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Jet Tomography

- Often stated goal of jet quenching studies is to use jets to probe 
the structure of the QGP

- Temptation is often to proceed in strict analogy with QED

- In QED in radiative regime, interaction characterized 
by single scale (radiation length)
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Fig. 32.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function of
βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy). Solid curves indicate the total stopping power. Data below the break at βγ ≈ 0.1
are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical bands
indicate boundaries between different approximations discussed in the text. The short
dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping power
on projectile charge at very low energies [6]. dE/dx in the radiative region is not simply
a function of β.

32.2.2. Maximum energy transfer in a single collision : For a particle with mass
M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (32.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.
This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.
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‣ Know from generations of QCD phenomenology that jets emerge 
from hard scattering processes with large virtuality and that they 
radiate copiously as they evolve back on shell 

‣ Pattern of radiation is known as the parton shower 
- Enhancement of higher order radiation (large logs) arising from 

separation of scales between initial and final jet virtuality 
- Evolution of parton is virtuality ordered 

‣ Jet is a coherent object and emissions are angular ordered

Event Generator Physics  2 Bryan Webber

Multiple emission

But initial condition?

Process dependent

- E-loss not obviously characterized by single 
scale, probe has hierarchy of scales…

- What is the relationship between these 
scales and those set by the medium?

➡ To what extent does medium resolve jet?

- Need to understand this well before 
phenomenon can be used to “measure” the 
medium scales

Jet Tomography
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Flavor Dependence of Jet Energy Loss

‣ Properties of jets, final momentum distribution of hadrons w/in jet, 
sensitive to whether initial parton is a quark or gluon 

- “Gluon jets” wider, less likely to have high z leading fragment and have 
larger multiplicity  

- Distinction is only strict in LO picture (or LO+PS)  

‣ May expect gluons to receive 9/4 enhancement in E-loss due to color factor

‣ But if medium 
resolves jet how 
much does initial 
flavor matter?

Event Generator Physics  2 Bryan Webber

Multiple emission

But initial condition?

Process dependent

‣ Can study this by varying 
mixture of of q/g initiated 
jets

Detailed analysis of this in the context of PYTHIA
Cole and Spousta,1504.05169 [hep-ph]



Coherence Approach to Quenched Jets
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‣ Recent theoretical advances in coherence based approach  

- Combined effects of vacuum (virtuality and angular ordered) and in-
medium (time ordered, angular anti-ordered) cascades  

‣ Medium resolves jets to some scale (Λmed) 

‣ Does not see jet substructure on smaller length scales, only total 
color charge, i.e. coherent substructures

➡ Depending on details of 
parton shower medium 
resolves jet into number 
of effective emitters

Casalderrey-Solana, Mehtar-Tani,  Salgado, and Tywoniuk 
Phys.Lett. B725 (2013) 357-360 

- Jets with different parton 
showers (categorizable 
by their substructures) 
are quenched differently



Overview of ATLAS Jet Measurements
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Measurement
Kinematics Geometry

pT y Centrality 𝝓 - 𝛙2

Jet suppression X X X X

Single hadron 
suppression X X X X

Fragmentation
Functions X X X

Dijets X X X



Gluon Fractions: Single Jets
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- Flavor of jet defined to be highest pT parton w/in R of jet

- Note that PDFs and 
flavor fractions are only 
indirectly related 
‣Fractions extracted 

from generator which 
has initial and final 
state parton showers 
that may change 
flavor/kinematics of 
parton-level jets

‣Two generators (e.g. PYTHIA and HERWIG) that have different PS 
implementations will not necessarily give the same flavor 
fractions even if they use the same input PDFs 

‣Also the tune of the generator matters, e.g. αS used in ISR

p
sNN = 2.76TeV



Gluon fractions: Dijets
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- Naive expectation, Quark-Gluon configuration expected to show 
largest asymmetry on average
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Partonic Fragmentation Functions
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- At fixed hadron pT, expect 
different mixture of q/g than 
for inclusive jets

 [GeV]
T 1
p

30 40 210 210×2 310

 F
ra

ct
io

n

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Dijets

Quark-Quark Quark-Gluon

Gluon-Quark Gluon-Gluon

Single Jets

Single Gluon

Single Quark

Pythia6 AUET2B
 | < 2.1y=0.4 jets, | R tkanti-

p
sNN = 2.76TeV

Figure from 1504.05169 [hep-ph]



10

   
   

   
   

   
AAR

1

0.2

 [GeV]            
T

p1 10 210

0 - 5 %

ATLAS
p+p, Pb+Pb 

 = 2.76 TeV NNs, s
-1 = 0.15 nbPbPb

int, L-1 = 4.2 pbpp
intL

ATLAS,
CMS,
ALICE, 

|<1.0η|
|<1.0η|
|<0.8η|

 
 
  

- Can see more of flattening trend 
in latest ATLAS measurement
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gTheoretical calculation, He, Vitev and Zhang, 

- Qualitatively similar to flatness 
observed in jet RAA

- RAA for charged hadrons

JHEP09 (2015) 050

PRL 114 (2015) 072302

Single Jet Observables: pT Dependence

http://arxiv.org/abs/1504.04337
http://arxiv.org/abs/1411.2357


Single Jet Observables: Rapidity Dependence
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Mid-rapidity forward rapidity

- Increasing rapidity results in a steeper production spectrum (lower RAA 
at fixed energy loss)  

- But higher fraction of quark jets (lower energy loss, higher RAA for 
fixed spectral slope)
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Single Jet Observables: Rapidity Dependence
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- Neither shows large variation 
with rapidity suggestion effects 
mostly cancel
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Single Jet Observables: Rapidity Dependence
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Figure 4: Left panel: comparison of theoretical calculations for the nuclear modification factor
RAA of inclusive jets as a function of the jet transverse momentum to experimental data in

√
sNN =

2.76 TeV Pb+Pb collisions at the LHC, with different collision centralities. Two centrality classes, 0
- 10% and 30 - 40%, are considered. The bands corresponds to the variation of the coupling g = 2±
0.2 between the jet and the medium in the calculations, and small CNM effects (µ = 0.18 GeV) are
implemented. The data is from ATLAS [13] with R = 0.4. Right panel: comparison of theoretical
calculations for the ratios of jet RAA’s within different pseudo-rapidity bins as a function of the
jet transverse momentum to the ATLAS experimental data [13] in central Pb+Pb collisions. The
blue band corresponds to the ratio RAA(0.0 < |η| < 0.8)/RAA(0.0 < |η| < 2.0), and the red band
corresponds to the ratio RAA(0.8 < |η| < 2.0)/RAA(0.0 < |η| < 2.0). The derived data corresponds
to RAA(0.3 < |η| < 0.8)/RAA(0.0 < |η| < 2.1) and RAA(1.2 < |η| < 2.1)/RAA(0.0 < |η| < 2.1).

suppression of the cross section. The jet radius dependence of RAA is indeed observed by

the ATLAS collaboration [12] and shown in the right panel of Fig. 5. More specifically, the

center to peripheral ratio RCP of jet cross sections as a function of pT , defined as

RR
CP (pT ) = ⟨Nper

bin ⟩
dσcen

AA(pT , R)

dηd2pT

/

⟨N cen
bin ⟩

dσper
AA(pT , R)

dηd2pT
=

Rcen
AA(pT , R)

Rper
AA(pT , R)

. (3.3)

is compared to the one for R = 0.2. In Eq. (3.3) ⟨N cen.
bin ⟩ and ⟨Nper.

bin ⟩ are the mean of the

number of binary nucleon-nucleon scattering in central and peripheral Pb+Pb collisions.

The calculation predicts qualitatively the transverse momentum dependence of the RCP

ratios and provides a quantitative description of this observable when the two radii are

sufficiently different. For small radii the calculation over-predicts the difference in the

quenching patterns of inclusive jets. Such discrepancy may be caused by the fact that we

only evaluate the medium-induced splitting functions at the lowest non-trivial order, or

that we neglect further dissipation of the jet energy through collisional processes in the

medium [127]. The resummation of logR for small-R jet cross section can also play a

role [70, 71]. New experimental measurements will be very useful to further examine this

jet radius dependence.

The jet shape can give complimentary information of the in-medium parton shower

beyond the study of the jet cross section. Since the differential jet shape is normalized

by
∫ R
0 ρ(r)dr = 1, we expect any enhancement (attenuation) at r ≈ R to be correlated

with the attenuation (enhancement) at small/intermediate values of r. This behavior

was qualitatively seen in the attempt to calculate the jet shape modification using the

– 13 –

Chien and Vitev, arXiv:1509.07257

- pT, centrality and y dependence of RAA well described by recent calculations 

- RAA larger at forward rapidity ⇒ increasing quark fraction wins out over 
increasing steepness of  spectrum 
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New fragmentation 
measurement 
- Includes pp reference 

using high stat. 2013 run 
➡ Significant 

improvement in ratios 
at high z 

- Modifications at high z 
observed to be significant 
for first time 

- Jet pT and η dependence 
- Unmodified 

distributions for quark 
and gluon jets very 
different 

- Modifications at high z 
stronger at larger η 
- Higher quark fraction?

ATLAS-CONF-2015-055
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New fragmentation 
measurement 
- Includes pp reference 

using high stat. 2013 run 
➡ Significant 

improvement in ratios 
at high z 

- Modifications at high z 
observed to be significant 
for first time 

- Jet pT and η dependence 
- Unmodified 

distributions for quark 
and gluon jets very 
different 

- Modifications at high z 
stronger at larger η 
- Higher quark fraction?

ATLAS-CONF-2015-055
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Jet Structure: Rapidity Dependence
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New fragmentation 
measurement 
- Includes pp reference 

using high stat. 2013 run 
➡ Significant 

improvement in ratios 
at high z 

- Modifications at high z 
observed to be significant 
for first time 

- Jet pT and η dependence 
- Unmodified 

distributions for quark 
and gluon jets very 
different 

- Modifications at high z 
weaker at larger η 
- Higher quark fraction?

ATLAS-CONF-2015-055
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Jet structure : pT dependence
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100 < pT < 126pT > 100

- Modifications at 
high z are less 
strong at larger pT

126 < pT < 158  pT > 158

ATLAS-CONF-2015-055
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Jet Energy loss: Dijet asymmetry
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100 < pT1 < 126 GeV, xJ = pT2 / pT1

ATLAS-CONF-2015-052
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- Fully unfolded in two-dimensional pT2 - 
pT1 space and projected onto xJ 
‣Can be directly compared to theory 

- In pp collisions, most probable dijet 
configuration is xJ~1, balanced dijets 

- In central Pb+Pb collisions most 
probable configuration for dijets is for 
one jet to have HALF as much energy 
as the other 
➡ Qualitative change in dijet behavior 

general feature of central HI 
collisions
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For dijets, qq/gg/qg composition of pairs changes with pT1

Dijets: pT1 and Possible Flavor Dependence
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pT1 evolution more abrupt 
than for single jets, e.g. RAA 
shows very weak pT 
dependence

Much less modification 
at higher pT
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Single Jets : Geometry Dependence
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Radiative Corrections to qhat
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- Resummation of radiative corrections yields anomalous 
dimension for qhat  

- Implies anomalous dimension for path length dependence 

Yacine Mehtar-Tani                                                      /28                                                Quark Matter 201527

• QCD evolution of jet quenching parameter smoothly interpolates 
between hard medium scale and “non-perturbative” scale 

• Strong ordering in transverse                                                  
momentum  
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- Analysis predicts a path 
length dependence 
between pQCD radiative 
energy loss (L2) and AdS 
strong coupling (L3)
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➡ Tantalizing possibility 
to connect strong and 
weak coupling limits

Diagram from Y. Mehtar-Tani’s talk at QM15

- Can we observe effect of 
anomalous dimension through 
- More precise 

measurements? 
- Selection on kinematics to 

enhance contribution?



Geometry and Jet Quenching : Next Steps
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LHC Run 1 results showed 
improvments in determination of 
event-by-event geometry
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Classify events both by centrality 
and ellipticity : |q2|

Running out of statistics 
for this in run 1… 
<AJ> also has very small 
signal … 
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Multi-jets in Heavy Ion Collisions
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‣ LHC run 2 should benefit much higher rates of complicated 
radiation patterns  

- Nearby jets see similar path lengths and density fluctuations 

- Have correlated color structure 

- kt / opening angle of splitting sets scale to probe medium

‣ First measurement 
of conditional 
yields of nearby 
jets performed by 
ATLAS could 
benefit hugely/be 
expanded  

‣ Conditional yields 
are suppressed in 
central collisions 



Observing Coherence Effects with Jet Pull ?
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‣ Observable sensitive to color 
flow: jet pull vector 

- Example here is for 
distinguishing b bbar final 
states
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Seeing in Color: Jet Superstructure

Jason Gallicchio and Matthew D. Schwartz
Department of Physics, Harvard University,Cambridge, Massachusetts 02138, USA

A new class of observables is introduced which aims to characterize the superstructure of an
event, that is, features, such as color flow, which are not determined by the jet four-momenta alone.
Traditionally, an event is described as having jets which are independent objects; each jet has some
energy, size, and possible substructure such as subjets or heavy flavor content. This description
discards information connecting the jets to each other, which can be used to determine if the jets
came from decay of a color-singlet object, or if they were initiated by quarks or gluons. An example
superstructure variable, pull, is presented as a simple handle on color flow. It can be used on an
event-by-event basis as a tool for distinguishing previously irreducible backgrounds at the Tevatron
and the LHC.

Hadron colliders, such as the LHC at CERN, are
fabulous at producing quarks and gluons. At energies
well above the confinement scale of QCD, these colored
objects are produced in abundance, only hadronizing
into color-neutral objects when they are sufficiently far
apart. The observed final-state hadrons collimate into
jets which, at a first approximation, are in one-to-one cor-
respondence with hard-partons from the short-distance
interaction. In fact, this description is so useful that
it is usually possible to treat jets as if they are quarks
or gluons. Conversely, in a first-pass phenomenological
study, it is possible simply to simulate the production
of quarks and gluons, assuming they can be accurately
reconstructed experimentally from observed jets.
In certain situations, the jet four-momenta alone do

not adequately characterize the underlying hard process.
For example, when an unstable particle with large trans-
verse momentum decays hadronically, the final state may
contain a number of nearly collinear jets. These jets may
then be merged by the jet-finder. Or, due to contami-
nation from the underlying event, the energy of the re-
constructed jet may not optimally represent the energy
of the hard parton, thereby obscuring the short-distance
event topology. Over the last few years, a number of im-
proved jet algorithms and filtering techniques have been
developed to improve the reconstruction of hard scatter-
ing kinematics [1–4], with experimentally endorsed suc-
cesses including reviving a Higgs to bb̄ discovery channel
at the LHC [1] (implemented by ATLAS [5]) and making
top-tagging as reliable as b-tagging [2] (implemented by
CMS [6]). Nevertheless, there is still a horde of informa-
tion in the events which these substructure techniques
ignore. Jets have color, and are color-connected to each
other, providing the event with an observable and char-
acterizable superstructure.
The term color-connected comes from a graphical pic-

ture of the way SU(3) group indices are contracted in
QCD amplitudes. To be concrete, consider the produc-
tion of a Higgs boson at the LHC with the Higgs decaying
to bottom quarks. The hard process is qq̄ → H → bb̄.
Since the Higgs is a color singlet, the color factor in the
leading order matrix element for this production has the

FIG. 1: Possible color connections for signal (pp → H → bb̄)
and for background (pp → g → bb̄).

form Tr[TATB]Tr[TCTD], where TA are generators of
the fundamental representation of SU(3), A and B index
the initial state quarks and C and D index the final-state
b’s. Since Tr[TCTD] ∝ δCD, the color of C must be the
same as D, which can be represented graphically as a
line connecting quark C to quark D. This color string
or dipole is shown in Figure 1. An example background
process is qq̄ → g → bb̄. Here, there are two possibili-
ties for the color connections: Tr[TATC ]Tr[TBTD] and
Tr[TATD]Tr[TBTC ], both of which connect one incoming
quark to one outgoing quark, as shown also in Figure 1.
The color string picture treats gluons as bifundamentals,
which is correct in the limit of a large the number of col-
ors, NC → ∞. Subleading corrections are included in
simulations through color-reconnections, which amount
to a 1/N2

C ∼ 10% effect.

Since color flow is physical, it may be possible to ex-
tract the color connections of an event. Such informa-
tion would be complimentary to the information in the
jets’ four-momenta and therefore may help temper oth-
erwise irreducible backgrounds. For example, one ap-
plication would be in cascade decays from new physics
models. In supersymmetry, one often has a large number
of jets, originating from on-shell decays like q̃ → qχ or
from color-singlet gauge boson or gaugino decays. One of
the main difficulties in extracting the underlying physics
from these decays is the combinatorics: which jets come
from which decay? Mapping the superstructure color
connections of the events could then greatly enhance our
ability to decipher the short-distance physics.
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back

Signal Pull Background Pull
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞

beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,

pp ! H ! bb̄ pp ! g ! bb̄
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Seeing in Color: Jet Superstructure

Jason Gallicchio and Matthew D. Schwartz
Department of Physics, Harvard University,Cambridge, Massachusetts 02138, USA

A new class of observables is introduced which aims to characterize the superstructure of an
event, that is, features, such as color flow, which are not determined by the jet four-momenta alone.
Traditionally, an event is described as having jets which are independent objects; each jet has some
energy, size, and possible substructure such as subjets or heavy flavor content. This description
discards information connecting the jets to each other, which can be used to determine if the jets
came from decay of a color-singlet object, or if they were initiated by quarks or gluons. An example
superstructure variable, pull, is presented as a simple handle on color flow. It can be used on an
event-by-event basis as a tool for distinguishing previously irreducible backgrounds at the Tevatron
and the LHC.

Hadron colliders, such as the LHC at CERN, are
fabulous at producing quarks and gluons. At energies
well above the confinement scale of QCD, these colored
objects are produced in abundance, only hadronizing
into color-neutral objects when they are sufficiently far
apart. The observed final-state hadrons collimate into
jets which, at a first approximation, are in one-to-one cor-
respondence with hard-partons from the short-distance
interaction. In fact, this description is so useful that
it is usually possible to treat jets as if they are quarks
or gluons. Conversely, in a first-pass phenomenological
study, it is possible simply to simulate the production
of quarks and gluons, assuming they can be accurately
reconstructed experimentally from observed jets.
In certain situations, the jet four-momenta alone do

not adequately characterize the underlying hard process.
For example, when an unstable particle with large trans-
verse momentum decays hadronically, the final state may
contain a number of nearly collinear jets. These jets may
then be merged by the jet-finder. Or, due to contami-
nation from the underlying event, the energy of the re-
constructed jet may not optimally represent the energy
of the hard parton, thereby obscuring the short-distance
event topology. Over the last few years, a number of im-
proved jet algorithms and filtering techniques have been
developed to improve the reconstruction of hard scatter-
ing kinematics [1–4], with experimentally endorsed suc-
cesses including reviving a Higgs to bb̄ discovery channel
at the LHC [1] (implemented by ATLAS [5]) and making
top-tagging as reliable as b-tagging [2] (implemented by
CMS [6]). Nevertheless, there is still a horde of informa-
tion in the events which these substructure techniques
ignore. Jets have color, and are color-connected to each
other, providing the event with an observable and char-
acterizable superstructure.
The term color-connected comes from a graphical pic-

ture of the way SU(3) group indices are contracted in
QCD amplitudes. To be concrete, consider the produc-
tion of a Higgs boson at the LHC with the Higgs decaying
to bottom quarks. The hard process is qq̄ → H → bb̄.
Since the Higgs is a color singlet, the color factor in the
leading order matrix element for this production has the

FIG. 1: Possible color connections for signal (pp → H → bb̄)
and for background (pp → g → bb̄).

form Tr[TATB]Tr[TCTD], where TA are generators of
the fundamental representation of SU(3), A and B index
the initial state quarks and C and D index the final-state
b’s. Since Tr[TCTD] ∝ δCD, the color of C must be the
same as D, which can be represented graphically as a
line connecting quark C to quark D. This color string
or dipole is shown in Figure 1. An example background
process is qq̄ → g → bb̄. Here, there are two possibili-
ties for the color connections: Tr[TATC ]Tr[TBTD] and
Tr[TATD]Tr[TBTC ], both of which connect one incoming
quark to one outgoing quark, as shown also in Figure 1.
The color string picture treats gluons as bifundamentals,
which is correct in the limit of a large the number of col-
ors, NC → ∞. Subleading corrections are included in
simulations through color-reconnections, which amount
to a 1/N2

C ∼ 10% effect.

Since color flow is physical, it may be possible to ex-
tract the color connections of an event. Such informa-
tion would be complimentary to the information in the
jets’ four-momenta and therefore may help temper oth-
erwise irreducible backgrounds. For example, one ap-
plication would be in cascade decays from new physics
models. In supersymmetry, one often has a large number
of jets, originating from on-shell decays like q̃ → qχ or
from color-singlet gauge boson or gaugino decays. One of
the main difficulties in extracting the underlying physics
from these decays is the combinatorics: which jets come
from which decay? Mapping the superstructure color
connections of the events could then greatly enhance our
ability to decipher the short-distance physics.

Particle production on axis connecting jets Color connection between jet and beam remnants 

Signal Background

1 Introduction

Due to the confining nature of the strong force, directly measuring the quantum chromodynamic (QCD)
interactions between quarks and gluons is not possible. The strength and direction of the strong force
depends on the colour charge of the particles involved. To a good approximation, the radiation pattern in
QCD can be described through a colour–connection picture, which consists of colour strings connecting
quarks and gluons of one colour to quarks and gluons of the corresponding anti–colour. An important
question is whether there is evidence of these colour connections (colour flow) in the observable objects:
colour–neutral hadrons and the jets they form. The study of energy distributions inside and between
jets in various topologies has a long history, dating back to the discovery of gluons in three–jet events
at PETRA [1–4]. Colour connections are still a poorly constrained QCD e↵ect, which motivates the
dedicated study presented in this Letter. If well understood, experiments can exploit colour flow to aid
Standard Model (SM) measurements and searches for physics beyond the SM (BSM). As a test that
the colour flow can be extracted from the observable final state, the data are compared to models with
simulated W bosons that are colour–charged or colour–neutral.

One observable predicted to contain information about the colour representation of a dijet resonance like
the W, Z, or Higgs boson, is the jet pull vector [5]. The pull vector for a given jet J with transverse
momentum, pJ

T, is defined as

~vJp =
X

i2J

pi
T|~ri|
pJ

T
~ri. (1)

The sum in Eq. (1) runs over jet constituents with transverse momentum pi
T and location ~ri = (�yi,��i),

defined as the vector di↵erence between the constituent and the jet axis (yJ , �J) in rapidity (y) - azimuthal
angle (�) space1. Given the pull vector for jet J1, the angle formed between this pull vector and the vector
connecting J1 and another jet J2, (yJ2 � yJ1 , �J2 ��J1 ), is expected to be sensitive to the underlying colour
connections between the jets. This is shown graphically in Fig. 1, and the angle is called the pull angle,
denoted ✓P(J1, J2). The pull angle is symmetric around zero when it takes values between �⇡ and ⇡ and
so henceforth ✓P(J1, J2) refers to the magnitude of the angle in (�y,��) space with 0 < ✓P  ⇡. If the
pull vector is computed using jets originating from colour–connected quarks, ✓P ⇠ 0 since the radiation
is predicted to fall mostly between the two jets. If the vector is computed using two jets which do not
originate from colour–connected quarks, there is no reason to expect ✓P to be small. Thus ✓P should be
useful for determining colour connections.

One of the challenges in studying colour flow is the selection of a final state with a known colour compos-
ition. Colour–singlet W bosons from tt̄ events provide an excellent testing ground because these bosons
have a known initial (colourless) state and such events can be selected with high purity. The first study
of colour flow using W bosons from top quark decays was performed by the DØ Collaboration [6]. In
the DØ analysis, calorimeter cells clustered within jets were used as the constituents in Eq. (1) and the
resulting distribution was compared to W singlet (nominal) and W octet templates. The impact of the
colour flow on the observable energy distributions is very subtle; the DØ result was statistically limited
and was not able to significantly distinguish singlet and octet radiation patterns.

1 ATLAS uses a right–handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z–axis along the beam pipe. The x–axis points from the IP to the centre of the LHC ring, and the y–axis
points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam
pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Separation between objects in (⌘, �)
space is defined as �R =

p
(�⌘)2 + (��)2. The rapidity of a four-vector y = 0.5 log

⇣
E+pz
E�pz

⌘
, where E is the energy and pz the

component of the momentum parallel to the beam axis.

2
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This note is organized as follows. Section 3 formally defines the jet pull angle and sets the notation190

and nomenclature. Section 4 describes all of the simulation and data samples. Section 5 details the object191

and event selection. Truth studies are shown in Section 6, data/MC control plots are in Section 7 and the192

analysis strategy is outlined in Section 8. Section 9 lists and describes all of the systematic uncertainties193

considered in the analysis. The results for the unfolded distribution and comparisons to beyond the SM194

leading order color flow models are in Section 10. Section 11 contains conclusions and future outlook.195

Following the conclusions are a series of appendices with additional studies related to both experimental196

and theoretical (modeling) considerations.197

3 Jet Pull Definition198

The pull vector for a given jet J is defined as199

X

i2J

pi
T |ri|
pJ

T
~ri, (1)

where the sum runs over constituents of the jet J and ~ri = (�yi,��i) with respect to the position of the jet200

axis in rapidity (y) - azimuthal angle (�) space. Given the pull vector for jet J1, a variable sensitive to the201

underlying color connections to another jet J2 is the angle the pull vector for J1 makes with respect to the202

vector connecting J1 and J2 in (�y,��) [15]. This is shown graphically in Fig. 1 and will be called the203

pull angle and denoted ✓P(J1, J2). The pull angle is symmetric around zero when it takes values between204

�⇡ and ⇡ and so henceforth, ✓P(J1, J2) refers to modulus of the angle in (�y,��) space with 0 < ✓P  ⇡.205

�y = y � yJ1

�� = � � �J1

J2

Legend
Pull (vector)(J1)

✓P Pull Angle
Constituent of J1 (size weighted by pT)

J1

✓P

Figure 1: For a jet J1 with a set of constituents (calorimeter clusters, tracks, stable generator particles, or
charged stable MC particles), one can compute the pull vector labeled as Pull (vector)(J1). The sensitive
variable is not the entire vector, but the angle, ✓P, that this vector makes with respect to another specified
jet J2. Since the pull vector is weighted by pT and �R (squared) to the jet axis, large angle soft radiation
can contribute just as much if not more than central hard constituents.

Reconstructed jets are clustered with the anti-kt algorithm [21] with radius parameter 0.4 from topo-206

logical calorimeter clusters [22], treated as massless particles. Clusters are calibrated using the local207

cluster weighting (LCW) algorithm [23], and jets are calibrated to account for a reconstruction bias as208

well as to mitigate the contribution from pileup [24]. To investigate jet pull angle properties in simula-209

tion without the distortions arising from detector resolution, truth jets are formed from the four-vectors210

Fig. 1: Diagram illustrating the construction of the jet pull angle for jet J1 with respect to J2.

The analysis presented in this Letter is a measurement of the jet pull angle in
p

s = 8 TeV pp collisions
at the Large Hadron Collider (LHC) with the ATLAS detector. Instead of comparing the reconstructed
jet pull angle in data directly to simulated templates, as was done by the DØCollaboration, the jet pull
angle distribution is first corrected for detector resolution and acceptance e↵ects. This allows for direct
comparison with particle–level predictions for models of physics beyond the SM as well as simulations
of non–perturbative physics e↵ects with various tunable parameter values.

2 Object and event selection

The ATLAS detector independently measures the inclusive and charged-particle energy distributions in
jets. This allows the jet pull angle to be constructed using only the charged constituents of jets, or both
the charged and neutral constituents. In this analysis, both options are used in order to provide inde-
pendent measurements with di↵erent experimental systematic uncertainties. Charged–particle momenta
are measured in a series of tracking detectors (collectively called the inner detector), covering a range of
|⌘| < 2.5 and immersed in a 2 T magnetic field. Electromagnetic and hadronic calorimeters surround the
inner detector, with forward calorimeters allowing electromagnetic and hadronic energy measurements
up to |⌘| = 4.5. A detailed description of the ATLAS detector can be found elsewhere [7].

The anti–kt algorithm [8] with radius parameter R = 0.4 is used to reconstruct jets from clusters of calor-
imeter cells [9] with deposited energy. The clusters are formed using the local cluster weighting (LCW)
algorithm [10] and calibrated to account for the detector response as well as to mitigate the contributions
from additional pp collisions per bunch crossing (pileup) [11]. The all–particles pull angle is built from
the clusters of calorimeter cells assigned to a given jet. In order to improve the rapidity resolution, jets and
clusters are corrected to point toward the reconstructed primary vertex2 and the corrected jet four–vector
is used as the axis in Eq. (1).

2 The primary vertex is defined as the vertex with the highest
P

p2
T of associated tracks.
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Summary

26

- See stronger quenching effects in kinematic regions where they are 
expected from underlying flavor fractions 

- Aspects of this puzzle (e.g. RAA) already well described by theoretical 
calculations 

- Needs full theoretical treatment to sort this out 

‣ Can be improved using new experimental results 

• Updated NPDF input from LHC measurements 

• Comparisons to unfolded xJ distributions ⇒ additional benchmark 

- Flavor just one way of selecting jets with different parton showers 

‣ Measuring quenching observables for jets tagged by substructure 
properties could also address this 

‣ Multi-jets and observables sensitive to color flow also promising 

‣ Both get at role of decoherence in energy loss 

- See geometric dependence consistent w/ L2 path length dependence  

‣ Can we see deviations in Run 2?



Extras



Key Experimental Challenge: Jet Response
Jet energy scale (JES): 
shift in mean response

Jet energy resolution (JER): 
width of response distribution
Receive contributions both 
from UE and from detector

JES/JER convenient 
measures of response  
How well known they are 
often dominant systematic 
In ATLAS use “data overlay” 
generator jets embedded in 
real HI events 
UE contributions to jets 
described ~exactly



Key Experimental Challenge: Jet Response
Determine JES uncertainty on MC response through data-driven 
studies ( in situ contribution)

Residual contributions from fact that response is different for quark 
and gluon jets and may be different for quenched jets

“Data period” 
uncertainty arises 
from fact that pp an 
Pb+Pb data taken in 
different years and 
calorimeter response 
may have changed 

Will not be present in 
run 2 since pp 
reference run was 
taken ~concurrently !


