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Building on this formalism, in this Letter we take a
crucial step forward in our quest to describe the intri-
cate effects of hadronization within jets. We present
the first-ever proof-of-principle analysis that investigates
the universality of hadronization effects in jet substruc-
ture under LHC kinematics, employing multiple parton
shower generators, hadronization models and state-of-
the-art perturbative calculations. Our technique offers
a unique approach to assess the compatibility between
hadronization models and parton showers. This is partic-
ularly important when striving to maintain consistency
with perturbative calculations. Furthermore, our anal-
ysis also demonstrates the effectiveness of this approach
for conducting precision studies, such as determination of
the strong coupling constant [77] and top mass measure-
ment [73, 95]. These findings underscore the significance
of utilizing real-world collider data for future follow-up
studies.

II. HADRONIZATION CORRECTIONS TO

GROOMED JET MASS

Soft drop [7] proceeds by de-clustering a Cambridge-
Achen clustered tree that defines a given jet. At each
stage, the groomer tests the pair of subjets with trans-
verse momenta pT,i and pT,j for the following condition:

min(pTi
, pTj

)

pTi
+ pTj

> zcut

(∆Rij

R0

)β

. (1)

If the above condition is not satisfied, then the softer sub-
jet of the pair (with pT,i < pT,j) is groomed away and the
groomer then proceeds by declustering and applying the
above test on the harder subjet. The SD condition de-
pends on the energy cut zcut and the angular modulation
parameter β that determine the strength of the groomer.

The SD jet mass, as compared to the ungroomed jet
mass, has a much larger perturbative regime known as
the soft drop operator expansion (SDOE) region, which is
depicted between the vertical lines in figure 1 and defined
below. This OPE region allows for studying hadroniza-
tion effects in a systematic expansion. In Ref. [78], it
was demonstrated using soft collinear effective theory
(SCET) [86–89] that the leading hadronization correc-
tions in the SDOE region are characterized by three
O(ΛQCD) NP universal constants {Ω◦◦

1κ,Υ
�

1,0κ,Υ
�

1,1κ},
which solely depend on the parton κ = q, g that initiates
the jet. These constants are completely independent of
the jet’s kinematic properties, such as the jet pT (or EJ),
rapidity ηJ , radius R, and the grooming parameters [7],
such that

1

σκ

dσκ
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1
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dσ̂κ
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−QΩ◦◦
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+
Υ�

1,0κ + βΥ�

1,1κ

Q

1

σ̂κ

dσ̂�
κ

dm2
J

+ · · · ,

Here dσκ and dσ̂κ, respectively, refer to hadron and par-
ton level groomed jet mass cross sections for flavor κ
and Q characterizing the the hard scale of the jet. The
weights dσ̂◦◦,�

κ are perturbatively calculable.
In the SDOE region, the dominant hadronization cor-

rections arise from a two-pronged dipole structure, which
consists of an energetic collinear subjet at the center of
the jet and a collinear-soft (c-soft) subjet responsible for
stopping the grooming algorithm. The power corrections
beyond the leading terms in eq. (2) arise from effects
suppressed by higher powers of ΛQCD and from config-
urations that distort the two-pronged catchment area.
The latter correction is a next-to-leading-logarithmic ef-
fect, and hence eq. (2) can be regarded as a factoriza-
tion of nonperturbative effects at leading-logarithmic ac-
curacy, where the strong ordering of angles ensures the
two-pronged geometry. As the jet mass decreases, we
enter the soft drop non-perturbative region, where the
c-soft mode becomes nonperturbative and the associated
nonperturbative effects become O(1). The transition be-
tween these two regions is clearly visible in figure 1, where
the insets show the distribution of low-energy nonpertur-
bative particles in the transverse plane of the jet [78]. It
is worth noting that, unlike the analytical hadronization
models used in previous studies [6, 61, 76, 84], eq. (2)
is model-independent statement and takes into account
hadron mass effects.

The NP factorization formula given by eq. (2) offers
a unique opportunity to investigate hadronization effects
in jets in a comprehensive way. The formalism imposes
stringent constraints on the three NP constants, which
must provide a good description of collider data spanning
a wide range of energies. The remarkable structure of
eq. (2), with its O(ΛQCD) constants, a β-proportional co-
efficient Υ�

1,1κ, and zcut-independence, among other fea-
tures, makes this task far from trivial, but it also makes
it a valuable tool for testing hadronization models. In
this study, we show how the universality of the NP pa-
rameters strongly constrains their values, enabling us to
determine them with high precision using various combi-
nations of soft drop and kinematic parameters. This has
important implications, for instance, for improving the
prospects of the strong coupling constant αs determina-
tion at the LHC.

III. CALCULATION OF PERTURBATIVE

WEIGHTS

To characterize the two-pronged configuration of the
collinear and the c-soft subjet in the SDOE region, ad-
ditional measurements of the groomed jet radius Rg and
soft subjet energy fraction zg [7, 35, 36, 96] are needed.
After marginalization, the resulting expressions are given
by [90]

1

σ̂κ

dσ̂◦◦

κ

dm2
J

≡

∫

drg rg
1

σ̂κ

d2σ̂κ

dm2
Jdrg

, (3)
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servables, we believe that our approach presented here
for analyzing hadronization corrections has broader ap-
plicability. It can be effectively extended to other jet
substructure observables, such as energy-energy correla-
tors [101–103] and event shapes in multi-jet region [104].
The SDOE region offers a rich interplay between per-
turbative and nonperturbative dynamics, primarily due
to the presence of perturbative emissions. Thus our
work not only provides a comprehensive understanding
of hadronization corrections for groomed observables but
also opens up new possibilities for studying other jet sub-
structure observables where the leading order correction
exhibits similar characteristics
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