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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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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.
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Dijet

Both jets interact 
with medium

• Observed strong modification in medium compared to MC 
and pp 

• Energy is redistributed in and out-of-cone 
• How can this be studied?

Christopher McGinn  3

Observation of Dijet Asymmetry in PbPb
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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

Dijet

Both jets interact 
with medium

• Central PbPb AJ modification relative to smeared pp and MC 
• Signature of jet quenching; how can we learn more?

Dijet Asymmetry in PbPb

Energy is 
redistributed

PLB 712 (2012) 176

https://www.sciencedirect.com/science/article/pii/S037026931200487X
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CMS Results on Jet Quenching
Inclusive/Dijet 2p76TeVPbPbDijetImb

2p76TeVPbPbDijetImbMPt
2p76TeVPbPbJetRAA
5TeVpPbJetRpA

Inclusive/Dijet+Track 2p76TeVPbPbFrag1, 2
2p76TeVPbPbMPt

2p76TeVPbPbShapes
2p76TeVPbPbJetTrackCorr

2p76TeVPbPbJetTrackMom 5TeVPbPbJetTrackCorr

 

Boson+Jet 2p76TeVPbPbPhotonJet
5TeVPbPbPhotonJet

5TeVPbPbZJet

Boson+Jet+Track 5TeVPbPbPhotonTagShapes 5TeVPbPbPhotonTagFrag

Inclusive Substructure 5TeVPbPbSplitting 5TeVPbPbGroomJetMass

• Excluding the related particle suppression results

Heavy Flavor Jet 2p76TeVPbPbBJetRAA
5TeVPbPbDInJets

5TeVpPbCJetSpect
5TeVBJetRpA

5TeVPbPbDiBjetImb

https://arxiv.org/abs/1202.5022
https://arxiv.org/abs/1102.1957
https://arxiv.org/abs/1609.05383
https://arxiv.org/abs/1601.02001
https://arxiv.org/abs/1205.5872
https://arxiv.org/abs/1406.0932
https://arxiv.org/abs/1509.09029
https://arxiv.org/abs/1310.0878
https://arxiv.org/abs/1601.00079
https://arxiv.org/abs/1609.02466
https://arxiv.org/abs/1803.00042
https://arxiv.org/abs/1601.02001
https://arxiv.org/abs/1205.0206
https://arxiv.org/abs/1711.09738
https://arxiv.org/abs/1702.01060
https://arxiv.org/abs/1809.08602
https://arxiv.org/abs/1801.04895
https://arxiv.org/abs/1708.09429
https://arxiv.org/abs/1805.05145
https://arxiv.org/abs/1312.4198
https://cds.cern.ch/record/2318339/files/HIN-18-007-pas.pdf
https://arxiv.org/abs/1612.08972
https://arxiv.org/abs/1510.03373
https://arxiv.org/abs/1802.00707
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• Focus on a few recent results
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The CMS Detector

• Jet reconstruction combines all subdetectors 
• Dominated by tracking, ECal, and HCal (~.6, ~.3, ~.1)

collision, CMS is assembled from a combination of individual detectors. These include

a tracker, in combination with a strong magnetic field to measure the momentum and

trajectories of charged particles; a calorimeter to measure energy of hadrons, electrons

and photons; and a muon detector. These individual sub-detectors are positioned in a

cylindrical onion-like fashion as shown in Fig. 3-2. The figure also shows the physical

dimensions of the di↵erent sub-detectors.

Figure 3-2: A transverse slice through the CMS detector, showing the layered, onion
structure of subdetectors. The depicted interactions present detector behavior for
di↵erent particles. (Courtesy of CERN, CMS)

CMS uses a right-handed coordinate system in which the z axis points in the

anticlockwise beam direction, the x axis points towards the center of the LHC ring,

and the y axis points up, perpendicular to the plane of the LHC ring. The azimuthal

angle � is measured in radians with respect to the x axis, and the polar angle ✓

is measured with respect to the z axis. A particle with energy E and momentum

~p is characterized by transverse momentum pT = |~p| sin ✓, and pseudorapidity ⌘ =

� ln [tan(✓/2)].

In this thesis, the strengths and features of the detectors that are relevant to

measuring jet fragmentation functions are highlighted.

41
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Particle Flow at CMS
1. Reconstruct 

subdetector objects 
2. Subdetector objects 

are matched 
topologically 

3. “ID” can be assigned 
(is this a track that 
left some energy in 
ECal? perhaps e+/-) 

4. These final 
subdetector objects 
are clustered into 
jets

EPJC 77 (2017) 466
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Figure 2: Event display of an illustrative jet made of five particles only in the (x, y) view (upper
panel), and in the (h, j) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K0

L, the p�, and the two photons from the p0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The p+ does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the (h, j) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.

JINST 12 (2017) P10003

TRACKS

ECAL

HCAL

ATLAS PF->

https://arxiv.org/abs/1703.10485
https://arxiv.org/pdf/1706.04965.pdf
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Jet Reconstruction with CMS in pp
48 6 Validation with data and pileup mitigation
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Figure 24: Jet pT resolution for PF+CHS jets (open markers) and PF jets (full markers) under
three different pileup conditions (left), and jet energy resolution parameters (right). The jet pT
resolution is shown as a function of pRef

T . The jet energy resolution parameters (Eq. (15)) are
shown as a function of the number of pileup interactions µ times the jet area A for PF jets and
PF+CHS jets. The three resolution parameters are determined in bins of µ for various radius
parameters R, and then averaged in bins of µA.
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• Good performance just using vertex info to subtract at 
typical levels of LHC pileup 
• Typical level -> peripheral-most in PbPb

50 6 Validation with data and pileup mitigation
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Jet Reconstruction with CMS in PbPb
• Fluctuations in ρ contribute to jet  

resolution as N term: 
 
 
 

• Typically HI chooses small cone 
and low-pT to reduce impact of UE 

• ~15 GeV one-sigma fluctuation 
• All results shown use R=0.3 or 0.4 
• All results w/ 2015 PbPb and pp 

reference

N

ρ = ΣpT/Area

CMS-DP-2018-024

http://cds.cern.ch/record/2621977?ln=en
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• Hard and soft components from single vertex O(fm) 
• Background is modulated in φ (flow of medium) 
• Jet-medium interaction gives ambiguous correlated background

How to go from 

• Fastjet Rho subtraction, Iterative PU, Constituent 
Subtraction 


• 3 years ago - this is what I wanted - to completely remove 
background 

But! We have some correlation here! 

K. Zapp, QM2018

Phys.Lett. B 753 (2016) 511-525

CMS-DP-2018-024

Additional Complications in PbPb

for ALICE implementation

https://indico.cern.ch/event/656452/contributions/2953750/attachments/1648200/2634990/JetQuenching_QM18.pdf
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
http://cds.cern.ch/record/2621977?ln=en
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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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Subtracting Underlying Event in HI at CMS
• Considering subtraction as two separate problems 

1. What amount of UE to subtract 
2. How to subtract

See JHEP06 (2014) 092

For substructure:
Constituent Subtraction (CS) 

1: Estimated by median 
unsubtracted kt jet 

2: Add “ghost” particles randomly 
with fixed area and pT according 
to rho, subtracting from real 
particles iteratively until gone

For gamma/flavor tagged jets
Iterative Pedestal (PU) 

1: Estimated by mean energy 
inside tower eta strips (excluding 
jets from first iteration in second) 

2: Subtract mean + compensating 
sigma from pseudo-tower 
constituents. Zero negative towers

Iterative Pedestal (PU) 

1: Estimated by mean energy 
inside tower eta strips (excluding 
jets from first iteration in second) 

2: Subtract mean + compensating 
sigma from pseudo-tower 
constituents. Zero negative towers

See EPJC 50 (2007) 117

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9
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• PYTHIA6, PYTHIA8, and HERWIG++ all describe 
distribution shape to ~15% 

• Given reasonable baseline, how does it look in PbPb?
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CMS Analysis of zg in pp
PRL 120 

(2018) 142302 
Work back thru  

clustering history

Identify subjets satisfying 
condition:

2

including a subtraction for the uncorrelated underlying event) use a 100 GeV threshold. Non-
collision events, such as beam-gas interactions or cosmic-ray muons, are rejected offline [19].
The events are required to have a primary vertex reconstructed within 15 cm (0.15 cm) of the
nominal interaction point along the beam direction (in the transverse plane). The average num-
ber of additional collisions per bunch crossing is less than 0.9 in both data sets, having a neg-
ligible effect on the measurement. The PbPb event sample is divided into centrality intervals,
reflecting the impact parameter of the colliding nuclei, using the percentage of the total inelas-
tic hadronic cross section, which is evaluated using the sum of the total energy deposited in
both forward hadron calorimeters, covering the 3 < |h| < 5 range [45].

The PYTHIA 6.423 [46] event generator (tune Z2* [47, 48]) is used to calculate Monte Carlo
(MC) corrections. For PbPb simulations, the PYTHIA 6 events are embedded into an underlying
event produced with HYDJET 1.9 [49]. All generated events undergo a full GEANT4 [50] simula-
tion of the CMS detector response. Additional cross check samples are produced with PYTHIA
8.212 [51] (tune CUETP8M1 [48]) and HERWIG++ [52] (tune EE5C [53]).

In PbPb collisions, the constituents of the jet are corrected for the underlying event contribution
using the “Constituent Subtraction” method [54], a particle-by-particle approach that removes
or corrects jet constituents based on the average underlying event density. The subtraction
corrects both the four-momentum of the jet and its substructure. Underlying event densities
are determined by calculating the median pT per unit area, r, and a density term related to
the jet mass, rm, using a procedure in which all of the particles in the event are clustered into
jets using the kT algorithm with R = 0.4 [42, 43, 55]. To match the jets used in this analysis,
only kT jets with |h| < 1.3 are included in the density determination. The influence of true
hard jet fragments on the background estimation is reduced by excluding the two leading kT
jets. The constituent-subtracted jets are corrected for the detector response with jet energy
corrections derived from independent pp and PbPb simulations. Additional corrections for the
mismodeling of the detector response are also applied [56].

Jet grooming algorithms aim to isolate the hard prongs of a jet and remove soft wide-angle
radiation. The “soft drop” declustering procedure, used in this analysis, is an extension of the
modified mass drop tagger [29]. The procedure starts by selecting an anti-kT jet that has al-
ready been constituent-subtracted and reclustered with the Cambridge/Aachen algorithm [57]
to form a pairwise clustering tree with an angular-ordered structure. A pairwise declustering is
performed on this tree. In each step of the declustering, a branching into two subjets is accepted
if they pass the soft drop condition [30],

min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is the
distance between the two subjets in the h-f plane, R0 is the cone size of the anti-kT jet, and
zcut is an adjustable parameter. If the soft drop condition is not satisfied, the softer subjet is
dropped. For this study, zcut is set to 0.1 [30]. The parameter b is set to 0, which satisfies an
extended version of infrared and collinear safety by absorbing the collinear divergences into a
generalized fragmentation function recovering the QCD splitting function [32]. Once the soft
drop condition is satisfied, the two subjets at that position in the tree are used in the analysis. If
the soft drop condition is never satisfied, the jet is not used. This is the case for 1.5% of the jets
measured at pT,jet = 140 GeV, increasing to 3.0% at pT,jet = 300 GeV, independent of collision
centrality.

Groomed jets with a small distance between the two subjets frequently result from the ambigu-

Removed

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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•  zcut and β  here are “Flat” 
grooming setting 

• Shape modification with 
increasing centralityPRL 120 

(2018) 142302 

CMS Analysis of zg in PbPb

Christopher McGinn 1

Photon-Jet Correlations in pp and PbPb 
collisions at 5.02 TeV with CMS

Hard Probes 2016 
Wuhan, China 

On behalf of the CMS experiment at the LHC
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Photon-Jet Correlations in pp and PbPb 
collisions at 5.02 TeV with CMS

Hard Probes 2016 
Wuhan, China 

On behalf of the CMS experiment at the LHC

Increasing centrality

2

including a subtraction for the uncorrelated underlying event) use a 100 GeV threshold. Non-
collision events, such as beam-gas interactions or cosmic-ray muons, are rejected offline [19].
The events are required to have a primary vertex reconstructed within 15 cm (0.15 cm) of the
nominal interaction point along the beam direction (in the transverse plane). The average num-
ber of additional collisions per bunch crossing is less than 0.9 in both data sets, having a neg-
ligible effect on the measurement. The PbPb event sample is divided into centrality intervals,
reflecting the impact parameter of the colliding nuclei, using the percentage of the total inelas-
tic hadronic cross section, which is evaluated using the sum of the total energy deposited in
both forward hadron calorimeters, covering the 3 < |h| < 5 range [45].

The PYTHIA 6.423 [46] event generator (tune Z2* [47, 48]) is used to calculate Monte Carlo
(MC) corrections. For PbPb simulations, the PYTHIA 6 events are embedded into an underlying
event produced with HYDJET 1.9 [49]. All generated events undergo a full GEANT4 [50] simula-
tion of the CMS detector response. Additional cross check samples are produced with PYTHIA
8.212 [51] (tune CUETP8M1 [48]) and HERWIG++ [52] (tune EE5C [53]).

In PbPb collisions, the constituents of the jet are corrected for the underlying event contribution
using the “Constituent Subtraction” method [54], a particle-by-particle approach that removes
or corrects jet constituents based on the average underlying event density. The subtraction
corrects both the four-momentum of the jet and its substructure. Underlying event densities
are determined by calculating the median pT per unit area, r, and a density term related to
the jet mass, rm, using a procedure in which all of the particles in the event are clustered into
jets using the kT algorithm with R = 0.4 [42, 43, 55]. To match the jets used in this analysis,
only kT jets with |h| < 1.3 are included in the density determination. The influence of true
hard jet fragments on the background estimation is reduced by excluding the two leading kT
jets. The constituent-subtracted jets are corrected for the detector response with jet energy
corrections derived from independent pp and PbPb simulations. Additional corrections for the
mismodeling of the detector response are also applied [56].

Jet grooming algorithms aim to isolate the hard prongs of a jet and remove soft wide-angle
radiation. The “soft drop” declustering procedure, used in this analysis, is an extension of the
modified mass drop tagger [29]. The procedure starts by selecting an anti-kT jet that has al-
ready been constituent-subtracted and reclustered with the Cambridge/Aachen algorithm [57]
to form a pairwise clustering tree with an angular-ordered structure. A pairwise declustering is
performed on this tree. In each step of the declustering, a branching into two subjets is accepted
if they pass the soft drop condition [30],

min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is the
distance between the two subjets in the h-f plane, R0 is the cone size of the anti-kT jet, and
zcut is an adjustable parameter. If the soft drop condition is not satisfied, the softer subjet is
dropped. For this study, zcut is set to 0.1 [30]. The parameter b is set to 0, which satisfies an
extended version of infrared and collinear safety by absorbing the collinear divergences into a
generalized fragmentation function recovering the QCD splitting function [32]. Once the soft
drop condition is satisfied, the two subjets at that position in the tree are used in the analysis. If
the soft drop condition is never satisfied, the jet is not used. This is the case for 1.5% of the jets
measured at pT,jet = 140 GeV, increasing to 3.0% at pT,jet = 300 GeV, independent of collision
centrality.

Groomed jets with a small distance between the two subjets frequently result from the ambigu-

Removed

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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CMS Analysis of zg in PbPb
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• Persistent effect thru large pT range 
• Consistent at highest pT, but limited by statistics

Increasing jet pT

Christopher McGinn 1

Photon-Jet Correlations in pp and PbPb 
collisions at 5.02 TeV with CMS

Hard Probes 2016 
Wuhan, China 

On behalf of the CMS experiment at the LHC

Fixed 
Centrality

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


Christopher McGinnChristopher McGinn  1

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

Christopher McGinn  14

0

5

10

15

20

25
)

je
t

T
 / 

p
g

d(
MdN

 N1

0
0.5

1
1.5

D
at

a
M

C

0 0.1 0.2jet
T

 / pgM
0 0.1 0.2jet

T
 / pgM

CMS  (5.02 TeV)-1pp 27.4 pb
anti-kt R = 0.4

 < 180 GeVjet
T

160 < p
| < 1.3

jet
η|

Data
PYTHIA6 (Z2*)
HERWIG++ (EE5C)
 

 = 0.0β = 0.1, cutz
 > 0.112RΔ

 = 1.5β = 0.5, cutz
 > 0.112RΔ

CMS Analysis of Groomed Mass in pp

• Left: Grooming does not consider radial distance (β=0, “Flat”) 
• Right: Grooming preferentially selects jet “Core” 
• PYTHIA6, HERWIG++ show good agreement with data

JHEP 10 
(2018) 161 Identify subjets  

satisfying condition:

2

including a subtraction for the uncorrelated underlying event) use a 100 GeV threshold. Non-
collision events, such as beam-gas interactions or cosmic-ray muons, are rejected offline [19].
The events are required to have a primary vertex reconstructed within 15 cm (0.15 cm) of the
nominal interaction point along the beam direction (in the transverse plane). The average num-
ber of additional collisions per bunch crossing is less than 0.9 in both data sets, having a neg-
ligible effect on the measurement. The PbPb event sample is divided into centrality intervals,
reflecting the impact parameter of the colliding nuclei, using the percentage of the total inelas-
tic hadronic cross section, which is evaluated using the sum of the total energy deposited in
both forward hadron calorimeters, covering the 3 < |h| < 5 range [45].

The PYTHIA 6.423 [46] event generator (tune Z2* [47, 48]) is used to calculate Monte Carlo
(MC) corrections. For PbPb simulations, the PYTHIA 6 events are embedded into an underlying
event produced with HYDJET 1.9 [49]. All generated events undergo a full GEANT4 [50] simula-
tion of the CMS detector response. Additional cross check samples are produced with PYTHIA
8.212 [51] (tune CUETP8M1 [48]) and HERWIG++ [52] (tune EE5C [53]).

In PbPb collisions, the constituents of the jet are corrected for the underlying event contribution
using the “Constituent Subtraction” method [54], a particle-by-particle approach that removes
or corrects jet constituents based on the average underlying event density. The subtraction
corrects both the four-momentum of the jet and its substructure. Underlying event densities
are determined by calculating the median pT per unit area, r, and a density term related to
the jet mass, rm, using a procedure in which all of the particles in the event are clustered into
jets using the kT algorithm with R = 0.4 [42, 43, 55]. To match the jets used in this analysis,
only kT jets with |h| < 1.3 are included in the density determination. The influence of true
hard jet fragments on the background estimation is reduced by excluding the two leading kT
jets. The constituent-subtracted jets are corrected for the detector response with jet energy
corrections derived from independent pp and PbPb simulations. Additional corrections for the
mismodeling of the detector response are also applied [56].

Jet grooming algorithms aim to isolate the hard prongs of a jet and remove soft wide-angle
radiation. The “soft drop” declustering procedure, used in this analysis, is an extension of the
modified mass drop tagger [29]. The procedure starts by selecting an anti-kT jet that has al-
ready been constituent-subtracted and reclustered with the Cambridge/Aachen algorithm [57]
to form a pairwise clustering tree with an angular-ordered structure. A pairwise declustering is
performed on this tree. In each step of the declustering, a branching into two subjets is accepted
if they pass the soft drop condition [30],

min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is the
distance between the two subjets in the h-f plane, R0 is the cone size of the anti-kT jet, and
zcut is an adjustable parameter. If the soft drop condition is not satisfied, the softer subjet is
dropped. For this study, zcut is set to 0.1 [30]. The parameter b is set to 0, which satisfies an
extended version of infrared and collinear safety by absorbing the collinear divergences into a
generalized fragmentation function recovering the QCD splitting function [32]. Once the soft
drop condition is satisfied, the two subjets at that position in the tree are used in the analysis. If
the soft drop condition is never satisfied, the jet is not used. This is the case for 1.5% of the jets
measured at pT,jet = 140 GeV, increasing to 3.0% at pT,jet = 300 GeV, independent of collision
centrality.

Groomed jets with a small distance between the two subjets frequently result from the ambigu-

Calculate: 
Μg = (p1µ p2µ)0.5

Normalize by 
jet pT 

https://arxiv.org/abs/1805.05145
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• “Core” grooming shows no modification 
• “Flat” grooming shows shape modified at large Mg/pT
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• Models that describe enhancement in “Flat” grooming also 
show large Mg/pT in “Core” grooming
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Controlling Initial Momentum w/ Boson

• Photon gives a clean tag of the starting momentum 
• Also probes a different q/g fraction (see backup) 
• Measurements at much lower pT than corresponding 

inclusive measurements

4th Heavy-Ion Jet WorkshopKaya Tatar 3

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

Dijet

Both jets interact 
with medium

Energy is 
redistributed

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.

γ+jets

Photon  
propagates 
unmodified
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• Look at track sums in rings around the jet axis, normalized to 
the full jet charged energy

Submitted to PRL

Measuring Jet Shapes with a Boson Tag

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.

γ+jets
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1. Introduction 1

1 Introduction
The quark-gluon plasma (QGP) [1], a deconfined state of quarks and gluons, is created in rel-
ativistic heavy ion collisions. It can be probed with energetic partons emerging from a hard
scattering produced in the same collisions. The outgoing hard-scattered partons eventually
fragment, and each forms a jet of collimated particles that can be observed experimentally. The
modifications the jets suffer following their parent parton’s interactions with the medium can
be related to the thermodynamical and transport properties of the traversed medium [2–7].
One key aspect of further understanding the inner workings of the QGP is understanding the
mechanisms by which the partons lose energy to the medium, whether by heating it, scattering
off its point-like constituents, or by some other processes [8–12].

The CERN LHC collaborations have studied the medium induced modifications of jets by mea-
suring the jet yield for a given transverse momentum (pT) [13–17] and jet substructure [18–28].
In these types of jet measurements there is limited control on the initial energy of the parton,
i.e., before its interaction with the medium. On the other hand, by studying jets produced in
association with an electroweak boson such as a photon or a Z boson, whose pT can be pre-
cisely measured, the initial parent parton pT can be tightly constrained, as electroweak bosons
do not interact strongly with the medium [29–31]. At LHC energies, these type of processes
have an additional advantage: the electroweak-boson+jet production is dominated by quark
jets for p

jet
T > 30 GeV/c [32], hence providing information specifically on quark energy loss, and

therefore constraining the dependence of energy loss on parton (quark or gluon) flavor [33, 34].

The CMS Collaboration has previously measured the azimuthal correlation and momentum
imbalance of isolated photon+jet pairs in pp and PbPb collisions at nucleon-nucleon center-of-
mass energies of psNN = 2.76 and 5.02 TeV [35, 36] and of Z+jet pairs at psNN = 5.02 TeV [37].
More recently, the fragmentation function of jets tagged with isolated photons were performed
[38]. The results showed that in central PbPb collisions there is an excess of low-pT particles
and a depletion of high-pT particles inside the jet cone. The jet fragmentation functions reflect
the momentum distribution inside the parton shower in the longitudinal direction, making it
highly sensitive to the hadronization process. A complementary observable for parton shower
modification that features reduced sensitivity to hadronization is the jet radial momentum den-
sity profile, i.e., the jet shape, which is a measure of the component of the momentum transverse
to the jet axis [39, 40]. Jet shape measurements so far were done using inclusive jet [19, 28] or
dijet samples [23].

This note reports the first measurement of the differential jet shape r(r) for jets associated
with an isolated photon, i.e., a photon for which the total transverse energy of other particles
around its h and f direction is small after being subtracted for the underlying event (UE).
This definition suppresses dijet events in which a high-pT photon originates from one of the
jets, either via collinear fragmentation of a parton (“fragmentation photons”) or via decays of
neutral mesons (“decay photons”). The differential jet shape r(r) is defined as

r(r) =
1
dr

Âjets Â
trk2[ra,rb)

(p
trk
T /p

jet
T )

Âjets Â
trk2[0,r f )

(p
trk
T /p

jet
T )
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where dr = rb � ra is the width of the annulus with inner and outer radii rb and ra with respect
to the jet axis, respectively, p

trk
T is the pT of tracks falling within each annulus of the jet with p

jet
T ,

and r is the distance between the track and the jet axis. The distribution is normalized such that
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Measuring Jet Shapes with a Boson Tag

• In central PbPb, observe enhancement of periphery particles 
• Comparable to results of groomed jet mass with β=0

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.

γ+jets
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Centrality

1. Introduction 1

1 Introduction
The quark-gluon plasma (QGP) [1], a deconfined state of quarks and gluons, is created in rel-
ativistic heavy ion collisions. It can be probed with energetic partons emerging from a hard
scattering produced in the same collisions. The outgoing hard-scattered partons eventually
fragment, and each forms a jet of collimated particles that can be observed experimentally. The
modifications the jets suffer following their parent parton’s interactions with the medium can
be related to the thermodynamical and transport properties of the traversed medium [2–7].
One key aspect of further understanding the inner workings of the QGP is understanding the
mechanisms by which the partons lose energy to the medium, whether by heating it, scattering
off its point-like constituents, or by some other processes [8–12].

The CERN LHC collaborations have studied the medium induced modifications of jets by mea-
suring the jet yield for a given transverse momentum (pT) [13–17] and jet substructure [18–28].
In these types of jet measurements there is limited control on the initial energy of the parton,
i.e., before its interaction with the medium. On the other hand, by studying jets produced in
association with an electroweak boson such as a photon or a Z boson, whose pT can be pre-
cisely measured, the initial parent parton pT can be tightly constrained, as electroweak bosons
do not interact strongly with the medium [29–31]. At LHC energies, these type of processes
have an additional advantage: the electroweak-boson+jet production is dominated by quark
jets for p

jet
T > 30 GeV/c [32], hence providing information specifically on quark energy loss, and

therefore constraining the dependence of energy loss on parton (quark or gluon) flavor [33, 34].

The CMS Collaboration has previously measured the azimuthal correlation and momentum
imbalance of isolated photon+jet pairs in pp and PbPb collisions at nucleon-nucleon center-of-
mass energies of psNN = 2.76 and 5.02 TeV [35, 36] and of Z+jet pairs at psNN = 5.02 TeV [37].
More recently, the fragmentation function of jets tagged with isolated photons were performed
[38]. The results showed that in central PbPb collisions there is an excess of low-pT particles
and a depletion of high-pT particles inside the jet cone. The jet fragmentation functions reflect
the momentum distribution inside the parton shower in the longitudinal direction, making it
highly sensitive to the hadronization process. A complementary observable for parton shower
modification that features reduced sensitivity to hadronization is the jet radial momentum den-
sity profile, i.e., the jet shape, which is a measure of the component of the momentum transverse
to the jet axis [39, 40]. Jet shape measurements so far were done using inclusive jet [19, 28] or
dijet samples [23].

This note reports the first measurement of the differential jet shape r(r) for jets associated
with an isolated photon, i.e., a photon for which the total transverse energy of other particles
around its h and f direction is small after being subtracted for the underlying event (UE).
This definition suppresses dijet events in which a high-pT photon originates from one of the
jets, either via collinear fragmentation of a parton (“fragmentation photons”) or via decays of
neutral mesons (“decay photons”). The differential jet shape r(r) is defined as

r(r) =
1
dr

Âjets Â
trk2[ra,rb)
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trk
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jet
T )

Âjets Â
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(1)

where dr = rb � ra is the width of the annulus with inner and outer radii rb and ra with respect
to the jet axis, respectively, p

trk
T is the pT of tracks falling within each annulus of the jet with p

jet
T ,

and r is the distance between the track and the jet axis. The distribution is normalized such that

Submitted to PRL

https://arxiv.org/abs/1809.08602


Christopher McGinnChristopher McGinn  1

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

Christopher McGinn  20

• Inclusive jet near-cone depletion is not seen in gamma+jets 
• Note the jet pT of these results differ by ~60 GeV
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• Can also study energy redistribution by tagging constituent 
• Replace lighter masses with charm mass
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• No modification observed for high-pT D in PbPb 
• Low-pT D shape modified (normalization NJD)
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Future Directions

• Successful data-taking at end of 2018! 
• Two exciting analysis programs 

• Continue current progression with boson/HF-tagged 
substructure, addition of new substructure observables 

• New probes
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Updating Constituent Subtraction at CMS
• Substitute iterative pedestal estimation of underlying event in 
η-strips into CS (see backup) 
• Expanding CS jets to forward region, |η| > 1.3 

• Add modulation to underlying event in φ to account for flow

See JHEP06 (2014) 092

Constituent Subtraction (CS) 

1: Estimated by median 
unsubtracted kt jet 

2: Add “ghost” particles randomly 
with fixed area and pT according 
to rho, subtracting from real 
particles iteratively until gone

1a: ρ estimated in  
η-strips defined by 
detector geometry 

1b: Add event-by-
event φ modulation

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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• Energy resolution of R=0.4 (Left) and R=0.8 (Right) jets with new CS 
• In large cone, UE drives high resolution at low-pT 

• JER ~18% at 200 GeV (R=0.8)

Jet Energy Resolution at R=0.4 and R=0.8

CMS-DP-2018-024

http://cds.cern.ch/record/2621977?ln=en
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• Inclusive jet substructure measurements show no modification with “core” 
grooming 
• Modification observed with “flat” grooming in zg, Mg/pT 

• Jet shapes are studied with photon tags and by jet correlation with charm

The MIT group’s work was  

supported by US DOE-NP
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Backup
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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

Scale Closure vs. Event Plane (R=0.4)

Fig. From: CMS-DP-2018-024

http://cds.cern.ch/record/2621977?ln=en
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Illustration of CS Subtraction Iterations
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Constituent Subtraction

η

φ

“CMS”

SIGNAL: Hard-scattering in PbPb collision producing jets

UNDERLYING EVENT: Uncorrelated particles from other  
                                 nucleon-nucleon interactions

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf


Christopher McGinn  31

Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES: Artificial particles added to the event  
with fixed area. Ghosts are given a pT according to ρ times 

the area the inhabit, Ag

JHEP06 (2014) 092

Ag

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Constituent Subtraction

η

φ

“CMS”

• Add “ghost” particles with fixed 
area according to: 

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf


Christopher McGinn  33

Constituent Subtraction

η

φ

“CMS”

• Combine iteratively with real 
particles by minimizing metric:

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT

JHEP06 (2014) 092
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Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT
• Particle pT > Ghost pT 

• Ghost pT = 0  
• Particle pT -= Ghost pT

>

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT
• Note: Some signal will 

occasionally be subtracted by 
probability. Relatedly, some UE 
will remain.

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT
• Particle pT < Ghost pT 

• Ghost pT -= Particle pT 
• Particle pT = 0

<

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT
• Particle pT < Ghost pT 

• Ghost pT -= Particle pT 
• Particle pT = 0

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Constituent Subtraction

η

φ

“CMS”

GHOST PARTICLES

SIGNAL

UNDERLYING EVENT
• Continue until ghost or real 

particles are exhausted 
• Cluster remaining event into jets

JHEP06 (2014) 092

https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
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Illustration of PU Subtraction Iterations
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Iterative Pedestal Algorithm

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"

 

• ρ or <ET> is calculated in strips of rapidity 
• Follows HCal tower geometry (Δη=0.087 at mid-rapidity) 

• Constituents are combined into pseudotowers 
• Pseudotower energy is reduced by <ET> plus a compensating σ(ET) 
• Negative towers are zeroed

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

https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9
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Iterative Pedestal Algorithm

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"

 

• Subtracted towers are clustered into anti-kt jets 
• On first iteration, jets are necessarily oversubtracted 

• Included in estimation of underlying event

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

https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9
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Iterative Pedestal Algorithm

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"

 

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

• Reduced jet bias 
to estimation of 
underlying event

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

https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9
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• 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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Iterative Pedestal Algorithm

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"

 

• Subtract towers 
according to new 
estimate in same 
manner as first 
iteration 

• Cluster newly 
subtracted towers 
into final set of 
anti-kt jets

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

https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9
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Q/G Fraction of Dijet and Boson+Jet 

• Dijet has greater fraction of gluon relative to both boson+jets 
• Z and γ + jets fraction comparable above 100 GeV 
• Below 100, γ has greater fraction quark than Z

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

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 3

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

Dijet Zll+jetsγ+jets
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• Extract an event-by-event v2 and v3 by fitting particle flow candidates 
• Extracted v2(v3) are used to modulate CS ρ to add ghost particles

Estimating Flow Event-by-Event

Phys.Lett. B 
753 (2016) 

511-525

Following  
Example Of:

FITTED Mid-η Fitted Mid-η in Forward

|η| < 1 1< |η| < 2

Fig. From: CMS-DP-2018-024

https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
http://cds.cern.ch/record/2621977?ln=en
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• Scale closure of R=0.4 (Left) and R=0.8 (Right) jets over all centrality 
• Identical corrections applied to all centrality, derived from unsubtracted jets in 

PYTHIA events

Jet Energy Scale at R=0.4 and R=0.8

Fig. From: CMS-DP-2018-024

http://cds.cern.ch/record/2621977?ln=en
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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

Add 
Flow  

Correction

Fig. From: CMS-DP-2018-024

http://cds.cern.ch/record/2621977?ln=en

