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• LHC Run I heavy ion data sets: 

• Pb+Pb @ 2.76 TeV, ∫𝓛dt = 140 μb-1 in 2011 

• p+Pb @ 5.02 TeV,∫𝓛dt = 28 nb-1 in 2013     

• pp @ 2.76 TeV, ∫𝓛dt = 4.0 pb-1 in 2013 

• I will highlight some of the latest jet results (<1 year) 

• For more information (and electroweak boson, single hadron, 
heavy flavor, quarkonia, flow and correlation measurements), see:

Jet probes of hot and 
cold nuclear matter
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Pb
Pb

pp

 ⇒ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults ⟸

p Pb

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults


Jets in hot nuclear matter
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• How does jet reconstruction perform in a heavy ion environment? 

➡ technical note on jet energy scale uncertainty                    
ATLAS-CONF-2015-016 

• What can Run I data teach us about inclusive jet suppression?  

➡ measurement of jet RAA vs. pT, rapidity, centrality                        
PRL 114 (2015) 072302 

• Do we understand the path length dependence of energy loss?   

➡ measurement of dijet asymmetry vs. reaction plane              
ATLAS-CONF-2015-021  

➡ measurement of multi-jet production                                             
hep-ph/1506.08656



Jet measurements in ATLAS
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• Jets are built with the anti-kt 
algorithm from 0.1⨉0.1 towers in 
the EM+HCals 

• Estimate & subtract correlated, η-
dependent, underlying event 
➡ and reject “fake jets” arising 

from localized UE fluctuations 

• Early performance in Pb+Pb 
collisions 
➡ experimental control of R=0.4 

spectrum down to 40 GeV 
➡ but without rigorously 

determined JES uncertainty



NEW ATLAS-CONF-2014-016
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• First, establish control in pp 
collisions at √s = 8 TeV: 
➡ fix Heavy Ion-style jet E-

scale to the Standard Model-
style jet E-scale 

➡ derive “cross-calibration” 
factor to inherit effects of in 
situ corrections 

• To constrain flavor 
dependence, study HI vs. SM 
scale in ɣ-jet and Z-jet events  
➡ and in situ ɣ-jet at lower √s
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NEW ATLAS-CONF-2014-016

• Response to quenched jets constrained via: 
➡ simulations tuned to reproduce quenching observables 
➡ calo-jet/track-jet energy scale check, after correcting for 

effects of modified fragmentation function 

• pT-, η-, centrality-dependent jet energy scale uncertainty for pp, 
p+Pb, Pb+Pb collisions — state of the art!
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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

15
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• Factor of 2 suppression in 
central events 

• weak pT dependence from 40 
to 200 GeV, within |y*| < 2.1

RCP = dNcent./dpT / <TAAcent.>
dNperi./dpT / <TAAperi.>

PLB 719 (2013) 220

• Fully corrected RCP for R=0.4 
jets, relative to the 60-80% bin

Inclusive jet suppression ca. 2013
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NEW PRL 114 (2015) 072302

• 40-400 GeV 

• differential in rapidity 

➡ legacy measurement for 
Run I! 

• centrality-dependent 
suppression, with modest 
pT dependence
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• High statistics pp data & JES uncertainty 
allows for measurement of the:
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• Substantial insight from a rapidity-differential measurement: 
➡ different shape of initial jet spectrum before quenching 
➡ different quark/gluon mixture at fixed pT 
➡ different path length seen by jets

hep-ex/1411.2357

NEW PRL 114 (2015) 072302

• Intriguingly, RAA shows little dependence on y 
➡ should we expect this? which models can explain this?
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Path length dependence of quenching

2Ψ

φ ∆

• Previous studies of jet yield vs. Δɸ = ɸjet - Ψ2, and jet v2 

➡ energy loss has modest but non-zero dependence on path length 
➡ two new ATLAS measurements to elucidate this…

PRL 111 (2013)152301

jet with 
large Δɸ 

jet with 
small Δɸ 
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• Dijet asymmetry AJ = (ET,1 - ET,2) / (ET,1 + ET,2) 
➡ sensitive to path length differences event-by-event  
➡ certainly sensitive to centrality, but how about Δɸ? 

ATLAS-CONF-2015-021

ATLAS-CONF-2015-021
Dijet asymmetry vs. event-plane
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(statistical 
uncertainties 

only)
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➡ <AJ> systematically increases with Δɸ

Dijet asymmetry vs. event-plane
ATLAS-CONF-2015-021
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NEW

• Extract reaction plane dependence via c2 where                         
<AJ>(Δɸ) =  <AJ>0(1 + 2c2cos(2Δɸ)) 

• Shown here vs. centrality for three choices of cone size R 
➡ c2 is negative, and reaches a maximum for 40-60% collisions
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Figure 6: The c2 corrected for the EP-resolution and MC-derived correction factors as a function of centrality. The
vertical grey bands indicate systematic uncertainties and the vertical bars indicate statistical errors. The shaded
bands indicate the statistical and systematic uncertainties added in quadrature. The three panels correspond to three
jet-radius parameters, as indicated in the plots. Lines show fits to the constant function. The fitted hc2i, averaged
over centrality, is also given.

factors. It is seen that the corrected c2 increases in absolute magnitude from central to mid-central events.
The maximum |c2 | is observed in the (40-60)% centrality interval and is of the order of 0.02. The
horizontal line is a fit to a constant function to determine the mean value of the c2 averaged over centrality.
The mean value and its error obtained from the fits is given on the plots. It is seen that the centrality
averaged c2 signal is significantly negative.

6. Summary

In this analysis, the dependence of the dijet asymmetry on the angle between the leading jet and the
second-order EP-angle is studied. The measurements are performed for anti-k

t

jets of R=0.2, 0.3 and 0.4.
The dependence of the hAJi on the EP-angle is quantified by calculating the second Fourier coe�cient of
the hAJi azimuthal distribution, termed c2. The magnitude of the measured c2 signal is quite small ( 2%).
However, it is consistently negative, indicating a slightly larger asymmetry when the dijet pair is oriented
out-of-plane than in-plane. Within a given centrality interval, events with large q2, i.e. events with a
more elliptic geometry, show an increase in the c

obs
2 for the (20-30)% and (30-40)% centrality intervals.

In other centrality intervals, the statistical precision of the results, obtained with additional selection on
q2, is insu�cient to conclude the observation of systematic dependence of hA

J

i on the EP-angle. The
weak c2 signal in the dijet asymmetry, reported here, together with the significant single jet v2 [20], and
the study of correlated jet production [33] can provide strong constraints on the energy loss mechanism
of hard-scattered partons traversing the medium produced in heavy ion collisions.
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ATLAS-CONF-2015-021

ATLAS-CONF-2015-021
Dijet asymmetry vs. event-plane
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Nearby jet production
• Nearby jets arise from hard radiation early in a parton shower 

➡ their production is an intriguing test of path length dependence 

14

NEW hep-ph/1506.08656
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Figure 4: R�R

distributions for d = 0.4 jets (upper) and d = 0.2 jets (lower) evaluated as a function of
Etest

T . The three di↵erent columns show R�R

distributions evaluated for three di↵erent lower bounds on the
neighbouring-jet transverse energy, Enbr

T > 30, 45, and 60 GeV. The four di↵erent centrality bins are denoted
by di↵erent markers in each plot. The shaded bands indicate systematic uncertainties, vertical error bars
represent statistical uncertainties. The data points and horizontal uncertainties for the 10–20%, 20–40%,
and 40–80% centrality bins are shifted along the horizontal axis with respect to the 0–10% centrality bin
for clarity.

�R�R

�⇢
R�R

0–10% 40–80% 0–10%
JES 15% 11% 7 %
JER 4% 2% 2%

Angular
2% 0.5% 2%

resolution
Unfolding 5% 2% 5%
Centrality 6% 6% 6%

Combinatoric 8% <0.5% 8%
Trigger 5% – 5%

Table 1: Maximum systematic uncertainties on
R�R

(�R�R

) and on the ratio of R�R

in central col-
lisions and in peripheral (40–80%) collisions ⇢

R�R

(�⇢
R�R) for d = 0.4 jets in the 0–10% and 40–80%

centrality bins. The systematic uncertainty on the
trigger is applicable only for Etest

T < 90 GeV.

7. Results

The R�R

measurement is performed di↵eren-
tially in collision centrality, transverse energy of

the test jet, Etest
T , and transverse energy of the

neighbouring jet, Enbr
T , as described Sec. 4. The

measured distributions are divided into four cent-
rality bins, 0–10%, 10–20%, 20–40%, and 40–80%.
Fig. 4 shows the fully corrected R�R

distributions
for d = 0.4 and d = 0.2 jets evaluated as a function
of Etest

T . The distributions are shown for four cent-
rality bins and three di↵erent lower bounds on the
neighbouring-jet transverse energy, Enbr

T > 30, 45,
and 60 GeV. The shaded error bands on the plots
indicate the systematic uncertainties discussed in
Section 6. The R�R

distribution exhibits an in-
crease with increasing Etest

T . Sizeable di↵erences
between the four di↵erent centrality bins are ob-
served for all three jet radii. The yield of neigh-
bouring jets is suppressed as the centrality of the
collision increases.

To further investigate the centrality dependence
of neighbouring jet yields, the per-test-jet normal-
ized ET spectra of neighbouring jets defined in Eq. 2
were evaluated. The resulting di↵erential ET spec-
tra are shown in Fig. 5 for d = 0.4 and d = 0.2
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• Observable inspired from, e.g. D0 
measurements of nearby jet 
production to infer αs 

!

• Given a “test” jet with ETtest, what 
is the probability to have a 
“neighboring” jet with some ETnbr? 
➡ different colors show different 

centralities
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• Plot central/peripheral ratio as a function of test jet ETtest 
• This quantity is suppressed below unity and is 

independent of ETtest 
➡ qualitatively similar to the suppression of inclusive jet 

production

NEW hep-ph/1506.08656

 [GeV] T
testE

70 80 90100 200 300

R
∆

Rρ

0

0.5

1

1.5

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<> 30 GeVnbr

TE

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<> 30 GeVnbr

TE

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<> 30 GeVnbr

TE

 [GeV] T
testE

70 80 100 200 300

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<> 45 GeVnbr

TE

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<> 45 GeVnbr

TE

 [GeV] T
testE

70 80 100 200 300

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<

0-10%
10-20%
20-40%

> 60 GeVnbr
TE

 [GeV] T
nbrE

40 60 80 100 120

R
∆

Rρ

0

0.5

1

1.5

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<>80 GeVtest

TE

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<>80 GeVtest

TE

ATLAS

-1=0.14 nbintL
= 2.76 TeVNNs

Pb+Pb 2011

 d=0.4tkanti-
<1.6R∆0.8<>80 GeVtest

TE

 [GeV] T
nbrE

40 60 80 100 120

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<>90 GeVtest

TE

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<>90 GeVtest

TE

 [GeV] T
nbrE

40 60 80 100 120

ATLAS

 d=0.4tkanti-
<1.6R∆0.8<

0-10%
10-20%
20-40%

>110 GeVtest
TE

Figure 6: The ratio of R�R

for three bins of collision centrality to those in 40–80% collisions, ⇢
R�R =

R�R

|cent/R�R

|40�80 for d = 0.4 jets. The ⇢
R�R is evaluated as a function of Etest

T for three di↵erent choices
of lower bound on Enbr

T (upper) and as a function of Enbr
T for three di↵erent choices of lower bound on

Etest
T (lower). The shaded bands indicate systematic uncertainties, vertical error bars represent statistical

uncertainties. The data points and horizontal uncertainties for 10–20%, 20–40%, and 40–80% centrality bins
are shifted along the horizontal axis with respect to 0–10% centrality bin for clarity.
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Nearby jet production
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• Now plot central/peripheral ratio as a function of nearby 
jet ETnbr 

• This quantity rises and reaches unity when ETtest ≈ ETnbr 
➡ suggesting that jets with the same “unquenched” pT 

and path length are quenched in the same way

NEW hep-ph/1506.08656

Nearby jet production



Jets in cold nuclear matter
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• Are rates of jet and hadron production modified in the cold 
nuclear environment? 

➡ measurement of the p+Pb jet fragmentation function  
ATLAS-CONF-2015-022 

• What is the correlation between hard scattering and soft 
production in pp collisions? 

➡ forward energy production in pp collisions                               
ATLAS-CONF-2015-019
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Jet and hadron production

• Unmodified jet RpPb but possible enhancement in hadron RpPb 
➡ notably outside of what global nPDF fits can accommodate 

• Necessitates measurement of the fragmentation function

hep-ph/1412.4092, 
Accepted by PLB
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• D(z), z = pTtrack / pTjet, for pT > 3 GeV charged hadrons 
➡ measured in 5.02 TeV p+Pb and 2.76 TeV pp collisions, 
➡ differentially vs. jet pT

NEW ATLAS-CONF-2015-022
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NEW ATLAS-CONF-2015-022

• MC-based extrapolation used to transform 2.76 TeV data to 5.02 TeV 
RD(z) = D(z; 5 TeV)p+Pb / D(z; 2.76 TeV)pp ⨉ [D(z; 2.76 TeV)PYTHIA / D(z; 5 TeV)PYTHIA]  

• This initial study does not exclude a possible z-dependent excess 
➡ 5 TeV pp reference data in Run 2 crucial to have the full story
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Understanding centrality-dependence 
of jet production in p+Pb

• Suppressed RCP (centrality characterized with ΣET at Pb-
going pseudorapidity) and forward (p-going) jet production 
➡ single trend as a function of pT ⨉ cosh(y*) ≈ xp / (√s / 2) 

-1+Pb data, 27.8 nbp2013 
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• Experimental signature in p+Pb: decreasing ΣET with 
increasing proton x 
➡ does this just arise from a feature of pp collisions? 

NEW ATLAS-CONF-2015-019

+Pb collisionp(a) 

 collisionpp(b) 

 collision, inverted pseudorapiditypp(c) same 

η ← ∞- ∞ +→ η

η ← ∞- ∞ +→ η

η ← ∞+ ∞ -→ η

TEΣ

TEΣ

TEΣ

projx targx
p Pb

projx targx
p p

targx projx
p p

 = +0.5
2
η

 = +1.5
1
η

 = +0.5
2
η

 = +1.5
1
η

 = -0.5
2
η

 = -1.5
1
η

22



• Measure ΣET at large pseudorapidity as a function of: 
➡ xproj (e.g. in the proton moving away from ΣET region) 
➡ xtarg (e.g. in the proton moving towards ΣET region) 

• Reconstruct event-by-event e.g. xproj = pT (exp(+η1) + exp(+η2)) / √s

NEW ATLAS-CONF-2015-019
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• In pp collisions, <ΣET> falls with xtarg, mostly insensitive to xproj 
➡ so the p+Pb effect does not obviously reflect something in pp

ATLAS-CONF-2015-019
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• In pp collisions, <ΣET> falls with xtarg, mostly insensitive to xproj 
➡ so the p+Pb effect does not obviously reflect something in pp

ATLAS-CONF-2015-019
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Jet measurements in LHC Run 2

• 5 TeV Pb+Pb collisions, Nov. 2015: 30x the hard probe rate in Run I 
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Outlook
• Jet probes of heavy ion collisions in ATLAS are providing 

detailed information about the physics of jet quenching 
➡ producing “legacy” Run I results (e.g. inclusive jet 

suppression) 
➡ while still exploring imaginative new measurements 

(e.g. reaction plane dependent asymmetries) 

• Jet probes of small collision systems are revealing 
unexpected phenomena 

• Imminent Run II data (Pb+Pb and pp) will substantially 
increase our knowledge of both systems 
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 ⇒ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults ⟸

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults

