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We propose a new class of jet algorithms for deep-inelastic Scattering (DIS) that accounts for the
forward-backward asymmetry in the Breit frame, which we call Centauro. The Centauro algorithm is
longitudinally-invariant and properly clusters jets resulting from the DIS Born configuration, which
makes it suited for novel studies of transverse-momentum-dependent observables. Furthermore, we
show that spherically-invariant algorithms in the Breit frame give access to the low energy spectrum
of jets in the current fragmentation region. We propose studies in unpolarized, polarized, and
nuclear DIS at the future Electron-Ion Collider.

Introduction. Understanding the structure of nu-
cleons and nuclei in terms of quark and gluon degrees
of freedom is one of the main goals of modern nuclear
physics. Jet production in deep inelastic scattering (DIS)
provides an excellent tool for this endeavour. The future
Electron-Ion Collider (EIC) [1] will produce the first jets
in polarized and nuclear DIS, which will enable a rich jet
physics program, as highlighted recently in refs. [2–31].

The HERA jet measurements targeted higher-order
processes to constrain the strong-coupling constant and
the gluon parton distribution function (PDF) [32]. In
these measurements the Born kinematics, γ∗q → q, was
suppressed by requiring large transverse momentum in
the Breit frame [33]. Recently, jet produced close to
the Born kinematics was postulated as a probe for the
transverse-momentum dependent (TMD) distribution of
quarks within nucleons [34–36]. Jet measurements al-
low for a direct access to TMD PDFs as the final state
jet can be calculated perturbatively and does not re-
quire a nonperturbative TMD fragmentation function.
Hadronization corrections can be minimized with groom-
ing or recoil-free axis.

The factorization of the TMD sensitive cross section in
the Breit frame involves the same universal soft and un-
subtracted TMD functions as in Drell-Yan and e+e− →
dihadron/dijet processes. However, jet algorithms com-
monly used in DIS are longitudinally-invariant but fail to
cluster jets close to the Born kinematics in the Breit frame
since they use distance measures in rapidity-azimuth
plane and thus cannot form a jet enclosing the beam di-
rections. Therefore, measurements of jets close to Born
kinematics require a new longitudinally invariant jet al-
gorithm optimized for the Breit frame, which we intro-

duce in this letter.In addition, we consider the use of
spherically-invariant algorithms to study the energy spec-
trum of jets as they separate the current and target frag-
mentation regions even for soft jets.

Notation and DIS kinematics. In the Breit frame,
the virtual photon momentum is:

qµ =
Q

2
(n̄µ − nµ) = Q(0, 0, 0,−1) , (1)

where nµ ≡ (1, 0, 0,+1) and n̄µ ≡ (1, 0, 0,−1). The pro-
ton momentum (up to mass corrections) is:

Pµ ' Q/(2xB)nµ = Q/(2xB)(1, 0, 0,+1) , (2)

with Bjorken xB ≡ Q2/(2 q · P ). At Born level, a quark
is struck by the virtual photon and recoils in the opposite
direction of the proton with momentum (x ' xB):

pµq = xPµ + qµ ' (Q/2)n̄µ . (3)

The fragmentation of the struck-quark yields a jet with
similar momentum pointing in the Breit frame beam di-
rection. The algorithms we introduce below are designed
to capture this jet. We measure the inclusive jet energy
spectrum in terms of the scaling variable zjet:

zjet =
P · pjet

P · q . (4)

At leading logarithmic accuracy zjet corresponds to the
fraction of the struck quark momentum carried by the jet
and in the Breit frame we have, zjet ' p−jet/Q.

New jet algorithms for DIS. Longitudinally in-
variant algorithms, such as the kT -type algorithms [37],
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struck quark

Figure 1. Jet clustering in the Breit frame using the longitudinally-invariant anti-kT (LI), Centauro, and spherically-invariant
anti-kT (SI) algorithms in a DIS event simulated with Pythia 8. Each particle is illustrated as a disk with area proportional
to its energy. The direction of the momentum of each particle is given by its position on the unfolded sphere about the hard-
scattering vertex, where vertical dashed lines correspond to constant θ and curved lines to constant φ. All particles clustered
into a specific jet are colored the same.

cluster particles in terms of their distance in the rapidity-
azimuth (y−φ) plane and thus cannot form a jet enclosing
the anti-beam direction n̄µ. The distance measure used
for those kT -type algorithms is

dij = min(p2pTi, p
2p
Tj)∆R

2
ij/R

2 , diB = p2pTi (5)

where ∆Rij = (yi − yj)
2 + (φi − φj)

2. Here dij is the
distance between two particles in the event and diB is the
beam distance.

One way to bypass this problem is to use spherically-
invariant algorithms such as the anti-kT jet algorithm for
e+e− collisions [37]. The distance measure for these algo-
rithms is

dij = min(E2p
i , E

2p
j )

1− cij
1− cR

, diB = E2p
i , (6)

where cij = cos θij and cR = cosR which we study below
in more detail. These type of algorithms lack the lon-
gitudinal invariance that permits to connect the results
to frames linked to the Breit frame via a boost in the ẑ
direction, which form a class with crucial features for jet
clustering in DIS [38]. For example, these are appropriate
for multijet events where the parton kinematics is not con-
strained by xB and Q2, or to identify photo-production,
pileup, and the beam remnant [39].

To solve this issue, we introduce a new hybrid jet al-
gorithm that is longitudinally invariant along the Breit
frame beam axis but yet captures the struck-quark jet.

The use of spherically-invariant jet algorithms adapted
to DIS was first proposed by Catani et al. [40]. More re-
cently, Boronat et al [41] proposed a hybrid algorithm de-
signed to suppress γγ background in e+e− colliders. [41].
In contrast, we suggest an asymmetric jet clustering algo-
rithm, and suggest novel studies for spherically-invariant
algorithms in DIS.

Starting with the distance measure of the generalized
kT algorithm for e+e− (eq. (6) for p = 0), we write the
numerator in terms of the unit vectors along the directions
of particles i and j,

1− cij = 1− n̂i · n̂j = 1− sisj cos ∆φij − cicj . (7)

with ci = cos θi and si = sin θi. Expanding in the very
backward limit (i.e. θ̄i ≡ π − θi � 1):

1− cij '
1

2
(θ̄i − θ̄j)2 + θ̄iθ̄j(1− cos ∆φij). (8)

The new measure is found by making the replacements:

θ̄i → fi = f(η̄i) , η̄i ≡ −
2Q

n̄ · q
p⊥i
n · pi

, (9)

where the function f must satisfy: f(x) = x+O(x2). In
the Breit frame, the term η̄i = 2p⊥i /(n · pi) introduces a
backward-forward asymmetry. We introduce the follow-
ing distance measure:

dij = (∆fij)
2 + 2fifj(1− cos ∆φij)/R

2 , diB = 1 (10)
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Figure 2. The distribution of jets in terms of pseudorapidity and momentum fraction. The left, center, and right panels
correspond to jets identified with the anti-kT (LI), Centauro, and anti-kT (SI) algorithm, respectively. The dashed lines indicate
the separation of jets in the current and target fragmentation region.

which defines a new class of algorithms, which we call
Centauro algorithms. Two relevant choices[42] for the
function f are:

f(x) = x , f(x) = sinh−1(x) . (11)

The Centauro algorithm is invariant along the ẑ direc-
tion, but in the backward hemisphere it matches the
spherically-invariant algorithms, see eq. (6). This feature
is largely independent of the choice of f .

Simulation results and applications. Throughout
this letter we use for our analysis events with Q > 10 GeV
simulated in Pythia 8 [43] for electron (10 GeV) on pro-
ton (100 GeV) DIS [44]. We have excluded neutrinos and
particles with |η| > 4 or pT < 200 MeV in the laboratory
frame.

Fig. 1 illustrates the anti-kT (LI), Centauro, and anti-
kT (SI) jet clustering for an exemplary Pythia 8 event.
The anti-kT (LI) algorithm clusters the particles from
the fragmentation of the struck-quark into four different
jets[45]. In contrast, the anti-kT (SI) and Centauro algo-
rithms cluster all of these particles into a single jet with
zjet ∼ 1. The Centauro algorithm mimics the features of
the anti-kT (SI) in the backward direction and the anti-
kT (LI) in the forward direction.

Furthermore, with the use of Centauro and anti-kT (SI)
jets it is also possible to effectively eliminate the contribu-
tion from the target fragmentation region by either choos-
ing the leading jet or by imposing a cut on zjet ∼ 0.2−0.7
as shown in Fig. 2. This allows for direct studies of quark
TMD sensitive observables such as the Sivers function.
For the anti-kT (SI) [46] algorithm, it is possible to choose
a cut on ηjet < 1 which can also separate current and tar-

get regions without a cutoff on zjet (right panel of Fig. 2).
This allows for studies of the full zjet spectrum, which can-
not be accessed with hadron measurements, for which the
current and target regions are not well separated [47, 48].
For comparison we also show the result for the anti-kT (LI)
algorithm in the left panel of Fig. 2.

Fig. 3 shows the zjet and ηjet distributions of inclusive
jets as described above. While in the backward region
(ηjet < 0) the Centauro and anti-kT (SI) algorithms result
in a peak at large zjet ∼ 1, the anti-kT (LI) separates that
jet into multiple less energetic ones which yields a zjet
peak at small values. In the same plots we also show the
distributions for jets clustered in the laboratory frame
using anti-kT (LI), which is an alternative way to capture
jets at Born kinematics [10, 49], and then the momenta
of these jets is transformed to the Breit frame. In the
backward region (struck-quark hemisphere) the jets found
by this procedure roughly correspond to the jets found
by the Centauro and anti-kT (SI) algorithms in the Breit
frame. This validates Centauro and anti-kT (SI) jets and
confirms the notion of the jet as a proxy for the struck-
quark in any frame, although each algorithm will have
different sensitivity to TMD physics and require different
factorizations.

The two distinct peaks at zjet ∼ 1 and zjet ∼ 0 in
Fig. 3 correspond to backward and mid rapidity jets.
The intermediate zjet region of the inclusive jet spectrum
is described in terms of semi-inclusive jet functions and
DGLAP evolution [50–53]. The large-zjet jets probe the
threshold region [54], whereas the small-zjet region probes
the soft fragmentation of jets. The latter region connects
to soft fragmentation in e+e− collisions [55–59] and small-
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Figure 3. Pseudorapidity (top panel) and momentum fraction
zjet (bottom panel) of jets clustered with anti-kT (LI), anti-
kT (LI) and Centauro algorithms in the Breit frame, as well as
jets clustered in the laboratory frame with anti-kT (LI).

x physics [60–62].
We propose a measurement of zjet, which has not been

done before, and show projections for HERA and EIC
kinematics in the Appendix. The high-z region corre-
spond to jets with high-pT in the laboratory frame that
can be measured with high precision and with an accuracy
limited by the jet energy scale uncertainty, which reached
1% at HERA [32]. The measurement of the small-zjet re-
gion will be challenging because these jets have energies
up to a few GeV in the laboratory frame, a region that can
be limited by calorimeter noise and resolution. These is-
sues could be bypassed by defining jets with charged parti-
cles only, which would require the inclusion of track-based
jet function [63, 64] from the theory and low-thresholds
from the experimental side.

We also propose to use Centauro jets to study the uni-

0 5 10 15 20
0

2

4

6

8

Figure 4. The qT = p⊥jet/zjet spectrum for Centauro and anti-
kT (SI) jets with ηjet < 1.0.

versal quark TMDs by measuring their qT = p⊥jet/zjet.
The qT spectrum for zjet > 0.5 is shown in Fig. 4.
The spectrum is mainly concentrated in the region qT <
Qmin/4 which is ideal for TMD phenomenology. In po-
larized DIS, this observable provides clean access to the
quark Sivers function. We show projections for HERA
and EIC kinematics in the Appendix. In the same fig-
ure we also show the distribution for anti-kT (SI) jets for
zjet < 0.5 and 0 < zjet < 1. Note the latter is only possible
since we can identify the target fragmentation by requir-
ing ηjet < 1. While for zjet > 0.5 we find similar result as
the Centauro jets, for zjet > 0.5 we identify a contribu-
tion to the spectrum that peaks at qT ∼ Q, which arises
from central rapidity jets. Novel theoretical techniques
are necessary to describe this kinematic qT region of jets.

The longitudinal invariance and ability to measure jets
close to Born kinematics makes the Centauro algorithm
an attractive option to: improve extractions of the strong
coupling constant from the rates of n-jets [32]; for “tag-
and-probe" studies of nuclei [49]; and to tag the back-
ground for gluon helicity and Sivers PDF studies at the
EIC [65, 66].

Conclusions. We have proposed a new approach tai-
lored to the study of energetic jets with low transverse mo-
mentum in DIS that relies on spherically-invariant algo-
rithms and a new longitudinally-invariant algorithm that
is asymmetric in the backward and forward directions,
which we call Centauro. The Centauro algorithm enables
novel studies of transverse-momentum-dependent observ-
ables in the Breit frame. Furthermore, we find that spher-
ically symmetric kT -type algorithms yield clean access to
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the soft jet fragmentation region, which reveals a new qT
regime, qT ∼ Q. The approach we advocate here is rele-
vant for the studies of jet functions, quark TMD and spin
observables, and to probe cold-nuclear matter. All these
studies will be central for the jet physics program of the
future Electron-Ion Collider.
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