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Latest Jet Results in PbPb w/ CMS

• Jets in heavy-ions require underlying-event (UE) subtractions 
• In boson+jets results, CMS employs iterative pedestal (PU) subtraction 

• Zero-suppression algorithm, destroys constituent resolution 
• All measurements employ R = 0.3 to minimize impact of UE

PRL 119 
(2017) 082301 

arxiv:
1711.09738

4th Heavy-Ion Jet WorkshopKaya Tatar 4

Jet energy loss - photon+jet

More differential,
p

T

γ  > 40 GeV/c

Photons do not undergo strong interaction.

Photon+jet events stand as clean probes to 
study the medium interaction mechanism of 
the partons.

Photon probes are contaminated by 
background processes: 

jet fragmentation

neutral meson decay

PLB 718 (2013) 773

Boson+jet events 
have higher quark jet 
fraction.

4th Heavy-Ion Jet WorkshopKaya Tatar 5

Jet energy loss - Z+jetJet energy loss - Z+jet
Quark fraction in Z+jet is larger than in 
dijet events.

Z bosons do not undergo strong 
interaction.

Z+jet events also stand as clean probes 
to study the medium interaction 
mechanism of the partons.

Z probes are NOT contaminated by 
background processes.

However, production cross-section of 
Z+jet process is low.

Z-jet
lepton1

lepton2
Zll+jets

γ+jets

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.082301
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.082301
https://arxiv.org/pdf/1711.09738.pdf
https://arxiv.org/pdf/1711.09738.pdf
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PRL 120 
(2018) 142302 

• In substructure results, CMS employs constituent subtraction (CS) 
• Preserves resolution of constituents (particle-like) 

• All measurements employ R = 0.4 
• No CMS measurement in PbPb currently goes beyond R = 0.5
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IntroductionJet energy loss - dijet

Typical way to study the medium produced 
in heavy ion collisions is to understand the 
passage of elementary particles through it.

Modification of high energy quarks and 
gluons enables the measurement of the 
transport properties of the strongly 
interacting medium.

One probe for this study is dijet events.

In this case both objects interact with 
the medium, only relative energy loss 
can be studied.

PLB 712 (2012) 176

Latest Jet Results in PbPb w/ CMS
Dijets

In the 
jet cone ARXIV 

NOW
See Yi 

Chen this 
afternoon!

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302
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Motivation

Phys. Rev. C 96 
(2017) 015202

Phys. Lett. B 719 
(2013) 220-241

Semi-inclusive hadron-jet measurement in central Pb–Pb ALICE Collaboration

has also been compared with pQCD calculations [70]. This comparison shows that both hadronization
corrections and perturbative effects that are effectively next-to-next-to-leading order (NNLO) in the in-
dividual cross sections [68] are required for agreement. Perturbative QCD calculations to higher order
than NLO are also needed to describe the ratio of Δrecoil distributions presented here.

In contrast, PYTHIA simulations agree within uncertainties with data, both for Δrecoil at fixed R and the
Δrecoil ratio for two different values of R. These comparisons therefore favor PYTHIA calculations for the
reference distributions at

√
s = 2.76 TeV. PYTHIA combines a LO matrix element with a parton shower

resummation of leading logarithmic terms of soft gluon radiation at all orders, leading to an improved
description of data compared to a fixed order analytic calculation.

9 Results
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Fig. 8: Δrecoil for 0-10% central Pb–Pb collisions at √sNN = 2.76 TeV for anti-kT jets with R = 0.2, 0.4 and 0.5.
The vertical error bars are the square root of the diagonal elements of the unfolding covariance matrix, with the
boxes indicating correlated and uncorrelated (shape) systematic uncertainties.

Figure 8 shows corrected Δrecoil distributions for central Pb–Pb collisions, for R = 0.2, 0.4 and 0.5. The
shape of the distributions is approximately exponential, with larger per-trigger yield for R = 0.4 and 0.5
than for R = 0.2.

The R dependence of Δrecoil is related to the distribution of jet energy transverse to the jet axis. Scattering
of the parton shower within the hot QCD medium may broaden this distribution [28,71]. The magnitude
of intra-jet broadening can be measured by comparing Δrecoil distributions for Pb–Pb collisions with
those for pp collisions, in which jets are generated in vacuum. We utilize two related observables for
this purpose: (i) ΔIAA, which is the ratio of Δrecoil for Pb–Pb to that for pp collisions simulated using
PYTHIA, for fixed R, and (ii) the ratio of Δrecoil at two different R in Pb–Pb, compared with that in pp
collisions.

Figure 9 shows ΔIAA for R = 0.2, 0.4 and 0.5. Suppression of the yield of recoil jets in Pb–Pb collisions
is observed, with similar magnitude for all R.

Figure 10 shows the ratio of Δrecoil for R = 0.2 relative to Δrecoil for R = 0.4 and 0.5, in central Pb–Pb and
pp collisions. The systematic uncertainties of the Pb–Pb ratios take into account the correlated systematic
uncertainties in numerator and denominator. The shape uncertainties are propagated independently in the

21

Scanning Jet Radius to Study Quenching

JHEP 09 
(2015) 170

• Experimental Results: Measured jet production in R-scans 
• Some effect at low-pT, converges at high-pT 

• Restricted to low-pT  by sample size 
• Limited systematically by pp reference being taken during different 

data-taking periods 
• Limited in R by underlying-event (UE) at low-pT

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-13-005/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-13-005/
https://www.sciencedirect.com/science/article/pii/S037026931300049X
https://www.sciencedirect.com/science/article/pii/S037026931300049X
https://link.springer.com/content/pdf/10.1007/JHEP09(2015)170.pdf
https://link.springer.com/content/pdf/10.1007/JHEP09(2015)170.pdf
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FIG. 3. (Color online) Nuclear modification factor RAA for inclusive jet spectrum in central Pb+Pb collisions at 2.76A TeV
with jet cone of the sizes (a) R = 0.2, 0.3, and 0.4, and (b) R = 0.3, 0.6, and 0.9. The solid lines are the results for inclusive
jets with hydro part, and the dashed lines for without hydro part. The turquoise plus markers, the magenta circles, and the
orange triangles show the experimental data taken from CMS Collaboration [23] for the jet-cone sizes R = 0.2, 0.3, and 0.4,
respectively. The colored shaded boxes indicate the systematic uncertainties of the same colored data points.

0.3, and 0.4, which show relatively small jet cone size
dependence (but with large error bars).

C. Full Jet Shape Function

One of the advantages of studying fully reconstructed
jets in relativistic heavy-ion collisions is that one may in-
vestigate not only the full jet energy loss and suppression,
but also their internal structures which provide us the de-
tailed information on how the energy is distributed inside
the full jets and how the energy distribution is modified
by the interaction with the QCD medium. Jet shape
function describes how the energy inside (and outside)
the full jets is distributed in the radial direction (trans-
verse to the jet axis) and is defined as follows:

⇢jet(r) =
1

Njet

X

jet

"
1

p
jet

T

P
trk2(r��r/2,r+�r/2) p

trk

T

�r

#
, (25)

where r =
p

(⌘p � ⌘jet)2 + (�p � �jet)2 is the radial dis-
tance of the jet constituents from the jet axis, �r is the bin
size, and the sum is taken over all constituents (tracks)
of the full jets in the bin at r.

The left panel of Figure 4 shows our result for the
jet shape function inside the jet cone for inclusive jets
with p

jet

T > 100 GeV/c and R = 0.3 in central Pb+Pb
collisions and in p+p collisions, compared to the exper-
imental data from CMS Collaboration [24, 28]. To see

the medium e↵ect on the jet shape function more clearly,
the nuclear modification factor for the jet shape func-
tion R

⇢
AA

(r) = ⇢AA(r)/⇢pp(r) is shown in the right panel
of Figure 4. We can see that our results (both with
and without the contribution from the hydrodynamic re-
sponse part) show similar nuclear modification pattern
for the jet shape function to the experimental data from
CMS Collaboration, i.e., little change for small r, a dip at
r ⇠ 0.1 and an enhancement at large r. In other words,
the inner hard core of the jet is more collimated while
the tail (the outer soft part) of the jet is broadened, in
central Pb+Pb collisions compared to pp collisions.

The medium modification feature for the shower part
of the full jet has been extensively studied in Ref.
[57] which shows that the collisional energy loss and
the thermalization of the soft shower partons (into the
medium) make the jet narrower with more collimated
hard core, while the transverse momentum broadening
and medium-induced radiation transport the energy from
the inner to the outer sides of the jet and broaden the
tail of the jet shape function. After the inclusion of the
contribution from jet-induced medium flow, the jet shape
function at small r is not modified much, but for large
r region (r > 0.2-0.25), there is a significant enhance-
ment of the jet broadening e↵ect. This seems to be quite
natural considering the jet cone size dependence of full
jet energy loss as seen in Figure 2, i.e., the energy loss
from the shower part of the jet induces conical flow and
medium excitation which evolve with the medium and
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Figure 8: Dependence of jet RAA on the anti-kt parameter R used in reconstructing the jet and
on the transverse momentum of the jet. We have set K = 0, turning off transverse momentum
broadening which we saw in Section 3 has only very small effects on this observable. We have
included the effects of the wake in the hydrodynamic fluid, which is to say the backreaction of the
medium to the presence of the jet, and have added a background and implemented two different
background subtraction procedures as described in the text and in Appendix B. The left plot shows
this observable for jets with 40 < pT

jet < 120 GeV as measured by the ATLAS collaboration [56],
with their background subtraction procedure, while the right one is for jets with 70 < pT

jet < 300

GeV as measured by the CMS collaboration [49], with their background subtraction procedure.
Both panels are for the 0-10% most central collisions with

p
s = 2.76 ATeV. We have extended the

pT-range in the right panel down to 70 GeV even though present CMS measurements are for jets in
the range 100 < pT

jet < 300 GeV to make it possible to compare the results from our model in the
pT-range where the two panels overlap in order to see the effect on RAA of choosing between the
two different background subtraction procedures. The difference between the two panels is small,
but visible.

in the range 100 < pT < 300 GeV. Note that, as when we included broadening in Section 3, when
we incorporate the effect of the backreaction of the medium to the jet this alters the jet suppression,
meaning that we had to retune the energy loss parameter sc in our hybrid model. In this case,
we only needed to modify the value of sc at the percent level, which is very much smaller than
the theoretical uncertainty corresponding to the widths of the bands in all our plots in this paper
and in our previous publications. As we found when we included broadening in Section 3, for the
high energy jets in the right panel of Fig. 8 the suppression factor RAA shows only a very small
dependence on R, consistent with LHC data [49].

As we saw in Section 3, the suppression factor RAA shows a small decrease (i.e. increase in
suppression) with increasing R, corresponding to the fact that with increasing R the angular size
of the jets that are reconstructed increases together with the fact that wider jets lose more energy.
However, this effect is milder here than it was in Fig. 2 because the effect of the backreaction of the
medium that we are incorporating here is that some particles coming from the wake in the plasma,
which is to say some of the energy that the jet lost, ends up reconstructed as if it were still part
of the jet. Nevertheless, the wide angular distribution of the spectrum of particles from the wake
given by eq. (4.7) implies that, even for the relatively large value of R = 0.5 explored in Fig. 8,
the fraction of the energy lost by the jet that is recovered by the reconstruction procedure is small.
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Viability of Large Cone in Heavy-Ions
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• Add “ghost” particles on η-φ 
grid according to: 

runs over all particles and ghosts delivering the same jets as in the case without the ghosts.
Now, the jets contain except the real particles also ghosts which can be used to correct for
the pileup contribution within each jet. Eq. (2.1) is translated into the 4-momentum of
each ghost by identifying the transverse momentum pgT and mass mg

� with the amount of
pileup within area Ag:

pgT = Ag · ⇢,
mg

� = Ag · ⇢m.
(2.5)

An iterative procedure is used to define the scheme for calculating the specified amount of
transverse momentum and mass m� to subtract from each jet constituent. For each pair
of particle i and ghost k, a matching scheme is implemented using the distance measure,
�Ri,k, defined as

�Ri,k = p↵Ti ·
q�

yi � ygk
�2

+
�
�i � �g

k

�2
. (2.6)

For complete generality, ↵ is allowed to be any real number, but is taken to be zero in
the studies performed here. The list of all distance measures, {�Ri,k}, is sorted from the
lowest to the highest values. The pileup removal proceeds iteratively, starting from the
particle-ghost pair with the lowest �Ri,k. At each step, the momentum pT and mass m�

of each particle i and ghost k are modified as follows.

If pTi � pgTk : pTi �! pTi � pgTk,

pgTk �! 0;

otherwise: pTi �! 0,

pgTk �! pgTk � pTi.

�����

If m�i � mg
�k : m�i �! m�i �mg

�k,

mg
�k �! 0;

otherwise: m�i �! 0,

mg
�k �! mg

�k �m�i.

(2.7)

The azimuth and rapidity of the particles and ghosts remain unchanged. The iterative
process is terminated when the end of the sorted list is reached. Alternatively, a thresh-
old �Rmax can be introduced to stop the iterations when �Ri,k > �Rmax. In principle,
introducing the �Rmax threshold also guarantees that only ghosts neighbouring a given
particle are used to correct the kinematics of that particle. Particles with zero transverse
momentum after the iterative process are discarded and the 4-momentum of a given jet
is recalculated following a desired recombination scheme (commonly, the 4-momentum re-
combination scheme is used [17]). It can happen that after the subtraction no real particle
remains. This may be a signal that such a jet originates from pileup.

The scalar subtraction in Eq. (2.7) is chosen instead of 4-momentum subtraction since
it allows to reduce the local differences between the actual background deposit and its
estimate from Eq. (2.1)1. The scalar subtraction also eliminates the occurrence of unphysical
negative squared masses which may be present when subtracting 4-momenta. Furthermore,

1An alternative form of Eq. (2.7) with subtracting the 4-momenta would lead to a corrected jet with the
same 4-momentum as if the area-based subtraction from Ref. [8] was applied which follows from the addi-
tiveness of 4-momenta. The performance of such particle-level correction will be explored in an upcoming
study.
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• Note: Some signal will 

occasionally be subtracted by 
probability. Relatedly, some UE 
will remain.
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• Continue until ghost or real 

particles are exhausted 
• Cluster remaining event into jets
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• Extract an event-by-event v2 and v3 by fitting particle flow candidates 
• Charged Hadron candidates, 0.3 < pT  < 3 and |η| < 1 
• Fit is employed over all η to model flow 

• Extracted v2(v3) are used to modulate CS ρ to add ghost particles
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Incremental Improvements in CS at CMS

• Unwrapped detector in coordinates η-(φ-ΨHF,2) 
• Average subtracted constituent sum 

• φ-ΨHF,2 is azimuth relative the event plane 

• Features: 
• Strong modulation in φ w.r.t ΨHF,2 
• Mid-rapidity ρ inconsistent with forward 

• Ηence |η| restriction of measurements

CS as employed in:
PRL 120 (2018) 142302 

and:
Jet Mass (ARXIV NOW)

Using unsubtracted kt  
clustered jets to extract ρ
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Incremental Improvements in CS at CMS

CS as employed in:
PRL 120 (2018) 142302 

and:

Using unsubtracted kt  
clustered jets to extract ρ
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Switching to PU-style 
extraction of ρ 

Reduces the forward ρ 
post-subtraction to levels 

consistent with mid-η

CS as employed in:
PRL 120 (2018) 142302 

and:

Using unsubtracted kt  
clustered jets to extract ρ

Add φ-modulated ρ 
using event-by-event 

flow fitting 

Reduces deviations in 
ρ around  ΨHF,2
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Projection of Detector on Azimuth

• CS Updated w/ Flow correction shows reduced modulations when 
projected onto azimuth compared to previous iterations 
• Reduction in jet energy scale dependence on event plane
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• Scale closure of R=0.4 (Left) and R=0.8 (Right) jets over all centrality 
• In large cone, oversubtract at lower pΤ in peripheral events 
• Identical corrections applied to all centrality 

• Derived from unsubtracted jets in PYTHIA events
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• Energy resolution of R=0.4 (Left) and R=0.8 (Right) jets over all centrality 
• In large cone, UE drives high resolution at low-pT 

• JER ~18% at 200 GeV (R=0.8)
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Scale Closure vs. Event Plane (R=0.8)

• Jet energy scale closure as function of event plane for R=0.8 w/o flow 
correction (Left) and with flow correction (Right) 

• Significant flattening of scale translates directly to resolution reduction 
• Compare to R=0.4 (backup)
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• An alternative view of how to handle UE subtraction in jets is presented 
• Instead of exploring tight cone R at low-pT, consider large R at high-pT 

• Jet reconstruction is updated for forward-η and to account for flow modulations 
• Perform Jet Nuclear Modification Factor Radius Scan up to R=1 for pT > 200 
• Extend CMS jet substructure measurements to large cone size
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The CMS Detector and Particle Flow

• CMS combines all subdetectors via the particle-flow 
algorithm 

• Particle-flow objects serve as jet constituents

1

1 Introduction

Modern general-purpose detectors at high-energy colliders are based on the concept of cylin-
drical detection layers, nested around the beam axis. Starting from the beam interaction region,
particles first enter a tracker, in which charged-particle trajectories (tracks) and origins (vertices)
are reconstructed from signals (hits) in the sensitive layers. The tracker is immersed in a mag-
netic field that bends the trajectories and allows the electric charges and momenta of charged
particles to be measured. Electrons and photons are then absorbed in an electromagnetic calor-
imeter (ECAL). The corresponding electromagnetic showers are detected as clusters of energy
recorded in neighbouring cells, from which the energy and direction of the particles can be de-
termined. Charged and neutral hadrons may initiate a hadronic shower in the ECAL as well,
which is subsequently fully absorbed in the hadron calorimeter (HCAL). The corresponding
clusters are used to estimate their energies and directions. Muons and neutrinos traverse the
calorimeters with little or no interactions. While neutrinos escape undetected, muons produce
hits in additional tracking layers called muon detectors, located outside the calorimeters. This
simplified view is graphically summarized in Fig. 1, which displays a sketch of a transverse
slice of the CMS detector [1].
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Figure 1: A sketch of the specific particle interactions in a transverse slice of the CMS detector,
from the beam interaction region to the muon detector. The muon and the charged pion are
positively charged, and the electron is negatively charged.
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Jet Reconstruction with CMS in pp
46 6 Validation with data and pileup mitigation
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Figure 23: Jet energy composition in observed and simulated events as a function of pT (top
left), h (top right), and number of pileup interactions (bottom). The top panels show the mea-
sured and simulated energy fractions stacked, whereas the bottom panels show the difference
between observed and simulated events. Charged hadrons associated with pileup vertices are
denoted as charged PU hadrons.

• Particle-flow constituents combine tracks, ECal and HCal 
• Strong improvement at low-pT with addition of tracks

JINST 12 
(2017) 
P10003

48 6 Validation with data and pileup mitigation
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three different pileup conditions (left), and jet energy resolution parameters (right). The jet pT
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shown as a function of the number of pileup interactions µ times the jet area A for PF jets and
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Matthew Nguyen Quark Matter 2012, Washington DC 5 

Underlying Event Subtraction 

η�

φ�

1. <ET> calculated in strips of η. 
Subtract <ET> + σ�

η�

φ�

2. Run anti-kT algorithm on 
background-subtracted towers�

η�

φ�

3. Exclude reconstructed jets 
and re-estimate background 

η�

φ�

4. Re-run anti-kT algorithm 
to get final jets�

For details see:"
•  CMS, arXiv:1102.1957"
•  Kodolova et al., "
      EPJC 50 (2007) 117"

 

Iterative Pedestal Subtraction
• ρ or <ET> is calculated 

in strips of rapidity 
• Follows HCal tower 

geometry 

• A second iteration is 
run excluding “jetty” 
regions of the detector 
from each η-strip 
extraction 

• UE estimation that 
naturally follows a 
changing detector 
geometry

Eur. Phys. J. C 50 (2007) 117

http://www.apple.com
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High-pT  News (2018.05.03)
• Upcoming deadlines + tasks 

• QM APPROVAL: SUBMIT TOMORROW LATEST 
• Saturday/Sunday may require iteration with conveners 

• BOOST/ICHEP Approval freeze: June 22 
• Hard Probes Approval freeze: September 7 

• Rehearsals Next Week: 
• Full Agenda here (all times GVA) 
• Monday: Gluon splitting 14:00, D+jets 14:40 
• Tuesday: Dijet-eta 16:00 
• Wednesday: Jet RAA 10:00, Jet Substructure 10:40, Gamma+jet 

shapes 14:00 

• Next In-Person High-pT: 2018.05.22 (Tuesday after QM) 
• Meaning: next two weeks will be virtual
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Add 
Flow  

Correction

• Jet energy scale closure as function of event plane for R=0.4 w/o flow 
correction (Left) and with flow correction (Right) 

• Some flattening of scale less than corresponding R=0.8 case 
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Fig. From: CMS-DP-2018


