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1 Introduction
Currently proton-proton interactions can be described to great accuracy with collinear factor-
ization [1–4] which combines the matrix element and the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution equations. This setup requires several approximations to be made
such as the presence of only one hard interaction and that any transverse momentum kt carried
by the interacting partons comes from parton evolution, not from the parton density function
(PDF).

The LHC now provides insight into a new kinematic regime, probing into the very low x re-
gions expressed by

x ∼ pT√
s

e−|y|, (1)

where pT is the transverse momentum of the probing object (i.e. the jet) and y its rapidity.
Thanks to the very forward position of the CASTOR calorimeter (−6.6 ≤ η ≤ −5.2) and the
high center-of-mass energies delivered by the LHC, it is possible to explore parton behaviour
down to x ∼ 10−6, whereas the previous limit lays in the x ∼ 10−5 region. In this very low
x region new effects are expected to become accessible experimentally: the DGLAP equations
predict, and measurements have seen, a spectacular rise of the gluon PDF in the proton. At
some point the gluon density will become high enough for saturation through g− g fusion to
play a role.

In this paper, the jet energy spectrum at very forward rapidity in proton-proton collisions at√
s = 7 TeV is studied. The result is corrected for detector effects and is presented as a differ-

ential cross section. The paper is structured as follows. The CMS detector used to collect the
data analyses here is described in Sec. 2. The data selection criteria and the reconstruction of
jets are discussed in Sec. 3. The Monte Carlo event generators, which are used to correct the
data and are compared to the data, are presented in Sec. 4. Calibration of the jets is discussed
in Sec. 5. In Sec. 6 the unfolding of the jet energy spectra is described. Systematic uncertainties
are discussed in Sec. 7 and the results are given in Sec. 8.

2 The CMS detector
CMS uses a Cartesian coordinate system where the x-axis points to the center of the LHC ring,
the y-axis points upwards and the z-axis along the counterclockwise beam direction. The cen-
tral feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting solenoid of
6 m internal diameter. Within the field volume are the silicon pixel and strip tracker, the crys-
tal electromagnetic calorimeter (ECAL) and the brass/scintillator hadron calorimeter (HCAL).
Muons are measured in gas-ionization detectors embedded in the steel return yoke. In addition
to the barrel and endcap detectors, CMS has extensive forward calorimetry with the hadronic
forward (HF) and CASTOR calorimeters.

The inner tracker measures charged particles within the pseudorapidity range |η| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located in the
3.8 T field of the superconducting solenoid. It provides an impact parameter resolution of
∼ 15 µm and a transverse momentum (pT) resolution of about 1.5 % for 100 GeV/c particles.

The HF calorimeters cover the region 2.9 < |η| < 5.2. They consist of iron absorbers and
embedded radiation-hard quartz fibers which are read out by radiation-hard photomultiplier
tubes (PMTs). There are 13 towers in η, each with a size given by ∆η ≈ 0.175, except for
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the lowest and highest |η| towers with ∆η ≈ 0.1 and ∆η ≈ 0.3, respectively. The azimuthal
segmentation ∆ϕ of all towers is 10◦, except for the one at highest |η| , which has ∆φ = 20◦ .

Even more forward angles, −6.6 ≤ η ≤ −5.2, are covered by the CASTOR calorimeter, albeit
only on the minus side of CMS. This calorimeter is made of quartz plates embedded in tungsten
absorbers providing a fast collection of the Cherenkov light. The calorimeter is segmented in
16 φ-sectors and 14 z-modules, and consists of two hemispheres, left and right of the beampipe.
The first two modules have half the absorber thickness of the others and serve to detect elec-
tromagnetic showers. The full calorimeter has a depth of 10 interaction lengths. During data
taking, CASTOR was not precisely centered around the beam. The nominal position of the two
hemispheres is referred to as (0,0),(0,0), and the actual position, with the respective translation
of the left (l) and right (r) hemispheres is written as (xl , yl), (xr, yr). A small tilt or rotation of the
hemispheres is technically possible but ignored here, because there is insufficient information
available to conduct a meaningful simulation. The performance of the CASTOR calorimeter
was studied in a test beam environment [5].

Including the HF and CASTOR forward calorimeters, the full acceptance of the CMS detector
in pseudorapidity is −6.6 < η < +5.2.

For triggering purposes, the CMS trigger system is used, together with two elements of the
CMS beam and radiation monitoring system, the Beam Scintillation Counters (BSC) and the
Beam Pickup-Timing for the eXperiments (BPTX) devices. A more detailed description of the
CMS detector can be found in [6].

3 Event selection and reconstruction
The data were collected during 2010 by the CMS detector at

√
s = 7 TeV and correspond to

an integrated luminosity of 0.12 nb−1. The average number of particle collisions per bunch
crossing is 0.12.

The data sample and event selection used in this analysis have been used previously in [7]. A
caveat of this selection is that it is tuned to non-diffractive events and thus may miss diffractive
events not precisely described by the Monte Carlo models. This is at least partially corrected
for by selecting an inclusive inelastic spectrum on particle level and use this in the unfolding
process (Sec. 6).

Events are selected using a minimum-bias trigger with the requirement of having at least one
hit in both BSC detectors in the pseudorapidity range 3.23 < |η| < 4.65, in addition further
cleaning is applied to remove beam halo background events.

In the offline selection events are required to have exactly one primary vertex and at least one
tower in HF with energy above 4 GeV in the pseudorapidity range of the BSC detectors.

CASTOR jets are reconstructed with the anti-kt jet algorithm [8] using a radius parameter
R =

√
∆φ2 + ∆η2 = 0.5. The total energy measured by the 14 modules in a single sector

of the calorimeter is summed into a CASTOR tower. Towers are clustered into jets, although
single tower jets are also possible. Single CASTOR towers have an η = −5.9 (corresponding
to the center of a single sector). From the lack of η segmentation of the towers follows that the
preferred quantity to measure is energy, rather than transverse momentum. The φ value of a
jet is calculated from the energy-weighted average of φ values of its contributing towers.

Jets at generator level in Monte Carlo event generators are reconstructed with the anti-kt jet
algorithm and a radius R = 0.5. Unlike the detector level objects, the generator level jets
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have a continuous spectrum of η and φ values. The determination of an optimal η interval on
generator level is presented in Sec. 6. The most straightforward choice is to keep the acceptance
of CASTOR (−6.6 ≤ η ≤ −5.2) on generator level. Finally the measured energy is unfolded
to the energy on particle level. On both detector level and particle level, jets are cut below
E = 150 GeV, and detector level jets are calibrated (Sec. 5) before this cut is applied.

4 Monte Carlo Models
PYTHIA6 (version 6.424) [9] tune Z2* is a tune derived from Z1 [10] and uses the CTEQ6L parton
distribution set whereas the older tune uses the CTEQ5L set. Furthermore, tune Z2* has been
retuned with PROFESSOR [11]. PYTHIA8 [12] (versions 8.145 and 8.212) tune 4C has been tuned
to describe early obtained LHC data. Both Z2* and 4C tunes use a model where multiple
partonic interactions are interleaved with parton showering. PYTHIA describes parton showers
using the DGLAP evolution equations. Tune CUETP8M1 is an underlying event tune based
on tune Monash 2013 and uses the NNPDF2.3LO parton distribution set, which has a gluon
distribution at small x that differs from the CTEQ5L set and this affects the forward region. An
overview of tunes can be found in [13].

Several cosmic ray physics [14] Monte Carlo event generators are compared to data via the
CRMC package: QGSJETII-04 [15], EPOS LHC [16] and SIBYLL 2.1 [17]. These models take into
account contributions from soft- and hard-parton dynamics. The soft component is described
in terms of the exchange of virtual quasi-particle states, as in Gribov’s Reggeon field theory [18],
with multi-pomeron exchanges accounting for underlying event effects. At higher energies and
scales, the interaction is described using perturbative QCD (and DGLAP evolution).

Samples created with the aforementioned PYTHIA6, PYTHIA8 and EPOS models have been used
to simulate the response of CASTOR to the particle level input. CMS has been simulated with

• CASTOR at its nominal position (denoted (0,0), (0,0)) where a PYTHIA6 (tune Z2*)
sample with GEANT4 Simulation [19, 20] is used to determine the calibration factors.

• CASTOR at actual position with the hemispheres at (-11.5 mm, -1.8 mm) and (3.1
mm,-3.8 mm) where the particle showers are simulated with GEANT4 for PYTHIA6
(tune Z2*), PYTHIA8 (tune 4C) and EPOS-LHC . This corresponds to the measured
position during data taking. The PYTHIA6 (tune Z2*) is used to unfold the data, the
other samples are used to determine the model dependence uncertainty.

• the two halves of CASTOR shifted along the uncertainty of their positions: (-11.5-
2.0 mm, -1.8-2.0 mm), (3.1-2.0 mm,-3.8-2.0 mm) and (-11.5+2.0 mm, -1.8+2.0 mm),
(3.1+2.0 mm,-3.8+2.0 mm). This used a PYTHIA6 (tune Z2*) sample with GEANT4
Simulation. These samples are used to determine the position dependent systematic
uncertainty.

5 Calibration & Control distribution
CASTOR is calibrated with a semi data-driven cross-calibration. The HF calorimeter is used
to determine the energy scale of CASTOR, which translates the electronic signals (in fC) to
values of energy deposit (in GeV) [21]. This energy scale is the same for data and MC. The
caveat of cross-calibrating with another detector is that any uncertainties on the HF energy
scale propagates to CASTOR (Sec. 7), no fully data-driven method such as pT balancing with
central parts of the CMS detector has been developed yet. The cross-calibration uses several
models whose average energy density dE

dη predictions correspond to data in the HF η range:
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these predictions are extended into the CASTOR η range and the average of their values is
taken as energy density in CASTOR [21]. Jet energies for the present analysis are calculated
then with these energy scale factors.

Due to the non-compensating nature of CASTOR it has a difference in response between elec-
tromagnetic energy depositions and hadronic energy depositions: electromagnetic energy de-
positions are fully reconstructed but hadronic energy depositions are only partially recon-
structed. To correct for this, jets of hadronic energy are calibrated. These calibration factors
are obtained by determining the average jet energy response with MC samples, where detector
level jets are matched to particle level jets that meet strict demands of isolation (only one par-
ticle level jet contributes to the energy of the detector level jet) and containment (the particle
level jet lies completely within the eta range of CASTOR and all of its energy can be measured
by the calorimeter). In the data, jets measured in CASTOR are also categorized into hadronic-
like jets and other jets, and only the measured energy of the hadronic-like jets is corrected with
the above determined factors.

Figure 1 shows the inclusive jet energy spectrum taken from data, compared to energy spec-
tra taken from Monte Carlo samples created with PYTHIA6 (tune Z2*), PYTHIA8 (tune 4C) and
EPOS-LHC, with GEANT4 Simulation of CMS including the CASTOR calorimeter. These detec-
tor level spectra have been calibrated to account for the non-compensation of CASTOR but are
not yet corrected to particle level. As can be seen, none of the models provide a very good
description of the data, but the distribution is enveloped by the models.
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Figure 1: Comparison of the measured detector level jet energy spectrum between data and
three models, after calibration.

6 Unfolding
To correct the measured energy spectrum for any detector effects not covered by the jet energy
calibration, an unfolding procedure is set up after calibration of the jets. The measured data
spectrum is unfolded with ROOUNFOLD [22].



5

The response matrix is obtained with a PYTHIA6 (tune Z2*) Monte Carlo simulation, with CAS-
TOR at its actual position. At hadron level, jets with an axis within −6.6 − ηacc ≤ ηgen ≤
−5.2 + ηacc are selected, where ηacc is a parameter to be optimized. It is introduced to account
for the effect of jets that lie close to the edge of CASTOR and may not be fully reconstructed.
Unmatched jets are considered as fakes on detector level and misses on generator level. A de-
tector level jet is matched if a generator level jet exists within ∆φ = |φdet − φgen| ≤ ∆φmax and
energy above 150 GeV. Unmatched jets (detector and generator level) are stored as fakes and
misses.

The obtained response matrix is used to conduct D’Agostini unfolding method using iterations
with early stopping [23] on the measured data spectrum. It was found that 30 iterations are
optimal since for more iterations the changes between the unfolded spectrum are becoming
negligible (the change of χ2/NDF between consecutive iterations reaches a value lower than
1%).

The parameters chosen to fill the response matrix is ∆φmax = 0.5, ηacc = 0.0, which was com-
pared to other values and returned the best χ2/NDF values. With this setup, a maximum
number of detector level jets (70%) are matched to a generator level jet. Also the ratio of num-
ber of unfolded jets to the number of measured jets is very close to 1. This ensures that the
unfolded spectrum is a reflection of the measured spectrum without substantial addition or
subtraction of jets in the unfolding process. Furthermore the fractions of number of fakes to
number of detector level jets and number of misses to generator level jets are minimal.

To avoid heavy migration into and out of the response matrix, the energy threshold is placed
at 150 GeV and the distributions are plotted from 300 GeV. The width of each bin is optimized
to the energy resolution of CASTOR which ranges between 12% and 25%.
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Figure 2: (left) The response matrix as determined for jets with E > 150 GeV for PYTHIA6 (Z2*).
(right) The covariance matrix for the unfolded distribution after 30 iterations for PYTHIA6 (Z2*).
Negative values are indicated with black rectangles.

The left panel plot in Fig. 2 shows the response matrix for jets in PYTHIA6 (Z2*) with GEANT4
Simulation of CASTOR. The central ridge of the response matrix is off-diagonal due to CAS-
TORs finite segmentation and the influence of overlapping and partially contained particle
level jets. This necessitates the relatively high number of iterations.

The right panel in Fig. 2 shows the covariance matrix after 30 iterations.
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HF energy scale 10%
Extrapolation + model dependence 10%

CASTOR non-compensation 5%

Table 1: Contributions to CASTOR energy scale uncertainty [21].

300 GeV 1000 GeV 1600 GeV

Model dependence +33.4%
−27.0%

+47.4%
−32.7%

+60.3%
−38.9%

Position dependence +3.9%
−8.0%

+12.7%
−20.1%

+44.8%
−16.7%

Energy scale dependence +40.2%
−33.0%

+125.1%
−66.5%

+144.0%
−70.5%

Total +52.5%
−43.5%

+134.4%
−76.9%

+162.4%
−82.3%

Table 2: Asymmetric systematic uncertainties for three values in the energy spectrum. The total
uncertainty is the quadratic sum of the separate errors and a 3.6% luminosity uncertainty.

7 Systematic uncertainties
Several sources of systematic uncertainties are accounted for.

• Position uncertainty. CASTOR is not located at its nominal position during data tak-
ing for which is corrected in the unfolding process. At the very forward position of
CASTOR, a substantial change in position will lead to a shift in the expected and
the observed energy deposit. To get a measure of the position uncertainty, two addi-
tional Monte Carlo PYTHIA6 tune Z2* samples are produced with the hemispheres
of CASTOR shifted from its measured position. The difference between the spec-
trum unfolded with the original sample and the spectra unfolded with the two new
samples is used to estimate the uncertainty due to position dependence.

• Model uncertainty. The unfolding happens with information gained from a PYTHIA6
tune Z2* sample. To account for model dependence, the unfolding procedure is
repeated with a PYTHIA8 tune 4C sample and an EPOS sample. All model samples
have CASTOR at the position corresponding to that of the actual data.

• Energy scale uncertainty. The energy scale of the CASTOR calorimeter depends on
several factors listed in Table 1. CASTOR is calibrated through extrapolation of the
measured dE/dη in data in the η range of the HF calorimeter which has an energy
scale uncertainty of 10%; Monte Carlo predictions are used to extrapolate from the
HF η-range to the CASTOR η-range with several models which leads to an addi-
tional uncertainty of 10%. The CASTOR non-compensation is known with 5% accu-
racy [21]. Through quadratic addition of the errors, this results in a 15% uncertainty
in CASTOR. To account for the effect of energy scale uncertainty, the spectrum is re-
made twice: with jets at 85% of their energy and with jets at 115%. These two spectra
are both unfolded and their difference with the actual unfolded spectrum is used as
a measure of the energy scale uncertainty.

• Luminosity uncertainty which is 3.6% [24].

Other systematic uncertainties have been investigated but were found to be of negligible influ-
ence [7].

Table 2 lists the values of the asymmetric systematic uncertainties at distinct energies in the
energy spectrum. The main contribution is the jet energy scale uncertainty.
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Model σ [mb]
Data 15.4+8.6

−7.7
PYTHIA6 tune Z2* 14.2
PYTHIA8 tune 4C 15.2

PYTHIA8 tune 4C, no MPI 6.9
PYTHIA8 tune CUETP8M1 20.7

PYTHIA8 tune CUETP8M1, no MPI 8.4
EPOS-LHC 23.8

QGSJETII-04 21.4
SIBYLL 23.7

Table 3: Integrated inclusive jet cross section in CASTOR for jets with energies from 300 GeV
to 3500 GeV.

8 Results
The fully corrected differential jet energy spectrum is shown in Fig. 3. It is shown with three
systematic uncertainty bands: the inner, pink band encompasses solely the luminosity uncer-
tainty; the surrounding grey band adds the model and position uncertainty contributions; the
outer, lighter band adds the energy scale uncertainty. All uncertainties have been added in
quadrature. PYTHIA8 is considered with tunes 4C and CUETP8M1-NNPDF2.3LO.

It can be seen that the absence of MPI would lead to a severe underestimation of dσ/dE with
PYTHIA8 in the low energy regions (E < 600 GeV). EPOS, QGSJET and SIBYLL show an increase
of the Monte Carlo to data ratio of dσ/dE in the lower energy bins and continue to decrease
after a turning point (around 800 to 1000 GeV). EPOS and SIBYLL show a steep increase at low E
while QGSJET only shows a near constant curve before falling off. No deviating behaviour can
be found outside of the uncertainty bands. Table 3 lists the values for dσ/dE integrated from
300 GeV to 3500 GeV. It shows that MPI accounts for about half of the cross section (46% for
tune 4C, 42% for tune CUETP8M1).

9 Conclusions
A measurement of the very forward inclusive jet cross section in proton-proton collisions with
a center-of-mass energy of

√
s = 7 TeV is presented, based on data taken by the CMS detec-

tor. The data are corrected for incomplete energy reconstruction and a method for correcting
the obtained jet spectrum for effects as coinciding or partially contained jets is explained. Sev-
eral sources of systematic uncertainty have been investigated and applied to the final energy
spectrum. The current energy scale uncertainty of the CASTOR calorimeter does not allow for
precise measurements of deviations between the data and theories. The data are compared
with several models based on DGLAP + collinear factorization as well as models based on
Reggeon theory. No significant deviations between data and theory are observed within sys-
tematic uncertainties.
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