
High pT Particle Production and Jet 
Modification in Nuclear Collisions  
 

Christian Klein-Bösing 
IKP Münster and EMMI/GSI 

Ab-initio approaches in many-body QCD confront 
heavy-ion experiments 
 
Heidelberg December 2014 



Accessing Hard Probes 
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single particles detailed fragmentation 

fully reconstructed jets 

CKB 

jet like properties 

Bottom-Up: Particles 
> Spectra at high pT 
> Leading particles 
> Identified π, K, p, Λ, D  
> Particle correlations  
  

Jet-like properties: 
> Spectral shape, back-to-back 
correlation  

Experimentally clearly defined. 
Biased: fragmentation, surface… 

Top-Down: Reconstructed jets 
> Spectrum 
> Angular distribution 
> Jet fragmentation 

Related to theoretically 
well defined parton properties. 
 

± Underlying Event 

A+A: large 
background level, 

fluctuations 
soft  ⊗  hard 



Picturing Jets/Jet Quenching 
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Resolution: 
jet fragmentation à single particle (+ PID) 

depth of field: 
jet finding with 
different R 
 

depth of field 



A Close to Perfect Picture 
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PHENIX Au+Au (central collisions):
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a) b)

PRL	  96	  202301	  (2006)	  	  

π0 as proxy for hard scattered partons strongly suppressed 
Color neutral probes unaffected à Strong final state effect. 
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… the most popular 
observable for hard 
probes since 2001 



Ab-Initio RAA? 
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      Only above Q2 ≈ (2 GeV)2 pQCD and factorization is applicable 
Transmission: Hard scattering without final state interaction (e.g. from surface) 

nuclear PDF pQCD cross section ≈ pT
-n 

1) Transmission (P(∆E) = 0) yields a constant offset to RAA (modulo nPDF) 
2) Parton energy loss (P(∆E) > 0) filtered by steeply falling partonic cross section 
3) RAA averages over medium evolution and path-length  

also over final state particles  
(jet with certain R) 

simple: Leading parton FFmed = P(∆E) FF(z - ∆E/E) 
realistic: geometry, time evolution, position, energy conservation 
medium pick-up? 



High pT spectra from  
RHIC to LHC 
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Data from: 
ALICE  PLB717 162 (2012) 
ALICE  EPJC74:10 3108 (2014) 
PHENIX  PRC83 064903 (2011) 
PHENIX  PRD76 051106 (2007) 
PHENIX  PRD79 012003 (2009) •  Power law at high pT characteristic for  

QCD hard scattering 

•  To first order n reflects slope of parton spectra 

•  Spectra harden significantly with √s 

•  Leading particle bias reduced at LHC,  
sub-leading fragments contribute more 

•  Reduced sensitivity to leading parton energy loss 



Confronted with pQCD 
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p0 production in pp and Pb-Pb collisions at 2.76 TeV 11

the measured ones [48]. The comparison to a NLO perturbative QCD calculation using the CTEQ6M5
parton distributions [63] and the DSS fragmentation functions in Fig. 6 shows that the calculation over-
predicts the data already at

p
s = 2.76 TeV by a similar factor as in pp collisions at

p
s = 7 TeV. The

data are furthermore compared to a PYTHIA 8.176 (tune 4C) [56, 64] calculation which reproduces the
shape of the spectrum with an overall offset of about 20%. It will be interesting to see whether calcula-
tions in the framework of the color glass condensate [65], which describe the neutral pion spectrum in
pp collisions at

p
s = 7 TeV, will also provide a good description of the data at

p
s = 2.76 TeV.
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Fig. 6: (Color online) Ratio of data or theory calculations to a fit of the neutral pion spectrum in pp collisions
at

p
sNN = 2.76 TeV. The renormalization, factorization, and fragmentation scale of the next-to-leading order

QCD calculation were varied simultaneously (µ = 0.5pT, pT, 2pT). The calculation employed the CTEQ6M5 [63]
parton distribution functions and the DSS fragmentation function [62]. The solid red line is a comparison to the
PYTHIA 8.176 (tune 4C) event generator [56, 64].

The nuclear modification factor, RAA, was calculated according to Eq. 1. For pT > 8 GeV/c the extrap-
olation of the pp spectrum provided by the Tsallis fit shown in Fig. 5 was used as reference. The average
values of the nuclear overlap function TAA for each centrality class were taken from [46] and are given in
Table 2. They were determined with a Glauber Monte Carlo calculation [66, 67] by defining percentiles
with respect to the simulated impact parameter b and therefore represent purely geometric quantities.

centrality class hT
AA

i (1/mb) rel. syst. uncert. (%)
0�5% 26.32 3.2
5�10% 20.56 3.3
10�20% 14.39 3.1
20�40% 6.85 3.3
40�60% 1.996 4.9
60�80% 0.4174 6.2

Table 2: Values for the overlap function hT
AA

i for the centrality bins used in this analysis.

The combined RAA was calculated as a weighted average of the individual RAA measured with PHOS
and PCM. This has the advantage of reduced systematic uncertainties of the combined result. In partic-
ular, the dominant uncertainty in the PCM, related to the material budget, cancels this way. The results
for the combined RAA are shown in Fig. 7. In all centrality classes the measured RAA exhibits a maxi-
mum around pT ⇡ 1� 2 GeV/c, a decrease in the range 2 . pT . 3� 6 GeV/c, and an approximately
constant value in the measured pT range for higher pT. For pT & 6 GeV/c, where particle production is
expected to be dominated by fragmentation of hard-scattered partons, RAA decreases with centrality from
about 0.5�0.7 in the 60�80% class to about 0.1 in the 0-5% class. The RAA measurements for neutral

ALICE EPJC74:10 3108 (2014)  

166 ALICE Collaboration / Physics Letters B 717 (2012) 162–172

Fig. 4. Ratio of the two independent π0 meson measurements to the fit of the com-
bined normalized invariant production cross section of π0 mesons in pp collisions
at

√
s = 7 TeV.

Fig. 5. Ratio of the NLO predictions to the fit to the measured cross section of π0

production in pp collisions at
√

s = 7 TeV (a) and 0.9 TeV (b) and of η meson
production at

√
s = 7 TeV (c). Different curves correspond to different NLO fragmen-

tation functions, explained in the legend. The full boxes represent the uncertainty
on the pp cross sections.

with the fit to the measured cross section (Fig. 5). In the NLO
calculations the factorization, renormalization and fragmentation
scales are chosen to have the same value given by µ. The un-
certainty in the inelastic pp cross section is represented by the
full boxes at unity. At

√
s = 0.9 TeV the NLO calculations at

µ = 1pT describe the measured π0 data well, while at
√

s = 7 TeV
the higher scale (µ = 2pT) and a different set of fragmentation
functions are required for a description of the data. However,
the latter parameter set does not provide a good description of
the low energy data. In any case, the NLO pQCD calculations
show a harder slope compared to the measured results. Using
the INCNLO program [28], we tested different parton distribution
functions (CTEQ5M, CTEQ6M, MRS99) and different fragmentation
functions (BKK, KKP, DSS) and found a similar result: pQCD pre-
dicts harder slopes, and variation of PDFs and FFs does not change
the shape, but results mainly in the variation of the absolute cross

Fig. 6. η/π0 ratio measured in pp collisions at
√

s = 7 TeV compared to NLO pQCD
predictions.

section. A similar trend is observed for the η meson (a higher scale
µ = 2pT is required), although the discrepancy is less significant
due to the larger error bars and smaller pT reach.

The ratio η/π0 is shown in Fig. 6. It has the advantage that
systematic uncertainties in the measurement partially cancel. This
is also the case for the NLO pQCD calculation, where in particular
the influence of the PDF is reduced in the ratio. Here, predictions
that failed to reproduce the measured π0 and η cross section are
able to reproduce the η/π0 ratio. The measured ratio η/π0 grows
with pT and saturates at pT > 3 GeV/c at a value approximately
equal to 0.5. The comparison of the ALICE result with the world
compilation of the η/π0 ratio in hadronic collisions at

√
s from

13.8 GeV to 1.8 TeV [33] shows that this ratio is universal and in-
dependent on the collision energy. Therefore, this ratio can provide
further constraints in theoretical calculations of hadron produc-
tions at high energies.

5. Conclusion

In summary, the invariant differential cross sections for inclu-
sive π0 production in pp collisions at

√
s = 7 TeV and 0.9 TeV

and for η meson production at 7 TeV have been measured in
a wide pT range taking advantage of two independent methods
available in the ALICE experiment at the LHC. NLO pQCD calcula-
tions cannot provide a consistent description of measured data at
both beam energies. State-of-the-art calculations describe the data
at 0.9 TeV and 0.2 TeV [32], however this is not the case at 7 TeV,
where the calculations overestimate the cross sections and exhibit
a different slope compared to the data. Thus, this measurement
provides an important input for the tuning of pQCD calculations
and represents crucial reference data for the measurement of the
nuclear modification factor RAA of the π0 production in heavy-ion
collisions at the LHC. Furthermore, the NLO predictions for the η
mesons using the newest fragmentation functions require a value
µ = 2pT in order to get closer to the experimental results.
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ALICE PLB717 162 (2012)  

pp 2.76 TeV 

For nuetral pions pQCD over predicts the increase  
with √s and misses the spectral shape  
for pT < 20 GeV. 
Need to revisit fragmentation functions … 
  



Energy Loss: Over-Simplified 
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Very little discrimination power with central RAA at RHIC.  
Same simple picture at LHC à Separation but higher RAA (due to harder parton spectrum)  



Nuclear Modification  
from 17.3 to 2760 GeV 
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p0 production in pp and Pb-Pb collisions at 2.76 TeV 13
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Fig. 8: (Color online) Neutral pion nuclear modification factor, RAA, in Pb-Pb collisions at
p

sNN = 2.76 TeV for
the 0�10% class in comparison to results at lower energies. The box around unity reflects the uncertainty of the
average nuclear overlap function (T

AA

) and the normalization uncertainty of the pp spectrum added in quadrature.
Horizontal bars reflect the bin width. The center-of-mass energy dependence of the neutral pion RAA is shown with
results from Au–Au collisions at

p
sNN = 39, 62.4 [34], and 200 GeV [31] as well as the result from the CERN

SPS [69] (using scaled p-C data as reference) along with the results for Pb-Pb at
p

sNN = 2.76 TeV. The scale
uncertainties of the measurements at lower energies of the order of 10�15% are not shown.

which aim at a description of the full pT range: an EPOS calculation [71] and a calculation by Nemchik
et al. based on the combination of a hydrodynamic description at low pT and the absorption of color
dipoles at higher pT [72, 73]. These comparisons are presented in Fig. 11.

The GLV calculation takes final-state radiative energy loss into account. It includes the broadening of
the transverse momenta of the incoming partons in cold nuclear matter (“nuclear broadening” or “Cronin
effect”). The main parameter of this model, the initial gluon density, was tuned to describe the neutral
pion suppression observed in Au-Au collisions at RHIC. For the calculation of the parton energy loss in
Pb-Pb collisions at the LHC the initial gluon density was constrained by the measured charged-particle
multiplicities. The model can approximately reproduce the centrality and pT dependence of the p0

RAA.

The WHDG model takes into account collisional and radiative parton energy loss and geometrical path
length fluctuations. The color charge density of the medium is assumed to be proportional to the number
of participating nucleons from a Glauber model, and hard parton-parton scatterings are proportional
to the number of binary nucleon-nucleon collisions. Parameters of the model were constrained by the
neutral pion RAA measured at RHIC. Like in the case of the GLV calculation, the neutral pion RAA at
the LHC is then predicted by translating the measured charged-particle multiplicity dN

ch

/dh in Pb-Pb
collisions into an initial gluon density which is the free parameter of the model. For central collisions
this yielded an increase in the gluon density from dN

g

/dy ⇡ 1400 at RHIC to dN

g

/dy ⇡ 3000 at the LHC.
The WHDG model reproduces the p0

RAA in central collisions reasonably well, but predicts too strong
suppression for more peripheral classes.

ALICE EPJC74:10 3108 (2014)  

Neutral pion production shows  
increasing suppression, despite  
flatter spectrum.  
 
LHC:  S6(0.10) = 0.43 
RHIC:  S8(0.18) = 0.25 

Increasing suppression with √s, but pure 
surface emission (flat RAA) not ruled  
out here. 
 
Temperature and geometry dependence  
(centrality/event plane) provide more  
constraints 



The Kinematic Lever Arm 
Charged Hadron RAA 

•  Suppression of single hadrons, rise and flattening of RAA generic in all energy loss models 
•  AdS/CFT and pure radiative energy loss over-quench (mixture of mechanisms needed) 
•  Calculations/simulations beyond leading particle (right) slightly preferred 
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Include more particles in the observable: Jets  
More direct access to the medium modification of colored probes. 



Heavy Flavor Spectral Shapes 
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Heavy flavor electrons 
Heavy flavor electron spectra harder than light 
flavor pions and better described by pQCD.  

8 The ALICE Collaboration
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Fig. 5: (Color online) (a) pT-differential invariant cross sections of electrons from beauty and from charm hadron
decays. The error bars (boxes) represent the statistical (systematic) uncertainties. The solid (dashed) lines indicate
the corresponding FONLL predictions (uncertainties) [20]. Ratios of the data and the FONLL calculations are
shown in (b) and (c) for electrons from beauty and charm hadron decays, respectively, where the dashed lines
indicate the FONLL uncertainties. (d) Measured ratio of electrons from beauty and charm hadron decays with
error boxes depicting the total uncertainty.

cross sections have an additional normalization uncertainty of 3.5% [15].

In summary, invariant production cross sections of electrons from beauty and from charm hadron decays
were measured in pp collisions at

√
s = 7 TeV. The agreement between theoretical predictions and the

data suggests that FONLL pQCD calculations can reliably describe heavy-flavor production even at low
pT in the highest energy hadron collisions accessible in the laboratory today. Furthermore, these results
provide a crucial baseline for heavy-flavor production studies in the hot and dense matter created in
Pb-Pb collisions at the LHC.

The ALICE collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE collaboration would like to thank M. Cacciari for provid-

ALICE PLB 721 13 (2013) 



HFE Electron RAA 
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shape? 
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N.B. additional conversion from 
heavy flavor parton to hadron to e pT 
 



Prompt D vs. Non-Prompt J/ψ
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Jet Production in pp @ 2.76 TeV 
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SQM 2013Marta Verweij 5

Jet spectra in pp
Inclusive jet spectra in pp collisions.
Baseline for Pb-Pb and p-Pb analysis.
NLO pQCD with hadronization reproduces data.

Full Jets

Phys Lett B 722 262-272 (2013)

Charged Jets

√s = 2.76 TeV
Anti-k

T
; R=0.4; |jet|<0.5

Charged Jets Full Jets 

NLO pQCD with hadronization reproduces full jet data well, 
some variance in overall normalization of different MC/tunes. 
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Comparing Single Particles and Jets 
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Effective conversion possible, depends on fragmentation pattern + slope  	  



RpA 
Charged Jets and Hadrons 
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RAA 
Full Jets and Hadrons 
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SQM 2013Marta Verweij 13

Jet RAA vs Hadron RAA

Jet RAA ~ Hadron RAA

0.4
0.4

Full Jets Hadrons

Phys.Lett. B 720 
(2013) 52-62

SQM 2013Marta Verweij 13

Jet RAA vs Hadron RAA

Jet RAA ~ Hadron RAA

0.4
0.4

Full Jets Hadrons

Phys.Lett. B 720 
(2013) 52-62

Similar limiting value RAA ≈ 0.45 for hadrons and jets. 
Same underlying parton pT seen with different depth of focus  
à fragmentation not strongly modified compared to pp 

ALICE PLB 720 52-62 (2013) 
effective conversion hadron à full jets ≈ 3 



Hadrons, Jets and b-Jets 
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ALICE EPJ C74 3054 (2014)  CMS QM 2014 arxiv:1410.2576 

Soft:    Dominated by non-perturbative production, flow, coalescence 
Semi-Hard:  Minimum RAA (set by surface emission?) and slow increase 
Hard:   pT > 8 GeV, rising RAA, no obvious difference between species, only from b 
    increased sensitivity to (mixed) mechanisms 
Hardest:   pT > 35 (100) GeV for hadrons (jets), identical flat RAA, pure power law parton spectrum 

   mass differences no longer important? Complete Absorption of jets? 
   dominance of radiative energy loss? , ideal ground for isolating effect on fragmentation,  
   L dependence: RAA à e-L/λ  



Can we extract this for the QGP? 
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7/9 X0 = pair creation (γ) 
      X0 = radiative energy (e) 

A constant cross section at high pT and power law spectrum would lead to constant RAA 
Is this a coincidence (ignoring path length fluctuations, evolution)? Or first step …   



A new approach: Recoil Jets 

•  Hadron triggered semi-inclusive jet 
distribution 
∆recoil = RecoilYield[20-50] - RecoilYield[10-15] 

•  Data driven background removal 
–  arxiv:1208.1518 

•  No fake jets in ∆recoil 

•  Same unfolding techniques as for  
inclusive spectrum 

•  Validation in pp 
–  Comparison to PYTHIA and pQCD 

•  (Deliberate) biases 
–  Minimum Q2  

à harder spectrum 
–  Surface bias 
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Goal: Access parton fragmentation  
at lower jet pT and larger R. 
 



“Structure Ratio” 
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No significant modification of jet structure for up to R ≈ 0.5.  
à Naturally extension with PID/Q/γ tagging in the next run. 

)c(GeV/ch

T,jet
p

0 10 20 30 40 50 60 70 80 90 100

(R
=

0
.4

)
R

e
c
o

il
∆

(R
=

0
.2

)/
R

e
c
o

il
∆

0

0.2

0.4

0.6

0.8

1

1.2

1.4
ALICE data

Shape uncertainty

Correlated uncertainty

PYTHIA Perugia:Tune 0,10 &11

H
a

d
ro

n
 T

ri
g

g
e

r 
T

h
re

s
h

o
ld

=2.76 TeV 0-10%NNsPb-Pb 
T anti-kc>0.15 GeV/const

T
p

TT[20,50]-[8,9]

(R=0.4)Recoil∆(R=0.2)/Recoil∆

ALI−PREL−64024
)c(GeV/ch

T,jet
p

0 10 20 30 40 50 60 70 80 90 100

(R
=

0
.5

)
R

e
c
o

il
∆

(R
=

0
.2

)/
R

e
c
o

il
∆

0

0.2

0.4

0.6

0.8

1

1.2

1.4
ALICE data

Shape uncertainty

Correlated uncertainty

PYTHIA Perugia:Tune 0,10 &11

H
a

d
ro

n
 T

ri
g

g
e

r 
T

h
re

s
h

o
ld

=2.76 TeV 0-10%NNsPb-Pb 
T anti-kc>0.15 GeV/const

T
p

TT[20,50]-[8,9]

(R=0.5)Recoil∆(R=0.2)/Recoil∆

ALI−PREL−64020



Summary 

•  Increasingly differential picture of parton energy loss 
–  Collisional and radiative energy loss, energy re-distributed to large angles 
–  RAA observable alone cannot reflect this complexitiy but still highly popular 

Wish for simple, clear pictures 

•  Availability of parton energy loss has become MCs essential 
–  Development of new observables 
–  Comparison to all existing observables, with evaluation of (event-by-event) 

biases and separation of effects averaged/washed out in RAA 

•  Two qualitatively different regimes at LHC 
–  Parton pT larger  ≈ 100 GeV: isolation of radiative energy loss 
–  Below: mixture of processes and separation of flavor/mass dependence 
–  + Energy (T) dependence with RHIC  
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ALICE @ LHC 

  

Time Projection Chamber (TPC) 

Inner Tracking System (ITS) 

Central barrel Forward Muon Arm 

Solenoid magnet (L3) Dipole Magnet 

Transition Radiation Detector (TRD) 

Time-of-Flight (TOF) 

Electro Magnetic Calorimeter (EMCal) 

Photon Spectrometer  (PHOS) 

High Momentum Particle 
Identification  (HMPID) 
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 Reconstructed Jets in ALICE 

  

Electro Magnetic Calorimeter (EMCal) 

Pb-Scintillator sampling: 
•  |η| < 0.7, 1.4 < ϕ < π 
•  Track matching to account 

for double counted energy  

Central barrel tracking 

Combined TPC+ITS: 
•  |η| < 0.9, 0 < ϕ < 2π 

Neutral constituents 

Charged constituents 
(Charged jet) 

Full jet 
V0 topology  

Converted  
photon 
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Resolving Hadron Species 
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Low pT:   Flow and possible quark-recombination (baryon-anomaly).  
pT > 8 GeV:  Common suppression pattern, parton energy loss dominant. 



Prompt Ds  
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Charged Hadron RpA 
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Transverse momentum dependence of inclusive primary charged-particle production . . .ALICE Collaboration
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Fig. 3: Transverse momentum dependence of the nuclear modification factor RpPb of charged particles measured
in minimum-bias (NSD) p–Pb collisions at √sNN = 5.02 TeV. The ALICE data in |ηcms| < 0.3 (symbols) are
compared to model calculations [18–20] (bands, see text for details). The vertical bars (boxes) show the statistical
(systematic) uncertainties. The relative systematic uncertainty on the normalization is shown as a box around unity
near pT = 0.

the normalization of the p–Pb data, amounts to 6.0%. The RpPb factor is consistent with unity up to
pT =50 GeV/c. The average values of RpPb in |ηcms|< 0.3 are 0.995±0.007 (stat.)±0.084 (syst.) for the
pT range 10–20 GeV/c, 0.990±0.031 (stat.)±0.090 (syst.) in the range 20–28 GeV/c and 0.969±0.056
(stat.)±0.090 (syst.) in the range 28–50 GeV/c. The systematic uncertainties are weighted averages of
the values in pT bins, with statistical uncertainties as inverse square weights; all values carry in addition
the common overall normalization uncertainty of 6%.

The data indicate a small enhancement, RpPb above unity, barely significant within systematic errors,
around 4 GeV/c, i.e. in the pT region where the much stronger Cronin enhancement is seen at lower
energies [16, 17].

The p–Pb data provide important constraints to models of nuclear modification effects. As an illustra-
tion, in Fig. 3 the measurement of RpPb at |ηcms|< 0.3 is compared to theoretical model predictions.
The predictions for shadowing [18], calculated at next-to-leading order (NLO) with the EPS09s nuclear
modification of parton distribution functions describe the data for pT ! 6 GeV/c. The calculations are
for π0, which may explain the differences with respect to data at low pT; for high pT, the ALICE data
on identified pions, kaons, and protons [21] give support that the comparison of our data on inclusive
charged particles to EPS09s calculations for π0 is meaningful. The LO pQCD model including cold nu-
clear matter effects [19] exhibits a distinct trend of decreasing RpPb, which is not supported by the data.
The prediction with the HIJING 2.1 model, shown for two fragmentation schemes [20], exhibits a more
pronounced trend of decreasing RpPb at high pT. It is interesting to note that calculations with the EPOS
LHC model [22], not included here, show a similar trend. Several predictions based on the saturation
(Color Glass Condensate) model are available [23–25]; they were shown previously [4] to describe, in
their range of validity, namely up to several GeV/c, the RpPb data.

6

No strong nuclear modification  
at high pT. 
Hint for peak below 10 GeV. 
Confirmed with PID:  
Mass ordering, baryons enhanced ALICE: EPJC74 3054 (2014)  



Resolving Hadron Species 
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Seperation of Baryons and 
Mesons. 
“Classical”-Explanation 
cannot account for this. 
Flow and recombination  
in pPb? 

See talk by Alexander 
Kalweit 



Jet Modification 

Interactions of the hard parton with the medium modify the jet relative to pp, 
but a jet is not uniquely defined (algorithm, radius, pT cuts, …) 
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Out-of-cone radiation:  
•  Energy loss, RAA < 1 
 
 
 
 
 
In-cone radiation: 
•  RAA unchanged 
•  Jet broadening 
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Experimental challenge in A+A: 
Separate jet signal/constituents  
from large soft background 



Reconstructed Jets in 
ALICE 

•  Input to jet reconstruction 
–  Charged tracks (ITS+TPC): pT > 150 MeV/c 
–  Neutral energy clusters (EMCal): ET > 300 MeV 

•  Correction for matched tracks avoids 
energy double counting 

–  High precision at single particle level down to very low pT 

•   Jet reconstruction via FastJet* 
–  Anti-kT for signal 
–  kT for background density 
–  Boost invariant pT recombination scheme 

•  Correction for detector effects via unfolding 
–  Momentum resolution 
–  Energy resolution 
–  Track matching  
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*Cacciari et al. EPJ C72:1896 (2012)  

Charged jets 

Full jets 

N.B.: Different parton pT scale 
at same jet pT for charged and  
neutral jets.  



Theory Comparison  
RAA and IAA 
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•  Models tuned to RHIC data 

–  Identical expansion model  
Renk PRC85 044903 (2012)   

–  LHC-extrapolation: Test of  
T-dependence  

•  Flattening of RAA 
–  Generic property of all models 

•  LHC data favor  
–  ∆E ~  T3Ln (n ≤ 2)  
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Further constraint of energy  
loss scenarios. 

∆E ~  T4L3 

32 
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Jet Structure 
Cross Section Ratio 
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SQM 2013Marta Verweij 14

Ratio of jet cross sections
σ(R=0.2)/σ(R=0.3)

R=0.2

R=0.3

σ(R=0.2)/σ(R=0.3) consistent with vacuum jets 
for peripheral and central collisions 

 no sign of jet broadening within uncertainties→

Good agreement with energy loss MC JEWEL.
JEWEL: Zapp, Krauss, Wiedemann arXiv:1111.6838

Ratio consistent with vacuum jets for peripheral and central collisions. 
No significant jet broadening. 
Consistent with expectation from JEWEL* energy loss MC. 

*Zapp et al. arxiv:1111.6838 

R = 0.4 

R = 0.2 



(Charged) Jet Production  
pp @ 7 TeV 
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ALICE arxiv:1411.4969 

Larger variance of MC/tunes at higher √s (important for increased LHC energy) 



A Closer Look 
Jet Structure in pp II 
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Hump-backed plateau, well reproduced by MC. 

Radial structure Longitudinal structure 

Radial structure well reproduced by MC. 

Charged jet properties in pp at 7 TeV ALICE Collaboration
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Fig. 14: (Color online) Left panel: Charged particle scaled pT spectra dN/dx

ch in leading jets for dif-
ferent bins in jet transverse momentum. Right panel: Ratio of simulations to data. The shaded band
indicates the quadratic sum of statistical and systematic uncertainties on the data. UE contributions are
subtracted from both data and simulations.
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Charged jet properties in pp at 7 TeV ALICE Collaboration
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Fig. 9: (Color online) Same as Fig. 8 for a resolution parameter R = 0.4.

jets in the same four jet momentum ranges. For zch > 0.1 all measured distributions are consistent within
uncertainties, indicating a scaling of charged jet fragmentation with charged jet transverse momentum.

The fragmentation distributions Fx , shown in Fig. 14, resolve in more detail the differences observed for
small values of zch. For small values of x

ch . 2, the distributions exhibit the approximate scaling already
seen for Fz, whereas at higher x

ch, corresponding to small zch, a pronounced maximum (’hump-backed
plateau’) is observed, indicating the suppression of low momentum particle production by QCD coher-
ence [44, 45]. With increasing jet transverse momentum, the area of the distributions increases, showing
the rise of particle multiplicity in jets (as observed in Fig. 7), and the maximum shifts to higher values
of x

ch. This observation is in qualitative agreement with full di-jet fragmentation functions measured in
pp̄ collisions at

p
s = 1.8 TeV [21] and with expectations from QCD calculations based on the Modified

Leading Logarithmic Approximation (MLLA) [70].

The measured fragmentation distributions are compared to calculations obtained from the HERWIG [26,
27], PHOJET [28] and PYTHIA [25] event generators and the ratios of the calculated MC distributions to
measured distributions are shown in the right panels of Figs. 12, 13, and 14. The UE contributions to MC
events are estimated and subtracted using perpendicular cones pointing into the event transverse region
as described in Sec. 6.4. At high particle transverse momenta and high zch, the data and simulations
agree within uncertainties, except for the two lowest jet pT bins, where the measured yield seems to be
systematically higher than the simulations with PYTHIA tunes Perugia-2011 and AMBT1 for zch > 0.6.

19

Scaled transverse momentum: 



A Closer Look III 
Identified Fragmentation 
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More discriminating between different 
MC tunes.  
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Event Background 

•  ρ: Median of pT/area, determined 
event by event via kT clustering  

–  Here kT clusters |η| < 0.5, 
excluding two leading clusters 

–  Advantage: robust statistical 
measure 

•  Natural connection of ρ to event 
properties/characteristics of pT 
spectrum 

–  ρ ≈ N <pT> 

•  Typical value for R = 0.4, A ≈ 0.5 
–  50 – 100 GeV/c background  

for 0-10%  
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Background increases linearly  
with input raw multiplicity.  
Depends on pT cuts and R. 

pT,jet = prec
T,jet � �⇥ Ajet ± � ⇥

�
Ajet
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Background Fluctuations  

•  Region-to-region deviations from 
median 
–  Statistical fluctuations (~√N) 
–  Collective effects (~ v2 N) 
–  Mini-jets 
–  Non-uniform detection 

•  Data driven determination 
–  Random cone, probe embedding 

in Pb-Pb events 
 
–  Width of distribution dependent 

on R and pT cuts 
•  These change multiplicity within cone 
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ALICE tracking capabilities essential  
to characterize background properties.  



Combinatorial Jets 

•  Reconstructed jet clusters which do not 
originate from hard process 

–  Determined by fluctuations of particle number 
and pT 

–  Bump around zero after background subtraction 
similar to δpT 

•  No clear separation possible 
–  Impact reduced for smaller jets 

•  Leading track bias to tag a hard process 
–  pT > 5, 8, 10 GeV/c after jet 

reconstruction 
–  No reconstruction bias, only 

fragmentation 
•  Hard jets dominate beyond pT ≈ 60 GeV/c 
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Jet pT resolution 

•  Background fluctuations and detector effects partially compensate 
–  Low jet pT: background fluctuations dominate 
–  High jet pT: detector effects dominate  
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Resolution main effect on jet spectra: Corrected via unfolding  
(χ2, SVD, Bayesian)  

ALI-PERF-50489 ALI-PERF-50493

Charged jets Full jets 



Jet Production in Pb-Pb 
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Charged jets, R = 0.3 
4 centralities, no leading track bias 

Full jets, R = 0.2 
central events 
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RCP 
Charged Jets 
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Jets clearly suppressed in central collisions. 
Centrality ordered suppression pattern.  
 
No strong pT dependence 
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Jet Structure 
Cross Section Ratio 
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Jet Structure 
Cross Section Ratio 
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Cross section ratio tests 
jet collimation 

Consistent with PYTHIA, pQCD+hadronization.  
Larger collimation at high jet pT. 
Spectra approach similar slope. 
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Charged jet properties in pp at 7 TeV ALICE Collaboration

Fig. 5: (Color online) Top panels: Charged jet cross sections measured in the ALICE experiment in pp
collisions at

p
s = 7 TeV compared to several MC generators: PYTHIA AMBT1, PYTHIA Perugia-0

tune, PYTHIA Perugia-2011 tune, HERWIG, and PHOJET. Bottom panels: Ratios MC/Data. Shaded
bands show quadratic sum of statistical and systematic uncertainties on the data drawn at unity.
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Fig. 6: (Color online) Ratios of jet cross sections for charged jets reconstructed using anti-kT algorithm
with resolution parameters 0.2 and 0.4 and 0.2 and 0.6. The jet acceptance is restricted to

��
h

jet
��  0.3.

The ratios in data are compared to PYTHIA Perugia-2011 and HERWIG simulations.

systematically underestimate the measured particle multiplicities particularly at the largest R for smaller
jet momentum, whereas HERWIG tends to overpredict the data at smaller R. An overall agreement
between the data and MC predictions is found to be best with the Perugia-2011 tune and PHOJET.

8.4 Transverse momentum density distributions within the leading jet

The left panels of Figs. 8, 9, and 10 show leading jets average pT density radial distributions hdpsum
T /dri

measured with resolution parameters R = 0.2, 0.4, and 0.6, respectively. The distributions are plotted
separately for jets in the pT intervals 20 - 30, 30 - 40, 40 - 60, and 60 to 80 GeV/c. The latter three
distributions are scaled by factors of 10, 100, and 1000 respectively for clarity. The transverse momentum
density is largest near the jet axis and decreases approximately exponentially with increasing r. Densities
are largest at the highest jet pT where they are also found to have the steepest dependence on r. This
indicates that high pT jets are on average more collimated than low pT jets as already hinted in Fig. 6.

The measured distributions are compared to predictions with MC models. The right panels of Figs. 8, 9,

16



RCP LHC-Comparison 

•  N.B.: Different 
–  Jet constituent objects 
–  Momentum cut-offs 
–  Treatment/suppression of UE 

background fluctuations  
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Similar message from all LHC experiments: 
Jets are strongly suppressed over a broad 
pT range.  
Low pT region (rise?), most difficult/interesting. 
Other methods to explore reconstructed jets?  Sasha Milov: QM 2012 



Other Knobs …  
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Cross Section Ratio  
Charged vs. full Jets 
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PYTHIA8 Tune 4C 



PID in Jets 
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PYTHIA	  pp	  

Near-‐side	  peak	  (a6er	  bulk	  subtrac<on):	  p/π	  ra<o	  compa<ble	  with	  that	  of	  pp	  (PYTHIA)	  
Bulk	  region:	  p/π	  ra<o	  strongly	  enhanced	  –	  compa<ble	  with	  overall	  baryon	  enhancement	  
Jet	  par<cle	  ra<os	  not	  modified	  in	  medium?	  Could	  this	  s<ll	  be	  surface	  bias?	  



Color Neutral Probes 

•  Also hard production 
–  t ~1/Q « 1 fm/c 
–  Not affected by medium 
–  Effective quark-jet tag 

–  pT < 20 GeV/c: fragmentation 
photons start to dominate 

•  Other sources 
–  Production from thermalized 

partons and hadrons 
–  Jet-medium interaction   
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Figure 5: Isolated photon spectra measured as a function of Eg
T for 0–10%, 10–30%, 30–100%, 0–

100% PbPb collisions (scaled by TAA) and pp collisions at 2.76 TeV, scaled by the factors shown
in the figure for easier viewing. The total systematic uncertainty (bottom row of Table 3) is
shown as a yellow box at each ET bin. The results are compared to the NLO JETPHOX calculation
(see text) with its associated scale and PDF uncertainties (added in quadrature) shown as a pink
band.
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Figure 6: Nuclear modification factor RAA as a function of the photon ET measured in the
0–10% most central PbPb collisions at 2.76 TeV. The vertical error bars indicate the statistical
uncertainty. The total systematic uncertainties without the TAA uncertainty (see Table 3) are
shown as yellow filled boxes. The TAA uncertainty, common to all points, is indicated by the
left box centered at unity. The curves show the theoretical predictions, obtained with JETPHOX
for various nuclear PDFs described in the text. The uncertainty from the EPS09 PDF parameters
is shown as the red dashed lines.

CMS PRL 106 212301 (2011) 
Direct photons are produced and escape throughout the full evolution of the system! 



Hard (Colored) Probes in Heavy-
Ion Collisions 

•  Probe the created medium  
–  Parton scattering prior to QGP 

formation (t ≈ 1/Q « 1 fm/c) 

•  History imprinted into jet structure 
–  High pT partons interact strongly with 

QCD medium prior to fragmentation 
(“jet tomography”) 

•  Experimental access 
–  Single particles at high pT 

–  Two-particle correlations 
–  Reconstructed jets 
–  Jet fragmentation pattern 
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Direct	  effect	  on	  high	  pT/jet	  	  
observables	  compared	  to	  p+p.	  

54 

increasing	  
influence	  of	  	  
underlying	  event	  
background	  on	  
observable	  


