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Current arsenal of medium probes

 Nuclear modification factors (RAA)
> Non(strongly)-interacting particles (photons, Z …)

> Charged particles

> Jets

 Correlations
> Particle-particle

> Jet-particle

> Jet-jet

> γ-jet

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN
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Jet reconstruction

Background subtraction
and jet clustering

Towers

Δη x Δϕ
0.076 x 0.076 in barrel

Jet

Anti-kT algorithm with R=0.3 is
used in this analysis

Optimize the use of calorimeter
and tracker “Particle Flow” in CMS

Tracks with pT > 0.9 (0.15) GeV/c
are used in PbPb (pp & pPb) Particle
Flow reconstruction A typical high pT jet
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Jet energy determination

correction

Remove underlying 
events contribution

PYTHIA MC
Residual correction from 

dijet and photon-jet

Raw jet energy
Background
subtraction

Jet energy 
correction

 Data-driven (from pp & pPb) jet energy correction using dijet and
photon-jet events (method described in JINST 6 (2011) P11002)

 Jets with background subtraction used as the main result

 Cross-check with jets without background subtraction
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Photon reconstruction
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Removing most non-photons
and fragmentation photons

Shape cuts remove
most decay photons

After isolation & shower shape cut:
~70% direct   ~20% decay   ~10% fragmentation

Isolated photon

Δφ

Δη

γIsolation
cuts

Direct Decay

Desired signal is direct (leading order) photons
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Details of removing decay photons

A technique also used in CMS pp analysis:

 Signal template: obtained from PYTHIA+MinBias data

 Decay template: Using a data-driven method with non-
isolated photons: ΔR<0.4, 6 GeV < ΣET

IsoCone< 11 GeV

π0, η, …

20-25GeV in 30-100% centrality

Signal

Decays
 π0, η, …

Probability distribution
of σηη (decays)

Fit data
with a
sum of
the 2
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Non(strongly)-interacting particles (γ, Z …)

 Critical for confirming our
assumptions about the
production rate of high-pT
processes (Ncoll)

 Potentially sensitive to the
effects of modified PDFs

 So far, all results appear
to be as expected

 Biggest limitation is low
count rate which will be
improved substantially in
the future (≥2015)
> Larger data sets will also

help reduce some systematic
uncertainties

PbPb 2.76 TeV
PLB 710, 256 (2012)
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RAA: Particles vs Jets

 Particle RAA: Advantages
> High precision pT determination

> Minimal impact of underlying event

> Relatively easy trigger

> Inclusive, integrated over all scattering points

 Particle RAA: Disadvantages
> Separated from physics of interest by fragmentation

> Measures yield at a given pT which relates to energy
loss only indirectly

> Requires pp data of comparable statistical weight
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RAA: Particles vs Jets

 Jet RAA: Advantages
> Physics analysis less dependent on fragmentation

> Relatively easy trigger

> Inclusive, integrated over all scattering points

 Jet RAA: Disadvantages
> Measuring pT requires MC-dependent corrections

> Accurate subtraction of underlying event needed

> Measures yield at a given pT which relates to energy
loss only indirectly

> Requires pp data of comparable statistical weight
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RAA: Particles vs Jets

Consistent picture seen in RAA for jets and high pT tracks

EPJC 72 (2012) 1945 & HIN-12-004
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Particle correlations
 Primarily directed at slightly different physics

 Azimuthal asymmetries at large pT suggest possible
interesting jet dependence vs reaction plane (sensitive
to pathlength dependence of energy loss mechanism)

HIN-12-010
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Correlations with jets

 Jet-particle
> Used to study fragmentation patterns of the jet and

details of the medium response

 Jet-jet
> Primary advantage is relatively high rate
> Disadvantage is that both jets could be degraded

» Also leads to a significant “surface bias” in data

 γ-jet
> Primary advantage is that only the jet is degraded

» Inclusive, integrated over all scattering points
» Contrary to my naive expectations, primordial energy balance

and angular alignment are not dramatically better than dijets

> Limitation is relatively low rate



George Stephans 14SQM 2013  Birmingham UK

Jets: What we have learned so far

Event display physics!!
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Jets: What we have learned so far

Angular correlation of
jets largely unmodified

Large average dijet
and photon-jet pT
imbalance

“Missing” pT found in
low pT particles far
away from the jets

Jet fragmentation
function and shape are

(slightly) modified
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Jets: What we have learned so far

Large average dijet
and photon-jet pT
imbalance

“Missing” pT found in
low pT particles far
away from the jets

Angular correlation of
jets largely unmodified

Jet fragmentation
function and shape are

(slightly) modified

PLB 712, 176 (2012)
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Jets: What we have learned so far

Angular correlation of
jets largely unmodified

Large average dijet
and photon-jet pT
imbalance

“Missing” pT found in
low pT particles far
away from the jets

Jet fragmentation
function and shape are

(slightly) modified

PRC 84, 024906 (2011)

CMS
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Jets: What we have learned so far

Angular correlation of
jets largely unmodified

Large average dijet
and photon-jet pT
imbalance

Jet fragmentation
function and shape are

(slightly) modified

     

in-cone

out-of-cone

In-Cone
ΔR<0.8

Out-of-Cone
ΔR<0.8

PRC 84, 024906 (2011)
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Latest jet fragmentation/shape results

Compared to pp, jets in central PbPb events have

an excess of particles at low pT

HIN-12-013

Difference between PbPb and pp pT distributions inside jet cone
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Latest jet fragmentation/shape results

Compared to pp, jets in central PbPb events have

an excess of pT far from the jet axis

HIN-12-013

Ratio of PbPb over pp distributions of pT density

Radial distance from jet axis
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Lessons from jet fragmentation/shape

 In central PbPb collisions, clear modifications
are seen outside the “core” of the jets
> Not as clear whether this is a modification of the

fragmentation of the jet or a manifestation of the
medium response to the passing jet
» At some level, this may not be a valid distinction

> Possibly evidence of differential energy loss of
quarks versus gluons (see later discussion)

> More differential analysis covering a larger fraction
of the full event structure will help elucidate more
clearly what is happening
» Subtraction of the effect of the underlying PbPb event needs

to be handled very carefully
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Dijets in pPb

No modification observed in dijet pT ratio up to top 0−2.5%
(same region in which significant ridge, v2, & v3 are seen)

Personal opinion: Density may be high enough for hydro-like properties
but not high enough (or not large enough) to impact fast partons.
Maybe we need to try again Si+Au/S+Pb?

HIN-13-001
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In the spirit of SQM

 This conference series was initiated to explore
what could be learned by the study specifically
of strange quarks in dense QCD systems

 More recently expanded to consider other
heavy quarks (more on that in a moment)

 But first, a step backwards from differences
between quark flavors:
> Can we get access to information on quark versus

gluon transport properties in the medium?
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Quarks vs Gluons

 Cannot be done uniquely jet-by-jet, but…

> The recoiling jet in γ-jet events are predominantly
due to quark fragmentation (≈85% with a slowly
decreasing dependence on jet pT)

> Dijet events have a larger gluon component (quarks
are ~50−60%, rising slightly with jet pT)

> Quarks and gluons are predicted to have different
fragmentation patterns (see next slide)



George Stephans 25SQM 2013  Birmingham UK

Quarks vs Gluons
100 < Jet pT < 300 GeV/c

Gluon jets are softer than quark jets

PYTHIA
v6.423
tune Z2

  

 

ln p!
Jet p!

Track( )
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Quarks vs Gluons

 Cannot be done uniquely jet-by-jet, but…

> The recoiling jet in γ-jet events are predominantly
due to quark fragmentation (≈85% with a slowly
decreasing dependence on jet pT)

> Dijet events have a larger gluon component (quarks
are ~50−60%, rising slightly with jet pT)

> Quarks and gluons are predicted to have different
fragmentation patterns.

 Comparisons of dijet with γ-jet events and the
fragmentation function evolution can help
separate properties of quarks and gluons.
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Heavy quarks in the medium

 Sadly, we cannot identify strange quark jets
(they are not expected to be different anyway).

 However, b-quark jets can be separated (at
least statistically)

 Intense interest in whether these partons
behave differently when traversing the medium
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Identifying b-jets − Step I

 Exploit the lifetime of b quarks by looking for
displaced (secondary) vertices

 High precision tracking in CMS is critical

Jet

Secondary Vertex
(SV)

Displaced tracks

Flight Distance
Lxy

d0

Prompt tracks

Primary
Vertex (PV)

Provides ~1 (2) order(s) of magnitude rejection for charm (light)
quarks in PbPb events with ~45% efficiency for b quarks

σ d
0
 i
n
 p

p
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o
ll
is
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n
s

CMS-PAS-TRK-10-005

100 µm!
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Identifying b-jets - Step II

 Use the invariant mass of the tracks in the
secondary vertex to get b-quark contribution

 Shapes of b, c and light quark templates taken
from MC, normalizations allowed to float

HIN-12-003



George Stephans 30SQM 2013  Birmingham UK

Identifying b-jets - Step III

 For both pp and PbPb collisions, find fraction
of inclusive jets which are b quarks

 Take the ratio of the two to check if b quarks
are suppressed relative to lighter ones

HIN-12-003

ppPbPb
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Results for b quarks in the medium

 Within errors, the suppression of b quarks and
light quarks are the same

 Result is independent of centrality and jet pT

More detailed conclusions require analysis of larger 2013 pp dataset
and future (2015 and beyond) high luminosity PbPb running

HIN-12-003

PbPb

PbPb/pp



George Stephans 32SQM 2013  Birmingham UK

Conclusions

 Era of detailed quantitative tomography and
probing of the QGP has begun

 Goal: Full characterization of the effect of the
medium on partons and vice versa

 Still to come (near-term):
> Fully exploit large 2013 pp dataset

> Improvements in basic analysis (especially more
fully understanding and removing background)

> More differential physics analyses including
dependence on reaction plane orientation

 Still to come (long-term):
> Much larger datasets with more exclusive triggers


