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Comparing experiment to theory
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In any experimental result or theoretical calculation, one must report (accurate) uncertainties.


For the discovery phase of the QGP, “qualitative” comparisons sometimes sufficed, since 
there were several observables with very large modifications.
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For example:

    Jet RAA was observed to be strongly suppressed.

    Models with deconfined QCD roughly predicted this.

    Models without deconfined QCD don’t predict this.

But to really get at the interesting physics that we are all after 
now, we will need precision.
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• ALICE charged jets  
• No significant modification 

R=0.2/R=0.3 
• CMS jet RAA 

• No significant 
modification R=0.2-0.4 

• ATLAS RCP 
• Significant modification for 

R=0.2-0.5 

• Jet shapes (ALICE, CMS) 
show modification, hadron-
jet coincidence measurement 
(ALICE) shows no significant 
intra-jet broadening from 
R=0.2-0.5, …

Phys. Rev. C 96 (2017) 015202

Do measurements show an R-dependence?

Hard Probes 2018 Jaime Norman (LPSC) 

)c(GeV/ch
T,jet
p

0 10 20 30 40 50 60 70 80 90 100

=0
.5

)
R(

re
co

il
∆

=0
.2

)/
R(

re
co

il
∆ 0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

ALICE data
Shape uncertainty
Correlated uncertainty
PYTHIA Perugia: Tune 2010 & 2011H

ad
ro

n 
Tr

ig
ge

r T
hr

es
ho

ld

 = 2.76 TeVNNs0-10%, Pb-Pb 
 charged jetsTkAnti-
 < 0.6ϕ∆ − π

ALICE

 TT{8,9}− TT{20,50}

ALI-PUB-93521

Jet quenching: Pb-Pb collisions
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• Measurement at different jet cone radii R gives access to jet 
energy redistribution


• Energy predominantly radiated to angles larger than 
R=0.5


• Ratio of Δrecoil in heavy-ion collisions with a reference gives 
access to jet quenching information (ΔIAA )


• Differential recoil jet yield suppressed by up to a factor 
2 with respect to pp (PYTHIA) reference


• Ratio of Δrecoil in different centrality intervals consistent with 
unity, indicates minimal jet quenching in p-Pb collisions 

• < 0.4 GeV energy loss out-of-cone for jets 15 < pT < 50 
GeV/c, R=0.4 (90% CL) 

JHEP 09 (2015) 170 
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Example: How is the jet radial shape modified?

!3

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

• Measures	a	jet’s	radial	
momentum	profile	

• pp	data	agrees	with	Pythia	
within	≈	20%	at	

• In	Pb-Pb,	radial	moment	
shifted	to	lower	values	
• More	collimated! �12

Small-radius jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration

between the integrals of the fragmentation functions in Pb–Pb and pp collisions.72

The third category of jet shape observables uses the clustering history to select certain parts of the par-73

ticle shower using well-defined jet clustering techniques, for instance grooming [18, 19], to amplify or74

suppress a region of the splitting phase space where medium-induced effects are expected. Examples are75

the 2-subjetiness [20] or the soft drop subjet momentum balance, zg [21,22], designed to explore changes76

in the rate of 2-prong jets and the momentum balance of semi-hard subjets in heavy-ion collisions rel-77

ative to pp collisions respectively. New ideas and applications for this third category of jet shapes are78

being discussed in the literature for beyond Standard Model searches and QCD studies in pp as well as79

heavy-ion collisions.80

The shapes analysed in this paper belong to the second category and are described in detail in Section 2.81

They probe complementary aspects of the jet fragmentation such as the transverse energy profile or the82

dispersion of the jet constituents transverse momentum distribution. Our aim was to perform a systematic83

exploration of the intrajet distributions to pose constraint on key aspects of the theory of jet quenching.84

A clean connection to the theory was pursued via the selection of observables that are well defined85

and calculable from first principles in pQCD and via the full correction of the observables to particle86

level. The considered small resolution R = 0.2 and ALICE instrumental capabilities allowed us to obtain87

fully corrected particle-level jet measurements, in a unique range at the LHC of low momentum and88

low constituent cutoff of 0.15 GeV/c. Our measurements give insight on whether the jet substructure is89

resolved by the medium at small angular scales and on the role of the medium response.90

The rest of the paper is organized as follows: Section 3 presents the data sets and event selection used91

for the analysis, Sections 4 and 5 describe the jet finding procedure and the underlying event subtraction,92

while Sections 6 and 7 present the response of the shapes to detector effects and background fluctuations93

and the 2-dimensional unfolding procedure that simultaneously corrects the shape and jet pT distribu-94

tions. Section 8 describes the different contributions to the systematic uncertainty and finally, Section 995

presents the fully corrected results and their interpretation with comparisons to theoretical models.96

2 The set of jet shape observables97

In this analysis, we focus on three jet shape observables that probe complementary aspects of the jet98

fragmentation, namely the first radial moment or angularity (or girth), g, the momentum dispersion,99

pTD, and the difference between the leading and sub-leading track transverse momentum, LeSub.100

The angularity is defined as101

g = Â
i2jet

pT,i

pT,jet
DRjet,i, (1)

where pT,i is the transverse momentum of the i-th constituent and DRjet,i is the distance in (h , j) space102

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.103

The momentum dispersion pTD is defined as104

pTD =

q
Âi2jet p

2
T,i

Âi2jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and is connected to105

how hard or soft the jet fragmentation is. For example, in the extreme case of few constituents carrying a106

large fraction of the jet momentum, pTD will be close to 1, while in the case of jets with a large number107

of constituents and softer momentum, pTD would end up closer to 0.108

The two previous shapes are related to the moments of the so-called generalized angularities defined as:109

l k
b = Âi(

pT,i
pT,jet

)k(
DRjet,i

R
)b [23]. The number of jet constituents corresponds to (k ,b ) = (0,0), the square110

2

sNN = 7 TeV

Small-radius jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration
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Fig. 6: Fully corrected jet shape distributions in 0–10% central Pb–Pb collisions at
p

sNN = 2.76 TeV for R = 0.2
in the range of jet p

ch
T,jet of 40–60 GeV/c. The results are compared to PYTHIA. The coloured boxes represent the

uncertainty on the jet shape (upper panels) and its propagation to the ratio (lower panels).
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Final	result!					
arXiv	1807.06854

arXiv 1807.06854 

PLB 730 (2014) 243-263
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Comparing experiment to theory
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One way to be more rigorous in interpreting the data is with global analyses…


But instead let’s consider the simplest possible case: A single observable
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Comparing experiment to theory
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One way to be more rigorous in interpreting the data is with global analyses…


But instead let’s consider the simplest possible case: A single observable

Is it possible, now or in the future, to rule out a prediction 
by quantitative comparison to the measured jet RAA?
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Jet RAA
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arxiv 1805.05635
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What can be learned from jet RAA?
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Can we distinguish the low-pT behavior of models?
Can we distinguish the high-pT behavior of models?

Can we distinguish the R-dependence of models?

arxiv 1805.05635
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What can be learned from jet RAA?

!8

RAA is an observable that is well-suited for comparison to theory.

(1) Precision of measurement
(2) Accuracy of error bars for (a) Theory, (b) Experiment

Two issues that make it difficult to compare theoretical models:

arxiv 1805.05635
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There is a lack of uniformity in the non- jet energy loss part of the calculations 
Different predictions use different initial state, medium evolution, hadronization, pp reference spectrum


In general, systematic uncertainties on theory calculations are either absent or incorrect 
When systematics are included in predictions, they tend to ignore uncertainties in the initial state, 
medium evolution, hadronization, pp reference spectrum


It is difficult to compare predictions from the “same” theoretical models that are supplied to 
different experimental results 
Private codes are evolving, the free parameters may be fixed differently, etc.


The theory side

The experimental side

!9

Uncertainties in experimental results are not always provided in a clear way to theorists 
E.g. systematic uncertainties are divided into multiple types (“correlated uncertainties”, “shape 
uncertainties”); covariances are generally not supplied


Biases in experimental results are not always clearly communicated or evaluated 
For example, leading hadron requirement to suppress combinatorial jets




James Mulligan, UC Berkeley JETSCAPE Workshop, Texas A&M University

JETSCAPE

1. Study differences between model 
predictions by fixing the non- jet energy 
loss part of the calculation


2. Study the agreement between experiment 
and theory by evaluating systematic 
uncertainties on the theory predictions 
which include the non- jet energy loss part 
of the calculation, by varying the non- jet 
energy loss modules

!10

Nuclear modification of jets
Construct Jets with anti-kT algorithm

28

• Reasonable description of jet 
RAA with different model setups

• Weak dependence on R in 
both theory and data

Nuclear modification of jets
Construct Jets with anti-kT algorithm

28

• Reasonable description of jet 
RAA with different model setups

• Weak dependence on R in 
both theory and data

JETSCAPE will allow us to solve some of these problems  
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What can be learned from jet RAA?
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Can we distinguish the low-pT behavior of models?
Can we distinguish the high-pT behavior of models?

Can we distinguish the R-dependence of models?

arxiv 1805.05635

Maybe…depends on experimental 
improvements and size of theory systematics Likely yes — with proper theory systematics

Likely yes — ATLAS (CMS?) can achieve sufficient precision at high-pT 


