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Recent results from H1 and ZEUS - outline
• The azimuthal correlation between the leading jet and the scattered lepton in DIS at
HERA, ZEUS Collaboration, arXiv:2406.01430 [hep-ex]

• Observation and differential cross section measurement of NC DIS events with an
empty hemisphere in the Breit frame, H1 Collaboration, Eur. Phys. J. C84 (2024) 720

• Measurement of jet production in DIS and NNLO determination of αs at ZEUS,
ZEUS Collaboration, Eur. Phys. J. C83 (2023) 1082

• Measurement of groomed event shape observables in DIS at
HERA, H1 Collaboration, Eur. Phys. J. C84 (2024) 718

• Measurement of the 1-jettiness event shape observable in
DIS at HERA, H1 Coll., Eur. Phys. J. C84 (2024) 785
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Azimuthal correlation between jet and scattered lepton

At the Born limit (O(α0s)) of NC DIS, the
final state jet is produced in the process:

e+ p→ e+ jet+X
in the back-to-back topology with the
scattered lepton, ∆φ = |φjet − φe| = π.
Small deviations from the back-to-back
topology arise if soft gluons are emitted
and/or if the struck parton carries a
non-zero transverse momentum.

Larger deviations from ∆φ = π are
expected when additional jets are
produced through hard gluon radiation.

Sensitivity to various QCD phenomena,
including both soft and hard processes,
allows evaluation of theoretical models
without explicitly describing the additional
jets arising from higher-order processes.

protonelectron

scattered electron

jet 1

(hard)
jet 2

∆φ = |φjet − φe|
azimuthal angle

protonelectron

scattered electron

jet 1

(hard)
jet 2

∆φ = |φjet − φe| < π

azimuthal angle

protonelectron

scattered electron

jet

∆φ = |φjet − φe| = π

azimuthal angle

protonelectron

scattered electron

jet 1

(hard)
jet 2

∆φ = |φjet − φe|
azimuthal angle

protonelectron

scattered electron

jet 1

(hard)
jet 2

∆φ = |φjet − φe| < π

azimuthal angle

protonelectron

scattered electron

jet

∆φ = |φjet − φe| = π

azimuthal angle

M. Przybycień (AGH University) Recent results from H1 and ZEUS 8 –14 September 2024 2 / 18



Azimuthal correlation between jet and scattered lepton
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-1 L dt = 326 pb∫ = 318 GeV, s
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 > 10 GeVeE
o < 180eθ < o140
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T,jet
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Measurement of azimuthal
correlation, ∆φ = |φjet − φe|,
in the fiducial region:

10 < Q2 < 350 GeV2,
0.04 < y < 0.7,
Ee > 10 GeV,
140◦ < θe < 180◦,
2.5 < pT, jet < 30 GeV,
−1.5 < ηjet < 1.8
Jets were reconstructed in
the LAB frame using the
kT-clustering algorithm with
E-recombination scheme and
the radius parameter R = 1.

Measured cross section
compared with O(αs) and
O(α2s) predictions corrected
for hadronization effects.
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Azimuthal correlation between jet and scattered lepton
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Differential cross sections for
various ranges of pleadT, jet⊗Njet

In all cases, the O(α2s)
corrections significantly
improve agreement with the
data in the region ∆φ < 3π/4,
which is sensitive to additional
hard jet production.

An enhancement of events
displaying a reduced azimuthal
correlation angle with
increasing jet multiplicity is
observed. (Also observed in
pp collisions, CMS EPJC78
(2018) 566).
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Azimuthal correlation between jet and scattered lepton
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Differential cross sections for
various ranges of Q2⊗Njet
O(α2s) corrections significantly
improve agreement with data
in the region ∆φ < 3π/4,
which is sensitive to additional
hard jet production.

The slope of the measured
cross section increases as a
function of Q2, as the HO
contributions are suppressed
for Njet  1. For Njet  2,
the slope only increases with
Q2 for ∆φ < 3π/4.

Similar trend is observed at
hadron colliders in the dijet
cross section growing with
increasing pT of the
highest-pT jet.
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DIS in Breit frame

DIS in the Breit frame (M2p/Q2 ≪ 1):
The scattered parton is well separated
from the proton’s remnant.

The separation in momentum increases
with increasing Q2 and decreasing xB .
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Hadrons are produced all along the intermediate momenta because of the color flux
between scattered parton and the remnant.

Breit frame has several advantages for the study of QCD processes in DIS:
The exchanged virtual boson V ⋆ (γ or Z)
collides collinearly with an incoming parton.

The single-jet production process (V ⋆q → q,
referred to as QPM-like) is predominantly of
zeroth order in αs.

In dijet (or multi-jet) production processes,
which involve hard QCD interactions O(αs)
or higher, jets have in general a non-zero
transverse momentum in the Breit frame.

The leading-order contributions are from
QCD-Compton and boson-gluon fusion.

Jet production
in DIS at ZEUS

Florian Lorkowski
2024-07-18

Measurement
Breit frame

Simulation

Systematics

NNLO predictions

QCD analysis

A 1 / 7

Measurement
Breit frame

▶ Single jets may arise purely from QED, which is less interesting for the study of QCD
▶ To suppress these events: require minimum transverse momentum in Breit frame

q

γ/Z 0

jet

q

p
q

γ/Z 0

⇒
z

q

γ/Z 0
q

p

jet

jet

q
jet

jet

γ/Z 0

⇒
z

In the Breit frame, the
parton and boson
collide head-on

qµ =


0
0
0

−Q



pµ =


Q/2

0
0

Q/2


▶ Lowest order process: produce two jets of equal transverse momentum (“dijet”)
▶ Inclusive jets: count each jet individually; events can contribute multiple times
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DIS events with empty current hemisphere in Breit frame

At O(αs) (or higher) for xB < 0.5 configurations are kinematically accessible where all
outgoing partons are scattered into the target hemisphere, such that the current
hemisphere remains empty (Z. Phys. C2 (1979) 237).
H1 measured the total probability of such configuration for 150<Q2<1500 GeV2 and
0.14<y<0.7 to be 0.0112± 6.2% and also differentially.
The measurement can help to improve parton shower and hadronization models.
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Measurement of inclusive-jet cross sections

Double differential inclusi-
ve jet cross sections have been
measured in the fiducial region:

0.2 < y < 0.7,
Q2 > 150 GeV2

p⊥,Breit > 7 GeV,
−1 < ηlabjet < 2.5.

Compatible with H1 results
(EPJC75 (2015) 65) and
with QCD predictions:

- Matrix elements: NNLOJet
(JHEP7 (2017) 18),

- PDFs: HERAPDF2.0Jets
NNLO (EPJC82 (2022) 243)

Inner error bars: unfolding
uncertainty; outer error bars:
total uncertainty; shaded
band: uncertainty associated
with the jet-energy scale.
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Extracting αs from inclusive-jet cross sections

The measured cross sections were
used in a QCD analysis at NLO
(O(α2s)) and NNLO (O(α3s)) to
perform simultaneous determination
of the proton’s PDFs and αs:

αs(M2Z) = 0.1142± 0.0017(exp./fit)
+0.0006
−0.0007(model/param.)
+0.0006
−0.0004(scale)

The dependence of αs on the
energy scale was determined using
subsets of measured jet cross
sections centered around a certain
value of the scale ⟨µ⟩.
It was found to be consistent with
previous measurements and the
perturbative QCD expectations.
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1-jettiness event shape observable

1-jettiness is defined as (qB , qJ are massless four-vectors chosen to lie along the
beam and jet directions):

τ b1 =
2
Q2

∑
i∈X
min {qB · pi, qJ · pi} =

2
Q2

∑
i∈X
min {xP · pi, (q + xP ) · pi}

Important features of 1-jettiness from theory point of view:

infrared safe and free of non-global logs,

sensitive to αs and parton shower models.

1-jettiness is experimentally robust and provides clear insight into QCD dynamics,
making it a superior choice for detailed studies of event shapes in the context of
electron-proton collisions.

momentum q can be determined from the initial- and final-
state electron momenta,

q ¼ k� k0: (5)

In inclusive DIS, the final states from the hard scattering
are inclusively denoted as X and their total momentum is
denoted as pX. Using Eq. (5) momentum conservation
kþ P ¼ k0 þ pX can be written as

qþ P ¼ pX: (6)

The momentum scaleQ of the hard scattering is defined by
the virtuality of the exchanged gauge boson. Because the
boson has a spacelike (negative) virtuality, one defines the
positive definite quantity Q2 by

Q2 � �q2; (7)

where we will be interested in Q � �QCD. Next one

defines dimensionless Lorentz-invariant variables. The
Björken scaling variable x is defined by

x ¼ � q2

2P � q ¼ Q2

2P � q ; (8)

where x ranges between 0 � x � 1. Another Lorentz-
invariant quantity y is defined by

y ¼ 2P � q
2P � k ¼ Q2

xs
; (9)

where the total invariant mass s ¼ ðPþ kÞ2 ¼ 2P � k and y
ranges from 0 � y � 1. The variable y measures the en-
ergy loss of the electron in the target rest frame. For a given
s Eq. (9) relates x, y, and Q2 to one another, allowing one
of the three variables to be eliminated. The invariant mass
of the final state in terms of the above variables is

p2
X ¼ 1� x

x
Q2 ¼ ð1� xÞys: (10)

In the classic DIS region one has p2
X �Q2 for generic x. In

the endpoint region 1� x��QCD=Q, the final state is a

single narrow jet with momentum of order Q in the virtual
boson direction (and studied with SCET in Refs. [36–40]).
The resonance region where 1� x��2

QCD=Q
2 cannot be

treated with inclusive perturbative methods.
In this work we are interested in the classic region where

1� x � �QCD=Q i.e. x� 1� x < 1. In this region one

can have more than a single jet. Below, we will make an
additional measurement that picks out two-jetlike final
states.

B. Center-of-momentum frame

A two-jetlike event in the CM frame is illustrated in
Fig. 1. An incoming electron and proton collide and pro-
duce in the final state an outgoing electron and hadrons.
The hadrons, mostly collimated into two jets with addi-
tional soft particles elsewhere, are grouped into two

regionsH B andH J, and pJ and pB are the total momenta
of particles in each region. The regions H B;J are not

necessarily hemispheres in this frame, though we drew
them as such in Fig. 1. The definitions of the regions are
described in Sec. III A. As shown in Fig. 1, the electron
direction is defined to be the þz direction and the proton
direction to be the�z direction. In the CM frame the initial
electron and proton momenta are

k� ¼ ffiffiffi
s

p n
�
z

2
; P� ¼ ffiffiffi

s
p �n

�
z

2
; (11)

where the light cone vectors are

nz ¼ ð1; 0; 0; 1Þ; �nz ¼ ð1; 0; 0;�1Þ: (12)

They satisfy nz � �nz ¼ 2 and nz � nz ¼ �nz � �nz ¼ 0. An
arbitrary four vector V� can be written as

V� ¼ Vþ �n
�
z

2
þ V� n

�
z

2
þ V�

T ; (13)

where Vþ � V � nz and V� � V � �nz and V2
T ¼ �V2

T < 0.
In this frame x, y take the values

x ¼ Q2ffiffiffi
s

p
�nz � q ; y ¼ �nz � qffiffiffi

s
p ; (14)

and so q is given by

q� ¼ y
ffiffiffi
s

p n�z

2
� x

ffiffiffi
s

p �
1� q2

T

Q2

�
�n�z

2
þ q

�
T ; (15)

which satisfies Q2 ¼ �q2 ¼ xys. Here qT is a four-vector
transverse to nz, �nz and satisfies q2T ¼ �q2

T < 0.

FIG. 1 (color online). Two-jetlike event in center-of-
momentum frame, in which one jet is produced by initial-state
radiation from the proton, and the other by the hard collision
with the electron. Particles are grouped into two regions H J;B

with total momenta pJ;B in each region. Different choices of

‘‘1-jettiness’’ observables will give different boundaries for the
two regions.

USING 1-JETTINESS TO MEASURE 2 JETS IN DIS 3 WAYS PHYSICAL REVIEW D 88, 054004 (2013)

054004-5

31-jettiness event shape observable

1-jettiness τ1
b

● Axes: Incoming parton and (q+xP)
● Infrared safe and free of non-global logs
● Sensitive to αs and parton shower models
● Measurement can be used for MC tuning

Equivalent expressions: DIS thrust

Breit frame

Laboratory frame

Sketch adapted from Kang, Lee, Stewart 
[Phys.Rev.D 88 (2013) 054004]

PRD103(2021)054005
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1-jettiness cross section in DIS
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Measurement of differential 1-jettiness
cross section in fiducial region:
0.2 < y < 0.7 and 200 < Q2 < 1700 GeV2

No significant differences between the e−p
and e+p cross sections.

Features of the cross section:

A peak populated by DIS Born-level
kinematics with a single hard parton, the
position and shape of which are dominated
by hadronization and resummation effects.

Tail region populated by events with hard
radiation, including two-jet topologies.

Events with empty current hemisphere peak
at τ b1 = 1.

None of the MC models works perfectly,
now have precision data for tuning.

Exact QCD predictions have sizeable scale
uncertainties and hadronization corrections.
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Triple-differential 1-jettiness cross section
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1-jettiness in DIS
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Grooming procedure in DIS
All four-vectors in the event are clustered in the Breit frame by the Centauro algorithm.

The tree is then iteratively declustered in reverse order, and at each declustering step
the zi values of the branches are compared to the grooming condition:

zi =
P · pi
P · q

Breit−−−→
frame

p+i
Q

min (zi, zj)
zi + zj

> zcut

If the grooming condition is not met, the branch with smaller zi is removed and the
remaining branch is again subdivided and compared to the grooming condition.

full
event

The procedure continues until the grooming condition is met (or the event is removed).

we use the Centauro measure introduced in Ref. [38] in the
context of jet algorithms for DIS in the Breit frame. The
clustering procedure is:
(1) For every pair of particles fi; jg in the event, we

calculate the Centauro measure,

dij ¼ ðΔη̄ijÞ2 þ 2η̄iη̄jð1 − cosΔϕijÞ; ð6Þ

where

η̄i ≡ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ q · pi

xBP · pi

r
!Breit
frame

2p⊥
i

pþ
i
; ð7Þ

and Δη̄ij ¼ η̄i − η̄j. Note that in the very backward
limit (close to the photon axis) η̄i is up to power-
corrections the angle of the particle i and the
photon axis.

(2) We find the minimum of all dij and we merge the
particles i and j into a new “branch” by adding their
momenta and removing the merged particles i and j
from the list.

(3) Repeat until all particles in the event are merged
together.

Keeping the history of all mergings, maps the event into an
angular ordering tree where nearby particles are merged
together in early stages. Then, clusters of particles near to
the direction of the photon are combined first. Last in the
tree, are clustered particles near the target hadron beam.
With this angular ordering in hand we may now start the
declustering process. The procedure is similar to SoftDrop,
with some modifications. We open the tree back up in the
reverse order of clustering. At each stage of the decluster-
ing, we have two branches available, label them i and j. We
require:

minðzi; zjÞ
zi þ zj

> zcut; ð8Þ

where zcut is the grooming parameter, and zi is the
momentum fraction variable of the branch i as defined
in Eq. (4). If the two branches fail this requirement, the
branch with smaller zi is removed from the event, and we
decluster the other branch, once again testing Eq. (8). The
pruning continues until we have a branch that when
declustered passes the condition in Eq. (8).
We demonstrate the result of grooming in Fig. 2, where

we visualize a sample of events as simulated in PYTHIA 8

and groomed according to the procedure described above.
In this figure, each particle is illustrated as a disk, with area
proportional to its energy, projected onto the unfolded
sphere about the hard-scattering vertex. The vertical dashed
lines correspond to constant θ and curved lines to constant
ϕ. Grayed out disks correspond to particles that have been
“groomed away” where green disks constitute the groomed
event. Characteristic events are event 1 and 2, where the
wide-angle particles are groomed away while the energetic
and collinear particles (close to direction of the struck
quark) pass grooming. However, for (relatively rare) events
where an energetic cluster of particles exist in central
rapidity regions (see for example event 3 in Fig. 2),
grooming will have small effect at central rapidities.
This is due to the fact that such events contain central
rapidity jets with relatively large momentum fraction zi and
capable of passing the momentum-fraction condition in
Eq. (8). The deferment event radiation patterns can be
identified by considering measurements of event shapes
which we discuss next.

B. Groomed invariant mass: A case study

In the case of multiple final-state hadrons, it is hard to
study and understand the collective behavior and

FIG. 2. Visualization of three PYTHIA 8 events at
ffiffiffi
s

p ¼ 63 GeV and Q ∼ 10 GeV before and after grooming. The particles in this
events are represented by disks on the unfolded sphere. Green disks represent particles that pass grooming where grayed-out particles are
removed from the event by the grooming procedure. For the grooming parameter we use here zcut ¼ 0.1

REVISITING THE ROLE OF GROOMING IN DIS PHYS. REV. D 103, 054005 (2021)

054005-3

PRD103(2021)054005
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Benefits of groomed event shapes in DIS

Classical global event shape observables incorporate summation over all particles in an
event icluding those escaping the detector acceptance at small angles.

Event grooming suppresses non-perturbative contributions to event shape distributions
in a theoretically well-controlled way.

Not groomed detector-level distributions can show significant differences from
particle-level ones due to detector acceptance and efficiency.

Grooming procedure applied in DIS at high-Q2 removes most of the particles produced
outside the detector acceptance and brings distributions at particle and detector levels
into much better agreement.

M. Przybycień (AGH University) Recent results from H1 and ZEUS 8 –14 September 2024 15 / 18



Measurement of groomed invariant mass in DIS

The analysis phase space:

0.2 < y < 0.7 and Q2 > 150 GeV2

Comparison of MC models and analytical
pQCD calculations provide important new
tests of implementations of both perturbative
and non-perturbative processes.

zcut = 0.1 zcut = 0.2
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Measurement of groomed 1-jettiness in DIS

Rapgap and Djangoh describe the data in
fixed-order tail regions of the groomed event
shape distributions but underestimate the
single-jet peak region.

Sherpa 3 provides best description of both
groomed observables.

zcut = 0.1 zcut = 0.2
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Summary

Azimuthal correlations between the scattered lepton and the leading jet in NC
DIS have been measured at the hadron level inclusively and differentially in bins
of pleadT, jet⊗Njet and Q2⊗Njet.

First measurement of the fraction of NC DIS events with an empty hemisphere in
the Breit frame both inclusively and differentially as functions of xB , y and Q2.

The higher-order pQCD corrections show a significant improvement in describing
regions that are driven by hard jet production. The LO+PS predictions by
ARIADNE also describe the data well.

First measurement of the 1-jettiness event shape observable in NC DIS. Cross
sections measured inclusively and in bins of xB and Q2.

The groomed event shape distributions provide new, differential constraints for
the tuning of MC models and offer the possibility for extracting PDFs and αs.

Precise MC modeling of the DIS hadronic final state will be crucial for the future
facilities like EIC or FCC-eh to achieve their physics goals.

Thank you for your attention!
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Deep Inelastic electron-proton(nucleon) Scattering (DIS)
Virtuality of the probe - measure of resolution power:

Q2 ≡ −q2 = −(k − k′)2 λ ∝ 1√
Q2

Q2 = 2EeE
′
e(1− cos θe)

Relative lepton energy loss (inelasticity):

y =
p·q
p·k = 1−

E′e
Ee
cos2
(
θe

2

)
Momentum fraction of struck quark:

x =
Q2

2 p·q =
Q2

sy
≈ Q2

W 2 +Q2

CMS energies squared in ep and γp frames:

s = (k + p)2 = 4EeEp W 2 = (q + p)2

How to Answer these Questions?
• Electrons scatter off the proton/ion and 

kick-out their building blocks, the quarks 

• Quarks hadronize into particles 

• From measuring the scattered electrons 
and the debris of the collision we can learn 
about the inner working and dynamics in 
the target (proton or nuclei) and ultimately 
about quarks and gluons

5

Electron-Ion Collider is high-resolution giant electron 
microscope (≤ 0.01 fm) to understand hadronic and 
nuclear matter and their properties 

e(k)

⎧
⎨
⎩ ⎧

⎨
⎩

electron

proton/
nucleus

eʹ(kʹ)

p/A(p) x⋅p
W

qγ∗

θe

Deep inelastic Scattering
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Azimuthal correlation between jet and scattered lepton
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The LO+PS prediction from
ARIADNE is compared to the
inclusive measurement of ∆φ.

The LO+PS approach
describes well HO processes
characterised by ∆φ < 3π/4
and ∆φ ≈ π, even though
they are not fully represented
in the LO matrix elements.

The double differential cross
sections, pleadT, jet⊗Njet and
Q2⊗Njet, compared with
ARIADNE provide additional
information on how PS could
be improved to describe HO
processes better.
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NC DIS events with empty hemisphere in the Breit frame

Inclusive NC DIS sample is
two orders of magnitude
larger than the EHE one.

Jet multiplicity at detector
level confirms that EHEs
are predominantly two-jet
events (jets reconstructed
using kt algorithm with a
radius parameter of R = 1).
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Measurement of inclusive-jet cross sections

Reconstructed jets
are corrected to
hadron level using
two-dimensional
unfolding with
response matrices
obtained from MC
samples: Ariadne
(color-dipol model)
and LEPTO (LO
parton shower).

After reweighting,
both models give a
good description of
the data across the
entire phase space.
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Inclusive-jet cross section - determination of αs

The measured inclusive-jet cross
sections were used in a QCD
analysis at NLO (O(α2s)) and
NNLO (O(α3s)) to perform
simultaneous determination of the
proton’s PDFs and αs.

The fit was performed similarly to
HERAPDF analyses, using the
xFitter program.

Obtained value (NNLO):

αs(M2Z) = 0.1142± 0.0017(exp./fit)
+0.0006
−0.0007(model/param.)
+0.0006
−0.0004(scale)

is compared with other
measurements.
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1-jettiness as a valuable tool for precision QCD studies

Infrared safe - it is unaffected by soft or collinear emissions, making it a reliable
and stable observable for theoretical predictions and experimental measurements.

Being free of non-global logs simplifies the calculation of 1-jettiness and ensures
that it reflects the global structure of the event without being overly sensitive to
soft radiation in limited regions.

Sensitivity to αs - 1-jettiness directly probes the strength of the strong force, as
it reflects the amount and pattern of QCD radiation in an event.

Sensitivity to parton shower models - 1-jettiness is influenced by how well MC
simulations describe the parton evolution and radiation, making it useful for
tuning and validating these models.

1-jettiness is designed to quantify how much the event resembles a single jet,
making it particularly sensitive and effective in scenarios where one expects a
dominant jet structure.

1-jettiness is relatively straightforward to measure. It relies on summing over
final-state particle momenta in a way that is less susceptible to detector effects
like resolution and acceptance compared to some other event shape variables
that might require more intricate particle or jet reconstructions.
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H1 measurement of 1-jettiness in DIS
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Double differential DIS cross sections - integrated over τ b1
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Centauro clustering algorithm (PRD104 (2021) 034005)

Particles are combined according to the following distance measure:

dij = (∆η̄ij)
2 + 2η̄iη̄j(1− cos (∆φij)), diB = 1, η̄i ≡ 2

√
1 +

q · pi
xBP · pi

Breit−−−→
frame

2p⊥i
p+i

photon

i

collinear

η̄i ≪ 1

photon

i

mid-rapidity region

η̄i ∼ 1

photon
i

anti-colinear

η̄i ≫ 1

photon

i

collinear, η̄i ≪ 1

photon

i

mid-rapidity region, η̄i ∼ 1

photon
i

anti-colinear, η̄i ≫ 1

Comparison of jet clustering in the Breit frame using the longitudinally-invariant
anti-kT, Centauro, and spherically-invariant anti-kT algorithms:

IV. COMPARISON TO PREVIOUS BREIT
FRAME OBSERVABLES

It is worthwhile to examine the relationship between our
inclusive jet algorithm, and other observables traditionally
used to examine the physics of jet production in the Breit
frame. Historically, much attention has been devoted to
exclusive event shapes, Refs. [39,41,61–63], rather than
inclusive jet production. In the event shape, one selects for
an explicit geometrical configuration of energy flow in the
event, with the understanding that the majority of events
will have this configuration due to the enhancement of that
region of phase-space due to collinear or soft singularities,
a classic example being a two-jet configuration in eþe−
with energy flowing parallel to an axis. For two-jet event
shapes, whose control variable we generically call τ, takes
on small values in the two jet configuration, while large
values correspond to multijet configurations. In the Breit
frame, a corresponding configuration is to replace one of
the jets with the initial state beam and keeping a single final
state jet, with all events divided into two hemispheres.
Implicitly, one then forces every event to have essentially a
single final state jet, whose invariant mass is large or small
depending on the value of the event shape.
Centauro and anti-kTðSIÞ, like any inclusive jet algo-

rithm, will not select any specific event geometry with its
control variable R, the jet radius. Events clustered with
large R may have only one or two jets found, though the
actual event display may look “multijet” to the eye.
However, jets at threshold, zjet → 1, can act as an implicit
event shape: a single jet is now carrying the bulk of the final
state’s total invariant mass, making it kinematically impos-
sible for multiple other hard jets to be found in the event.
When R ∼ 1, this is essentially the observable defined in
Ref. [61]. In that reference, all events in the Breit frame
were divided into two hemispheres, with one hemisphere
encompassing the energetic final state jet(s). The final-state

hemisphere energy loss was defined, which quantified the
amount of energy of the final state that leaked out of the
hemisphere containing the struck quark. If we take R ∼ 1
and zjet → 1, the Centauro algorithm will generically find a
“hemisphere” containing the struck quark, and 1 − zjet also
measures the energy that leaks out of this “hemisphere.”
Part of the advantage of the inclusive algorithms proposed
in this paper versus the previously used events shapes is
that while it can act as an implicit event shape at large R and
at threshold, thus capturing much the same physics as an
event shape, one can also interpolate into the fragmentation
regime at small radius R or generic values of zjet: the
physics that one can probe for is much richer, since one has
not locked into representing events as single final state jet
configuration. Thus if one wants to study the transition
between nonperturbative hadron formation through frag-
mentation to perturbative jet production, this is easily
accomplished by examining the evolution of the energy
spectrum’s change as a function of R. Such a study would
be illuminating, for instance, in differentiating hadron and
jet formation in a cold medium versus the vacuum. A
corresponding study in event shapes is, at best, a very
round-about means to capturing this physics, or at worst,
simply not possible.

V. SIMULATION RESULTS AND APPLICATIONS

Throughout this paper we analyze DIS events with
Q > 10 GeV simulated in PYTHIA8 [64] with 10 and
100 GeV electron and proton beam energies respectively
[65]. We exclude neutrinos and particles with jηj > 4 or
pT < 200 MeV in the laboratory frame. We use FastJet [54]
to cluster jets in the laboratory frame with the anti-kTðLIÞ,
anti-kTðSIÞ, and Centauro algorithms [67]; Fig. 2 illustrates
the resulting jet clustering for an exemplary PYTHIA8 event.
The anti-kTðLIÞ algorithm clusters the particles from the
fragmentation of the struck-quark into four different

FIG. 2. Jet clustering in the Breit frame using the longitudinally-invariant anti-kTðLIÞ, Centauro, and spherically-invariant anti-kTðSIÞ
algorithms in a DIS event simulated with PYTHIA8. Each particle is illustrated as a disk with area proportional to its energy and the
position corresponds to the direction of its momentum projected onto the unfolded sphere about the hard-scattering vertex. The vertical
dashed lines correspond to constant θ and curved lines to constant ϕ. All the particles clustered into a given jet are colored the same.
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Groomig in Deep Inelastic Scattering

The grooming procedure in DIS events serves as a powerful tool to refine the
analysis of jets by selectively removing contributions from soft radiation and
other non-perturbative effects.

Grooming isolates the perturbative aspects of QCD dynamics by focusing on the
hardest part of the jet, which originates from the parton involved in the hard
scattering.

By focusing on the core components of jets, grooming enhances the sensitivity
to the hard scattering process, reduces the impact of non-perturbative effects,
improves the resolution of jet observables, and increases the theoretical
predictability of the measurements.

This leads to a more accurate and reliable understanding of the underlying QCD
processes in DIS, making grooming an essential technique in modern HEP
analyses.
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Double differential groomed cross sections

A reasonable agreement between Sherpa prediction and data is found also in double
differential distributions in bins of GIM⊗Q2 and τb1 Gr ⊗Q

2.

At higher Q2, the mean values of the event shape distributions decrease, in accordance
with the expectations from QCD.
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