EPJ Web of Conferences 235, 05001 (2020)
ISMD 2019

https://doi.org/10.1051/epjconf/202023505001

Recent progress on jet substructure theory
Zhong-Bo Kang1,2,3 ,
1

Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
Mani L. Bhaumik Institute for Theoretical Physics, University of California, Los Angeles, CA 90095, USA
3
Center for Frontiers in Nuclear Science, Stony Brook University, Stony Brook, NY 11794, USA
2

Abstract. In these proceedings, we review recent theoretical progress on jet substructure
at the colliders. Focusing on two observables – jet mass and groomed jet radius, we
perform theoretical computations for jets measured in the single inclusive jet production
in proton-proton collisions, pp → jet + X. We consider both standard ungroomed jets as
well as soft-drop groomed jets. Within the Soft Collinear Effective Theory (SCET), we
establish QCD factorization theorems which allow for the joint resummation of several
classes of logarithmic corrections to all orders in the strong coupling constant. We present
numerical results and compare with the available data from the LHC.

1 Introduction
At present day collider experiments such as the Large Hadron Collider (LHC) and the Relativistic
Heavy Ion Collider (RHIC), highly energetic jets play an important role as precision probes of the
Standard Model and beyond [1]. In the past years, the capability of jet probes at a future Electron Ion
Collider (EIC) and their usage of probing different aspects of nuclear dynamics has been realized [2–
4]. In addition, jet substructure techniques have become important tools in high energy particle and
nuclear physics, where people have realized that the internal structure of the identified jets contains
additional valuable information. For example, jet substructure techniques are used to improve our
understanding of the QCD hadronization mechanism, to discriminate between quark and gluon jets,
or to identify jets originating from the decay of boosted objects. Jet substructure observables are also
increasingly being studied in heavy-ion collisions where they provide important tests and insights of
the hot and dense QCD medium [5]. More recently it has also been realized that jet substructure can
probe both collinear and transverse momentum dependent parton-to-hadron fragmentation functions
in ways that traditional inclusive observables do not offer [6–10].
One of the important techniques that have been developed for better studying jet substructure is jet
grooming, which is designed to remove soft wide-angle radiation from the identified jets. We focus on
the so-called soft-drop grooming algorithm developed in [11]. Such a grooming algorithm removes
the soft contamination of jets and thus leads to reduced sensitivity to nonperturbative effects. Because
of this, it allows for a more direct comparison of perturbative QCD calculations and experimental
data. Both on the experimental and the theoretical side, significant progress has been made recently in
improving our understanding of soft drop groomed jet observables. In the heavy-ion community, soft
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Figure 1. The ln R-resummed jet cross section is compared with the CMS experimental data [18].

drop groomed jet substructure observables have also received an increasing attention from both experiment and theory. Jet grooming techniques can be used to isolate different aspects of jet quenching
and may help to discriminate between different model assumptions.
In these proceedings, we mainly review our recent studies on groomed and ungroomed jet mass
distribution, and the groomed jet radius.

2 Jet cross section and jet mass
We consider inclusive jet production pp → jet + X, where jets are identified with the anti-kT algorithm [12] with a given radius R. A factorized form has been shown in [13] within the framework
of Soft Collinear Effective Theory (SCET) [14–17], where the double differential cross section for
inclusive jets with a given transverse momentum pT and rapidity η is given by
dσ pp→jetX 
c
=
fa ⊗ fb ⊗ Hab
⊗ Jc (z, pT R, µ) .
d pT dη
a,b,c

(1)

Here, we suppressed the arguments of the various functions for better readability. See [13] for more
details. Let us just mention in the above equation that Jc (z, pT R, µ) is called semi-inclusive jet functions (siJFs), which describe the formation of a jet with the transverse momentum pT and jet parameter
R originating from a parent parton c at scale µ. They satisfy the same timelike DGLAP equations that
govern the scale evolution of fragmentation functions. By solving the DGLAP equations and thus
evolving the siJFs from the natural scale µ ∼ pT R to the hard scale µ ∼ pT , the resummation of
logarithms ln R can be achieved. As shown in Fig. 1, such a ln R-resummed jet cross section leads to
better agreement with the CMS experimental data [18]. A further improvement can be achieved with
a joint threshold and ln R resummation [19].
One might generalize the above framework to study jet substructure. One of the most prominent


and most often used jet substructure observables is the jet mass distribution, with m2J = i∈J pi 2 and
pi the four-momenta of all the particles inside the reconstructed jet. The factorized cross section can
be written as

dσ
c
=
fa ⊗ fb ⊗ Hab
⊗ Gc (z, pT R, τ, µ) ,
(2)
dηd pT dτ abc
where the dimensionless variable τ = m2J /p2T , and the functions Gc (z, pT R, τ, µ) are the semi-inclusive
jet mass functions (siJMFs), which describe how a parton c initiates the signal jet that carries a momentum fraction z of that parton, and at the same time the jet mass τ is observed. In the kinematic
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Figure 2. Comparison with the experimental data from the ATLAS collaboration [20] taken at

√

s = 7 TeV.

region where τ  R2 , i.e. m2J  (pT R)2 , we obtain the following factorization for the siJMFs





Hc→i (z, pT R, µ)Ci τCi , pT , µ ⊗ S i τS i , pT R, µ ,
Gc (z, pT R, τ, µ) =

(3)

i

where Hc→i are the hard matching functions, and are related to unconstrained radiation outside the
jet, Ci are the collinear functions that take into account collinear radiation inside the observed jet,
and S i are the soft functions. In Fig. 2, we show comparison of√our theoretical calculations and the
experimental data from the ATLAS collaboration [20] taken at s = 7 TeV. The dashed black lines
and the yellow error bands show the purely perturbative results at next-to-leading logarithmic (NLL)
accuracy. The red lines and the red hatched error bands show the theoretical results when the nonperturbative shape function is included. For details about the functional form of such a shape function,
see Ref. [21]. The characteristic momentum scale of Ω = 8 GeV signals the fact that, as expected, the
ungroomed jet mass distribution is very sensitive to non-perturbative physics such as hadronization
and the underlying event etc [22, 23].

3 Soft-drop groomed jet mass
The soft drop grooming procedure recursively removes soft wide-angle radiation from an identified
jet [11]. The algorithm starts by re-clustering the constituents of an anti-kT jet [12] with CambridgeAachen algorithm [24, 25]. The obtained angular ordered clustering tree is then declustered recursively where at each step the soft drop condition is checked

β
min[pT 1 , pT 2 ]
∆R12
> zcut
.
(4)
pT 1 + p T 2
R
Here pT 1,2 are the transverse momenta of the two branches obtained at each declustering step and
∆R12 is their geometric distance. Soft branches that fail the criterion are removed from the jet. The
algorithm terminates when the criterion is met and the particles in the remaining two branches constitute the groomed jet. The soft drop algorithm depends on two parameters: a soft threshold zcut and an
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Figure 3. Comparison with the ATLAS data [26] for the soft drop groomed jet mass distribution at

√

s = 13 TeV.

angular exponent β. While zcut sets the energy scale below which soft branches are removed from the
jet, β determines the sensitivity of the grooming algorithm to the wide-angle soft radiation. The mass
of the resulting groomed jet is usually referred to as the soft drop groomed jet mass denoted as m J,gr .
One can derive a similar factorized form for the groomed jet mass distribution, where one replaces
gr
Gc (z, pT R, τ, µ) in Eq. (2) by the groomed siJMFs Gc (z, pT , R, τgr , µ; zcut , β), where τgr = m2J,gr /p2T . In


practice, the LHC experiments usually choose zcut ∼ 0.1 while τgr can be as low as O 10−4 , and a
typical value for the jet radius parameter is R = 0.8. Therefore, we are particularly interested in the
factorization of the cross section in the region where τgr /R2  zcut  1. In this region, we have the
following refactorized expression for the groomed siJMFs

gr
gr
gr
Gc (z, pT , R, τgr , µ; zcut , β) =
Hc→i (z, pT R, µ)S i (pT , R, µ; zcut , β)Ci ⊗ S i (τgr , pT , R, µ; zcut , β) .
i

Here the hard matching functions Hc→i and the collinear functions Ci are the same as for the ungr
groomed case in Eq. (3). However, the soft functions are different where S i characterizes the soft
gr
wide-angle radiation (failing the soft drop criterion), while S i is associated with soft particles that
pass the soft drop criterion and thus remain inside the groomed jet.
The soft drop grooming procedure is designed to eliminate the sensitivity to the underlying event
contribution. This is confirmed by our numerical results for the jet mass distributions. In Fig. 3, we
compare
our theoretical calculations with the experimental data from the ATLAS collaboration [26]
√
at s = 13 TeV at the LHC. The dashed line and the corresponding yellow error band are the purely
perturbative results at NLL accuracy, while the red line and the red hatched band are NLL results
convolved with the non-perturbative shape function. By choosing a much smaller non-perturbative
parameter Ω = 1 GeV in the shape function, we find a very good description of the experimental data.

4 Groomed jet radius
Two variables that characterize important features of the soft drop groomed jet are the momentum
sharing fraction zg and the groomed jet radius Rg . Their values are obtained from the kinematics
T 1 ,pT 2 ]
of the two remaining branches when the soft drop algorithm terminates: zg = min[p
pT 1 +pT 2 , and Rg =
∆R12 = R θg . Often the variable θg is used which corresponds to the geometric distance of the two
remaining branches normalized by the radius R of the ungroomed initial jet. The radius of a soft
drop groomed jet is one of the key observables characterizing the impact of grooming on a jet and
is related to the active area of the groomed jet. In [27], we establish a factorization formalism that
allows for the resummation of all relevant large logarithms, which is based on demonstrating the all
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Figure 4. The soft drop groomed jet radius θg (dashed black, yellow band) in proton-proton collisions at
13 TeV, compared to Pythia 8 simulations [28] (purple) at the parton level, for β = 0, 1, 2, respectively.

√

s=

order equivalence to a jet veto in the region between the boundaries of the groomed and ungroomed
jet. Non-global logarithms including clustering effects due to the Cambridge/Aachen algorithm are
resummed to all orders using a suitable Monte Carlo algorithm.
We start from the cross section Σ(θg ) differential in the transverse momentum pT and rapidity η of
the observed jet, but cumulative in the groomed jet radius where any value below θg contributes. The
distribution differential in θg can then be obtained as
dσ
d dΣ(θg )
=
.
dη dpT dθg dθg dη dpT

(5)

The factorized formalism for the cumulative cross section dΣ(θg ) is similar to Eq. (2), but now with
a new semi-inclusive jet function Gc (z, θg , pT R, µ; zcut , β). In the kinematic region where zcut  1
and θg  1, we develop a refactorization for Gc . For details, see Ref. [27]. In Fig. 4, we present the
numerical results (dashed black, yellow band) for the θg differential distribution θg /σincl dσ/dθg which
is obtained by differentiating the cumulative cross section Σ(θg ), see eq. (5). The three panels show
the result for different values of β = 0, 1, 2 (left to right). For comparison, we also show Pythia 8.230
results using the default tune [28] (purple). Here we do not include the nonperturbative hadronization
and the contribution from underlying event (UE). In general, we find very good agreement between the
Pythia 8 simulation and our perturbative results concerning both the shape and the overall magnitude.
More recently ATLAS released their measurements [29] on groomed jet radius, and our predictions
agree well with the experimental data.

5 Conclusions
In these proceedings, we review recent theoretical progress on jet substructure at the colliders. We
first reported the impact of the jet radius ln R resummation on the single inclusive jet cross section,
and we then studied groomed and ungroomed jet mass, and the soft-drop groomed jet radius. Within
the soft-collinear effective theory, we establish QCD factorization theorems for the observables that
are measured for single inclusive jet production in proton-proton collisions, pp → jet + X. We
find that the ln R resummation leads to better agreement with the experimental measurements on
the jet cross section. For the groomed and ungroomed jet substructure observables, in general, we
found that our theoretical calculations lead to a very good description of the experimental data in the
regions where the factorization theorems hold. In addition, we found that the ungroomed/standard jet
mass distribution is very sensitive to the non-perturbative contributions such as underlying events and
hadronization. However, with soft-drop grooming applied, such strong sensitivity is much reduced
for the groomed jet mass distribution.
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