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Abstract

The relationship between jet production in the central region and the underlying-event activ-
ity in a pseudorapidity-separated region is studied in 4.0 pb−1 of

√
s = 2.76 TeV pp collision

data recorded with the ATLAS detector at the LHC. The underlying event is characterised
through measurements of the average value of the sum of the transverse energy at large pseu-
dorapidity downstream of one of the protons, which are reported here as a function of hard-
scattering kinematic variables. The hard scattering is characterised by the average transverse
momentum and pseudorapidity of the two highest transverse momentum jets in the event.
The dijet kinematics are used to estimate, on an event-by-event basis, the scaled longitud-
inal momenta of the hard-scattered partons in the target and projectile beam-protons moving
toward and away from the region measuring transverse energy, respectively. Transverse en-
ergy production at large pseudorapidity is observed to decrease with a linear dependence on
the longitudinal momentum fraction in the target proton and to depend only weakly on that
in the projectile proton. The results are compared to the predictions of various Monte Carlo
event generators, which qualitatively reproduce the trends observed in data but generally
underpredict the overall level of transverse energy at forward pseudorapidity.

c© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction

Properties of the underlying event at large rapidity in proton–proton (pp) collisions in the presence of a
hard parton–parton scattering are sensitive to many features of hadronic interactions. Previous studies of
the underlying event mainly focused on probing the region transverse to final-state jets at mid-rapidity [1–
4]. This Letter presents a study of the transverse energy produced at small angles with respect to the
proton beam, a region where particle production may be particularly sensitive to the colour connections
between the hard partons and the beam remnants. Such measurements are needed to constrain particle
production models, which systematically underpredict the total transverse energy at forward rapidities in
hard-scattering events [4].

Measurements of transverse energy production at large rapidity are also needed to aid in the interpreta-
tion of recent results on jet production in proton–lead (p+Pb) collisions [5,6]. In these collisions, hard
scattering rates are expected to grow with the increasing degree of geometric overlap between the proton
and the nucleus. Simultaneously, the level of overlap is traditionally thought to be reflected in the rate
of soft particle production, particularly at large pseudorapidity in the nucleus-going direction. The recent
results found that single and dijet production rates in the proton-going (forward, or projectile) direction
are related to the underlying-event activity in the nucleus-going (backward, or target) direction in a way
that contradicts the models of how jet and underlying-event production should correlate. Specifically,
the average transverse energy produced in the backward direction was found to systematically decrease,
relative to that for low-energy jet events, with increasing jet energy. This decrease resulted in an appar-
ent enhancement of the jet rate in low-activity, or peripheral, events and a suppression of the jet rate in
high-activity, or central, events.

These results have several competing interpretations. For example, they are taken as evidence that proton
configurations with a parton carrying a large fraction x of the proton longitudinal momentum interact with
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nucleons in the nucleus with a significantly smaller than average cross-section [7]. Alternatively, other au-
thors have argued that in the constituent nucleon–nucleon (NN) collisions, energy production at backward
rapidities naturally decreases with increasing x in the forward-going proton, either through the suppres-
sion of soft gluons available for particle production [8] or from a rapidity-separated energy-momentum
conservation between the hard process and soft production [9]. More generally, the modification of soft
particle production in NN collisions in the presence of a hard process is expected to affect estimates of
the collision geometry of p+Pb collisions with a hard scatter [10–12]. Thus a control measurement in pp
collisions to determine how soft particle production at negative pseudorapidities varies with the x in the
projectile (target) beam-proton headed towards positive (negative) rapidity can provide insight into the
relevance of these various scenarios.

This Letter presents a measurement of the average of the sum of the transverse energy at large pseu-
dorapidity1, 〈

∑
ET〉, downstream of one of the protons in pp collisions, as a function of the hard-scattering

kinematics in dijet events. For each kinematic selection, 〈
∑

ET〉 is the average of the
∑

ET distribution
in the selected events. The

∑
ET measurement was deliberately made in only one of the two forward

calorimeter modules on either side of the interaction point. This was done in analogy with the centrality
definition in p+Pb collisions [5,13], which is characterised by the

∑
ET in the forward calorimeter module

situated at −4.9 < η < −3.2, in the nucleus-going direction. In pp collisions the asymmetric choice of
the
∑

ET-measuring region means that the target proton plays the role of one of the nucleons in the Pb
nucleus.

The value of
∑

ET was measured by summing the transverse energy in the forward calorimeter cells and
correcting for the detector response. The average value, 〈

∑
ET〉, is reported as a function of the average

dijet transverse momentum, pavg
T = (pT,1 + pT,2)/2, and pseudorapidity, ηdijet = (η1 + η2)/2. In these

quantities, pT,1 and η1 are the transverse momentum and pseudorapidity of the leading (highest-pT) jet in
the event, while pT,2 and η2 are those for the subleading (second highest-pT) jet. Results are also reported
as a function of two kinematic quantities xproj and xtarg defined by

xproj = pavg
T (e+η1 + e+η2)/

√
s, (1)

xtarg = pavg
T (e−η1 + e−η2)/

√
s. (2)

In a perturbative approach, at leading order, xproj (xtarg) corresponds approximately to the Bjorken-x of
the hard-scattered parton in the beam-proton with positive (negative) rapidity. Estimates of the initial
parton–parton kinematics through jet-level variables have been used previously in dijet measurements at
the CERN Spp̄S collider [14,15] and in measurements of dihadrons in d+Au collisions at RHIC [16].
Finally, to better reveal the relative dependence of 〈

∑
ET〉 on the hard-scattering kinematics, results are

also reported as a ratio to a reference value 〈
∑

ET〉
ref , which is the 〈

∑
ET〉 evaluated at a fixed choice of

dijet kinematics, 50 GeV< pavg
T < 63 GeV and |ηdijet| < 0.3.

Fig. 1 schematically illustrates the meaning of the kinematic variables utilised in this measurement. The
top panel in Fig. 1 shows the convention used in p+Pb collisions at ATLAS, in which the proton beam
is the “projectile” and has positive rapidity, while the nuclear beam is the “target” and has negative

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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Figure 1: Schematic illustration of the kinematic variables in the measurement. Panel (a) illustrates the convention
in p+Pb collisions. Panels (b) and (c) illustrate how a single pp event provides a measurement of

∑
ET at two values

of ηdijet = (η1 + η2)/2, in this case for ηdijet = +1 and for ηdijet = −1, respectively.
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rapidity. The centrality of the p+Pb collision, an experimental quantity sensitive to the collision geometry,
is characterised by the

∑
ET in the forward calorimeter situated in the nucleus-going direction. The

middle panel in Fig. 1 illustrates the measurement in pp collisions reported in this Letter, in which the
proton beam with positive rapidity is considered to be the analogue of the projectile proton in p+Pb
collisions, while the target proton with negative rapidity is the analogue of a single nucleon within the Pb
nucleus, and the

∑
ET is measured in the forward calorimeter downstream of the target proton. Due to

the symmetric nature of pp collisions, each event can also be interpreted by exchanging the roles of the
target and projectile between the two protons, and measuring the

∑
ET in the opposite forward calorimeter

module. To keep the same convention in this case, the z-axis (and thus the pseudorapidity) is inverted and
the kinematic variables are determined within this new coordinate system as shown in the bottom panel
of Fig. 1. The full analysis was performed separately using each forward calorimeter side, one at a time,
and the final results were obtained by averaging the 〈

∑
ET〉 measurements from each side. This increased

the number of
∑

ET measurements by a factor of two and also provided an important cross-check on the
detector energy scale. For simplicity, all η values in the selection cuts and ηdijet values in the results
described below are always presented according to the convention where

∑
ET is measured at negative

pseudorapidity.

The dataset used in this measurement was collected during the
√

s = 2.76 TeV pp collision data-taking
in February 2013 at the Large Hadron Collider, with an integrated luminosity corresponding to 4.0 pb−1.
During data-taking, the mean number of pp interactions per bunch crossing varied from 0.1 to 0.5. This
dataset is particularly suitable for the measurement because the small mean interaction rate per crossing
allows rejection of dijet-producing pp events with additional pp interactions in the same bunch cross-
ing (pileup) with good systematic control while simultaneously having enough integrated luminosity to
measure dijet production over a wide kinematic range with good statistical precision.

2 Experimental setup

The ATLAS detector is described in detail in Ref. [17]. This analysis uses primarily the tracking detectors,
the calorimeter, and the trigger system. Charged-particle tracks were measured over the range |η| < 2.5
using the inner detector, which is composed of silicon pixel detectors in the innermost layers, silicon mi-
crostrip detectors, and a straw-tube transition-radiation tracker (|η| < 2.0) in the outer layer, all immersed
in a 2 T axial magnetic field. The calorimeter system consists of a liquid argon (LAr) electromagnetic
calorimeter (|η| < 3.2), a steel/scintillator sampling hadronic calorimeter (|η| < 1.7), a LAr hadronic calor-
imeter (1.5 < |η| < 3.2), and a forward calorimeter (3.2 < |η| < 4.9). The forward calorimeter is composed
of two modules situated at opposite sides of the interaction region and provides the

∑
ET measurement.

The modules consist of tungsten and copper absorbers with LAr as the active medium, which together
provide ten interaction lengths of material, and are segmented into one electromagnetic and two hadronic
sections longitudinal in the shower direction. The 1782 cells in each forward calorimeter module are
aligned parallel to the beam axis and therefore are not projective, but have a segmentation corresponding
to approximately 0.2 × 0.2 in η and φ.

Data were acquired for this analysis using a series of central-jet triggers covering |η| < 3.2 with different
(increasing) jet-pT thresholds, ranging from 40 GeV to 75 GeV [18]. Each trigger was prescaled, mean-
ing that only a fraction of events passing the trigger criteria were ultimately selected, and these fractions
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varied with time to accommodate the evolution of the luminosity within an LHC fill. This fraction in-
creased for triggers with increasing jet pT threshold and the highest-threshold trigger, which dominates
the kinematic range studied in this Letter, sampled the full integrated luminosity.

3 Monte Carlo simulation

Monte Carlo (MC) simulations of
√

s = 2.76 TeV pp hard-scattering events were used to understand
the performance of the ATLAS detector, to correct the measured

∑
ET and dijet kinematic variables for

detector effects, and to determine the systematic uncertainties in the measurement. Three MC programs
were used to generate event samples with the leading-jet pT in the range from 20 GeV to 1 TeV: the
Pythia 6 generator [19] with parameter values chosen to reproduce data according to the AUET2B set
of tuned parameters (tune) [20] and CTEQ6L1 parton distribution function (PDF) set [21]; the Pythia 8
generator [22] with the AU2 tune [23] and CT10 PDF set [24]; and the Herwig++ generator [25] with
the UE-EE-3 tune [26] and CTEQ6L1 PDF set. The generated events were passed through a full Geant
4 simulation [27,28] of the ATLAS detector under the same conditions present during data-taking. The
simulated events included contributions from pileup similar to that in data.

At the particle level, jets are defined by applying the anti-kt algorithm [29] with radius parameter R of 0.4
to primary particles2 within |η| < 4.9, excluding muons and neutrinos.

∑
ET is defined at the particle level

as the sum of the transverse energy of all primary particles within −4.9 < η < −3.2, including muons and
neutrinos, and with no additional kinematic selection.

4 Event reconstruction and calibration

The vertex reconstruction, jet reconstruction and calibration, and
∑

ET measurement and calibration pro-
cedures are described in this section. They were applied identically to the experimental data and the
simulated events.

4.1 Track and vertex reconstruction

In the offline analysis, charged-particle tracks were reconstructed in the inner detector with an algorithm
used in previous measurements of charged-particle multiplicities in minimum-bias pp interactions [30].
Analysed events were required to contain a reconstructed vertex, formed by at least two tracks with pT >

0.1 GeV [31]. The contribution from pileup interactions was suppressed by rejecting events containing
more than one reconstructed vertex with five or more associated charged-particle tracks. This requirement
rejected approximately 8% of events.

2 Primary particles are defined as final-state particles with a proper lifetime greater than 30 ps.
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4.2 Jet reconstruction and calibration

The jet reconstruction and associated background determination procedures closely follow those de-
veloped within ATLAS for jet measurements in heavy-ion and pp collisions [5,32–34]. This procedure is
summarised in the following and is described in more detail in Ref. [32]. Jets were reconstructed by apply-
ing the anti-kt algorithm with R = 0.4 to calorimeter cells grouped into towers of size ∆η×∆φ = 0.1×0.1.
The procedure provided an η- and sampling layer-dependent estimate of the small energy density depos-
ited by the soft underlying event from pileup interactions in each crossing. The energies of the cells in
each jet were corrected for this estimate of the soft pileup contribution. The pT of the resulting jets was
corrected for the calorimeter energy response through a simulation-derived calibration, with an additional
in situ correction, typically at the percent level, derived through comparisons of boson–jet and dijet pT
balance in collision data and simulation [35].

4.3 Forward transverse energy measurement and calibration

The
∑

ET quantity was evaluated by measuring the sum of the transverse energy in the cells in one for-
ward calorimeter module (

∑
Eraw

T ). The energy signals from the cells were included in the sum without
any energy threshold requirement. This quantity was corrected event-by-event to account for the detector
response, using a calibration procedure derived in simulation, to give an estimate of the full energy de-
posited in the calorimeter (

∑
Ecalib

T ). Pythia 8 was found to give the best overall description of
∑

ET
production and of its dependence on dijet kinematics in data. Thus, a subset of Pythia 8 events with
good kinematic overlap with the data and a wide range of

∑
ET values was used to calibrate

∑
Eraw

T .
The calibration was derived by requiring that for each subset of simulated events with a narrow range of
particle-level

∑
ET values (

∑
Egen

T ), the mean value of the
∑

Ecalib
T distribution in those events correspon-

ded to the mean value of
∑

Egen
T . First, to determine the average offset in the response (∆), the average∑

Eraw
T as a function of

∑
Egen

T was extrapolated with a linear fit to zero
∑

Egen
T . This additive offset,

which described the average net effect of energy inflow from outside and energy outflow from inside the
fiducial pseudorapidity acceptance of −4.9 < η < −3.2, was found to be approximately ∆ ≈ −0.7 GeV.
It also reflected the residual contribution from pileup interactions and the average distortion of the sig-
nal from energy deposited by collisions in previous bunch crossings. Second, the average response (C)
was determined by the ratio of the mean offset-corrected

∑
Eraw

T to each corresponding value of
∑

Egen
T ,

C = 〈
∑

Eraw
T − ∆〉 /

∑
Egen

T . C was found to be approximately 0.7 and varied only weakly with
∑

Egen
T after

the offset correction. This residual dependence was modelled by evaluating C in narrow bins of
∑

Eraw
T

and fitting the results with a smooth function to produce a continuous interpolation, C(
∑

Eraw
T ). The cal-

ibrated quantity in each event was determined by correcting the raw quantity for the offset and average
response,

∑
Ecalib

T = (
∑

Eraw
T − ∆)/C(

∑
Eraw

T ).

The closure of this calibration, defined as the ratio 〈
∑

Ecalib
T 〉 /

∑
Egen

T as a function of
∑

Egen
T , was within

1% of unity. The closure was also checked for different selections on the dijet kinematics, which have a
variety of dN/d

∑
ET and d

∑
ET/dη distributions, by comparing the mean

∑
Ecalib

T to the mean of the
∑

Egen
T

distribution in these events. For the selections on dijet kinematics in which the closure was statistically
meaningful, it was within a few percent of unity and the non-closure was accounted for in the systematic
uncertainty described below.
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5 Event selection and data analysis

In the offline analysis, the leading jet in each jet-triggered event was required to match to a jet reconstruc-
ted at the trigger stage. Only one trigger was used for each leading-jet pT interval. This trigger was chosen
to be the one with the highest integrated luminosity that was simultaneously > 99% efficient within the
interval. The contribution from each event to the

∑
ET measurement was weighted by the inverse of the

luminosity of the trigger used to select it, such that the underlying dijet kinematic distributions in the
measurement correspond to the full two-jet cross-section.

Events with two jets were selected, where the transverse momenta of the jets were pT,1 > 50 GeV,
pT,2 > 20 GeV, and pavg

T > 50 GeV. Both jets were required to have η1,2 > −2.8 to separate them by 0.4
units in pseudorapidity from the

∑
ET-measuring region. Furthermore, the leading jet was also required

to have η1 < 3.2 to match the acceptance of the central-jet trigger.

For each selection on dijet kinematics, either as a function of pavg
T and ηdijet or as a function of xproj

and xtarg, 〈
∑

ET〉 was determined from the mean value of the
∑

Ecalib
T distribution. The two values of

〈
∑

ET〉 as measured in the forward calorimeter at negative pseudorapidity and in the forward calorimeter
at positive pseudorapidity under the inverted-sign convention (see Fig. 1) were averaged to yield the
presented results.

The resolution on pT,1 and pT,2 and the splitting of particle-level jets in the reconstruction resulted in a
migration of some events to adjacent pavg

T , xproj and xtarg bins. This migration was corrected by applying
a multiplicative factor to the results. This factor was determined in simulation by taking the ratio of
the 〈
∑

Egen
T 〉 evaluated as a function of reconstructed dijet variables to that evaluated with the jets at the

particle level. Since Pythia 6 was found to best describe the jet spectra and various jet-event-topology
variables, it was used to derive this bin-by-bin correction, which was typically only a few percent from
unity.

6 Systematic uncertainties

The results presented in this Letter are susceptible to several sources of systematic uncertainty. The
uncertainty from each source was evaluated by analysing the data or deriving the corrections with a
corresponding variation in the procedure, averaging the 〈

∑
ET〉 results from each forward calorimeter

side, and observing the changes from the nominal results. The uncertainties from different sources were
treated as uncorrelated and added in quadrature to determine the total uncertainty.

The
∑

ET calibration procedure is susceptible to uncertainties in the overall energy scale of the forward
calorimeter, in the amount of material upstream of the calorimeter, in the physics model used to derive it,
and in the modelling of pileup in simulation. These uncertainties were determined by deriving a new

∑
ET

calibration for each variation corresponding to a systematic uncertainty and applying it to the data. To
evaluate the energy scale uncertainty, the calorimeter response in simulation was varied in an η-dependent
manner by an uncertainty derived from previous studies of π0 → γγ candidates in

√
s = 7 TeV collision

data and simulation [4], and from comparisons of beam-test data with simulation [36]. The resulting
changes in 〈

∑
ET〉 from negative and positive variations of the response were +4% and −8% respectively.

To account for the uncertainty in the amount of material upstream of the forward calorimeter, the analysis
described in Ref. [4], which evaluated the response in simulations with increased material in these regions
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for
√

s = 7 TeV events, was adapted to the conditions of this analysis. Those results were used to vary
the response in this analysis, which resulted in changes of 〈

∑
ET〉 by ±2%.

To evaluate the sensitivity to the physics model,
∑

ET calibrations were derived using simulated Pythia
6 and Herwig++ events and compared to that derived using Pythia 8. The variations among the three
generators in distributions relevant to the

∑
ET measurement, such as the distribution of

∑
ET values,

dN/d
∑

ET, or the pseudorapidity distribution, d
∑

ET/dη, were found to reasonably span those in data.
Thus, the largest difference in the results when using the calibrations derived from any two generators, 5%,
was symmetrised and assigned as the uncertainty associated with the sensitivity to the physics model.

The uncertainty in the modelling of the pileup within the simulation was determined to be ±2% by invest-
igating the sensitivity of the

∑
ET calibration to several factors. These included varying the mean number

of pp interactions per crossing, varying the pileup rejection requirement, and accounting for possible
mismodelling in the simulation of the residual contribution to

∑
ET from unrejected pileup vertices.

An additional uncertainty arising from possible defects in the performance of the
∑

ET calibration was
obtained from checking the closure of the calibration procedure. The

∑
ET calibration, derived from a

Pythia 8 event sample with a wide kinematic range, was found to differ from unity when evaluated for
subsets of the sample with narrower selections on the dijet kinematics. In the simulation, this behaviour
results from a number of effects, such as the dependence of the mean ET per generator particle and
the shape of the d

∑
ET/dη distribution on the selected dijet kinematics, both of which affect the average

response. A conservative symmetric uncertainty of 5% was chosen to account for the potential differences
of the closure values from unity observed in simulation.

The uncertainty in the correction for bin migration effects, evaluated by considering the sensitivity of the
corrections to alternative generators (Pythia 8 and Herwig++) and to variations in the jet energy scale
and resolution, was found to be smaller than ±1%. Additional internal cross-checks on the 〈

∑
ET〉 results

were investigated in the data. The nominal results were compared to an alternative analysis in which the
cells were combined into topological clusters [37] and a new calibration was derived for the detector-level∑

Eraw
T constructed from the sum of cluster transverse energies. An uncertainty of ±1% in the 〈

∑
ET〉 was

assigned from this cross-check. Results determined using each side of the forward calorimeter separately
were compared and found to be consistent. Additional potential sources of systematic uncertainty, such
as that in the energy resolution of the forward calorimeter, were found to be negligible.

For most of the kinematic range except at high pavg
T , or when xproj or xtarg is large, the statistical un-

certainties are negligible compared to the systematic ones. The dominant uncertainties in the 〈
∑

ET〉

measurement are from the energy scale, the physics model, and the variation of the
∑

ET response with
dijet kinematics. The total uncertainty is +9%/-11% and varies only weakly with selections on dijet kin-
ematics. The uncertainty in the 〈

∑
ET〉/〈

∑
ET〉

ref quantity was determined by varying the numerator and
denominator according to each source simultaneously to properly account for their cancellation in the
ratio. The resulting uncertainty is ±5%, dominated by the variation of the

∑
ET response with kinematics,

which by its nature does not cancel in the ratio of 〈
∑

ET〉 for different kinematic selections. The total
systematic uncertainty is summarised in Table 1 for the 〈

∑
ET〉 and 〈

∑
ET〉/〈

∑
ET〉

ref quantities.

A further cross-check was performed to determine the average contribution to the mean
∑

ET from any
additional jet in the events. This contribution was estimated by repeating the analysis and rejecting events
with a pT > 15 GeV jet in η < −2.8, and was found to be smaller than 2%. Since the

∑
ET definition

includes this energy, no uncertainty is assigned or correction applied.
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Table 1: Relative systematic uncertainties for the measurements of 〈
∑

ET〉 and 〈
∑

ET〉/〈
∑

ET〉
ref , shown for each

individual source of uncertainty. An entry of “-” means that the source was found to be negligible.

Typical uncertainty in
Source 〈

∑
ET〉 〈

∑
ET〉/〈

∑
ET〉

ref∑
ET calibration

Forward calorimeter response +4%/−8% -
Extra material ±2% -
Physics model ±5% ±1%
Pileup modelling ±2% -∑

ET calibration closure ±5% ±5%
Dijet kinematics bin migration ±1% ±1%
Calorimeter cluster cross-check ±1% ±1%
Total uncertainty +9%/−11% ±5%

7 Results

This section shows the 〈
∑

ET〉 and 〈
∑

ET〉/〈
∑

ET〉
ref results, corrected to the particle level. In all distribu-

tions the events are required to contain two particle-level jets with pT,1 > 50 GeV, pT,2 > 20 GeV, and
pavg

T > 50 GeV. Both jets are required to have η1,2 > −2.8 and the leading jet is also required to have
η1 < 3.2.

Fig. 2 shows an overview of the measured 〈
∑

ET〉 values as a function of pavg
T for each range of ηdijet

and summarises the range of dijet kinematics accessed in the measurement. Fig. 3 shows the 〈
∑

ET〉 as
a function of pavg

T for central jet pairs (|ηdijet| < 0.3) in more detail. The 〈
∑

ET〉 is anti-correlated with
the dijet pavg

T , decreasing by 25% as pavg
T varies from 50 GeV to 500 GeV. The bottom panel of Fig. 3

shows the ratio of the 〈
∑

ET〉 in these generators to that in the data. Pythia 8 best reproduces 〈
∑

ET〉 in
data, typically agreeing within one and a half times the uncertainty of the data in the kinematic selections
shown here and in most other selections analysed. While the generators systematically underpredict
the overall scale of the

∑
ET production, the 〈

∑
ET〉 is generally anticorrelated with pavg

T in each one
just as it is in the data. The observation of an anticorrelation with pavg

T at mid-rapidity in pp collisions
is important for interpreting the p+Pb results, since it indicates a non-trivial correlation between hard-
scattering kinematics and

∑
ET production, but the pavg

T quantity offers only an indirect relationship to the
underlying Bjorken-x values. The first point in the upper panel of Fig. 3 shows the reference value for
data of 〈

∑
ET〉

ref = 11.2+1.0
−1.2 GeV. For the generators considered in this analysis, the value of 〈

∑
ET〉

ref in
simulation is 7.5 GeV in Pythia 6, 9.2 GeV in Pythia 8, and 8.2 GeV in Herwig++.

To further explore the variation of the results with the Bjorken-x of the hard-scattered partons, the de-
pendence on the average pseudorapidity of the dijet was investigated. At fixed pavg

T , dijets with large
positive or negative ηdijet arise from parton–parton configurations with large x in the projectile or target
proton, respectively. Fig. 4 shows the ratio 〈

∑
ET〉/〈

∑
ET〉

ref as a function of pavg
T for different ranges of

ηdijet. In the ratio 〈
∑

ET〉/〈
∑

ET〉
ref , much of the uncertainty in the data and the overall scale difference

between data and the generators cancels, allowing a precise measurement of the relative dependence of
〈
∑

ET〉 on dijet kinematics and comparison to generators. When the dijet pair is at positive pseudorapidity
(in the direction of the projectile proton), the relationship between the 〈

∑
ET〉 and pavg

T is similar to that
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Figure 2: Measured average sum of the transverse energy at large pseudorapidity 〈
∑

ET〉 in hard-scatter pp colli-
sions, shown as a function of the average dijet momentum pavg

T . Each series depicts a different range of the average
dijet pseudorapidity ηdijet and the series are displaced vertically for clarity by the amount given in round brackets
in the legend. The vertical shaded bands represent the total systematic and statistical uncertainties on the data in
quadrature while the vertical bars represent statistical uncertainties only.

for mid-rapidity dijets. However, as the dijet pair pseudorapidity moves to negative rapidities close to the∑
ET-measuring region (in the direction of the target proton), this anti-correlation becomes stronger and

the overall level of the
∑

ET decreases. For the ηdijet selection nearest to the region in which the
∑

ET
is measured (−2.8 < ηdijet < −2.1), 〈

∑
ET〉 decreases by 40% as pavg

T increases by a factor of two from
50 GeV to 100 GeV.

Finally, the pattern of how the 〈
∑

ET〉 values for dijets at all pavg
T and ηdijet depend on the underlying

hard scattering kinematics can be explored more directly by plotting them as a function of the kinematic
variables xproj and xtarg. Fig. 5 shows the ratio 〈

∑
ET〉/〈

∑
ET〉

ref as a function of each variable, while
integrating over the other. The value of 〈

∑
ET〉 is largely insensitive to xproj (which corresponds to the

Bjorken-x in the proton moving to positive rapidity), changing by only 10% over the entire range 0 <

xproj < 1. On the other hand, 〈
∑

ET〉 varies strongly with xtarg (which corresponds to the Bjorken-x in the
proton moving to negative rapidity), decreasing by more than a factor of two between xtarg = 0 and 0.9 in
an approximately linear fashion.

Since xproj and xtarg are generally anti-correlated in dijet events, the data were also analysed by fixing each
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Figure 3: Measured 〈
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ET〉 in hard-scatter pp collisions, shown as a function of pavg
T for |ηdijet| < 0.3 and in

comparison with the predictions of three MC event generators. The vertical shaded bands represent total systematic
and statistical uncertainties in the data in quadrature while the vertical bars represent statistical uncertainties only.
The bottom panel shows the ratio of the predictions of the three MC generators to the data.

 [GeV]       avg

T
p

re
f

〉
T

EΣ〈
 / 〉

T
EΣ〈

0

0.2

0.4

0.6

0.8

1

 < +0.3dijetη-0.3 < 
 < +2.1dijetη+1.2 < 
 < +2.8dijetη+2.1 < 

 < -1.2dijetη-2.1 < 
 < -2.1dijetη-2.8 < 

ATLAS
-1 = 2.76 TeV, 4.0 pbs, pp

| < 0.3)
dijetη 50-63 GeV, |∈ avg

T
p(〉

T
EΣ〈 = ref〉

T
EΣ〈

40 100 600

Figure 4: Measured ratio 〈
∑

ET〉 / 〈
∑

ET〉
ref in hard-scatter pp collisions, shown as a function of pavg

T for different
selections on ηdijet. The vertical shaded bands represent the total systematic and statistical uncertainties in quadrat-
ure while the vertical error bars represent statistical uncertainties only. When two error bands overlap vertically,
their horizontal widths have been adjusted so that the edges of both are visible.

variable in a narrow range and testing the dependence of 〈
∑

ET〉 on the other, and this gave results quant-
itatively similar to those in Fig. 5. The generators considered here have qualitatively similar behaviour.
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∑

ET〉 / 〈
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ref in hard-scatter pp collisions, shown as a function of xtarg (left) and xproj

(right). The vertical shaded bands represent total systematic and statistical uncertainties in the data in quadrature
while the vertical bars represent statistical uncertainties only. The bottom panel shows the ratio of the predictions
of three MC event generators to the data.

They describe the xproj dependence well, but Pythia 6 and Pythia 8 show a slightly stronger dependence
on xtarg, while Herwig++ shows a much weaker one. The observed dependence admits a simple interpret-
ation: when the hard scattering involves a parton with large xtarg, the beam remnant has less longitudinal
energy and transverse energy production at large pseudorapidity is substantially reduced.

8 Conclusions

This Letter presents measurements of the dependence of transverse energy production at large rapidity on
hard-scattering kinematics in 4.0 pb−1 of

√
s = 2.76 TeV pp collision data with the ATLAS detector at the

LHC. The results have a number of implications. They demonstrate that the average level of transverse
energy production at large pseudorapidity is sensitive mainly to the Bjorken-x of the parton originating
in the beam-proton which is headed towards the energy-measuring region, and is largely insensitive to
x in the other proton. Specifically, the decrease in the mean transverse energy downstream of a beam-
proton is approximately linear in the longitudinal energy carried away from that beam-proton in the
hard scattering. Monte Carlo event generators generally underpredict the overall value of the transverse
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energy but properly model with varying accuracy the trend in how this quantity depends on hard-scattering
kinematics.

These results provide counter-evidence to claims that the observed centrality-dependence of the jet rate in
p+Pb collisions simply arises from the suppression of transverse energy production at negative rapidity
in the hard-scattered NN sub-collision. In the p+Pb data, the deviations from the expected centrality
dependence are observed to depend only on, and increase with, x in the proton. Therefore, for this effect
to be consistent with arising from a feature of NN collisions, transverse energy production at small angles
should decrease strongly and continuously with increasing x in the proton headed in the opposite direction
(corresponding to xproj in this measurement). The results presented in this Letter do not obviously support
such a scenario.

In conclusion, the measurements presented in this Letter seek to reveal the correlation between hard-
process kinematics and transverse energy production at large pseudorapidity which is present in individual
nucleon–nucleon collisions. As a p+Pb collision can be understood as a superposition of such interac-
tions, the measurements presented here may serve as a limiting case against which to test descriptions of
the underlying physics of hard and soft particle production in p+Pb collisions.
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N. Javadov65,b, T. Javůrek48, L. Jeanty15, J. Jejelava51a,t, G.-Y. Jeng150, D. Jennens88, P. Jenni48,u,
J. Jentzsch43, C. Jeske170, S. Jézéquel5, H. Ji173, J. Jia148, Y. Jiang33b, S. Jiggins78, J. Jimenez Pena167,
S. Jin33a, A. Jinaru26a, O. Jinnouchi157, M.D. Joergensen36, P. Johansson139, K.A. Johns7,
K. Jon-And146a,146b, G. Jones170, R.W.L. Jones72, T.J. Jones74, J. Jongmanns58a, P.M. Jorge126a,126b,
K.D. Joshi84, J. Jovicevic159a, X. Ju173, C.A. Jung43, P. Jussel62, A. Juste Rozas12,o, M. Kaci167,
A. Kaczmarska39, M. Kado117, H. Kagan111, M. Kagan143, S.J. Kahn85, E. Kajomovitz45,
C.W. Kalderon120, S. Kama40, A. Kamenshchikov130, N. Kanaya155, S. Kaneti28, V.A. Kantserov98,
J. Kanzaki66, B. Kaplan110, L.S. Kaplan173, A. Kapliy31, D. Kar145c, K. Karakostas10, A. Karamaoun3,
N. Karastathis10,107, M.J. Kareem54, E. Karentzos10, M. Karnevskiy83, S.N. Karpov65, Z.M. Karpova65,
K. Karthik110, V. Kartvelishvili72, A.N. Karyukhin130, L. Kashif173, R.D. Kass111, A. Kastanas14,
Y. Kataoka155, C. Kato155, A. Katre49, J. Katzy42, K. Kawagoe70, T. Kawamoto155, G. Kawamura54,
S. Kazama155, V.F. Kazanin109,c, R. Keeler169, R. Kehoe40, J.S. Keller42, J.J. Kempster77,
H. Keoshkerian84, O. Kepka127, B.P. Kerševan75, S. Kersten175, R.A. Keyes87, F. Khalil-zada11,
H. Khandanyan146a,146b, A. Khanov114, A.G. Kharlamov109,c, T.J. Khoo28, V. Khovanskiy97,
E. Khramov65, J. Khubua51b,v, S. Kido67, H.Y. Kim8, S.H. Kim160, Y.K. Kim31, N. Kimura154,
O.M. Kind16, B.T. King74, M. King167, S.B. King168, J. Kirk131, A.E. Kiryunin101, T. Kishimoto67,
D. Kisielewska38a, F. Kiss48, K. Kiuchi160, O. Kivernyk136, E. Kladiva144b, M.H. Klein35, M. Klein74,
U. Klein74, K. Kleinknecht83, P. Klimek146a,146b, A. Klimentov25, R. Klingenberg43, J.A. Klinger139,
T. Klioutchnikova30, E.-E. Kluge58a, P. Kluit107, S. Kluth101, J. Knapik39, E. Kneringer62,
E.B.F.G. Knoops85, A. Knue53, A. Kobayashi155, D. Kobayashi157, T. Kobayashi155, M. Kobel44,
M. Kocian143, P. Kodys129, T. Koffas29, E. Koffeman107, L.A. Kogan120, S. Kohlmann175, Z. Kohout128,
T. Kohriki66, T. Koi143, H. Kolanoski16, I. Koletsou5, A.A. Komar96,∗, Y. Komori155, T. Kondo66,
N. Kondrashova42, K. Köneke48, A.C. König106, T. Kono66,w, R. Konoplich110,x, N. Konstantinidis78,
R. Kopeliansky152, S. Koperny38a, L. Köpke83, A.K. Kopp48, K. Korcyl39, K. Kordas154, A. Korn78,
A.A. Korol109,c, I. Korolkov12, E.V. Korolkova139, O. Kortner101, S. Kortner101, T. Kosek129,
V.V. Kostyukhin21, V.M. Kotov65, A. Kotwal45, A. Kourkoumeli-Charalampidi154, C. Kourkoumelis9,
V. Kouskoura25, A. Koutsman159a, R. Kowalewski169, T.Z. Kowalski38a, W. Kozanecki136,
A.S. Kozhin130, V.A. Kramarenko99, G. Kramberger75, D. Krasnopevtsev98, M.W. Krasny80,
A. Krasznahorkay30, J.K. Kraus21, A. Kravchenko25, S. Kreiss110, M. Kretz58c, J. Kretzschmar74,
K. Kreutzfeldt52, P. Krieger158, K. Krizka31, K. Kroeninger43, H. Kroha101, J. Kroll122, J. Kroseberg21,
J. Krstic13, U. Kruchonak65, H. Krüger21, N. Krumnack64, A. Kruse173, M.C. Kruse45, M. Kruskal22,
T. Kubota88, H. Kucuk78, S. Kuday4b, S. Kuehn48, A. Kugel58c, F. Kuger174, A. Kuhl137, T. Kuhl42,
V. Kukhtin65, R. Kukla136, Y. Kulchitsky92, S. Kuleshov32b, M. Kuna132a,132b, T. Kunigo68, A. Kupco127,
H. Kurashige67, Y.A. Kurochkin92, V. Kus127, E.S. Kuwertz169, M. Kuze157, J. Kvita115, T. Kwan169,
D. Kyriazopoulos139, A. La Rosa137, J.L. La Rosa Navarro24d, L. La Rotonda37a,37b, C. Lacasta167,
F. Lacava132a,132b, J. Lacey29, H. Lacker16, D. Lacour80, V.R. Lacuesta167, E. Ladygin65, R. Lafaye5,
B. Laforge80, T. Lagouri176, S. Lai54, L. Lambourne78, S. Lammers61, C.L. Lampen7, W. Lampl7,
E. Lançon136, U. Landgraf48, M.P.J. Landon76, V.S. Lang58a, J.C. Lange12, A.J. Lankford163, F. Lanni25,
K. Lantzsch30, A. Lanza121a, S. Laplace80, C. Lapoire30, J.F. Laporte136, T. Lari91a,
F. Lasagni Manghi20a,20b, M. Lassnig30, P. Laurelli47, W. Lavrijsen15, A.T. Law137, P. Laycock74,
T. Lazovich57, O. Le Dortz80, E. Le Guirriec85, E. Le Menedeu12, M. LeBlanc169, T. LeCompte6,
F. Ledroit-Guillon55, C.A. Lee145b, S.C. Lee151, L. Lee1, G. Lefebvre80, M. Lefebvre169, F. Legger100,
C. Leggett15, A. Lehan74, G. Lehmann Miotto30, X. Lei7, W.A. Leight29, A. Leisos154,y, A.G. Leister176,

21



M.A.L. Leite24d, R. Leitner129, D. Lellouch172, B. Lemmer54, K.J.C. Leney78, T. Lenz21, B. Lenzi30,
R. Leone7, S. Leone124a,124b, C. Leonidopoulos46, S. Leontsinis10, C. Leroy95, C.G. Lester28,
M. Levchenko123, J. Levêque5, D. Levin89, L.J. Levinson172, M. Levy18, A. Lewis120, A.M. Leyko21,
M. Leyton41, B. Li33b,z, H. Li148, H.L. Li31, L. Li45, L. Li33e, S. Li45, X. Li84, Y. Li33c,aa, Z. Liang137,
H. Liao34, B. Liberti133a, A. Liblong158, P. Lichard30, K. Lie165, J. Liebal21, W. Liebig14, C. Limbach21,
A. Limosani150, S.C. Lin151,ab, T.H. Lin83, F. Linde107, B.E. Lindquist148, J.T. Linnemann90,
E. Lipeles122, A. Lipniacka14, M. Lisovyi58b, T.M. Liss165, D. Lissauer25, A. Lister168, A.M. Litke137,
B. Liu151,ac, D. Liu151, H. Liu89, J. Liu85, J.B. Liu33b, K. Liu85, L. Liu165, M. Liu45, M. Liu33b, Y. Liu33b,
M. Livan121a,121b, A. Lleres55, J. Llorente Merino82, S.L. Lloyd76, F. Lo Sterzo151, E. Lobodzinska42,
P. Loch7, W.S. Lockman137, F.K. Loebinger84, A.E. Loevschall-Jensen36, K.M. Loew23, A. Loginov176,
T. Lohse16, K. Lohwasser42, M. Lokajicek127, B.A. Long22, J.D. Long165, R.E. Long72, K.A. Looper111,
L. Lopes126a, D. Lopez Mateos57, B. Lopez Paredes139, I. Lopez Paz12, J. Lorenz100,
N. Lorenzo Martinez61, M. Losada162, P.J. Lösel100, X. Lou33a, A. Lounis117, J. Love6, P.A. Love72,
N. Lu89, H.J. Lubatti138, C. Luci132a,132b, A. Lucotte55, C. Luedtke48, F. Luehring61, W. Lukas62,
L. Luminari132a, O. Lundberg146a,146b, B. Lund-Jensen147, D. Lynn25, R. Lysak127, E. Lytken81, H. Ma25,
L.L. Ma33d, G. Maccarrone47, A. Macchiolo101, C.M. Macdonald139, B. Maček75,
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