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13Energy loss — using nuclear modification factor

ɣ jet

Δɸ(ɣ,jet) > !/2

ET > 50 [GeV]
|η| < 2.37 pT > 50 [GeV]

• ɣ is used only for tagging the event

• Enhanced quark fraction 


• No strong back-to-back requirement

• The motivation is to compare with inclusive jet RAA ==> quark vs gluon energy loss

|η| < 2.8
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The Zoo of Jet Observables
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Jet charge

Groomed jet substructure
Inclusive jet cross-section

Heavy flavor jets

EW-tagged jets
Jet angularities

Lund plane

Hadron-in-jet distributions

With great flexibility…comes great responsibility
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2Flavor dependence in medium induced Energy loss

Jets are known to lose energy when 
going through the Quark-Gluon-Plasma • Color-charge dependence

• Mass dependence expected due to “dead-cone effect”

Large parton mass

m/E

Small parton mass

m/E

∼ 4
3

∼ 3

QCD suggest, gluons are more likely to 
radiate than quarks

Radiation is suppressed in θ < m/E Phys. Lett. B 790 (2019) 108

Inclusive jets RAA
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Figure 2: Lund diagram of parton splittings with the inclusion of relevant medium scales related to
creation and decoherence of partons in the medium. The chosen parameters are q̂ = 2 GeV2/fm, L = 2
fm and pT = 300 GeV.

Turning now to medium effects, it is most natural to consider which of the splittings happen inside a
medium of length L. The line corresponding to tf = L is found by substituting t = L in (4), and is also
represented in Figure 2, where we have chosen a particular value for L. Hence, the area above the line
marked tf = L corresponds to emissions that occur inside the medium. Emissions with tf > L occupy the
region below the line.

Providing a comprehensive overview of models of medium interactions proposed in the literature is
beyond the scope of this report. Instead, we consider for the moment a well-known picture that shares
commonalities between a wide class of approaches by assuming that all propagating particles experience
diffusive momentum broadening. The amount of accumulated momentum is characterized by the diffusion
relation hk2Ti = q̂t, where t corresponds to the time of in-medium propagation and where the jet transport
coefficient q̂ acts as a diffusion constant in transverse space.5 For a given splitting, with a given transverse
momentum kT and formation time tf, the accumulated transverse momentum ⇠ q̂tf could either be a small
correction or a dominating contribution. The limiting line, k2T = q̂tf, is parametrized by,

ln z✓ =
1

3
ln

1

✓
+ ln

q̂1/3

pT
. (5)

Note that the slope is a factor 1/3 smaller than in (4). More generally, at any instant t we can compare
the intrinsic transverse momentum k2T ⇠ (✓t)�2 to the accumulated one ⇠ q̂t. This allows us to identify a
characteristic time-scale when the two are of the same order that is usually referred to as the decoherence
time

td ⇠ (q̂✓2)�1/3 . (6)

Hence, the line tf = td, indicated in Figure 2, divides the region above, where emissions are not resolved
by medium interactions, from the region below, where the dipole splitting kinematics is dominated by
diffusion. Also note that this broadening-dominated regime ceases to exist for decoherence times longer
than the medium length, td & L. This corresponds to small dipole configurations that have a vanishing
probability of ever being resolved in the medium. The condition tf = td = L corresponds therefore to the
minimal decoherence angle ✓c ⇠ (q̂L3)�1/2, see Figure 2.

The kinematical Lund plane for one splitting inside the medium is therefore divided into three main
regimes, in addition to the possibility of fragmenting outside of the medium, tf > L. Emissions that fall

5Here we neglect the influence of rare, hard kicks in the medium that go beyond this definition. Their discussion follows
closely what we describe below, with the resolution scale �? ⇠ q�1

? , where q? is the transverse momentum kick from the
medium. We refer, e.g. to [37] for a comprehensive discussion.
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4 5 Jet charge observables
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Figure 1: Leading-jet pT distribution in data (points) compared to PYTHIA6 simulation. The
PYTHIA6 prediction is normalized to match the total number of events observed in data. Only
statistical uncertainties are shown. The filled histograms show the contributions from different
types of initiating partons, identified by means of the matching algorithm described in the
text. The “others” category represents those jets that are initiated by up antiquark (u), down
antiquark (d), charm, strange, and bottom (anti-)quarks (respectively, c, c, s, s, b, b), and any
unmatched jets. The data points are shown in the center of each jet pT bin.

0.3, is chosen as the parton initiating the jet. Jets that cannot be matched to any generator-level
hard parton with DR < DRmax are categorized as unmatched. The matching efficiency is better
than 96% throughout the jet pT range studied. The “others” category in Fig. 1 represents those
jets that are initiated by up antiquark (u), down antiquark (d), charm, strange, and bottom
(anti-)quarks (respectively, c, c, s, s, b, b), and any unmatched jets.

5 Jet charge observables
Jet charge refers to the pT-weighted sum of the electric charges of the particles in a jet. Three
definitions of jet charge are studied in this paper:

Qk =
1

(pjet
T )k

Â
i

Qi(pi
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k, (1)
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,

Â
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pi
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The first (“default”) definition follows Refs. [24, 25]. The sums above are over all color-neutral
(electrically charged and neutral) particles i in the jet that have pT > 1 GeV. The variable pjet

T is

better identify events that correspond to a two-to-two partonic hard scattering process, i.e. the Z-jet pair is required to
be nearly back-to-back in azimuth such that

�����Z�jet
��� > 7⇡/8. In our previous work [19], we developed a factorized

framework for back-to-back photon-jet production within Soft-Collinear E↵ective Theory (SCET) [20, 21, 22, 23, 24].
Such a framework can be generalized to study back-to-back Z-jet production [25], as well as JFF in Z-tagged jets.

In this paper, we derive such a formalism, perform theoretical calculations and compare our results with the LHCb
data. The JFFs are characterized by the longitudinal momentum fraction zh of the jet carried by the hadron and the
transverse momentum j? with respect to the jet direction. We demonstrate how the zh-dependence is connected to
the standard collinear fragmentation functions, while the j?-dependence is associated with the transverse momentum
dependent (TMD) fragmentation functions. For the phenomenology, we find good agreement for the intermediate zh

region. For j?-dependence, we suggest binning in both zh and j?, which would lead to a more direct probing of TMD
fragmentation functions. The rest of the paper is organized as follows. In Sec. 2, we generalize our QCD formalism
developed for photon-jet production to describe back-to-back Z-jet cross section, as well as the jet fragmentation
functions in Z-tagged jets. Numerical results are presented in Sec. 3, where we compare our calculations with the
LHCb experimental data. We conclude our paper in Sec. 4.

2. Theoretical framework

We consider hadron distribution inside Z-tagged jets in proton-proton collisions, as illustrated in Fig. 1,

p(pA) + p(pB)! Z(⌘Z , pZT ) + jet(⌘J , pJT ,R) h(zh, j?) + X , (1)

where s = (pA+pB)2 is the center-of-mass energy squared, the Z-boson is produced with the rapidity ⌘Z and transverse
momentum pZT , while the jet is reconstructed in the usual anti-kT algorithm [26] with the jet radius parameter R, and
the jet has the rapidity ⌘J and the transverse momentum pJT . One further observes a hadron inside the jet, which
carries a longitudinal momentum fraction zh of the jet, and a transverse momentum j? with respect to the jet direction.

h jet

Z
P P

j⊥

xy

z

Figure 1: Illustration for the distribution of hadrons inside jets in Z-tagged jet production in proton-proton collisions.

One usually defines the imbalance qT between the transverse momenta of the Z-boson and the jet, and the average
of the transverse momenta pT as

qT ⌘ pZT + pJT , pT =
pZT � pJT

2
. (2)

To be consistent with the experimental setup [27], we only consider the region where the Z-boson and the jet are
produced back-to-back. In such a region, the imbalance is much smaller than the average transverse momentum,
qT ⌧ pT , where the perturbative computations receive contributions of large logarithms of the form ↵n

s
ln2n(pT /qT ),

which have to be resummed. In the following, we first review the QCD formalism that achieves this purpose. We then
generalize to the case of hadron distribution inside the jets, for both longitudinal zh-distribution and the transverse
momentum j?-distribution.

2.1. Z-tagged jet cross section

A formalism has been developed to resum the logarithms of the form ↵n

s
ln2n(pT /qT ) as well as the logarithms

of jet radius ln R in our previous work [19] for back-to-back photon-tagged jet cross section. This formalism can be

2
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Perturbative vs. Non-perturbative QCD

3

(1) Cannot test perturbative accuracy if non-perturbative 
contribution is not under control

This requires comparison of data to analytical calculation — not a tuned MC!
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(2) Jet quenching: Need theoretical control of pp baseline in order 
to understand perturbative vs. non-perturbative modification

This requires comparison of data to analytical calculation — not a tuned MC!
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Perturbative vs. Non-perturbative QCD
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(1) Cannot test perturbative accuracy if non-perturbative 
contribution is not under control

This requires comparison of data to analytical calculation — not a tuned MC!

(2) Jet quenching: Need theoretical control of pp baseline in order 
to understand perturbative vs. non-perturbative modification

This requires comparison of data to analytical calculation — not a tuned MC!

(3) Ultimately: seek first-principles understanding of non-
perturbative physics

Scaling laws; new observables; real-time dynamics; …
See talks by Moult, Lee, Sterman, Ringer, …
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Inclusive jet cross-sectionQCD studies with high-Q2 processes in pp collisions ALICE Collaboration
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Fig. 1: Left: Inclusive jet cross sections in pp collisions at
p

s = 5.02 TeV for R = 0.1 � 0.6, measured by AL-
ICE [27]. Right: Ratio of various pQCD calculations to data [37, 42, 43, 46, 47, 44]. The systematic uncertainties
in the ratio, shown as boxes, are the quadratic sum of the systematic uncertainties in data and calculations. No
systematic uncertainty for non-perturbative corrections are included, except for the case of NNLO+LL.

also cancel significantly in such ratios [48]. Comparison of recent ALICE cross section ratio measure-95

ments [27] with the calculations described above (not shown) indicate that for the ratio R = 0.2/R = 0.4,96

all calculations agree with the data within uncertainties. For the ratio R = 0.2/R = 0.6, the NLO+NLL97

and NNLO calculations agree with the data, while the NNLO+LL calculation exhibits a tension. Note,98

however, that scale variations can reach into the nonperturbative regime at low pT and prevent theoretical99

uncertainty cancellation, which is treated differently in each calculation. The experimental data are now100

precise enough that theoretical uncertainty is the limiting factor in the comparison [49, 50].101

2.2 Heavy-flavor jet production102

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-103

culations [51, 52, 53], where the contribution of shower production of heavy flavor remains unclear.104

Heavy-flavour jets in pp collisions are relevant both to understand the flavor-dependence of jet quench-105

ing in heavy-ion collisions (Section ??) and as a Standard Model background to the decay of massive106

particles, such as H ! bb̄ [54].107

Figure 2, left panel, shows the ALICE measurement of the pT-differential production cross section of108

charged particle jets containing a D0 meson among its constituents in pp collisions at
p

s = 7 TeV, in the109

range 5  pT, ch jet < 30 GeV/c, at mid-rapidity [55]. Charm-tagged jets were identified via the presence110

of a fully reconstructed D0-meson amongst their constituents, using the D0 ! K+⇡� (and D0 ! K�⇡+)111

hadronic decay channel, considering only prompt D0 and D0 mesons. The D0-tagged jet over inclusive112

jet fraction was also measured, and found to increase with pT, ch jet from ⇡4.2% at 5 GeV/c to ⇡8.0%113

at 30 GeV/c. The cross section of D0-tagged jets was also evaluated as a function of the jet-momentum114

fraction carried by the D0 meson in the jet-axis direction (zch
|| ). The pT dependence of the D0-tagged jet115

3

PRC 101, 034911 (2020)

At small , perturbative 
calculations begin to differ

NNLO important
Resummation important

R
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Inclusive jet cross-sectionQCD studies with high-Q2 processes in pp collisions ALICE Collaboration
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Fig. 1: Left: Inclusive jet cross sections in pp collisions at
p

s = 5.02 TeV for R = 0.1 � 0.6, measured by AL-
ICE [27]. Right: Ratio of various pQCD calculations to data [37, 42, 43, 46, 47, 44]. The systematic uncertainties
in the ratio, shown as boxes, are the quadratic sum of the systematic uncertainties in data and calculations. No
systematic uncertainty for non-perturbative corrections are included, except for the case of NNLO+LL.

also cancel significantly in such ratios [48]. Comparison of recent ALICE cross section ratio measure-95

ments [27] with the calculations described above (not shown) indicate that for the ratio R = 0.2/R = 0.4,96

all calculations agree with the data within uncertainties. For the ratio R = 0.2/R = 0.6, the NLO+NLL97

and NNLO calculations agree with the data, while the NNLO+LL calculation exhibits a tension. Note,98

however, that scale variations can reach into the nonperturbative regime at low pT and prevent theoretical99

uncertainty cancellation, which is treated differently in each calculation. The experimental data are now100

precise enough that theoretical uncertainty is the limiting factor in the comparison [49, 50].101

2.2 Heavy-flavor jet production102

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-103

culations [51, 52, 53], where the contribution of shower production of heavy flavor remains unclear.104

Heavy-flavour jets in pp collisions are relevant both to understand the flavor-dependence of jet quench-105

ing in heavy-ion collisions (Section ??) and as a Standard Model background to the decay of massive106

particles, such as H ! bb̄ [54].107

Figure 2, left panel, shows the ALICE measurement of the pT-differential production cross section of108

charged particle jets containing a D0 meson among its constituents in pp collisions at
p

s = 7 TeV, in the109

range 5  pT, ch jet < 30 GeV/c, at mid-rapidity [55]. Charm-tagged jets were identified via the presence110

of a fully reconstructed D0-meson amongst their constituents, using the D0 ! K+⇡� (and D0 ! K�⇡+)111

hadronic decay channel, considering only prompt D0 and D0 mesons. The D0-tagged jet over inclusive112

jet fraction was also measured, and found to increase with pT, ch jet from ⇡4.2% at 5 GeV/c to ⇡8.0%113

at 30 GeV/c. The cross section of D0-tagged jets was also evaluated as a function of the jet-momentum114

fraction carried by the D0 meson in the jet-axis direction (zch
|| ). The pT dependence of the D0-tagged jet115
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Measurements of jet spectra in pp and Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 2: Non-perturbative correction factor applied to parton-level NLO+NLL predictions, obtained from PYTHIA8
tune A14 as the ratio of the inclusive jet spectrum at hadron-level with MPI compared to parton-level without MPI.

Figure 3 shows the pp jet cross section ratio for various R, built from the spectra in Fig. 1. The top
two panels show the ratios of R = 0.2 to other radii, and the bottom two panels show the ratios of
R = 0.1 to other radii. The left panels also include comparisons to POWHEG + PYTHIA8, and the right
panels include comparisons to NLO+NLL+NP. Correlated uncertainties largely cancel [40, 74], which
allows this observable to elucidate higher-precision effects compared to the inclusive jet cross-section.
The systematic uncertainties on the POWHEG + PYTHIA8 prediction largely cancel as well, and the
resulting high-precision comparisons show that the cross-section ratios are generally well-described by
POWHEG + PYTHIA8. The systematic uncertainties in the NLO+NLL+NP prediction, however, do not
substantially cancel, due to the fact that the scale variations include variation of softer scales which are
sensitive to non-perturbative effects; the NLO+NLL+NP predictions are consistent with the measured
data within the size of these large theoretical uncertainties.

6.1.2 Pb–Pb

We report the 0–10% central Pb–Pb jet spectra for R= 0.2 and R= 0.4 in Fig. 4. The spectra are reported
differentially in pT,jet and hjet as: 1

hTAAi
1

Nevent

d2NAA
jet

dpT,jetdhjet
, where hTAAi ⌘ hNcolli

sNN
inel

is the ratio of the number of
binary nucleon-nucleon collisions to the inelastic nucleon-nucleon cross-section, computed in a Glauber
model to be hTAAi = 23.07± 0.44 (sys) mb�1 for 0–10% centrality. The jet spectra were unfolded for
detector and background effects, and are reported at the hadron-level. The spectra were corrected for
the kinematic efficiency and jet reconstruction efficiency, as well as the partial azimuthal acceptance of
the EMCal. The R = 0.2 jets are reported for the range pT,jet 2 [40,140] GeV/c. The R = 0.4 jets are
reported for the range pT,jet 2 [60,140] GeV/c. The reported intervals were selected based on being
insensitive to the combinatorial background, as well as having kinematic efficiency above approximately
80%. Note that the reported pT,jet intervals extend higher than the measured preco

T,jet range because the
kinematic efficiency remains high at larger pT,jet due to the JES shift. A leading track bias of 5 GeV/c
was required for the R = 0.2 spectra, while a 7 GeV/c bias was required for the R = 0.4 spectra (both
pp reference and Pb–Pb) in order to suppress combinatorial jets in Pb–Pb collisions. We did not attempt
to correct to a fully inclusive spectrum, in order to avoid model-dependence. The pp cross-sections with
leading track biases of 5 GeV/c and 7 GeV/c are plotted alongside the Pb–Pb spectra in Fig. 4.
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Non-perturbative effects 
become large at low 

Major challenge to 
interpreting data-theory 
comparison

pT

At small , perturbative 
calculations begin to differ

NNLO important
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Jet substructure in proton-proton collisions

8

Jet substructure observables are 
sensitive to specific regions of 
QCD radiation phase space

Each observable has:
Fixed-order regime — 
Resummation regime — large logarithms 
to all orders in  (e.g. )
Non-perturbative regime

𝒪 (αn
s )

αs αn
s ln2n R��� ��� ��� ��� ��� ���

�
�
�
�
�
	
�



��� ��� ��� ��� ��� ���
�
�
�
�
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�



Figure 1: A typical jet substructure calculation, emphasizing the regions where di↵erent
contributions dominate the physical description of the observable. Here, �f.o. is the fixed-
order prediction for the cross section, �res includes resummation of large logarithms and � is
the complete theory prediction including non-perturbative e↵ects through a shape function
Fnp.

to go to zero as ⌧ ! 0, as shown in the blue curve. Finally, the inclusion

of non-perturbative contributions shifts the distribution at small values of ⌧ ,

where the observable is sensitive to fluctuations at the scale ⇤QCD. This can

be implemented in a calculation with a non-perturbative shape function, Fnp.

Shaded bands are representative of theoretical uncertainties. We have used a

general observable ⌧ to emphasize that while we will focus on mJ as a concrete

example in this section, the behavior of Fig. 1 is generic for a wide range of

observables.

2.1.1. Resummation

We begin with a discussion of the perturbative aspects of a calculation.

Since we have restricted our focus to IRC safe observables, a perturbative ex-

pansion in the strong coupling constant, ↵s, gives finite results order-by-order

9

Larkoski, Moult, Nachman JPR 841 1 (2020)

ΔRi,jet
R
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Example 1: Jet angularities

Parameter  systematically 
varies weight of collinear radiation

α > 0

λα ≡ ∑
i∈jet

ziθα
i

zi ≡
pT,i

pT,jet

θi ≡
ΔRi,jet

R

ΔRi,jetR

Almeida, Lee, Perez, Sterman, Sung, Virzi PRD 79 (2009) 074017
Larkoski, Thaler, Waalewijn JHEP 11 (2014) 129
…
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Measurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration
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Fig. 5: Comparison of ungroomed jet angularities la in pp collisions for R = 0.2 (top) and R = 0.4 (bottom)
to analytical NLL0 predictions with MC hadronization corrections in the range 60 < p

ch jet
T < 80 GeV/c. The

distributions are normalized such that the integral of the perturbative region defined by la > l NP
a (to the right of

the dashed vertical line) is unity. Divided bins are placed into the left (NP) region.
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Larger : Good agreement 
with pQCD calculations

λαSmall : Non-perturbativeλα
Kang, Lee, Ringer JHEP 04 (2018) 110

Parameter  systematically 
varies weight of collinear radiation

α > 0

λα ≡ ∑
i∈jet

ziθα
i

zi ≡
pT,i

pT,jet

θi ≡
ΔRi,jet

R

Measurement is described by pQCD in 
perturbative regime — with expected 
breakdown in nonperturbative regime

10

JHEP 05 (2022) 061

ΔRi,jetR

Example 1: Jet angularities
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Groomed jet angularities — ppMeasurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration
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Fig. 6: Comparison of groomed jet angularities la,g in pp collisions for R = 0.2 (top) and R = 0.4 (bottom)
to analytical NLL0 predictions with MC hadronization corrections in the range 60 < p

ch jet
T < 80 GeV/c. The

distributions are normalized such that the integral of the perturbative region defined by la,g > l NP
a,g (to the right of

the dashed vertical line) is unity. Divided bins are placed into the left (NP) region.
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11

Small : Non-perturbativeλα

Apply grooming procedure to remove 
low-energy, wide-angle radiation

Jet grooming recovers larger region of 
successful perturbative description

ΔRi,jet
R

ΔRi,jet
R

See also: CMS arXiv 2109.03340

λα,g ≡ ∑
i ∈ groomed jet

ziθα
i

Kang, Lee, Liu, Ringer PLB 793 (2019) 41 

Larger : Good agreement 
with pQCD calculations

λα

JHEP 05 (2022) 061
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Jet angularities — pp
Measurements of the jet angularities in pp collisions at

p
s = 5.02 TeV ALICE Collaboration
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Fig. 7: Comparison of ungroomed jet angularities la in pp collisions for R = 0.2 (top) and R = 0.4 (bottom) to
analytical NLL0 predictions using F(k) convolution in the range 60 < p

ch jet
T < 80 GeV/c. The distributions are

normalized such that the integral of the perturbative region defined by la > l NP
a (to the right of the dashed vertical

line) is unity. Divided bins are placed into the left (NP) region.

17

Non-perturbative shape function 
 to describe hadronization 

and underlying event effects
F(k)

Korchemsky, Sterman Nucl. Phys. B 555 1 (1999)
Stewart, Tackmann, Waalewijn PRL 114, 092001 (2015)
Kang, Lee, Ringer JHEP 04 (2018) 110
Kang, Lee, Liu, Ringer JHEP 10 (2018) 137

Measurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration

factorization [21].

A dashed vertical line is drawn as a rough estimate for the division of perturbative- and nonperturbative-
dominated regions, via Eq. 3 or Eq. 4 with L = 1 GeV/c and the mean p

ch jet
T for each interval. Note

that the transition from values of la which are dominated by perturbative versus nonperturbative physics
is actually smooth, and this vertical line is merely intended as a visual guide. The nonperturbative-
dominated region of the jet angularities is denoted as l NP

a .

Since the integral for all of the distributions in Fig. 1 through Fig. 4 is fixed at unity by construction,
it is important to note that disagreement in the nonperturbative-dominated region induces disagreement
in the perturbative-dominated region. Discrepancy in the nonperturbative region is expected due to the
divergence of as and the corresponding significance of higher-order terms in the perturbative expansion
— and will necessarily induce disagreement in the perturbative-dominated region. Accordingly, for these
theoretical comparisons, the distributions are normalized such that the integral above l NP

a is unity.

5.1.2 Shape function based correction

An alternate correction technique is also used, which employs a nonperturbative shape function F(k)
[14, 19, 20] to correct for the effects caused by hadronization and the underlying event. The shape
function is defined as

F(k) =
4k

W2
a

exp
✓
� 2k

Wa

◆
, (5)

where k is a momentum scale parameter of the shape function, and Wa is described by a single parameter
W = O(1 GeV/c) obeying the scaling relation

Wa = W/(a �1), (6)

and expected to hold universally for hadronization corrections (but not necessarily for underlying event
corrections). To correct the parton-level calculations to the hadron level, this shape function is convolved
with the perturbative (parton level) jet angularity distribution via numerical integration over argument k

ds
dp

jet
T dla

=

Z
F(k)

dspert

dp
jet
T dla

✓
la �l shift

a (k)

◆
dk, (7)

where the shift term l shift
a (k) is either [16, 20]:

l shift
a (k) =

k

p
jet
T R

(ungroomed), or z
1�a
cut

 
k

p
jet
T R

!a

(groomed, with b = 0). (8)

The limits of the integral are thus given by the values of k for which the argument
�
la �l shift

a (k)
�

is
between 0 and 1. Since the nonperturbative parameter W is not calculable within perturbation theory, four
values (0.2, 0.4, 0.8, and 2 GeV/c) are chosen to observe the different shifting effects. These distributions
are then corrected once more using a similar PYTHIA8 folding procedure as described above to account
for the effects of only reconstructing charged-particle jets. This correction is dominated by a shift and
smearing along the p

jet
T axis.

The comparisons to the ungroomed predictions are shown in Fig. 7, and the groomed predictions are
shown in Fig. 8. The shape function approach, specifically the scaling given in Eq. 6, is not fully
justified in the groomed case [72, 73]; nevertheless, reasonable agreement is observed. Since this shape
convolution does not require matching to MC at the parton level, the comparisons are extended to the
40 < p

ch jet
T < 60 GeV/c interval, but below this the perturbative accuracy of the parton-level predictions

is insufficient for rigorous comparisons. The comparisons for 40 < p
ch jet
T < 60 GeV/c and 80 < p

ch jet
T <

100 GeV/c are shown in Appendix A.
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See also: Kang, Lee, Liu, Ringer JHEP 10 (2018) 137

Universal description of data for Ω < 1 GeV

Test predicted scaling of  with F(k) α

Measurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration

factorization [21].

A dashed vertical line is drawn as a rough estimate for the division of perturbative- and nonperturbative-
dominated regions, via Eq. 3 or Eq. 4 with L = 1 GeV/c and the mean p

ch jet
T for each interval. Note

that the transition from values of la which are dominated by perturbative versus nonperturbative physics
is actually smooth, and this vertical line is merely intended as a visual guide. The nonperturbative-
dominated region of the jet angularities is denoted as l NP

a .

Since the integral for all of the distributions in Fig. 1 through Fig. 4 is fixed at unity by construction,
it is important to note that disagreement in the nonperturbative-dominated region induces disagreement
in the perturbative-dominated region. Discrepancy in the nonperturbative region is expected due to the
divergence of as and the corresponding significance of higher-order terms in the perturbative expansion
— and will necessarily induce disagreement in the perturbative-dominated region. Accordingly, for these
theoretical comparisons, the distributions are normalized such that the integral above l NP

a is unity.

5.1.2 Shape function based correction

An alternate correction technique is also used, which employs a nonperturbative shape function F(k)
[14, 19, 20] to correct for the effects caused by hadronization and the underlying event. The shape
function is defined as

F(k) =
4k

W2
a

exp
✓
� 2k

Wa

◆
, (5)

where k is a momentum scale parameter of the shape function, and Wa is described by a single parameter
W = O(1 GeV/c) obeying the scaling relation

Wa = W/(a �1), (6)

and expected to hold universally for hadronization corrections (but not necessarily for underlying event
corrections). To correct the parton-level calculations to the hadron level, this shape function is convolved
with the perturbative (parton level) jet angularity distribution via numerical integration over argument k

ds
dp
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=

Z
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dspert
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where the shift term l shift
a (k) is either [16, 20]:
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(groomed, with b = 0). (8)

The limits of the integral are thus given by the values of k for which the argument
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la �l shift

a (k)
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is
between 0 and 1. Since the nonperturbative parameter W is not calculable within perturbation theory, four
values (0.2, 0.4, 0.8, and 2 GeV/c) are chosen to observe the different shifting effects. These distributions
are then corrected once more using a similar PYTHIA8 folding procedure as described above to account
for the effects of only reconstructing charged-particle jets. This correction is dominated by a shift and
smearing along the p

jet
T axis.

The comparisons to the ungroomed predictions are shown in Fig. 7, and the groomed predictions are
shown in Fig. 8. The shape function approach, specifically the scaling given in Eq. 6, is not fully
justified in the groomed case [72, 73]; nevertheless, reasonable agreement is observed. Since this shape
convolution does not require matching to MC at the parton level, the comparisons are extended to the
40 < p

ch jet
T < 60 GeV/c interval, but below this the perturbative accuracy of the parton-level predictions

is insufficient for rigorous comparisons. The comparisons for 40 < p
ch jet
T < 60 GeV/c and 80 < p

ch jet
T <

100 GeV/c are shown in Appendix A.
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Jet angularities — Pb-Pb

ALI-PREL-506909

Jet quenching models generally 
describe trends in data well, 
although some deviations
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Jet angularities — Pb-Pb

ALI-PREL-506909

Jet quenching models generally 
describe trends in data well, 
although some deviations

ALI-DER-506893

However deviations in 
pp baseline are 
inducing disagreement 
in Pb-Pb/pp ratio!
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Example 2: Groomed jet splittings

How is the perturbative core of the jet modified in heavy-ion collisions?

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

Measure the kinematics of the two 
prongs in the high-  jet splitting:Q2

 is sensitive to the angular resolution 
scale of the quark-gluon plasma
θg

 — angle
 — momentum

θg
zg



James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30, 2022

Dynamical grooming — zg

16

Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration
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Figure 7: ALICE measurements of zg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].
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Figure 8: ALICE measurements of qg distributions in pp collisions at
p

s = 5.02 TeV with dynamical grooming
for two values of the grooming parameter a, compared with pQCD calculations [16, 18].

surement of a jet substructure observable with the dynamical grooming procedure. We compared these
results to perturbative calculations that include resummation of large logarithms at all orders in the strong
coupling constant, and generally found agreement of the theoretical predictions with the data in the per-
turbative regime. This conclusion holds for all grooming settings considered. However, the soft drop
qg distributions increasingly deviate from the perturbative calculations at small qg as the grooming pa-

11

arXiv 2204.10246
Caucal, Soto-Ontoso, Takacs, JHEP 07 (2021) 020

Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration

The instrumental performance of the detector is estimated with a MC simulation done using PYTHIA8 [42]
with the Monash 2013 tune [43] for the event generation and GEANT3 [54] for the transport code prop-
agating particles through the simulated ALICE apparatus. The tracking efficiency in pp collisions is
approximately 67% at track pT = 0.15 GeV/c, and rises to approximately 84% at pT = 1 GeV/c, and re-
mains above 75% at higher pT. The momentum resolution s(pT)/pT was estimated from the covariance
matrix of the track fit [48], and is approximately 1% at track pT = 1 GeV/c and 4% at pT = 50 GeV/c.

3 Analysis method

Jets are reconstructed from charged-particle tracks with FastJet 3.2.1 [55] using the anti-kT algorithm
with E-scheme recombination with resolution parameter R = 0.4 [56, 57]. All tracks are assigned a
mass equal to the p± meson mass. The jet axis is required to be within the fiducial volume of the TPC,��hjet

�� < 0.5, where hjet is the jet pseudorapidity. The jet reconstruction performance for this data set is
described in Ref. [30]. The underlying event (UE) consists of approximately pT = 1 GeV/c per jet, and is
not subtracted. Therefore, UE corrections must be included in theoretical calculations when comparing
to the data.

3.1 Grooming algorithms

The soft drop and dynamical grooming algorithms identify a single splitting in the primary Lund plane [39]
that satisfies a grooming condition. The i

th splitting in the primary Lund plane is defined by

zi ⌘
pT,subleading,i

pT,leading,i + pT,subleading,i
,

qi ⌘
DRi

R
,

(3)

where DRi =
q

Dy
2
i
+Dj2

i
is the rapidity-azimuth separation of the i

th splitting. Note that when re-
constructing the primary Lund plane, one must choose a reclustering radius Rrecluster; for soft drop
Rrecluster = R is used, which results in qg  1, whereas for our implementation of dynamical grooming
Rrecluster = • is used, which results in qg > 1 for <1% of cases (which we neglect).

In the soft drop grooming algorithm, the grooming condition is given by

zi > zcutq b
i
, (4)

where zcut and the exponent b are tunable free parameters of the grooming algorithm. The first such
splitting to pass the grooming condition defines the soft drop groomed jet splitting. As the grooming pa-
rameter b increases, the quantity zcutq b

i
becomes small for collinear radiation. This causes the algorithm

to be less likely to drop collinear radiation — corresponding to less grooming overall, and particularly
less grooming for collinear radiation. Note that for the values b � 0 considered here, zg is Sudakov
safe [15] and qg is infrared-collinear safe [40].

The dynamical grooming algorithm, on the other hand, identifies the splitting that maximizes

zi(1� zi)pT,iq a

i
(5)

over all splittings in the primary Lund plane, where the exponent a is a continuous free parameter. The
grooming parameter a defines the density with which the phase space of the Lund plane is groomed
away. The case a ! 0 selects the splitting with largest z, and is somewhat similar to soft drop with
b = 0, which grooms away splittings below a certain z. The case a = 1 selects the splitting with largest
transverse momentum, and is roughly analogous to soft drop with b =�1, which grooms away splittings

4

pQCD calculations from:

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

Mehtar-Tani, Soto-Ontoso, Tywoniuk
PRD 101 3, (2020) 034004

Find splitting that maximizes 
grooming condition:

MC-based non-perturbative corrections: large uncertainty at small zg
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Soft Drop — rg
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Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration

The instrumental performance of the detector is estimated with a MC simulation done using PYTHIA8 [42]
with the Monash 2013 tune [43] for the event generation and GEANT3 [54] for the transport code prop-
agating particles through the simulated ALICE apparatus. The tracking efficiency in pp collisions is
approximately 67% at track pT = 0.15 GeV/c, and rises to approximately 84% at pT = 1 GeV/c, and re-
mains above 75% at higher pT. The momentum resolution s(pT)/pT was estimated from the covariance
matrix of the track fit [48], and is approximately 1% at track pT = 1 GeV/c and 4% at pT = 50 GeV/c.

3 Analysis method

Jets are reconstructed from charged-particle tracks with FastJet 3.2.1 [55] using the anti-kT algorithm
with E-scheme recombination with resolution parameter R = 0.4 [56, 57]. All tracks are assigned a
mass equal to the p± meson mass. The jet axis is required to be within the fiducial volume of the TPC,��hjet

�� < 0.5, where hjet is the jet pseudorapidity. The jet reconstruction performance for this data set is
described in Ref. [30]. The underlying event (UE) consists of approximately pT = 1 GeV/c per jet, and is
not subtracted. Therefore, UE corrections must be included in theoretical calculations when comparing
to the data.

3.1 Grooming algorithms

The soft drop and dynamical grooming algorithms identify a single splitting in the primary Lund plane [39]
that satisfies a grooming condition. The i

th splitting in the primary Lund plane is defined by

zi ⌘
pT,subleading,i

pT,leading,i + pT,subleading,i
,

qi ⌘
DRi

R
,

(3)

where DRi =
q

Dy
2
i
+Dj2

i
is the rapidity-azimuth separation of the i

th splitting. Note that when re-
constructing the primary Lund plane, one must choose a reclustering radius Rrecluster; for soft drop
Rrecluster = R is used, which results in qg  1, whereas for our implementation of dynamical grooming
Rrecluster = • is used, which results in qg > 1 for <1% of cases (which we neglect).

In the soft drop grooming algorithm, the grooming condition is given by

zi > zcutq b
i
, (4)

where zcut and the exponent b are tunable free parameters of the grooming algorithm. The first such
splitting to pass the grooming condition defines the soft drop groomed jet splitting. As the grooming pa-
rameter b increases, the quantity zcutq b

i
becomes small for collinear radiation. This causes the algorithm

to be less likely to drop collinear radiation — corresponding to less grooming overall, and particularly
less grooming for collinear radiation. Note that for the values b � 0 considered here, zg is Sudakov
safe [15] and qg is infrared-collinear safe [40].

The dynamical grooming algorithm, on the other hand, identifies the splitting that maximizes

zi(1� zi)pT,iq a

i
(5)

over all splittings in the primary Lund plane, where the exponent a is a continuous free parameter. The
grooming parameter a defines the density with which the phase space of the Lund plane is groomed
away. The case a ! 0 selects the splitting with largest z, and is somewhat similar to soft drop with
b = 0, which grooms away splittings below a certain z. The case a = 1 selects the splitting with largest
transverse momentum, and is roughly analogous to soft drop with b =�1, which grooms away splittings
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Figure 10: Comparison of the unfolded rg distribution with the theory predictions. For the NLL predictions, the
open marker style indicates that nonperturbative e�ects on the calculation are expected to be large. The experimental
uncertainty bands include all sources: data and MC statistical uncertainties, nonclosure, modeling, and cluster or
tracking uncertainties where relevant. The theory error bands include perturbative scale variations.

21

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5

3) g(r
10

 / 
d 

lo
g

σ
) d

 
σ

(1
 / 

ATLAS
-1= 13 TeV, 32.9 fbs

 R = 0.8tCalorimeter-based, anti-k
 = 0β = 0.1, 

cut
Soft Drop, z

 > 300 GeVlead
T

p
Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(a) � = 0, low pT

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5

) g(r
10

 / 
d 

lo
g

σ
) d

 
σ

(1
 / 

ATLAS
-1= 13 TeV, 32.9 fbs

 R = 0.8tCalorimeter-based, anti-k
 = 0β = 0.1, 

cut
Soft Drop, z

 > 600 GeVlead
T

p
Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(b) � = 0, high pT

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5

) g(r
10

 / 
d 

lo
g

σ
) d

 
σ

(1
 / 

ATLAS
-1= 13 TeV, 32.9 fbs

 R = 0.8tCalorimeter-based, anti-k
 = 1β = 0.1, 

cut
Soft Drop, z

 > 300 GeVlead
T

p
Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(c) � = 1, low pT

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5
) g(r

10
 / 

d 
lo

g
σ

) d
 

σ
(1

 / 
ATLAS

-1= 13 TeV, 32.9 fbs
 R = 0.8tCalorimeter-based, anti-k

 = 1β = 0.1, 
cut

Soft Drop, z
 > 600 GeVlead

T
p

Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(d) � = 1, high pT

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5

3

3.5) g(r
10

 / 
d 

lo
g

σ
) d

 
σ

(1
 / 

ATLAS
-1= 13 TeV, 32.9 fbs

 R = 0.8tCalorimeter-based, anti-k
 = 2β = 0.1, 

cut
Soft Drop, z

 > 300 GeVlead
T

p
Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(e) � = 2, low pT

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5

1

1.5

2

2.5

3

3.5) g(r
10

 / 
d 

lo
g

σ
) d

 
σ

(1
 / 

ATLAS
-1= 13 TeV, 32.9 fbs

 R = 0.8tCalorimeter-based, anti-k
 = 2β = 0.1, 

cut
Soft Drop, z

 > 600 GeVlead
T

p
Nonperturbative Perturbative

Data
NLL

1.2− 1− 0.8− 0.6− 0.4− 0.2− )g(r
10

log

0.5
1

1.5

R
at

io
 to

 D
at

a

(f) � = 2, high pT

Figure 10: Comparison of the unfolded rg distribution with the theory predictions. For the NLL predictions, the
open marker style indicates that nonperturbative e�ects on the calculation are expected to be large. The experimental
uncertainty bands include all sources: data and MC statistical uncertainties, nonclosure, modeling, and cluster or
tracking uncertainties where relevant. The theory error bands include perturbative scale variations.
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Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration
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Figure 4: ALICE measurements of qg distributions in pp collisions at
p

s = 5.02 TeV with soft drop, com-
pared with NLL0 predictions carried out with SCET [40] and corrected for non-perturbative effects using either
PYTHIA8 [42] or Herwig7 [62]. The distributions are normalized such that the integral of the perturbative region
defined by qg > q NP

g (to the right of the dashed vertical blue line) is unity. The non-perturbative scale in Eq. 7 is
taken to be L = 1 GeV/c. In determining the normalization, intervals that overlap with the dashed blue line are
considered to be in the non-perturbative (left) region.

5.2 Dynamical grooming

Figures 5 and 6 show the zg and qg distributions in pp collisions for jets with dynamical grooming for
several values of the grooming parameter a. For small values of a, the grooming condition favors split-
tings with symmetric longitudinal momenta, which is reflected in the distributions skewing towards large
zg and small qg. As a increases, the grooming condition favors splittings with large angular separation,
which is reflected in the distributions skewing towards small zg and large qg. The results are compared
with PYTHIA8 Monash 2013 [42, 43], which generally describes the data within approximately 20%.

In Figs. 7 and 8, we compare the zg and qg distributions, respectively, to pQCD calculations described in
Ref. [18]. The theoretical calculations include non-perturbative corrections based on MC event genera-
tors, which are implemented in Ref. [18]. The theoretical uncertainty bands account for scale variations
together with non-perturbative effects, the latter generally being the dominant contribution. The calcu-
lations generally describe the data within the precision of the statistical and systematic uncertainties of
the data and the theoretical uncertainties of the calculation, demonstrating that pQCD predictions, when
coupled with corrections for non-perturbative effects, provide a sufficient description of the data even at
the moderate p

ch jet
T considered here.

6 Conclusions

We have presented new measurements of the groomed jet radius and momentum splitting fraction in pp
collisions at

p
s = 5.02 TeV with the ALICE detector at the Large Hadron Collider. We studied two

grooming algorithms, soft drop and dynamical grooming, each with a variety of grooming settings in
order to study their impact on soft- and wide-angle radiation. These studies have provided the first mea-

9
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Measurements of the groomed jet radius and groomed splitting fraction ALICE Collaboration

The instrumental performance of the detector is estimated with a MC simulation done using PYTHIA8 [42]
with the Monash 2013 tune [43] for the event generation and GEANT3 [54] for the transport code prop-
agating particles through the simulated ALICE apparatus. The tracking efficiency in pp collisions is
approximately 67% at track pT = 0.15 GeV/c, and rises to approximately 84% at pT = 1 GeV/c, and re-
mains above 75% at higher pT. The momentum resolution s(pT)/pT was estimated from the covariance
matrix of the track fit [48], and is approximately 1% at track pT = 1 GeV/c and 4% at pT = 50 GeV/c.

3 Analysis method

Jets are reconstructed from charged-particle tracks with FastJet 3.2.1 [55] using the anti-kT algorithm
with E-scheme recombination with resolution parameter R = 0.4 [56, 57]. All tracks are assigned a
mass equal to the p± meson mass. The jet axis is required to be within the fiducial volume of the TPC,��hjet

�� < 0.5, where hjet is the jet pseudorapidity. The jet reconstruction performance for this data set is
described in Ref. [30]. The underlying event (UE) consists of approximately pT = 1 GeV/c per jet, and is
not subtracted. Therefore, UE corrections must be included in theoretical calculations when comparing
to the data.

3.1 Grooming algorithms

The soft drop and dynamical grooming algorithms identify a single splitting in the primary Lund plane [39]
that satisfies a grooming condition. The i

th splitting in the primary Lund plane is defined by

zi ⌘
pT,subleading,i

pT,leading,i + pT,subleading,i
,

qi ⌘
DRi

R
,

(3)

where DRi =
q

Dy
2
i
+Dj2

i
is the rapidity-azimuth separation of the i

th splitting. Note that when re-
constructing the primary Lund plane, one must choose a reclustering radius Rrecluster; for soft drop
Rrecluster = R is used, which results in qg  1, whereas for our implementation of dynamical grooming
Rrecluster = • is used, which results in qg > 1 for <1% of cases (which we neglect).

In the soft drop grooming algorithm, the grooming condition is given by

zi > zcutq b
i
, (4)

where zcut and the exponent b are tunable free parameters of the grooming algorithm. The first such
splitting to pass the grooming condition defines the soft drop groomed jet splitting. As the grooming pa-
rameter b increases, the quantity zcutq b

i
becomes small for collinear radiation. This causes the algorithm

to be less likely to drop collinear radiation — corresponding to less grooming overall, and particularly
less grooming for collinear radiation. Note that for the values b � 0 considered here, zg is Sudakov
safe [15] and qg is infrared-collinear safe [40].

The dynamical grooming algorithm, on the other hand, identifies the splitting that maximizes

zi(1� zi)pT,iq a

i
(5)

over all splittings in the primary Lund plane, where the exponent a is a continuous free parameter. The
grooming parameter a defines the density with which the phase space of the Lund plane is groomed
away. The case a ! 0 selects the splitting with largest z, and is somewhat similar to soft drop with
b = 0, which grooms away splittings below a certain z. The case a = 1 selects the splitting with largest
transverse momentum, and is roughly analogous to soft drop with b =�1, which grooms away splittings

4

pQCD calculations from:

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

Find first splitting that satisfies 
grooming condition:

K. Tywoniuk (UiB)

SOFT DROP

!14

❌

!log 1/θ

! lo
gz

θ

z =
zcut θ β

veto

Re-cluster jet with C/A until finding first 
branch that satisfies: 

z > zcutθβ

- removes soft & large-angle radiation

Recursive SD: continues to identify all branches that 
satisfy this condition (pruning)

Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Larkoski, Marzani, Thaler 1502.01719

Dreyer, Necib, Soyez, Thaler 1804.03657
Frye, Larkoski, Thaler, Zhou 1704.06266

Soft Drop — θg

θg = Δy2 + Δφ2/R

At lower jet  ,  is highly non-perturbative!pT β = 2



James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30, 2022 19

Groomed jet radius — Pb-Pb
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Measurements of inclusive and leading subjet fragmentation 3

1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.
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Jet  hadron transition as → r → 0

Example 3: Subjet fragmentation

 Introduction             Jet for 3D Imaging             Parton showers & ML             Quantum Computing               Conclusions      

QCD factorization

17

Collins, Soper, Sterman `80s -`90s

• Jet production 

Perturbative
jet functions 

Fragmentation functions

Perturbative hard function

Parton distribution functions

• Hadron production 

Kang, Ringer, Vitev `16

ep ! h+X

ep ! jet +X

d�ep!h+X

d⌘dpT
=

X

ij

fi ⌦Hij ⌦D
h
j

d�ep!jet+X

d⌘dpT
=

X

ij

fi ⌦Hij ⌦ Jj

X

fa/p h

j

i
p

e
e0

Q2

fi

Dh
j

Hij

X

fa/p

i
p

e
e0

Q2

fi

j Jj
Hij



James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30, 2022 21

Cluster inclusive jets with radius , then recluster with anti-  with radius R kt r

R

r

Measurements of inclusive and leading subjet fragmentation 3

1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.

Neill, Ringer, Sato JHEP 07 (2021) 041
Kang, Ringer, Waalewijn  JHEP 07 (2017) 064

Jet  hadron transition as → r → 0

Example 3: Subjet fragmentation

Compute the “energy loss” 
outside of the leading subjet:

⟨zloss⟩ = 1 − ∫
1

0
dzr zr

1
σ

dσ
dzr

Single hadron limit
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Subjet fragmentation — pp
Inclusive subjets

Measurement of inclusive and leading subjet fragmentation ALICE Collaboration
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Fig. 4: ALICE measurements of inclusive (top) and leading (bottom) subjet zr distributions in pp collisions atp
s = 5.02 TeV, compared to NLL0 predictions carried out with SCET [46, 47] and corrected for missing neutral-

particle energy and multi-parton interaction effects using PYTHIA8 [62] or HERWIG7 [78]. The shaded bands
denote systematic uncertainty on the NLL0 calculations. The distributions are normalized such that the integral of
the region defined by 0.7 < zr < z

NP
r

is unity, where z
NP
r

is denoted by the dashed vertical blue lines. The non-
perturbative scale in Eq. 4 is taken to be L = 1 GeV/c. In determining the normalization, bins that overlap with
the dashed blue line are considered to be in the non-perturbative (right) region.
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Measurements described well by 
pQCD in 0.1 ≲ zr ≲ 0.9

Kang, Ringer, Waalewijn  JHEP 07 (2017) 064

At small , the pQCD calculation fails 
due to lack of small  resummation

Connection to parton-hadron duality

zr
zr

Neill, Ringer JHEP 06 (2020) 086
Neill JHEP 03 (2021) 081

arXiv 2204.10270

At large , both threshold resummation 
and non-perturbative physics play a role

zr

R

r



James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30, 2022 23

Subjet fragmentation — Pb-Pb
Measurement of inclusive and leading subjet fragmentation ALICE Collaboration
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Fig. 5: Measurements of subjet zr distributions for subjet radius r = 0.1 in pp and 0–10% central Pb–Pb collisions.
The bottom panel displays the ratio of the distributions in Pb–Pb to pp collisions, along with comparison to theo-
retical predictions [46, 50, 79, 80, 86–88].
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Fig. 6: Measurements of subjet zr distributions for subjet radius r = 0.2 in pp and 0–10% central Pb–Pb collisions.
The bottom panel displays the ratio of the distributions in Pb–Pb to pp collisions, along with comparison to theo-
retical predictions [46, 50, 79, 80, 86–88].
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Subjet fragmentation — Pb-Pb
Measurement of inclusive and leading subjet fragmentation ALICE Collaboration
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Fig. 5: Measurements of subjet zr distributions for subjet radius r = 0.1 in pp and 0–10% central Pb–Pb collisions.
The bottom panel displays the ratio of the distributions in Pb–Pb to pp collisions, along with comparison to theo-
retical predictions [46, 50, 79, 80, 86–88].
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retical predictions [46, 50, 79, 80, 86–88].
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Figure 6. Inclusive and leading jet spectra for quark/gluon e+e� hemisphere jets and
p
s = Q =

91.2 GeV.

functions in the Monte Carlo parton shower discussed above which allows us to calculate

both the inclusive and leading jet cross section at NLL0 accuracy. In Fig. 6, we show the

results for e+e� hemisphere jets for quarks and gluons separately.4 As an example, we

choose the jet radius of R = 0.5 and the hard scale Q =
p
s = 91.2 GeV. The inclusive

and leading jet spectra agree for z > 1/2. For e+e� hemisphere jets, a jet with momentum

fraction z > 1/2 is automatically the leading jet. Note that this does apply to event-wide

leading jets in e+e� collisions as discussed in section 7.1 below. We observe that both

spectra peak at large values of z which indicates that it is very likely to find a jet that

carries a large momentum fraction of the initial quark or gluon. See also Ref. [125]. The

peak is less pronounced for an initial gluon than for quarks which is expected due to the

di↵erent color factors. The peak structure at large values of z confirms that the identified

leading jet is a good proxy of the underlying parton level degrees of freedom. We note

that the peak arises due to the threshold resummation. At LO/LL accuracy the numerical

result diverges near the endpoint, see Fig. 3. Therefore, it is phenomenologically important

to include threshold resummation for leading jet measurements. Note that the suppression

of the cross section for z ! 1 is unusual since threshold resummation is typically associated

with an enhancement of the cross section [30, 31]. For z < 1/2 the inclusive and leading

jet spectrum di↵er due to the subleading jets which contribute only to the inclusive jet

spectrum. The leading jet cross section drops significantly below z = 1/2 indicating that

it is very unlikely to find a leading jet that carries only a small momentum fraction z.

Another intriguing feature of the results in Fig. 6 is the shape of the leading jet

4When showing our results, we vary a given scale µi ! ⇣iµi. The range in which we vary ⇣i is given

in each figure, where relevant. The scales varied are the observed jet, soft-collinear, and inclusive jet (Eq.

(4.6)), and also the Landau-pole regularization, and the non-perturbative model parameter, and we take

the envelope as a measure of uncertainty.

– 29 –

Neill, Ringer, Sato JHEP 07 (2021) 041

Leading/inclusive jets
e+e−

Consistent with hardening of distribution at intermediate 
Large quark-gluon differences in vacuum

zrLeading subjets
arXiv 2204.10270



James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30, 2022 25

Subjet fragmentation — Pb-Pb
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Measurement of inclusive and leading subjet fragmentation ALICE Collaboration

0.6 0.7 0.8 0.9 1
rz

2

4

6

8

10rzdσd   
 >

 0
.6

 
rz

σ 
1

ALICE 
 = 5.02 TeVNNs

 jetsTkCharged-particle anti-
| < 0.5

jet
η = 0.4   |R

c < 120 GeV/ch jet
T
p80 < 

 = 0.1r subjets   Tkanti-

pp
10%−Pb 0−Pb

Sys. uncertainty

0.6 0.7 0.8 0.9 1
rz

0.5

1

1.5pp
Pb
−

Pb

Medium jet functions
JETSCAPE
JEWEL, recoils on
JEWEL, recoils off

Fig. 5: Measurements of subjet zr distributions for subjet radius r = 0.1 in pp and 0–10% central Pb–Pb collisions.
The bottom panel displays the ratio of the distributions in Pb–Pb to pp collisions, along with comparison to theo-
retical predictions [46, 50, 79, 80, 86–88].
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Fig. 6: Measurements of subjet zr distributions for subjet radius r = 0.2 in pp and 0–10% central Pb–Pb collisions.
The bottom panel displays the ratio of the distributions in Pb–Pb to pp collisions, along with comparison to theo-
retical predictions [46, 50, 79, 80, 86–88].
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Leading subjets
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Consistent with hardening of distribution at intermediate 
Large quark-gluon differences in vacuum

zr

New path to disentangle quenching effects — 
requires further theoretical work at large zr
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Understand jet quenching effects in heavy-ion collisions
Test accuracy of high-order perturbative calculations

26

Summary
Understanding the transition from perturbative to non-perturbative QCD 
is crucial in order to interpret jet measurements

(i) Jet angularities, (ii) Groomed jet splittings, (iii) Subjet fragmentation
Provides guidance for future measurements

Recent LHC jet substructure measurements explore the expected breakdown 
of perturbative calculations in the non-perturbative regime

Will require even more attention at RHIC (sPHENIX, STAR) and EIC

See talks by Moult, Lee, Sterman, Ringer, …


