talk?	
  

•  Mo4va4on	
  for	
  studying	
  correla4ons	
  to	
  study	
  
energy	
  loss	
  in	
  the	
  QGP	
  

•  Correla4ons	
  of	
  different	
  types,	
  h-­‐h,	
  jet-­‐h,	
  γ-­‐h	
  are	
  
useful	
  in	
  different	
  ways	
  

•  Surface	
  bias	
  needs	
  to	
  be	
  understood	
  to	
  
disentangle	
  effects	
  between	
  different	
  
observables	
  

•  Mo4vate	
  theorist	
  and	
  experimentalists	
  to	
  work	
  
together	
  to	
  maximize	
  the	
  informa4on	
  from	
  these	
  
correla4ons	
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Why	
  Correla4ons?	
  

•  Quan4fy	
  the	
  transport	
  coefficients	
  of	
  the	
  QGP	
  
– Measure	
  kT	
  	
  

•  Track	
  lost	
  energy	
  as	
  a	
  func4on	
  of	
  pT	
  and	
  angle	
  	
  
•  Energy	
  loss	
  depends	
  on	
  the	
  pathlength	
  
– v2	
  for	
  high	
  pT	
  par4cles	
  and	
  Jets	
  	
  

•  Measurement	
  for	
  all	
  experiments	
  
– Compare	
  RHIC	
  and	
  LHC	
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Studying	
  Energy	
  Loss	
  with	
  Correla4ons	
  
4	
  

Hadron-­‐hadron	
  
	
  
-­‐Surface	
  bias	
  by	
  the	
  trigger	
  
	
  
	
  
-­‐Broad	
  parton	
  energy	
  
distribu4on	
  

Jet-­‐hadron	
  
	
  
-­‐Less	
  surface	
  bias	
  
-­‐Several	
  parameters	
  to	
  vary	
  
pathlength	
  
-­‐Be\er	
  constrains	
  ini4al	
  	
  
parton	
  energy	
  
	
  

Direct	
  photon-­‐hadron	
  
	
  
-­‐No	
  surface	
  bias	
  by	
  trigger	
  	
  
	
  
	
  
-­‐Photon	
  pT	
  approximates	
  
ini4al	
  parton	
  pT	
  

Complementary	
  observables	
  

Jet	
  
γ	
  h	
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Is the away-side broadened?

13
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γ-­‐hadron	
  at	
  RHIC	
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•  Measure	
  per	
  trigger	
  yield	
  on	
  
awayside	
  

•  IAA	
  quan4fies	
  the	
  FF	
  modifica4on	
  	
  
•  Suppression	
  at	
  low	
  ξ	
  and	
  

enhancement	
  at	
  high	
  ξ 
•  Enhancement	
  more	
  pronounced	
  

for	
  wider	
  angles	
  
•  Qualita4ve	
  agreement	
  with	
  

models	
  	
  

Phenix	
  PRL	
  111,	
  032301	
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p
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Jet-­‐hadrons	
  at	
  RHIC	
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•  Surface	
  bias	
  jet	
  with	
  high	
  
pT	
  cons4tuent	
  &	
  study	
  
away-­‐side	
  jet	
  

•  Enhanced	
  low	
  momentum	
  
par4cle	
  produc4on	
  

•  Width	
  appears	
  broader	
  
but	
  large	
  uncertain4es	
  

•  High	
  pT	
  suppression	
  
balanced	
  by	
  low	
  pT	
  
enhancement	
  

necessary to force ΣDAA to zero defines another systematic
uncertainty estimate.
The nearside jet is expected to have a surface bias

[43–45], which makes it more likely that the recoil parton
will travel a significant distance through the medium [46],
therefore enhancing awayside partonic energy loss effects.
The awayside widths, shown in Fig. 3(a), at high passoc

T are
the same in pþ p and Auþ Au on average, indicating that
jets containing high-pT fragments are not largely deflected
by the presence of the medium. The widths at low passoc

T are
indicative of broadening. However, as the low-passoc

T widths
are anticorrelated with the magnitude of vassoc3 vjet3 , mea-
surements of vjetn are necessary before quantitative con-
clusions are drawn. The awayside DAA, shown in Fig. 3(b),
exhibits suppression of high-passoc

T hadrons and enhance-
ment of low-passoc

T jet fragments in Auþ Au, indicating
that jets in Auþ Au are significantly softer than those in
pþ p collisions. The amount of high-passoc

T suppression,
quantified by summing DAA only over bins with
passoc
T > 2 GeV=c, ranges from −2.5 to −5 GeV=c as jet

pT increases. Summing DAA over all passoc
T bins to obtain

the ΣDAA values, shown in Table I, indicates that the

high-passoc
T suppression is balanced in large part by the

low-passoc
T enhancement.

Theoretical calculations from YaJEM-DE [47], a Monte
Carlo model of in-medium shower evolution, are also
shown for σAS and DAA in Fig. 3 [42]. This model
incorporates radiative and elastic energy loss and describes
many high-pT observables from RHIC. After the intrinsic
transverse momentum imbalance kT of the initial hard
scattering was tuned to provide the best fit to the
pþ p yields (YAS;pþp), this model largely reproduced
several of the quantitative and qualitative features observed
in the data. At high passoc

T the Auþ Au and pþ p widths
match and the jet yields are suppressed, while the missing
energy appears as an enhancement and broadening of the
soft jet fragments.
To conclude, jet-hadron correlations are used to inves-

tigate the properties of the quark-gluon plasma created in
heavy-ion collisions by studying jet quenching effects. The
trigger (nearside) jet sample is highly biased toward jets
that have not interacted with the medium, which may
enhance the effects of jet quenching on the recoil (away-
side) jet. While the widths of the awayside jet peaks are
suggestive of medium-induced broadening, they are highly
dependent on the shape of the subtracted background. It is
observed that the suppression of the high-pT associated
particle yield is in large part balanced by low-passoc

T
enhancement. The experimentally observed redistribution
of energy from high-pT fragments to low-pT fragments that
remain correlated with the jet axis is consistent with
radiative and collisional energy loss models for parton
interactions within the quark-gluon plasma.

We thank the RHIC Operations Group and RCF at BNL,
the NERSC Center at LBNL; the KISTI Center in Korea;
and the Open Science Grid consortium for providing
resources and support. This work was supported in part
by the Offices of NP and HEP within the U.S. DOE Office
of Science; the U.S. NSF, CNRS/IN2P3; FAPESP CNPq of
Brazil; Ministry of Education and Science of the Russian
Federation; NNSFC, CAS, MoST, and MoE of China;
the Korean Research Foundation; GA and MSMT of the
Czech Republic; FIAS of Germany; DAE, DST, and CSIR
of India; National Science Centre of Poland; National
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FIG. 3 (color online). The (a) Gaussian widths of the awayside
jet peaks (σAS) in Auþ Au (solid symbols) and pþ p (open
symbols) and (b) awayside momentum difference DAA are shown
for two ranges of pjet;rec

T : 10–15 GeV=c (red circles) and
20–40 GeV=c (black squares). Results for 15–20 GeV=c (not
shown) are similar. The boundaries of the passoc

T bins are shown
along the upper axes. YaJEM-DE model calculations (solid and
dashed lines) are from Ref. [42].

TABLE I. Awayside ΣDAA values with statistical and system-
atic uncertainties due to detector effects, the shape of the
combinatoric background, and the trigger jet energy scale.

pjet;rec
T

(GeV=c)
ΣDAA
(GeV=c)

Detector
uncertainty
(GeV=c)

v2 and v3
uncertainty
(GeV=c)

Jet energy scale
uncertainty
(GeV=c)

10–15 –0.6" 0.2 þ0.2
−0.2

þ3.7
−0.5

þ2.3
−0.0

15–20 –1.8" 0.3 þ0.3
−0.3

þ1.0
−0.0

þ1.9
−0.0

20–40 –1.0" 0.8 þ0.1
−0.8

þ1.2
−0.1

þ0.3
−0.0
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necessary to force ΣDAA to zero defines another systematic
uncertainty estimate.
The nearside jet is expected to have a surface bias

[43–45], which makes it more likely that the recoil parton
will travel a significant distance through the medium [46],
therefore enhancing awayside partonic energy loss effects.
The awayside widths, shown in Fig. 3(a), at high passoc

T are
the same in pþ p and Auþ Au on average, indicating that
jets containing high-pT fragments are not largely deflected
by the presence of the medium. The widths at low passoc

T are
indicative of broadening. However, as the low-passoc

T widths
are anticorrelated with the magnitude of vassoc3 vjet3 , mea-
surements of vjetn are necessary before quantitative con-
clusions are drawn. The awayside DAA, shown in Fig. 3(b),
exhibits suppression of high-passoc

T hadrons and enhance-
ment of low-passoc

T jet fragments in Auþ Au, indicating
that jets in Auþ Au are significantly softer than those in
pþ p collisions. The amount of high-passoc

T suppression,
quantified by summing DAA only over bins with
passoc
T > 2 GeV=c, ranges from −2.5 to −5 GeV=c as jet

pT increases. Summing DAA over all passoc
T bins to obtain

the ΣDAA values, shown in Table I, indicates that the

high-passoc
T suppression is balanced in large part by the

low-passoc
T enhancement.

Theoretical calculations from YaJEM-DE [47], a Monte
Carlo model of in-medium shower evolution, are also
shown for σAS and DAA in Fig. 3 [42]. This model
incorporates radiative and elastic energy loss and describes
many high-pT observables from RHIC. After the intrinsic
transverse momentum imbalance kT of the initial hard
scattering was tuned to provide the best fit to the
pþ p yields (YAS;pþp), this model largely reproduced
several of the quantitative and qualitative features observed
in the data. At high passoc

T the Auþ Au and pþ p widths
match and the jet yields are suppressed, while the missing
energy appears as an enhancement and broadening of the
soft jet fragments.
To conclude, jet-hadron correlations are used to inves-

tigate the properties of the quark-gluon plasma created in
heavy-ion collisions by studying jet quenching effects. The
trigger (nearside) jet sample is highly biased toward jets
that have not interacted with the medium, which may
enhance the effects of jet quenching on the recoil (away-
side) jet. While the widths of the awayside jet peaks are
suggestive of medium-induced broadening, they are highly
dependent on the shape of the subtracted background. It is
observed that the suppression of the high-pT associated
particle yield is in large part balanced by low-passoc

T
enhancement. The experimentally observed redistribution
of energy from high-pT fragments to low-pT fragments that
remain correlated with the jet axis is consistent with
radiative and collisional energy loss models for parton
interactions within the quark-gluon plasma.
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FIG. 3 (color online). The (a) Gaussian widths of the awayside
jet peaks (σAS) in Auþ Au (solid symbols) and pþ p (open
symbols) and (b) awayside momentum difference DAA are shown
for two ranges of pjet;rec

T : 10–15 GeV=c (red circles) and
20–40 GeV=c (black squares). Results for 15–20 GeV=c (not
shown) are similar. The boundaries of the passoc

T bins are shown
along the upper axes. YaJEM-DE model calculations (solid and
dashed lines) are from Ref. [42].

TABLE I. Awayside ΣDAA values with statistical and system-
atic uncertainties due to detector effects, the shape of the
combinatoric background, and the trigger jet energy scale.

pjet;rec
T

(GeV=c)
ΣDAA
(GeV=c)

Detector
uncertainty
(GeV=c)

v2 and v3
uncertainty
(GeV=c)

Jet energy scale
uncertainty
(GeV=c)

10–15 –0.6" 0.2 þ0.2
−0.2

þ3.7
−0.5

þ2.3
−0.0

15–20 –1.8" 0.3 þ0.3
−0.3

þ1.0
−0.0

þ1.9
−0.0

20–40 –1.0" 0.8 þ0.1
−0.8

þ1.2
−0.1

þ0.3
−0.0
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Jet-­‐hadron	
  Correla4ons	
  



Jet-­‐hadron	
  at	
  LHC	
  
•  Jet-­‐track	
  correla4ons	
  with	
  inclusive	
  jet	
  trigger	
  
•  Subtract	
  large	
  Δη	
  to	
  remove	
  flow	
  
•  Study	
  nearside	
  for	
  leading	
  and	
  subleading	
  jets	
  	
  
•  Stronger	
  modifica4on	
  for	
  subleading	
  jets	
  
•  Wider	
  widths	
  observed	
  in	
  both	
  Δϕ	
  and	
  Δη	
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Figure 7: Total excess correlated yield observed in the PbPb data with respect to the reference
measured in pp collisions, shown as a function of track pT in four different centrality intervals
(0–10%, 10–30%, 30–50%, 50–100%) for both leading jets with pT,jet1 >120 GeV and subleading
jets with pT,jet2 > 50 GeV. The total systematic uncertainties are shown as shaded boxes, and
statistical uncertainties are shown as vertical bars (often smaller than the symbol size).

Widths for leading and subleading jet correlations in Dh and Df are presented as a function
of ptrk

T in Figs. 8–11. Distributions of low-pT tracks correlated with either of the two jets are
found to be significantly broader in central PbPb events compared to those in pp data in both
Dh and Df dimensions. This broadening is greatest for the low-pT tracks and in the most cen-
tral events, and diminishes quickly with increasing track momenta. Above 4 GeV, the widths
measured in PbPb and pp events are the same within the systematic uncertainties. We note
that the width of the PbPb minus pp excess yield is similar for leading and subleading jets. In
pp data, however, the peak associated with the subleading jet is softer and broader than the
peak associated with the leading jet. There is therefore a larger difference in peak width when
comparing PbPb leading jet peaks to the narrow pp leading jet peaks (Figs. 8–9), and a smaller
difference when comparing PbPb subleading jet peaks to the broader pp subleading jet peaks
(Figs. 10–11).

8 Summary

In this analysis, jet-track correlations have been studied as a function of Dh and Df with re-
spect to the jet axis in PbPb and pp collisions at psNN = 2.76 TeV. Two-dimensional angular
correlations have been considered for charged particles with ptrk

T > 1 GeV as a function of ptrk
T

and collision centrality for two jet selections. A sample of inclusive jets above the jet momen-
tum threshold of 120 GeV was studied, as well as a sample of dijet events selected to include a
leading jet with pT > 120 GeV and a subleading jet with pT > 50 GeV. In all cases, an excess
of soft particle yields was observed in central PbPb collisions with respect to pp reference data,
similar for inclusive and leading jet samples and larger for the (more-quenched) subleading
jet sample. The low-ptrk

T (1–3 GeV) excess-yield distributions were studied individually and,
in both Dh and Df, they exhibit similar Gaussian-like distributions out to large relative angles
(Dh ⇡ 1 and Df ⇡ 1) from the jet axis. The excess was found to be largest at the lowest ptrk

T
(1–2 GeV) in the most central (0–10%) PbPb data, and to decrease gradually with centrality. For
peripheral (50-100%) PbPb collisions, correlated low-ptrk

T particle yields are only slightly larger
than those for the pp reference. The excess also gradually decreases with increasing ptrk

T until
yields of particles with ptrk

T > 4 GeV are similar to pp reference data, consistent with the results
of a previous CMS jet quenching study. This new correlation analysis provides a comprehen-
sive evaluation of medium effects on jet properties, extending information about jet shapes to

arXiv:1601.00079	
  



Di-­‐hadrons	
  
•  First	
  evidence	
  of	
  jet	
  quenching	
  in	
  QGP	
  

–  Suppression	
  on	
  the	
  awayside	
  
–  Observed	
  at	
  RHIC	
  &	
  LHC	
  

•  Nearside	
  
–  RHIC:	
  IAA=1	
  à	
  no	
  modifica4on	
  
–  LHC:	
  Enhancement	
  on	
  the	
  nearside	
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FIG. 18: (Color online) Near-side yield in |∆φ| < π/3 versus
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circles are for 0-20% Au+Au and p + p, respectively.
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The patterns of the near-side jet shape and yields in
Figs.16-20 suggest an influence from both medium mod-
ification and jet fragmentation at intermediate pT . The
influence of the medium has also been linked to a long
range correlation component in ∆η [16, 17, 20]. This so
called η “ridge” has been shown to be flat up to |∆η| ∼ 2.
The PHENIX ∆η acceptance is limited to |∆η| < 0.7.
However, if contributions from the ridge are significant,
they should show up in ∆η distributions.

Figure 21a shows a two-dimensional ∆η-∆φ correlation
function for 2−3⊗2−3 GeV/c in 0-20% central Au+Au
collisions. The ∆η range is displayed for |∆η| < 0.5
to suppress the relatively large statistical fluctuations at
the edge of ∆η acceptance. The correlation function in
Fig. 21a peaks along ∆φ ∼ 0 and π, largely because of
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the elliptic flow modulation of the combinatoric pairs.
To subtract the flow term, we assume that ξ and v2 are
identical to those used in our 1-D ∆φ correlation analysis,
and are constant for |η| < 0.35. The distribution after v2

subtraction is shown in Fig. 21b. One can clearly see one
near-side and two shoulder peaks (in ∆φ), which extend
over the full range of ∆η. However both p+p and periph-
eral Au+Au collisions for the same pT selections (Fig.22)
show one near-side peak centered around ∆η ∼ 0 and
one away-side peak elongated over ∆η. These features
are expected for fragmentation of back-to-back dijets in
vacuum.

 (rad)
φ∆

-101234η∆

-0.4
-0.2

0
0.2

0.4

1

1.05

1.1

 (rad)
φ∆

-101234η∆

-0.4
-0.2

0
0.2

0.4

0

0.02

0.04

0.06

0.08

 2-3 GeV/c⊗2-3 
0-20% Au+Au

C
(∆
η,
∆φ

)

JP
R
(∆
η,
∆φ

)
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in 0-20 % Au+Au collisions.

To facilitate further detailed investigation, we focus on
a near-side region defined by |∆φ| < 0.7 and |∆η| < 0.7
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The patterns of the near-side jet shape and yields in
Figs.16-20 suggest an influence from both medium mod-
ification and jet fragmentation at intermediate pT . The
influence of the medium has also been linked to a long
range correlation component in ∆η [16, 17, 20]. This so
called η “ridge” has been shown to be flat up to |∆η| ∼ 2.
The PHENIX ∆η acceptance is limited to |∆η| < 0.7.
However, if contributions from the ridge are significant,
they should show up in ∆η distributions.

Figure 21a shows a two-dimensional ∆η-∆φ correlation
function for 2−3⊗2−3 GeV/c in 0-20% central Au+Au
collisions. The ∆η range is displayed for |∆η| < 0.5
to suppress the relatively large statistical fluctuations at
the edge of ∆η acceptance. The correlation function in
Fig. 21a peaks along ∆φ ∼ 0 and π, largely because of
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the elliptic flow modulation of the combinatoric pairs.
To subtract the flow term, we assume that ξ and v2 are
identical to those used in our 1-D ∆φ correlation analysis,
and are constant for |η| < 0.35. The distribution after v2

subtraction is shown in Fig. 21b. One can clearly see one
near-side and two shoulder peaks (in ∆φ), which extend
over the full range of ∆η. However both p+p and periph-
eral Au+Au collisions for the same pT selections (Fig.22)
show one near-side peak centered around ∆η ∼ 0 and
one away-side peak elongated over ∆η. These features
are expected for fragmentation of back-to-back dijets in
vacuum.
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To facilitate further detailed investigation, we focus on
a near-side region defined by |∆φ| < 0.7 and |∆η| < 0.7
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The patterns of the near-side jet shape and yields in
Figs.16-20 suggest an influence from both medium mod-
ification and jet fragmentation at intermediate pT . The
influence of the medium has also been linked to a long
range correlation component in ∆η [16, 17, 20]. This so
called η “ridge” has been shown to be flat up to |∆η| ∼ 2.
The PHENIX ∆η acceptance is limited to |∆η| < 0.7.
However, if contributions from the ridge are significant,
they should show up in ∆η distributions.

Figure 21a shows a two-dimensional ∆η-∆φ correlation
function for 2−3⊗2−3 GeV/c in 0-20% central Au+Au
collisions. The ∆η range is displayed for |∆η| < 0.5
to suppress the relatively large statistical fluctuations at
the edge of ∆η acceptance. The correlation function in
Fig. 21a peaks along ∆φ ∼ 0 and π, largely because of
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the elliptic flow modulation of the combinatoric pairs.
To subtract the flow term, we assume that ξ and v2 are
identical to those used in our 1-D ∆φ correlation analysis,
and are constant for |η| < 0.35. The distribution after v2

subtraction is shown in Fig. 21b. One can clearly see one
near-side and two shoulder peaks (in ∆φ), which extend
over the full range of ∆η. However both p+p and periph-
eral Au+Au collisions for the same pT selections (Fig.22)
show one near-side peak centered around ∆η ∼ 0 and
one away-side peak elongated over ∆η. These features
are expected for fragmentation of back-to-back dijets in
vacuum.
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To facilitate further detailed investigation, we focus on
a near-side region defined by |∆φ| < 0.7 and |∆η| < 0.7
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The patterns of the near-side jet shape and yields in
Figs.16-20 suggest an influence from both medium mod-
ification and jet fragmentation at intermediate pT . The
influence of the medium has also been linked to a long
range correlation component in ∆η [16, 17, 20]. This so
called η “ridge” has been shown to be flat up to |∆η| ∼ 2.
The PHENIX ∆η acceptance is limited to |∆η| < 0.7.
However, if contributions from the ridge are significant,
they should show up in ∆η distributions.

Figure 21a shows a two-dimensional ∆η-∆φ correlation
function for 2−3⊗2−3 GeV/c in 0-20% central Au+Au
collisions. The ∆η range is displayed for |∆η| < 0.5
to suppress the relatively large statistical fluctuations at
the edge of ∆η acceptance. The correlation function in
Fig. 21a peaks along ∆φ ∼ 0 and π, largely because of
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the elliptic flow modulation of the combinatoric pairs.
To subtract the flow term, we assume that ξ and v2 are
identical to those used in our 1-D ∆φ correlation analysis,
and are constant for |η| < 0.35. The distribution after v2

subtraction is shown in Fig. 21b. One can clearly see one
near-side and two shoulder peaks (in ∆φ), which extend
over the full range of ∆η. However both p+p and periph-
eral Au+Au collisions for the same pT selections (Fig.22)
show one near-side peak centered around ∆η ∼ 0 and
one away-side peak elongated over ∆η. These features
are expected for fragmentation of back-to-back dijets in
vacuum.

 (rad)
φ∆

-101234η∆

-0.4
-0.2

0
0.2

0.4

1

1.05

1.1

 (rad)
φ∆

-101234η∆

-0.4
-0.2

0
0.2

0.4

0

0.02

0.04

0.06

0.08

 2-3 GeV/c⊗2-3 
0-20% Au+Au

C
(∆
η,
∆φ

)

JP
R
(∆
η,
∆φ

)
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Eq. 8) and background subtracted hadron-pair ratio (right
panel, Eq. 13) in ∆η and ∆φ space for 2 − 3 ⊗ 2 − 3 GeV/c
in 0-20 % Au+Au collisions.

To facilitate further detailed investigation, we focus on
a near-side region defined by |∆φ| < 0.7 and |∆η| < 0.7
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FIG. 2: (color online). (upper panel) LO and NLO pQCD
results for the suppression factor for �-triggered hadrons in
central Au + Au collisions at RHIC energy with di↵erent val-
ues of energy loss parameter ✏0. (lower panel) NLO results
for �-triggered hadrons are compared to dihadron suppression
together with STAR data [21].

ties when compared to experimental data.
In the LO pQCD calculation, transverse momentum of

the associated jet is balanced exactly by the direct photon
in tree 2! 2 processes. This limits zT = ph

T /p�
T  1. In

NLO, however, the initial jet energy can exceed p�
T due to

radiative correction or broadening in the initial state and
therefore leads to hadrons with ph

T > p�
T or zT > 1. In

this region, the �-triggered FF is mainly determined by
the tail of the radiative broadening which falls sharply
as a function of the jet transverse momentum. There-
fore, contributions to the final associated hadron spectra
DAA(zT ) (zT > 1) from �-triggered jets with even a small
amount of energy loss will be suppressed. Only those jets
from surface emission that escape from the medium with-
out energy loss will contribute, whose FF’s are the same
as in the vacuum. Therefore, the nuclear modification
factor IAA(zT ) in this region is mainly determined by the
thickness of the corona of the surface emission. On the
other hand, jets that have lost finite amount of energy
before fragmenting into hadrons will contribute to the
�-triggered FF in the region zT < 0.6 where the nuclear
modification factor IAA(zT ) is controlled by volume emis-
sion of jets and is therefore more sensitive to the variation
of the energy loss parameter. The value and zT depen-
dence of IAA(zT ) in 0.6 < zT < 1.4 are determined by the
competition of the two mechanisms of hadron emission.
One can, therefore, determine the jet energy loss param-
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FIG. 3: (color online). Transverse spatial distributions of the
initial �-jet production vertexes that contribute to the final
observed �-hadron pairs along a given direction (arrows) with
zT ⇡ 0.9 (upper panel) and zT ⇡ 0.3 (lower panel).

eter from di↵erent spatial regions in heavy-ion collisions
by measuring the e↵ective �-triggered FF in the whole
range of zT , possibly also for di↵erent orientation of the
�-hadron pair with respect to the reaction plane, achiev-
ing a true tomographic study of the dense medium. For
precision studies one should also consider the e↵ect of in-
trinsic transverse momentum broadening via systematic
analysis of p + p and p(d) + A collisions [7].

The suppression factors IAA for both hadron (dashed)
and �-triggered (solid) FF’s in central Au+Au collisions
at the RHIC energy are compared with the STAR data in
the lower panel of Fig. 2. The stronger dependence of IAA

for �-hadrons on zT is due to the dominance of volume
emission at small zT . The similarity in value between
IAA for dihadron and �-hadron spectra at zT ⇡ 0.4�1.0,
despite of their di↵erent trigger biases, is partially due
to the competition between the larger gluon jet fraction
(bigger energy loss) and larger initial jet energy (more
penetration) associated with a hadron trigger.

To further illustrate the above picture of volume and
surface emission of �-triggered jets and their contribu-
tions to the e↵ective �-triggered FF at di↵erent values of

6

FIG. 1: Comparison of the probability density of a vertex in the transverse (x, y) plane to fulfill a 10-15 GeV trigger condition
in 0-10% central 200 AGeV Au-Au collisions. Left panel for a jet trigger as used by STAR (see text), right panel for comparison
for a single charged hadron trigger). In all cases, the trigger parton moves into the −x direction.
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FIG. 2: Relative fraction of the total jet energy in a cone
of R = 0.4 recovered as a function of constituent PT cut for
vacuum (black solid) and medium-modified jet (black dashed)
as well as energy difference between vacuum and medium jet
induced by the cut (red solid) for a 20 GeV quark (see text).

coming from a 20 GeV quark jet with the STAR PID cuts
applied is shown as a function of the constituent PT cut.
From the figure, it is evident that a large fraction of the
jet energy for this kinematics is carried by hadrons below
3 GeV even in vacuum, and that the distribution is even
softer in a medium-modified jet.
To study the effect of the PT cut on the jet rate sup-

pression in medium, the energy difference between vac-
uum and medium case (i.e. the medium-induced energy
radiated out of the jet definition) as a function of the PT

cut is shown where the energy of the in-medium jet has
been artificially normalized to the vacuum case at PT = 0
to eliminate the effect of the cone radius cut.

It is evident that the difference peaks at about 1.5 GeV,
i.e. applying a constituent cut of about 1.5 GeV makes
a jet maximally sensitive to the additional softening of
the fragmentation pattern in the medium and leads to
the most significant medium-induced suppression. For a
higher PT cut, both vacuum and medium case are very
much suppressed, but there is little additional medium
suppression. It is the fact that the 2 GeV cut applied by
STAR is very close to the optimal 1.5 GeV which makes
the resulting jet rate very sensitive to the effect of the
medium.

C. Kinematic bias

In order to discuss the kinematic bias, it is useful to
study the distribution of away side parton momenta given
a triggered object. In the absence of higher order QCD
effects, intrinsic kT , shower evolution and background
fluctuations in jet finding, the back-to-back partons are
expected to have the same energy, i.e. the distribution
should be a delta function at the trigger energy for van-
ishing trigger momentum bin width and smeared across
the trigger range with a weight given by the parton pro-
duction cross section as a function of momentum for any
realistic situation. As can be seen from Fig. 3, the actual
distribution when all these effects are taken into account
is a fairly broad Gaussian.
The probability of having a gluon jet on the near

or away side Pnear
glue , P away

glue along with the average mo-
menum on near and away side and the Gaussian width of
the away side momentum distribution as extracted from
Fig. 3 is shown in Tables I for a 10-15 GeV trigger range
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FIG. 9: Comparison of the probability density of a vertex
in the transverse (x, y) plane to fulfill a 10-15 GeV trigger
condition in 0-10% central 200 AGeV Au-Au collisions for an
ideal jet trigger (see text). The trigger parton moves into the
−x direction.

B. The role of the pQCD parton spectrum

A cornerstone of several arguments presented above
was the fact that for a steeply falling parton spectrum
fragmentation is strongly forced to be hard and collinear
by imposing a trigger condition, as the situation that a
rare hard parton undergoes soft fragmentation is very
suppressed. One of the consequences is a relatively good
correlation between trigger momentum range and actual
away side parton energy distribution.

However, when going to higher
√
s where the spectral
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menta given a triggered jet for the STAR jet definition and
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shape flattens, this argument applies increasingly less.
In order to illustrate the importance of this effect in iso-
lation, we compare the simulation for RHIC conditions
with a situation in which only the parton spectrum is
computed for LHC conditions, everything else is kept
fixed (in reality, also intrinsic kT and most important
the medium density is expected to change).

One can easily see that the qualitative argument given
above is correct — the correlation between trigger mo-
mentum range and away side parton momentum weak-
ens significantly, and a long tail of high PT partons con-
tributes to the away side yield, complicating the interpre-
tation of any away side measurement which represents
then an average over a wide momentum range. From
this perspective, the steeply falling parton spectrum at
RHIC constitutes actually an advantage over LHC kine-
matic conditions.
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FIG. 1: Comparison of the probability density of a vertex in the transverse (x, y) plane to fulfill a 10-15 GeV trigger condition
in 0-10% central 200 AGeV Au-Au collisions. Left panel for a jet trigger as used by STAR (see text), right panel for comparison
for a single charged hadron trigger). In all cases, the trigger parton moves into the −x direction.
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induced by the cut (red solid) for a 20 GeV quark (see text).

coming from a 20 GeV quark jet with the STAR PID cuts
applied is shown as a function of the constituent PT cut.
From the figure, it is evident that a large fraction of the
jet energy for this kinematics is carried by hadrons below
3 GeV even in vacuum, and that the distribution is even
softer in a medium-modified jet.
To study the effect of the PT cut on the jet rate sup-

pression in medium, the energy difference between vac-
uum and medium case (i.e. the medium-induced energy
radiated out of the jet definition) as a function of the PT

cut is shown where the energy of the in-medium jet has
been artificially normalized to the vacuum case at PT = 0
to eliminate the effect of the cone radius cut.

It is evident that the difference peaks at about 1.5 GeV,
i.e. applying a constituent cut of about 1.5 GeV makes
a jet maximally sensitive to the additional softening of
the fragmentation pattern in the medium and leads to
the most significant medium-induced suppression. For a
higher PT cut, both vacuum and medium case are very
much suppressed, but there is little additional medium
suppression. It is the fact that the 2 GeV cut applied by
STAR is very close to the optimal 1.5 GeV which makes
the resulting jet rate very sensitive to the effect of the
medium.

C. Kinematic bias

In order to discuss the kinematic bias, it is useful to
study the distribution of away side parton momenta given
a triggered object. In the absence of higher order QCD
effects, intrinsic kT , shower evolution and background
fluctuations in jet finding, the back-to-back partons are
expected to have the same energy, i.e. the distribution
should be a delta function at the trigger energy for van-
ishing trigger momentum bin width and smeared across
the trigger range with a weight given by the parton pro-
duction cross section as a function of momentum for any
realistic situation. As can be seen from Fig. 3, the actual
distribution when all these effects are taken into account
is a fairly broad Gaussian.
The probability of having a gluon jet on the near

or away side Pnear
glue , P away

glue along with the average mo-
menum on near and away side and the Gaussian width of
the away side momentum distribution as extracted from
Fig. 3 is shown in Tables I for a 10-15 GeV trigger range
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FIG. 2: (color online). (upper panel) LO and NLO pQCD
results for the suppression factor for �-triggered hadrons in
central Au + Au collisions at RHIC energy with di↵erent val-
ues of energy loss parameter ✏0. (lower panel) NLO results
for �-triggered hadrons are compared to dihadron suppression
together with STAR data [21].

ties when compared to experimental data.
In the LO pQCD calculation, transverse momentum of

the associated jet is balanced exactly by the direct photon
in tree 2! 2 processes. This limits zT = ph

T /p�
T  1. In

NLO, however, the initial jet energy can exceed p�
T due to

radiative correction or broadening in the initial state and
therefore leads to hadrons with ph

T > p�
T or zT > 1. In

this region, the �-triggered FF is mainly determined by
the tail of the radiative broadening which falls sharply
as a function of the jet transverse momentum. There-
fore, contributions to the final associated hadron spectra
DAA(zT ) (zT > 1) from �-triggered jets with even a small
amount of energy loss will be suppressed. Only those jets
from surface emission that escape from the medium with-
out energy loss will contribute, whose FF’s are the same
as in the vacuum. Therefore, the nuclear modification
factor IAA(zT ) in this region is mainly determined by the
thickness of the corona of the surface emission. On the
other hand, jets that have lost finite amount of energy
before fragmenting into hadrons will contribute to the
�-triggered FF in the region zT < 0.6 where the nuclear
modification factor IAA(zT ) is controlled by volume emis-
sion of jets and is therefore more sensitive to the variation
of the energy loss parameter. The value and zT depen-
dence of IAA(zT ) in 0.6 < zT < 1.4 are determined by the
competition of the two mechanisms of hadron emission.
One can, therefore, determine the jet energy loss param-
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FIG. 3: (color online). Transverse spatial distributions of the
initial �-jet production vertexes that contribute to the final
observed �-hadron pairs along a given direction (arrows) with
zT ⇡ 0.9 (upper panel) and zT ⇡ 0.3 (lower panel).

eter from di↵erent spatial regions in heavy-ion collisions
by measuring the e↵ective �-triggered FF in the whole
range of zT , possibly also for di↵erent orientation of the
�-hadron pair with respect to the reaction plane, achiev-
ing a true tomographic study of the dense medium. For
precision studies one should also consider the e↵ect of in-
trinsic transverse momentum broadening via systematic
analysis of p + p and p(d) + A collisions [7].

The suppression factors IAA for both hadron (dashed)
and �-triggered (solid) FF’s in central Au+Au collisions
at the RHIC energy are compared with the STAR data in
the lower panel of Fig. 2. The stronger dependence of IAA

for �-hadrons on zT is due to the dominance of volume
emission at small zT . The similarity in value between
IAA for dihadron and �-hadron spectra at zT ⇡ 0.4�1.0,
despite of their di↵erent trigger biases, is partially due
to the competition between the larger gluon jet fraction
(bigger energy loss) and larger initial jet energy (more
penetration) associated with a hadron trigger.

To further illustrate the above picture of volume and
surface emission of �-triggered jets and their contribu-
tions to the e↵ective �-triggered FF at di↵erent values of
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FIG. 2: (color online). (upper panel) LO and NLO pQCD
results for the suppression factor for �-triggered hadrons in
central Au + Au collisions at RHIC energy with di↵erent val-
ues of energy loss parameter ✏0. (lower panel) NLO results
for �-triggered hadrons are compared to dihadron suppression
together with STAR data [21].

ties when compared to experimental data.
In the LO pQCD calculation, transverse momentum of

the associated jet is balanced exactly by the direct photon
in tree 2! 2 processes. This limits zT = ph

T /p�
T  1. In

NLO, however, the initial jet energy can exceed p�
T due to

radiative correction or broadening in the initial state and
therefore leads to hadrons with ph

T > p�
T or zT > 1. In

this region, the �-triggered FF is mainly determined by
the tail of the radiative broadening which falls sharply
as a function of the jet transverse momentum. There-
fore, contributions to the final associated hadron spectra
DAA(zT ) (zT > 1) from �-triggered jets with even a small
amount of energy loss will be suppressed. Only those jets
from surface emission that escape from the medium with-
out energy loss will contribute, whose FF’s are the same
as in the vacuum. Therefore, the nuclear modification
factor IAA(zT ) in this region is mainly determined by the
thickness of the corona of the surface emission. On the
other hand, jets that have lost finite amount of energy
before fragmenting into hadrons will contribute to the
�-triggered FF in the region zT < 0.6 where the nuclear
modification factor IAA(zT ) is controlled by volume emis-
sion of jets and is therefore more sensitive to the variation
of the energy loss parameter. The value and zT depen-
dence of IAA(zT ) in 0.6 < zT < 1.4 are determined by the
competition of the two mechanisms of hadron emission.
One can, therefore, determine the jet energy loss param-
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FIG. 3: (color online). Transverse spatial distributions of the
initial �-jet production vertexes that contribute to the final
observed �-hadron pairs along a given direction (arrows) with
zT ⇡ 0.9 (upper panel) and zT ⇡ 0.3 (lower panel).

eter from di↵erent spatial regions in heavy-ion collisions
by measuring the e↵ective �-triggered FF in the whole
range of zT , possibly also for di↵erent orientation of the
�-hadron pair with respect to the reaction plane, achiev-
ing a true tomographic study of the dense medium. For
precision studies one should also consider the e↵ect of in-
trinsic transverse momentum broadening via systematic
analysis of p + p and p(d) + A collisions [7].

The suppression factors IAA for both hadron (dashed)
and �-triggered (solid) FF’s in central Au+Au collisions
at the RHIC energy are compared with the STAR data in
the lower panel of Fig. 2. The stronger dependence of IAA

for �-hadrons on zT is due to the dominance of volume
emission at small zT . The similarity in value between
IAA for dihadron and �-hadron spectra at zT ⇡ 0.4�1.0,
despite of their di↵erent trigger biases, is partially due
to the competition between the larger gluon jet fraction
(bigger energy loss) and larger initial jet energy (more
penetration) associated with a hadron trigger.

To further illustrate the above picture of volume and
surface emission of �-triggered jets and their contribu-
tions to the e↵ective �-triggered FF at di↵erent values of
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As with any observable, a number of confounding
factors are necessarily at play. While naively one would
expect the di↵erence in the (matter weighted) path
lengths of the jets in the pair to be a leading factor to
the generation of the observed increase in asymmetry
in heavy ion collisions, our study strongly suggests oth-
erwise. Instead, we find that the asymmetry enhance-
ment results from the aggregate e↵ect of ‘vacuum-like’
and medium induced fluctuations.

The note is organized as follows. In sec. 2 we de-
scribe the setup underlying our study, highlighting the
salient features of Jewel and providing details for the
Monte Carlo di-jet sample we use. Sec. 3 presents the
results of the study, establishing the origins of the di-jet
asymmetry in both proton-proton and heavy-ion colli-
sions. Finally, in sec. 4 we summarize our main findings
and discuss the wider lessons learnt from our study.

2 Setup

2.1 Jet evolution in Jewel

Jewel [2,3] is a Monte Carlo event generator for jets
in proton-proton and heavy ion collisions. Jet produc-
tion, QCD scale evolution and re-scattering of jets in a
background medium are described in a common pertur-
bative framework. Both the initial hard process giving
rise to hard partons and re-scattering are described by
infra-red continued leading order 2 ! 2 matrix ele-
ments. Radiative corrections to both kinds of processes
are generated by the same parton shower, which is thus
responsible for jet evolution and medium induced radia-
tion. All emissions have a finite formation time. In cases
where there are competing sources of radiation, i.e. the
initial jet production and a re-scattering, the emission
with the shorter formation time is realised. This has
the important consequence that a re-scattering, which
is typically soft or semi-hard, cannot perturb the evo-
lution of a highly virtual parton. When the formation
times of emissions associated to several re-scatterings
overlap, these act coherently to emit a single gluon
(this is the well-known LPM e↵ect, for a discussion of
how this can be realised in an event generator see [9]).
In proton-proton collisions Jewel’s parton shower re-
duces to a standard vacuum parton shower.

Hard jet production matrix elements and the corre-
sponding initial state parton showers as well as hadroni-
sation and hadron decays are generated by Pythia 6.4
[10] using the Eps09 nuclear PDF sets [11] together
with Cteq6LL [12], both provided by Lhapdf [13].

For su�ciently hard observables Jewel describes a
large variety of data reasonably well. As an example
figure 1 shows the di-jet asymmetry as measured by

CMS PbPb data
JEWEL+PYTHIA PbPb
JEWEL+PYTHIA pp
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Fig. 1 Jewel results compared to CMS data [7] for the di-jet
asymmetry in central PbPb collisions at

p
sNN = 2.76TeV

for anti-k? jets with R = 0.3 and |⌘| < 2. Di-jet cuts are
p?,1 > 120GeV and p?,2 > 30GeV and ��12 > 2⇡/3. The
Monte Carlo events are smeared with the parametrised reso-
lution from [14], as the data are not unfolded for jet energy
resolution.

CMS (comparisons to other measurements can be found
in [3,15]).

2.2 The generated di-jet sample

This study is based on a di-jet sample generated with
Jewel 2.0.2 in the set-up discussed in [3] at a nucleon-
nucleon centre of mass energy

p
sNN = 2.76TeV. The

simple, parametrised background described in detail in
[15] is used, as we don’t have evidence that running
with a full hydrodynamic background leads to signifi-
cant e↵ects. The initial time and temperature are taken
as ⌧i = 0.6 fm and Ti = 485MeV as in [16], the critical
temperature is Tc = 170MeV. As this study is con-
cerned with e↵ects best discussed in azimuthally sym-
metric events, we generate only the most central events
with vanishing impact parameter b = 0. A matching
sample is generated for proton-proton collisions.

Jets are reconstructed with the anti-k? algorithm
[17] provided by the FastJet package [18] with a radius
parameter of R = 0.4 within |⌘| < 2. Recoils are not
included, so no background subtraction is necessary (cf.
discussion in [3]). The di-jet cuts are p?,1 > 100GeV
for the leading and p?,2 > 20GeV for the sub-leading
jet and an azimuthal separation ��12 > ⇡/2 between
the two jets.

For a part of the discussion it is necessary to match
a jet to the initial parton from the matrix element. This
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cannot be done in di-jet events, therefore we generated
a sample of �-quark jet events (for this an unpublished
extension of Jewel 2.0.2 was used). These events are
only used to make a qualitative observation for which
the flavour composition of the jets is irrelevant. To fa-
ciliate the parton-jet matching the initial state parton
shower was disabled. The medium set-up in this sample
is the same as for the di-jets.

For the analysis all photons with p? > 5GeV are re-
moved from the event before the jets are reconstructed,
again with the anti-k? algorithm and R = 0.4. In addi-
tion to the jet cuts, which are |⌘| < 5 and p? > 20GeV,
the initial parton is required to be within |⌘| < 2.5 and
pass the same p? cut to avoid cases where no jet is re-
constructed because there is no initial parton that could
give rise to a jet in the required phase space.

Monte Carlo events are analysed and histograms
plotted with Rivet [19].

3 Origins of the di-jet asymmetry

In proton-proton collisions, the di-jet asymmetry is in-
duced entirely by fluctuations in the fragmentation pat-
tern. A pair of hard partons produced by a lowest order
2 ! 2 scattering process (described by a matrix ele-
ment) cannot have an asymmetry. The large and well-
known radiative corrections in the form of extra emis-
sions, however, induce an asymmetry. In Monte Carlo
event generators these corrections are generated to lead-
ing logarithmic accuracy by the parton shower1.

In heavy ion collisions, two additional sources con-
tribute to the asymmetry: the di↵erence in path-length
between the leading and the sub-leading jet, and energy
loss fluctuations. In the following we shall argue that
the di-jet asymmetry in heavy ion collisions is domi-
nated by fluctuations and that the e↵ect of path-length
di↵erence is small. This statement does not imply that
the di-jet asymmetry is independent of path-length. A
clear dependence on average path-length can be ascer-
tained by studying the variation of AJ with the angle
of the di-jet system relative to the reaction plane in
non-central events. However, such dependence is not
relevant for the arguments put forward in this study

1Multi-jet configurations are often better described by multi-
leg matrix elements matched to a parton shower. But also
a multi-leg matrix element can be related to a 2 ! 2 core
process by clustering backwards (e.g. by running the parton
shower backwards) until a 2 ! 2 configuration is reached.
We shall therefore regard all extra emissions as corrections
to a 2 ! 2 core process, irrespective of whether they were
generated with a matrix element or a parton shower, and
whether or not they give rise to additional jets.
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Fig. 2 Di-jet asymmetry AJ in central (b = 0) Pb+Pb events
in a scenario where the di-jet production points are dis-
tributed according to the Glauber model (’full geometry’)
compared to a scenario where all jets are produced at the
centre of the collision (’central production’).

where, for simplicity, we restrict the discussion to az-
imuthally symmetric (i.e. the most central) events. Im-
portantly, we show that not only energy loss fluctu-
ations, but also hard fluctuations that cannot be at-
tributed to jet-medium interaction play an important
role in the increase of asymmetry in heavy ion collisions.

3.1 E↵ect of path-length di↵erence

To clarify the e↵ect of path-length di↵erence between
leading and sub-leading jets, we start by comparing
two scenarios: (i) ‘full geometry’ where di-jet produc-
tion points are realistically distributed according to the
Glauber model, and (ii) ‘central production’ in which
all di-jets are produced in the centre of the collision.
In the latter scenario the path-lengths are obviously
the same. If in the sample with distributed produc-
tion points a strong bias for the leading jet to have
the smaller path-length was present and such di↵erence
was driving the asymmetry, then the di-jet asymmetry
should be significantly larger in this scenario than in the
‘central production’ case where all path-lengths are the
same. Figure 2 shows clearly that this is not the case.
The di↵erence between the asymmetry computed in the
two scenarios is small. This provides clear evidence that
fluctuations, rather than systematic path-length di↵er-
ences, are most relevant in building up the asymmetry.

In Jewel, and arguably in general, jet-medium in-
teraction depends on the amount of medium traversed
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Fig. 3 Comparison of di↵erences in path-length between
leading and sub-leading jet when no jet cuts are placed (red),
when only one jet passing the p? cut for the leading jet is
required (blue) and when a di-jet system is required (green).

by the jet. The relevant path-length that accounts for
the evolving medium density profile is the density weight-
ed path-length given by

Ln = 2

R
d⌧ ⌧n(r(⌧), ⌧)R
d⌧ n(r(⌧), ⌧)

, (2)

where ⌧ =
p
t2 � z2 is the proper-time and n(r(⌧), ⌧))

is the position and time dependent density of medium
scattering centres. As we consider a boost invariant
medium, Ln is rapidity independent.

Figure 3 shows the distribution of the path-length
di↵erence (�Ln = Ln,2�Ln,1) between the sub-leading
and leading jet in di-jet events, together with analogous
distributions obtained in single-inclusive jet events and
without any jet cuts. The path-lengths for the leading
jet Ln,1 and sub-leading jet Ln,2 in each di-jet event
are computed from the di-jet production point and the
direction of each of the reconstructed jets in the pair.
For single-inclusive jet events, the jet is required to pass
the same leading jet p? cut as in di-jet events and the
sub-leading jet, which is not reconstructed, is assumed
exactly back-to-back (the azimuthal angle between the
two jets is �� = ⇡). The distribution in the case where
no jet cuts are imposed simply reflects the Glauber dis-
tribution of production points. Here, the angles and
transverse momenta of the out-going partons of the ma-
trix element are used to evaluate the path-lengths.

The distribution without jet cuts is symmetric around
zero, while both the di-jet and single-inclusive jet cases
show a shift towards positive �Ln. This shift, favour-
ing somewhat smaller path-lengths for the leading jet,
is a consequence of the p? cut imposed on the lead-
ing jet2. This is not, however, a large e↵ect. In fact,

2The near coincidence of the distributions for the di-jet and
single-inclusive jet cases results from the very asymmetric p?
cuts (p?,1 > 100GeV and p?,2 > 20GeV) that are imposed.
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Fig. 4 Path length between leading and sub-leading jet in
di-jet events for di↵erent di-jet asymmetries.

in 34% of the di-jet systems the leading jet has the
longer path-length. Such configurations are only possi-
ble in the presence of sizeable vacuum and/or medium
energy loss fluctuations. As figure 4 shows, there is a
mild correlation between the path-length di↵erence and
the di-jet asymmetry (the mean path-length di↵erence
increases from h�Lni = 0.56 in the most symmetric to
h�Lni = 1.86 in the most asymmetric bin). This shift
is still small compared to the width of the distribution,
which is a measure for the importance of fluctuations.

The path-length of a jet produced in the centre is
4 fm, while in the scenario with distributed production
points the average path-length is 3.74 fm. Therefore,
there is room for a small e↵ect due to path-length dif-
ferences in figure 2, but it cannot be large.

3.2 Di-jet asymmetry in p+p

Before returning to the discussion of the mechanisms
driving the increase of di-jet asymmetry in heavy-ion
collisions, we now discuss the di-jet asymmetry in the
vacuum case.

The di-jet sample inevitably su↵ers from contami-
nation from initial state radiation as the two hardest
jets in an event are not necessarily the result of the fi-
nal state of the matrix element. One, or both, of them
can originate from initial state emissions. These con-
figurations are not relevant for our study and should
be excluded from the sample. Since an unambiguous
assignment of a jet to the initial or final state is not
possible, we have implemented an approximate proce-
dure that compares the transverse momenta of the two
reconstructed jets with those of the outgoing partons
of the matrix element. We assume that the harder jet
corresponds to the harder parton. If the transverse mo-
mentum of one of the jets is more than 10% larger
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Fig. 13 Contributions of the di↵erent bins in initial asym-

metry A(in)
J to the final di-jet asymmetry in Pb+Pb events.

Table 1 Fraction of di-jets that are lost when going from

p+p to Pb+Pb in each A(in)
J bin.

A(in)
J bin (�pp � �PbPb)/�pp

0.0 < A(in)
J < 0.2 0.623± 0.002

0.2 < A(in)
J < 0.4 0.699± 0.009

0.4 < A(in)
J < 0.6 0.729± 0.034

0.6 < A(in)
J < 1.0 0.354± 0.291

0.0 < A(in)
J < 1.0 0.637± 0.002

the absence of mass dependence indicates dominance of
fluctuations in the medium induced energy loss.

The interplay between vacuum-like and medium re-
lated fluctuations can also be seen in the correlation be-
tween initial A(in)

J and final AJ asymmetry for Pb+Pb
collisions shown in figure 13. Compared to the p+p case,
the distributions are broader and, for large initial asym-
metries, there is a tendency for the final asymmetry to
be smaller. Both features are a direct consequence of
medium related fluctuations. Figure 13 also reveals that
the fractions of di-jets falling into the di↵erent A(in)

J

bins is di↵erent from p+p case. The fractions of di-jets
that are missing in the Pb+Pb sample compared to
p+p are given in table 1, which shows that the proba-
bility for a di-jet to disappear because it fails the cuts
increases with initial asymmetry (except for the last
bin, which has very poor statistics). This indicates that
the systematic increase of initial asymmetry is some-
what larger in heavy ion collisions than in p+p, since
on top of the e↵ects already present in the vacuum case
jets with a softer fragmentation pattern are also more
susceptible to medium modifications.

Finally, figure 14 shows the dependence of the final
asymmetry on the initial mass asymmetry in Pb+Pb
events. The same trend observed in p+p, namely that
the final di-jet asymmetry increases with initial mass
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Fig. 14 Final di-jet asymmetry binned in mass asymmetry
in Pb+Pb events.

asymmetry, is seen here highlighting the importance of
fluctuations in the vacuum-like fragmentation in build-
ing the observed asymmetry. The dependence is some-
what weaker as result of medium related fluctuations.

4 Summary & outlook

The main findings of our study can be summarized as
follows:

(i) the path length di↵erence between the leading and
sub-leading jets in a di-jet pair does not play a sig-
nificant role in generating di-jet asymmetry (mo-
mentum imbalance);

(ii) the increase in di-jet asymmetry in heavy ion col-
lisions is the result of the compound e↵ect of fluc-
tuations in the vacuum-like fragmentation pattern
(parton shower features also present in the ab-
sence of a medium) and medium related fluctua-
tions;

(iii) to a large extent, the amount of energy lost from
a jet is determined by the mass to transverse mo-
mentum ratio of the parton from which it origi-
nates.

Although our analysis was carried out in a specific
implementation of jet-medium interactions, namely Jewel,
it relies on rather generic features and we believe that
the main findings should hold in general. The e↵ects
leading to these results are properties of the jet evolu-
tion in the presence of a medium rather than of the
medium itself. It is therefore not surprising that we
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be smaller. Both features are a direct consequence of
medium related fluctuations. Figure 13 also reveals that
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bin, which has very poor statistics). This indicates that
the systematic increase of initial asymmetry is some-
what larger in heavy ion collisions than in p+p, since
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in Pb+Pb events.

asymmetry, is seen here highlighting the importance of
fluctuations in the vacuum-like fragmentation in build-
ing the observed asymmetry. The dependence is some-
what weaker as result of medium related fluctuations.

4 Summary & outlook

The main findings of our study can be summarized as
follows:

(i) the path length di↵erence between the leading and
sub-leading jets in a di-jet pair does not play a sig-
nificant role in generating di-jet asymmetry (mo-
mentum imbalance);

(ii) the increase in di-jet asymmetry in heavy ion col-
lisions is the result of the compound e↵ect of fluc-
tuations in the vacuum-like fragmentation pattern
(parton shower features also present in the ab-
sence of a medium) and medium related fluctua-
tions;

(iii) to a large extent, the amount of energy lost from
a jet is determined by the mass to transverse mo-
mentum ratio of the parton from which it origi-
nates.

Although our analysis was carried out in a specific
implementation of jet-medium interactions, namely Jewel,
it relies on rather generic features and we believe that
the main findings should hold in general. The e↵ects
leading to these results are properties of the jet evolu-
tion in the presence of a medium rather than of the
medium itself. It is therefore not surprising that we
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Figure 1.19: AJ distributions in MARTINI+MUSIC [85] and the model of Qin et al. [81]. (Left)
Comparison of MARTINI+MUSIC and Qin et al. AJ calculations for leading jet ET > 20 GeV
(blue line, Qin et al.) and 25 GeV (red dashed line, MARTINI+MUSIC). Both calculations show
a similar broad AJ distribution. (Right) Same as left panel, but with leading jet ET > 35 GeV.
Here a difference in shape is observed between the two models with the Qin et al. model
developing a peak at small AJ while the MARTINI+MUSIC calculation remains similar to the
lower jet energy calculation.

1.7 Measuring jets, dijets, and g-jet correlations at RHIC

Jet and g-jet measurements at RHIC are particularly appealing for the number of reasons
previously detailed. In order to make these observations, one requires both sufficient rate
and acceptance for jets, dijets, and g-jet events and a detector with large and uniform
acceptance to measure them. The performance of the proposed sPHENIX detector is
described in later chapters. Here we highlight the large rate of such events available at
RHIC energies.

The inclusive jet yield within |h| < 1.0 in 0–20% central Au+Au collisions at 200 GeV
has been calculated for p+p collisions by Vogelsang in a Next-to-Leading-Order (NLO)
perturbative QCD formalism [89] and then scaled up by the expected number of binary
collisions, as shown in Figure 1.21. Also shown are calculation results for p0 and direct and
fragmentation photons. The bands correspond to the renormalization scale uncertainty in
the calculation (i.e., µ, µ/2, 2µ).

The completion of the stochastic cooling upgrade to the RHIC accelerator [90] has been
incorporated into the RHIC beam projections [91]. Utilizing these numbers and accounting
for accelerator and experiment uptime and the fraction of collisions within |z| < 10 cm,
the nominal full acceptance range for the detector, the sPHENIX detector can sample 50
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in terms of the Glauber nuclear thickness profile
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dz�A(z, �x�) and Wood-Saxon nuclear den-

sity �A normalized to A.
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FIG. 1. WHDG model [53] predictions (blue bands extrapo-
lated from the RHIC constrained green band) for the nuclear
modification factor of �0 in Pb+Pb 2.76 ATeV LHC are com-
pared to ALICE/LHC [1] charged hadron nuclear modification
data in central (red solid) and peripheral (open red) reactions.
The PHENIX/RHIC Au+Au� �0 nuclear modification data
[34] are shown by black dots. The brown triangles and blue
stars represent the charged hadron PHENIX [32] and STAR
[33] data, respectively. The blue band of WHDG predictions
corresponds to the 1-� medium constraint set by PHENIX [34]
extrapolated to LHC via the ALICE charged particle rapidity
density [2]. The wide yellow band is the current systematic
error band of the (red dot) LHC data due to the unmeasured
p+p reference denominator.

In the absence of both initial state and final state nu-
clear interactions RAB = 1. For pT below some charac-
teristic medium dependent transverse momentum “sat-
uration” scale, Qs(pT ,

p
s, A), the initial nuclear par-

tonic distributions functions (PDFs) [59–61] fa/A(x =
2pT /

p
s, Q2 ⇠ p2

T ) < Afa/N (x, Q2) are expected to be
shadowed, leading to RAA < 1 because the incident flux
of partons is less than A times the free nucleon parton
flux. Color Glass Condensate (CGC) models [11, 62–
68] have been developed to predict Qs(pT ,

p
s, A) related

initial state e�ects from first principles. While the mag-
nitude of Qs at LHC is uncertain and will require future
dedicated p+Pb control measurements to map out, cur-
rent expectations are that Qs < 5 GeV at LHC in the
central rapidity region. This should leave a wide jet to-

mographic kinematic window 10 < pT < 200 GeV in
which nuclear modification should be dominated by final
state parton energy loss and broadening e�ects. In this
paper, we therefore assume that initial state nuclear ef-
fects can be neglected in the 10 < pT < 20 (i.e. x > 0.01)
range explored by the first ALICE data [1]. We note that
from Fig. 1, and as discussed in detail below, our RHIC
constrained jet quenching due to final state interactions
alone already tends to over-predict the pion quenching
at LHC and therefore leaves no room for large addi-
tional shadowing/saturation e�ects in the [68–70] in this
Q2 > 100 GeV2 kinematic window—unless the sQGP is
much more transparent at LHC than expected from most
extrapolations of jet quenching phenomena from SPS and
RHIC to LHC energies.

The main challenge to pQCD multiple collision theory
of jet tomography and AdS/CFT jet holography is how to
construct a consistent approximate framework that can
account simultaneously for the beam energy dependence
from SPS to LHC energy and for the nuclear system size,
momentum, and centrality dependence from p+p to U +
U of four major classes of hard probe observables: (1) the
light quark and gluon leading jet quenching pattern as a
function of the resolution scale pT , (2) the heavy quark
flavor dependence of jet flavor tagged observables, and (3)
the azimuthal dependence of high pT particles relative to
the bulk reaction plane determined from low-pT elliptic
flow and higher azimuthal flow moments, vn(pT ), and (4)
corresponding di-jet observables.

The first LHC heavy ion data on high transverse mo-
mentum spectra provide an important milestone because
they test for the first time the density or opacity depen-
dence of light quark and gluon jet quenching theory in a
parton density range approximately twice as large as that
studied at RHIC. The surprise from LHC is the relatively
small di�erence observed between the RHIC [32–34] and
ALICE [1] LHC data on RAA(10 < pT < 20 GeV), as
shown in Fig. 1. In addition, there is little di�erence
from RHIC to LHC between the di�erential elliptic flow
probe, v2(pT < 2), as reported in [3]. The rather striking
similarities between bulk and hard observables at RHIC
and LHC pose significant consistency challenges for both
initial state production and dynamical modeling of the
sQGP phase of matter.

In this paper, we focus on the puzzle posed by the
similarity of inclusive light quark/gluon jet quenching at
RHIC and LHC by performing a constrained extrapola-
tion from RHIC using the WHDG model [53] to predict

R�0

AA at 2.76 ATeV cm energy. We update our earlier
2007 LHC predictions in [71, 72], by extrapolating the
2008 1 � � PHENIX/RHIC constraints [34] of the opac-
ity range at

p
s = 0.2 ATeV using the new 2.76 ATeV

ALICE/LHC [2, 4] charged hadron rapidity density data,
dNch/d� = 1601±60, in the 0�5% most central collisions
and 35 ± 2 in the 70 � 80% peripheral collisions.

We note that in strong coupling AdS/CFT approaches
to hard jet probes, the pQCD high-pT jet tomogra-
phy theory is replaced by a gravity dual jet holographic

Figure 1.11: RAA measurements from RHIC and the LHC compared to WHDG calculations.
The parameters are constrained by the RHIC data and extrapolated to 2.76 TeV. The prediction
for the LHC is shown (blue band) and lies below the ALICE data for central collisions (red
circles). From Ref. [56].

medium. Thus, the jet observables combined with correlations get directly at the coupling
of the hard parton to the medium and the parton-parton coupling for the medium partons
themselves.

These jet observables are now becoming available at the LHC. The first results based on
reconstructed jets in heavy ion collisions were the centrality dependent dijet asymmetries
measured by ATLAS [61]. These results, shown in Figure 1.12, indicate a substantial
broadening of dijet asymmetry AJ = (E1 � E2)/(E1 + E2) distribution for increasingly
central Pb+Pb collisions and the lack of modification to the dijet azimuthal correlations.
The broadening of the AJ distribution points to substantial energy loss for jets and the
unmodified azimuthal distribution shows that the opposing jet Df distribution is not
broadened as it traverses the matter. Figure 1.13 shows CMS results [62] quantifying the
fraction of dijets which are balanced (with AJ < 0.15) decreases with increasing centrality.

Direct photon-jet measurements are a powerful tool to study jet quenching. Unlike dijet
measurements the photon passes through the matter without losing energy, providing
a much cleaner handle on the expected jet pT [63]. CMS has first results for photons
with pT > 60 GeV/c correlated with jets with pT > 30 GeV/c [64]. Though with modest
statistical precision, the measurements indicate energy transported outside the R = 0.3 jet
cone through medium interactions.
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FIG. 7. The assumed temperature dependence of the scaled jet transport parameter q̂/T 3 in di↵erent jet quenching models for
an initial quark jet energy E = 10 GeV. Values of q̂ at the center of the most central A+A collisions at an initial time ⌧0 = 0.6
fm/c in HT-BW and HT-M models are extracted from fitting to experimental data on hadron suppression factor RAA at both
RHIC and LHC. In GLV-CUJET and MARTINI-AMY model, it is calculated within the corresponding model with parameters
as constrained by experimental data at RHIC and LHC. The arrows indicate the maximum temperatures reached at the center
of the most central A+A collisions. See text for detailed explanations.

parton energy loss, the initial time is set at ⌧
0

= 0.6 fm/c with initial temperature of T
0

= 369 and 469 MeV at the
center of the most central Au+Au collisions at

p
s = 200 GeV at RHIC and Pb+Pb collisions at

p
s = 2.76 TeV at

LHC, respectively.

Shown in Fig. 7 are extracted or calculated q̂ as a function of the initial temperature for a quark jet with initial
energy E = 10 GeV. For GLV-CUJET model, q̂ calculated from two sets of parameters are shown, one with HTL
screening mass and the maximum value of running coupling ↵

max

= 0.25 and another with non-HTL screening mass
which is twice that of HTL mass and ↵

max

= 0.4. The values of q̂ from MARTINI-AMY model are calculated according
to the HTL formula in Eq. (15) with the two values of ↵

s

extracted from comparisons to the experimental data on
R

AA

at RHIC and LHC, respectively. Both GLV and MARTINI-AMY model assume zero parton energy loss and
therefore zero q̂ in hadronic phases. In HT-BW model, fit to experimental data gives gives q̂ = 0.9� 1.05 GeV2/fm at
RHIC and 1.5 – 2 GeV2/fm. Values of q̂ in hadronic phases are calculated according to a hadron resonance gas model
with the normalization in a cold nuclear matter determined by DIS data. Values of q̂ in the QGP phase are considered
proportional to T 3 and the coe�cient is determined by fitting to the experimental data on R

AA

at RHIC and LHC
separately. In the HT-M model the procedure is similar except that q̂ is assumed to be proportional to the local
entropy density and its initial value in the center of the most central Au+Au collisions at RHIC is q̂ = 0.57��0.85
GeV2/fm. In both HT approaches, no jet energy dependence of q̂ is considered.
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

•  Run	
  2	
  LHC	
  data	
  at	
  5.02	
  TeV	
  
•  Large	
  Au+Au	
  2014	
  data	
  set	
  	
  
•  sPHENIX	
  	
  
–  High	
  rate	
  jet	
  detector	
  at	
  RHIC	
  	
  
–  ideal	
  for	
  jet	
  tomography	
  

2015	
  Long	
  Range	
  Plan	
  of	
  Nuclear	
  Science	
  



Summary	
  

•  Some	
  predic4ons	
  for	
  surface	
  biases	
  in	
  hand	
  	
  
–  Need	
  details	
  studies	
  for	
  both	
  LHC	
  and	
  RHIC	
  energies	
  	
  

•  More	
  precision	
  correla4on	
  data	
  coming	
  soon	
  
•  Can	
  the	
  models	
  match	
  all	
  of	
  the	
  correla4on	
  data?	
  

–  Quark	
  vs	
  gluon	
  energy	
  loss?	
  
–  Influence	
  of	
  fluctua4ons?	
  	
  

•  Want	
  more	
  guidance	
  from	
  theorists	
  
–  Use	
  theore4cal	
  guidance	
  to	
  probe	
  different	
  pathlengths	
  by	
  
tuning	
  jet	
  parameters	
  to	
  adjust	
  the	
  depth	
  of	
  the	
  hard	
  sca\ering	
  
inside	
  the	
  medium	
  

–  Predic4ons	
  for	
  both	
  LHC	
  and	
  RHIC	
  
•  Are	
  there	
  addi4onal	
  experimental	
  measurements	
  that	
  

could	
  help	
  guide	
  theory?	
  
–  Jet	
  v2	
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