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C. Sun38, T. Sykora33, P.D. Thompson7, F. Torales Acosta5, D. Traynor24, B. Tseepeldorj40,41,
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Abstract

The Breit frame provides a natural frame to analyze lepton–proton scattering events. In this reference
frame, the parton model hard interactions between a quark and an exchanged boson defines the
coordinate system such that the struck quark is back-scattered along the virtual photon momentum
direction. In Quantum Chromodynamics (QCD), higher order perturbative or non-perturbative effects
can change this picture drastically. As Bjorken-x decreases below one half, a rather peculiar event
signature is predicted with increasing probability, where no radiation is present in one of the two
Breit-frame hemispheres and all emissions are to be found in the other hemisphere. At higher orders
in αs or in the presence of soft QCD effects, predictions of the rate of these events are far from trivial,
and that motivates measurements with real data. We report on the first observation of the empty
current hemisphere events in electron–proton collisions at the HERA collider using data recorded
with the H1 detector at a center-of-mass energy of 319GeV. The fraction of inclusive neutral-current
DIS events with an empty hemisphere is found to be 0.0112± 3.9%stat ± 4.5%syst ± 1.6%mod in the
selected kinematic region of 150 < Q2 < 1500GeV2 and inelasticity 0.14 < y < 0.7. The data sample
corresponds to an integrated luminosity of 351.1 pb−1, sufficient to enable differential cross section
measurements of these events. The results show an enhanced discriminating power at lower Bjorken-x
among different Monte Carlo event generator predictions.

1 Introduction

Lepton–nucleus scattering played an important role
in establishing Quantum Chromodynamics [1–9] as
the theory of strong interactions, and it receives
continued attention [10–15] due to its sensitivity
to interesting emergent QCD phenomena. Neutral-
current deep-inelastic scattering (NC DIS) is medi-
ated by a virtual electroweak boson. At low energies
the process can be considered as a photon–hadron
interaction [16]. While experiments record data in
the laboratory rest frame, a natural way to study
photon–hadron interactions is given by the Breit
frame [16, 17], where the virtual photon moves
along the z axis with momentum Q and the proton
fragments into the opposite hemisphere. The space-
like photon four-momentum in that frame reads
qb = (0; 0, 0, Q) with its Lorentz-invariant virtual-
ity Q2 = −qb · qb. In the naive parton model only
the process γ∗ + q → q contributes, where γ∗ is
the interacting virtual photon and q is the (struck)
quark. The struck quark moves with momentum
+Q

2 along the positive z direction in the Breit
frame, i.e. opposite to the remnants of the broken-
up proton. An illustration of the Breit frame is
displayed in Fig. 1.

In the Breit frame, the sign of the z component
of momentum defines two hemispheres: the posi-
tive half is referred to as current hemisphere, and
the negative as target hemisphere, also known as
fragmentation hemisphere. In leading-order pertur-
bative QCD (pQCD), the current hemisphere is
analogous to a single hemisphere of an e+e− → qq̄

Pz

Before After

Pz

+Q/2+Q

Pz Pz Pz

Fig. 1 Illustration of the Breit frame. Top: Parton configu-
ration before and after the absorption of the virtual photon.
Bottom: Possible quark and gluon configurations at O(αs)
after the interaction with the virtual photon in the Breit
frame.

final state at
√
se+e− = Q, where

√
se+e− is the

e+e− center-of-mass energy [18].

While in the quark-parton model picture the struck
quark is simply backscattered into the current
hemisphere with longitudinal momentum Q

2 , new
event topologies emerge when QCD effects are con-
sidered. In pQCD, when two or more final-state
partons are present, the Breit frame and the par-
tonic center-of-mass frame deviate from each other.
At order αs, there are two hard processes to con-
sider: Gluon bremsstrahlung γ∗ + q → q + g, and
quark-pair production γ∗ + g → q + q̄, where the
interacting gluon in the initial state is a constituent
parton of the incoming hadron. As shown in Fig. 1,
the two outgoing partons in these processes bal-
ance in the transverse plane, while the momentum
sum in the longitudinal direction can be different
from Q

2 . For xBj < 0.5 configurations are kine-
matically accessible where all outgoing partons are
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on-shell and are scattered into the target hemi-
sphere, such that the current hemisphere remains
empty [17, 19, 20]. Qualitatively, this topology can
be explained by an off-shell parton with energy
fraction x > xBj entering the hard interaction, then
producing a massive dijet system. The larger x than
xBj, where the latter defines the Breit frame, the
more is the the dijet system boosted into the beam
hemisphere of the Breit frame, possibly leaving the
current hemisphere empty. The probability of this
event configuration increases as xBj is decreasing
below a value of 1

2 .

When considering even higher order corrections in
pQCD with massless partons, the number of empty
hemisphere events will successively decrease with
the order in αs, since the probability of (infinitly
soft) radiation into the current hemisphere rises.
On the other hand, QCD confinement demands
that the massless partons fragment into a finite
number of massive particles, a process which is dif-
ficult to predict in great detail. Consequently, an
accurate prediction of empty hemisphere events in
higher order pQCD or at the particle level is con-
siderably less trivial than in the two parton picture.
In this letter we present the first measurement of
the production rate and differential distributions
of events with an empty current hemisphere in the
Breit frame using data recorded in electron–proton
and positron–proton collisions.

2 Experimental method

Data were recorded with the H1 detector [21–26]
at the HERA collider at DESY in the years 2003
to 2007, where electron or positron beams with
energy of 27.6GeV collided with a proton beam
of Ep = 920GeV, resulting in a center-of-mass
energy of

√
s = 319GeV. The analyzed data

sample corresponds to an integrated luminosity
of 351.1 pb−1 [27], of which about one half was
taken with an electron beam, and the other half
with a positron beam. The H1 experiment consists
of a series of subdetectors positioned around the
ep interaction point, including tracking detectors,
calorimeters and the muon system. The central
tracking system covers the polar angular range
15◦ < θ < 165◦ and consists of silicon vertex detec-
tors, drift and proportional chambers. Charged
particles are measured with a transverse momen-
tum resolution of σpT

/pT = 0.2%pT/GeV ⊕ 1.5%.
Two main calorimeters are used: a liquid argon

calorimeter (LAr) and a lead-scintillating fiber
calorimeter (Spacal). The LAr consists of elec-
tromagnetic sections made of lead absorbers and
hadronic sections with steel absorbers. It covers the
range 4◦ < θ < 154◦ and full azimuthal angle. Its
energy resolution is σE/E = 11%/

√
E/GeV ⊕ 1%

for electrons and σE/E ≃ 55%/
√

E/GeV ⊕ 3%
for charged pions. The Spacal consists of an elec-
tromagnetic and hadronic section and records the
energy deposited in the backward direction in the
range 153◦ < θ < 177.5◦. In this analysis, it is
used to measure the hadronic energy flow in the
region. The tracking detectors and calorimeters are
surrounded by a superconducting solenoid provid-
ing a magnetic field of 1.16T. The return yoke is
equipped with a muon system.

The analysis strategy follows closely event selec-
tion and methodologies used previously [28, 29].
The trigger requires an energy deposit in the
electromagnetic section of the LAr. This trigger
requirement limits the measurements to the kine-
matic region of Q2 ≳ 150GeV2 and inelasticity
y < 0.7. The scattered lepton candidate is identi-
fied by requiring that the electromagnetic cluster
with the highest momentum is matched to a track
and its energy exceeds Ee′ > 11GeV. A set of
fiducial cuts and quality requirements [28, 29] sup-
press non-collision backgrounds and backgrounds
from processes other than neutral-current DIS such
as photoproduction, charged-current DIS, or QED
Compton. The electromagnetic energy scale is cal-
ibrated in situ using the double-angle reconstruc-
tion method to predict the electron energy. The
hadronic energy scale is calibrated by exploiting the
transverse momentum balance of the lepton and
hadronic final state using a dedicated selection of
NC DIS events [30]. An isolated electromagnetic
energy deposit without a track pointing to it is
classified as a radiated photon from the lepton ver-
tex. It is combined with the lepton candidate if
the angular distance is closer to the lepton than
to the beam axis, or it is removed from the list
of reconstructed particle candidates. After remov-
ing tracks and clusters that are associated with
the scattered lepton candidate [31], a particle-flow
algorithm [32–34] is applied to combine informa-
tion from the calorimeter and tracking systems
and define the objects of the hadronic final state
(HFS). The total longitudinal energy-momentum
balance of all recorded particle candidates (Σtot =∑

i(Ei − Pz,i)) is required to be in the range 45 <
Σtot < 62GeV, which suppresses events with hard
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initial state QED radiation and contributions from
photoproduction. This ensures an optimal resolu-
tion is achieved of the DIS kinematic observables
for the selected events.

The kinematic quantities of the DIS process, i.e. the
inelasticity y, the virtuality of the exchanged boson
Q2, and the Bjorken variable xBj are reconstructed
using the IΣ reconstruction method [35] as

y =
Σh

Σtot
, Q2 =

P 2
T,e′

1− y
, xBjEp =

Q2

2Σh
,

where Σh is the longitudinal energy momentum
balance of the HFS, expressed as

∑
i∈HFS(Ei −

Pz,i). The event selection is restricted to the region
Q2 > 150GeV2 and 0.14 < y < 0.7.

The Lorentz transformation to the Breit frame is
given by the boost vector b⃗ = ( bx

bE
,
by
bE

, bz
bE

) using
the Lorentz four-vector

b = q − q · q
q · ẑ

ẑ = q + 2xBjP , (1)

where ẑ = (1; 0, 0, 1), q is the photon four-
momentum, P is the proton (beam) four-
momentum in the laboratory rest frame and the
proton mass is negligible. A convenient expression
for the boost to the Breit frame in matrix notation
is presented in Appendix A.

Events with an empty current hemisphere are iden-
tified by requiring that no HFS particle candidate
has positive longitudinal momentum in the Breit
frame, i.e.

q · pi < 0 ∀ i ∈ HFS , (2)

and consequently the observed total energy in the
current hemisphere is zero,

EC = 0 . (3)

In order to obtain a higher purity of the empty
hemisphere event sample, the photon four-vector q
is reconstructed from the observed final state as q =
k− k′, where k′ is the scattered lepton momentum
and k the lepton beam momentum four-vector. The
effective lepton beam momentum is reconstructed
as k = (Σtot

2 ; 0, 0, Σtot

2 ), which reduces sensitivity to
initial state QED radiation as compared to using
the nominal beam momentum. The selected empty

Fig. 2 Display of an event with Q2 = 295GeV2, y =
0.18, and xBj = 0.015 in the H1 detector in the radial view
and in the longitudinal side view. The colored areas indicate
different subdetector components, the red boxes indicate the
energies of calorimeter clusters, and the straight lines show
reconstructed particle candidates.

hemisphere events often have characteristic signa-
tures with high particle multiplicities in the forward
region. An example event is illustrated in Fig. 2.

Monte Carlo (MC) event simulations are employed
to correct the data for detector acceptance and
resolution effects. The signal NC DIS events are
generated using the two standard programs Djan-
goh 1.4 [36] and Rapgap 3.1 [37] as used in H1.
Both generators use LO matrix elements which
include diagrams for boson-gluon fusion and QCD-
Compton processes. Higher order processes are
included in Djangoh via the implementation of the
Color Dipole Model in Ariadne [38]. In Rapgap
they are included via parton showers in the leading
logarithmic approximation. The non-perturbative
components are modelled with the Lund hadroniza-
tion model as implemented in Pythia 6 [39–42]
with parameters optimized by the ALEPH Collab-
oration [43]. Both models use the CTEQ6L PDF
set [44]. Additionally, both generators adopt Her-
acles [45] for the simulation of higher order QED
radiative effects. The particle level is set by par-
ticles with proper lifetime cτ > 10mm, whereas
particles with lower lifetime are included by their
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decay products. The detector effects on the sim-
ulated particle-level events are processed with a
detailed simulation of the H1 detector, which is
based on Geant 3 [46] and fast shower simulation
programs [47–52]. The simulated data are pro-
cessed with the same offline analysis chain as the
real data [53].

The reconstructed kinematic observables xBj, y and
Q2 are compared with MC predictions in Fig. 3 for
all NC events in the selected phase space and for
events with a reconstructed empty current hemi-
sphere. Good agreement between the simulations
and data are observed.
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Fig. 3 Event distributions as functions of xBj (top),
y (middle), andQ2 (bottom) at the detector level in compar-
ison with the simulated MC event samples from Djangoh and
Rapgap that further include background events from pho-
toproduction and lower Q2. The left panels display events
after selection of all NC DIS events, and the right panels dis-
play events with an empty current hemisphere in the Breit
frame.

It is instructive to study the number of jets (the jet
multiplicity) in events with an empty hemisphere,
since these events are expected to be predominantly
present atO(αs). To this end, jets are defined in the
Breit frame from all HFS objects using the kt jet
algorithm [54] with a distance measure of R = 1.0
and using the Pt-recombination scheme. Jets are
required to have a transverse momentum pT greater
than 7GeV in the Breit frame and to fall within
the acceptance of the LAr calorimeter, i.e. the polar
angular range 9.4◦ < θjetlab < 154◦, when boosted to
the laboratory rest frame. The contributions from
proton remnants or initial state radiation are highly
suppressed due to limited detector acceptance. The
jet multiplicity at the detector level is displayed in
Fig. 4. It is observed that the jet multiplicity distri-
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Fig. 4 The number of jets in events with an empty current
hemisphere. The jets are defined in the Breit frame and must
exceed a transverse momentum greater than 7GeV in the
Breit frame. Further details are given in the caption of Fig. 3.

bution sharply peaks at two jets and no significant
number of events without jets are observed. A few
events have only one jet, which is attributed to the
requirement of PT > 7GeV, as a second jet can
also be with a lower transverse momentum.

The data are corrected for acceptance and reso-
lution effects using a regularized matrix inversion
algorithm as implemented in the TUnfold pack-
age [55, 56]. For each of the three observables,
xBj, y, and Q2, a detector response matrix is con-
structed from the average of the Djangoh and
Rapgap simulations. The matrix contains informa-
tion on migration probabilities between detector-
and particle-level quantities as well as acceptance
and reconstruction efficiencies. In order to deter-
mine the fraction of empty hemisphere events, two
distributions have to be measured: the unfolded
event count of empty hemisphere events and the
number of events of the inclusive DIS sample. The
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response matrix therefore has a 2 × 2 structure,
differentiating events with or without an empty
current hemisphere on detector or particle level.
The two measured distributions are measured and
unfolded simultaneously and the number of DIS
events is obtained at the particle level by adding up
the two respective entries. This procedure accounts
for the migrations between events with an empty
current hemisphere and the ones with activities in
both hemispheres. Additional bins at the detector
level account for migrations from outside the DIS
phase space in Q2 and y. A larger number of bins
than the nominal measurement bins are unfolded
and the final cross sections are obtained by com-
bining them back into nominal bins. These extra
bins effectively divide events into smaller groups
where radiation is close to the boundary of the
two hemispheres. Such topologies are very sensi-
tive to details of the QCD models and thus have
to be resolved in order to minimize model uncer-
tainties. A very small fraction of events identified
as background is subtracted from data prior to
unfolding. The contributions from photoproduction
processes were estimated using Pythia 6 and the
ones from the charged-current and low-Q2 neutral
current DIS processes using Djangoh 1.4. The regu-
larization parameter was set to τ = 10−2.8. It has a
negligible impact on the unfolded results. The frac-
tion of empty hemisphere events in the inclusive
DIS cross section, r, is then defined as

r :=
n(EC=0)

n(EC>0) + n(EC=0)
· cQED =

σ(EC=0)

σ(NC DIS)
, (4)

where ni are the counts of events with an empty
hemisphere after unfolding (EC = 0) and the ones
with activity in the current hemisphere (EC > 0).
The fraction r then represents the ratio of the pro-
duction cross sections of empty hemisphere events
to the inclusive neutral-current DIS cross section
σ(NC DIS). The factor cQED accounts for higher
order QED virtual and real corrections at the lep-
ton vertex and QED Compton processes [57, 58],
and also corrects for initial lepton charge effects to
an e−p initial state. The factor cQED is determined
with Heracles as implemented in Djangoh 1.4. It is
very close to unity, since the effects of QED cor-
rections as well as electroweak effects cancel in the
ratio to a large extent.

To estimate systematic uncertainties, each source
of uncertainties is varied independently in sim-
ulation and the difference between the nominal

results and the ones obtained from the new unfold-
ing matrix is taken as uncertainties attributed to
the source, propagated linearly to the results [56].
Two sources of uncertainties on the energy scale of
HFS objects, associated with the components con-
tained within high pT jets and the ones that are
not, are treated separately by independently vary-
ing the energy of corresponding HFS objects by
±1% [29]. The angular resolutions of the azimuthal
angle of the HFS objects and scattered leptons,
±20mrad and ±1mrad [28], respectively, are taken
as sources of systematic uncertainties. The energy
resolution of scattered leptons which varies from
±0.5% in the backward and central regions to±1%
in the forward regions is also taken into account.
The uncertainty attributed to the modeling of the
HFS in the event generator used for unfolding is
evaluated by comparing the results when either
Djangoh or Rapgap is used to determine the mig-
ration matrix. This model uncertainty accounts for
acceptance, efficiency, and migration effects due to
differences in the modelling of the HFS in the MC
event generators used. As the final cross sections
are reported normalized to the inclusive NC DIS
cross section, normalization uncertainties such as
luminosity scale or trigger efficiency cancel, and
several other uncertainties including those related
to the reconstruction of the scattered lepton can-
cel to a large extent. For the determination of
the uncertainties on r after unfolding, systematic
uncertainties are considered to be fully correlated
across different bins, and statistical uncertainties
have a non-zero correlation coefficient after unfold-
ing.

The resulting cross section ratios are compared
with predictions from Pythia 8.307 [59–61], which
implements DIS matrix elements at leading order
and various parton-shower models for higher-order
emissions. Two different models are studied: The
default ‘simple’ dipole-like p⊥-ordered shower, and
the Dire parton shower [62–64], which is a vari-
ant of a dipole shower model. Both models use
the Pythia 8.3 default Lund string model for
hadronization [61]. Predictions from Powheg Box
in NLO pQCD are matched to parton shower and
hadronization from Pythia 8.308 [14]. These predic-
tions are referred to as Powheg+Pythia. Further-
more, predictions from the Sherpa 2.2 [65, 66] and
Sherpa 3.0 [67] MC event generators are studied.
The Sherpa 2.2 predictions employ multi-leg tree-
level matrix elements [68] with up to three jets com-
bined with dipole showers [69,70] and use a cluster
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hadronization model [71]. The Sherpa 3.0 predic-
tions employ NLO QCD matrix elements from
Openloops [72], combined with a dipole shower
based on the truncated shower method [70, 73, 74].
Two hadronization models are implemented and
studied: an improved cluster hadronization model
(Cluster) [75] and the string fragmentation model
of Pythia 8.3 (Lund) [60].

3 Results

The fraction of NC DIS events with no particle
candidates in the current hemisphere in the Breit
frame is determined at an ep center-of-mass energy
of

√
s = 319GeV in the kinematic region of 150 <

Q2 < 1500GeV2 and 0.14 < y < 0.7. After pre-
selection, acceptance and analysis cuts, a total of
4715 event candidates with an empty hemisphere
at the detector level were recorded. After unfold-
ing to particle level, the fraction of NC DIS events
with an empty hemisphere in the Breit frame is
measured to be

r = 0.0112± 3.9%stat ± 4.5%syst ± 1.6%mod . (5)

The first uncertainty represents the statistical, the
second the total experimental systematic, and the
third the model uncertainty. The fraction r with
its uncertaintes is compared to various predic-
tions in Table 1. Only statistical uncertainties of
these MC models are considered. The predictions
of Rapgap 3.1, Powheg+Pythia, Sherpa 2.2 and
Sherpa 3.0 are below the data, whereas those of
Djangoh 1.4 and Pythia 8.3 are above.

r δr

Data 0.0112 ±3.9%stat

±4.5%syst

±1.6%mod

Djangoh 1.4 0.0150 ±0.1%stat

Rapgap 3.1 0.0096 ±0.1%stat

Pythia 8.3 0.0127 ±0.1%stat

Pythia 8.3 (Dire) 0.0120 ±0.1%stat

Powheg+Pythia 0.0107 ±0.1%stat

Sherpa 3.0 (Cluster) 0.0100 ±0.1%stat

Sherpa 3.0 (Lund) 0.0101 ±0.3%stat

Sherpa 2.2 0.00818 ±0.5%stat

Table 1 Comparison of the fraction r of
empty current hemisphere events in NC DIS
with various predictions in the analyzed phase
space 150 < Q2 < 1500GeV2 and
0.14 < y < 0.7.

The unfolded differential fractions of empty current
hemisphere events in NC DIS at the level of sta-
ble particles are presented as function of log10(xBj),
y and Q2 in Table 2 and are displayed in Fig. 5.
It is observed that the fraction of empty current

log10(xBj) r Uncertainties [%]
min max δstat δsyst δmod

-2.7 -2.5 0.0189 19 16 9.5
-2.5 -2.3 0.0188 7.4 5.2 1.4
-2.3 -2.1 0.0154 6.7 3.2 0.16
-2.1 -1.9 0.0111 8.3 2.4 −1.8
-1.9 -1.7 0.00535 18 5.1 −2.1
-1.7 -1.5 0.00317 37 4.0 −5.6
-1.5 -1.3 0.00288 62 2.0 −23

y r Uncertainties [%]

0.14 0.21 0.00646 15 4.1 0.1
0.21 0.28 0.0105 11 3.0 −0.5
0.28 0.35 0.0103 14 4.0 3.8
0.35 0.42 0.0137 13 4.1 3.4
0.42 0.49 0.0156 13 3.5 2.5
0.49 0.56 0.0136 17 6.4 2.2
0.56 0.63 0.0169 15 3.1 0.7
0.63 0.7 0.0108 30 15 −1.5

Q2 [GeV2 ] r Uncertainties [%]

150 208.4 0.0178 4.9 4.3 3.7
208.4 289.6 0.0125 7.8 4.6 −3.1
289.6 402.4 0.00965 11 4.5 −2.1
402.4 559.1 0.00618 21 4.7 −4.0
559.1 776.9 0.00305 43 6.5 −0.5
776.9 1080 0.00151 80 11 −12
1080 1500 0.00181 87 3.8 −2.2

Table 2 Measured ratio r of empty current
hemisphere cross sections to the inclusive NC DIS
cross sections as a function of log10(xBj), y, and
Q2. The uncertainties specify the statistical
uncertainty, the total experimental systematic
uncertainty, and the model uncertainty.

hemisphere events decreases with increasing xBj

and Q2 and with decreasing y. This is in line with
the expectation that the phase space for Born-level
two-parton topology enabling the events of interest
decreases with Q2 and xBj. The data are com-
pared with predictions from Djangoh 1.4, Pythia
8.3, Powheg+Pythia, Rapgap 3.1, Sherpa 2.2, and
Sherpa 3.0. The predictions from Djangoh and
Rapgap reasonably describe the overall shape of the
data, while Djangoh (Rapgap) tend to over-predict
(under-predict) the data in the overall normalisa-
tion (c.f. Table 1). The default predictions from
Pythia 8.3 with default parton shower or with Dire
parton shower both give a good description of the
data. At y ≈ 0.5, the two Pythia variants cross over
and the difference is maximized at highest y. Unfor-
tunately the limited data precision in this region
does not clearly favor one model over the other. The
predictions from Powheg+Pythia and Sherpa 3.0
are consistent with the data within uncertainties.
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Fig. 5 Ratios of differential cross sections of events with an empty current hemisphere in the Breit frame as a function of
xBj, y and Q2. The vertical bars represent the statistical uncertainties, and the shaded area the total systematic uncertainties
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Sherpa 3.0, are displayed with different colors and line styles. Two variants of parton shower models are studied with
Pythia 8.3, and two hadronization models are studied with Sherpa 3.0.

The difference between using the cluster or the
Lund string fragmentation model as implemented
in Sherpa 3.0 is relatively small. Sherpa 2.2 under-
predicts the data in the entire measured xBj and y
range.

4 Conclusions

A measurement of the fraction of events in neutral-
current DIS, where the current hemisphere in the
Breit frame is completely empty, is presented. The
measurement is performed in the kinematic region
of 150 < Q2 < 1500GeV2 and 0.14 < y < 0.7
for an electron–proton center-of-mass energy of
319GeV. Although the analysis of electron–proton
collision events in the Breit frame has similarities
with hadronic final states in e+e− annihilation, this
particular class of empty current hemisphere events
is not present in e+e− or pp collisions. The fraction
of empty current hemisphere events was measured
to be 0.0112±6.2% in the selected DIS phase space.

These event configurations were predicted pre-
viously in perturbative QCD as the first order
corrections to the quark-parton model at αs. How-
ever, the impact of higher-order pQCD corrections
or hadronization on these events has not been
investigated in great detail in the literature.

The measurement provides a first direct observa-
tion of these quite spectacular event topologies, as

well as a differential measurement as functions of
the DIS kinematic variables xBj, y and Q2. Among
the dedicated DIS Monte Carlo event generators
Rapgap slightly underestimates the data, while
Djangoh tends to overestimate. The general pur-
pose event generator program Pythia 8.3 provides a
good description of the data, both with the default
parton shower or the Dire parton shower. The event
generators Powheg+Pythia and Sherpa 3.0 provide
a good description of the data, whereas Sherpa 2.2
underestimates the data.

These new data are anticipated to help improve and
validate parton shower and hadronization models
for e+e−, ep and pp collision systems, and will
pave the way for optimal event generator models
for future lepton–proton colliders [76–78]. It will be
interesting to perform measurements at lower and
higher Q2 in the future.
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[59] T. Sjöstrand, S. Ask, J. R. Christiansen,

R. Corke, N. Desai, P. Ilten, S. Mrenna,
S. Prestel, C. O. Rasmussen and P. Z. Skands,
Comput. Phys. Commun. 191 (2015) 159–177,
arXiv:1410.3012.

[60] C. Bierlich et al., “A comprehensive guide to
the physics and usage of PYTHIA 8.3,” 3 2022,
arXiv:2203.11601.

[61] The Pythia authors, “Pythia 8.3 documenta-
tion.” https://pythia.org, 2021.
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A Boost to the Breit frame

In order to facilitate this analysis, the matrix M
for the Lorentz boost from the laboratory frame to
the Breit frame was derived:

pb = M · pLab . (6)

It can be conveniently expressed in terms of the
four-vectors b, Eq. (1), and q. We consider Eq. (6)
as a plain matrix multiplication without metric
tensor. The laboratory rest frame is given by the
right-handed HERA rest frame, where the pro-
ton beam moves along the positive z direction, so
that the x axis points to the center of the HERA
ring. In the Breit frame we also use a right-handed
coordinate system, but adopt the definition from
Ref. [17], such that the photon moves along the
positive z axis with momentum qb = (0; 0, 0, Q),
and thus the proton beam and the beam fragments
go along the negative z axis. The azimuthal rota-
tion can be chosen freely. When leaving the x–y
plane unaltered, one finds that the Lorentz boost
is expressed as

M = − 1

Q


1 0 Q

Σ qx
Q
Σ qx

0 1 Q
Σ qy

Q
Σ qy

qx qy qz −qE
bx by bz −bE

 , (7)

using Σ = q · ẑ = qE − qz. The negative sign orig-
inates from the different choices of the z axis in
the two frames. When defining the x axis along the
transverse momentum of the scattered lepton, the
matrix M becomes

M(ϕb
e′=0) = −


qx
qT

qy
qT

qT
Σ − qT

Σ
qy
qT

qx
qT

0 0
qx
Q

qy
Q

qz
Q − qE

Q
bx
Q

by
Q

bz
Q − bE

Q

 . (8)

Hence, the longitudinal momentum and the energy
component in the Breit frame of a laboratory frame
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momentum p is conveniently expressed as

pbz = −q · p
Q

and pbE = −b · p
Q

, (9)

and the current hemisphere is defined by pbz >
0, while the target/fragmentation hemisphere has
pbz < 0. Interestingly, the four-vectors in the Breit
frame can be expressed without evaluating the
Bjorken scaling variable xBj, c.f. Eq. (1).
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