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Abstract. We present the opportunities to experimentally probe the gluon density at small
x in nuclei to explore non-linear gluon evolution, saturation and the physics of the Color
Glass Condensate by measuring photon production at forward rapidity in proton-nucleus
collisions at the LHC. Performance studies for π0 and direct photon measurements based
on simulations of a Forward Calorimeter (FoCal), which is under consideration as an upgrade for the ALICE detector, are presented. Other aspects of the FoCal physics program
for pp, p+Pb and Pb+Pb collisions are brieﬂy discussed as well.

1 Introduction
The large gluon density of the proton at small fractional momentum x is expected to give rise to
saturation which can be described by a non-linear evolution of the gluon Parton Distribution Functions
(PDFs). This saturation is expected to set in at larger x (or larger Q2 at the same x) in nuclei than in
protons, leading to a suppression of the particle yield in p-A and d-A collisions [1–3]. In addition,
multi-gluon eﬀects are expected to become important, leading to a reduced recoil yield in di-hadron
correlation measurements, since the recoil momentum is carried by multiple partons, in contrast to the
more conventional 2 → 2 scatterings in leading order collinear QCD [4, 5].
Both the single-particle suppression and the suppression of recoil yields have been observed at
forward rapidities at RHIC [6–9]. However, the observed suppression is at low pT , which raises some
doubts about the validity of the separation between long and short range physics and in particular
about the expected scaling with the number of binary nucleon-nucleon collisions Ncoll . Moreover, the
forward measurements at RHIC are close to the kinematic limit, where other eﬀects, such as energy
loss and transverse momentum broadening may also aﬀect the yields [10, 11].
Forward measurements at the LHC provide the opportunity to probe smaller x than at RHIC while
also being further from the kinematic limit, thus probing deeper into the expected saturation regime.
Photon measurements are of particular interest since they are directly sensitive to the gluon density
at low x via the quark-gluon Compton process. Here we present the physics case and performance
studies for a forward electromagnetic calorimeter (FoCal) which is being considered as a possible
upgrade for the ALICE experiment at LHC.
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Figure 1. Expected nuclear modiﬁcation factor RpPb for photons at y = 4 at LHC. The blue area shows the result
of linear evolution with the EPS09 nuclear PDFs [16] while the yellow area shows the result of a CGC calculation
[17].

2 Forward photons at the LHC
Forward particle production at rapidity 3 − 5 is being explored by LHCb and ALICE at the LHC
[12, 13]. Using the back-of-the-envelope estimate that x2 ≈ √pTs exp(−y), it is found that at pT = 4
√
GeV/c and y = 4, one reaches x ≈ 5 · 10−6 at s = 14 TeV. Photons are an ideal probe because
they are directly sensitive to the gluon density via the (dominant) quark-gluon Compton process (qg
→ qγ), and the photon is directly produced in the hard process, so that the lowest x are probed at a
given pT . A more in-depth study of the x-ranges probed by direct photon and π0 production at LHC,
including Next-to-Leading Order (NLO) QCD eﬀects, is given in [14].
Figure 1 shows the nuclear modiﬁcation factor RpPb for direct photons, as expected from a NLO
collinear QCD calculation using JETPHOX [15], which includes nuclear eﬀects via the EPS09 nuclear
Parton Density Functions (nPDFs) [16] and a calculation using the rcBK framework for non-linear
evolution [17]. The eﬀect of gluon shadowing at small x in the nPDF-based calculation is a mild
suppression RpPb ≈ 0.8, while the rcBK calculation shows a strong suppression RpPb < 0.5 over the
entire pT range. It is expected that at even higher pT , corresponding to larger scales Q, saturation
eﬀects are reduced and RpPb in the rcBK framework approaches the nPDF results [18].
In addition to single inclusive measurements, two-particle correlation measurements can be used
to probe the gluon density in the nucleus. A suppression of recoil yields associated with moderate to
high-pT π0 and photons is expected due to multi-gluon recoil eﬀects [5, 17, 19].

3 The FOCAL detector
The ALICE collaboration is considering to build a forward calorimeter FoCal, to measure the forward
production of neutral pions and photons. This detector can be placed at about 7m from the interaction
point, where it will cover about two units of pseudo-rapidity 3.3 < η < 5.3. The detector would consist
of a highly segmented electromagnetic calorimeter section, FoCal-E, which is capable of separating
photons with a two-photon resolution of a few mm to identify decay photons, and a hadronic section
FoCal-H, to improve photon-hadron separation and the measurement of isolation energy in a cone
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Figure 2. Eﬃciency for π0 reconstruction in simulated
events with a single π0 including the simulated FoCalE detector response and reconstruction algorithms in
two diﬀerent pseudo-rapidity ranges.
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Figure 3. Distribution of the total transverse momentum pT,iso in a cone with R = 0.4 in η − ϕ around clusters with pT > 5 GeV/c from simulated p+p events.
The blue curves show results using only the electromagnetic section of the FoCal, and the red curves
show results with both FoCal-E and FoCal-H. The
dashed curves show the particle-level results, while
the solid lines show the results from full detector simulation and reconstruction.

around the photons, which is used to suppress contributions from decay photons and fragmentation
photons.
The FoCal-E will consist of layers of Tungsten with interspersed layers of Silicon sensor material
as sensitive elements. The reference design consists of 20 layers of 3.5 mm W, about 1 interaction
length per layer, with 18 Low Granularity Layers (LGL) instrumented with pads of 1 × 1 cm2 with
analog readout, while 2 High Granularity Layers (HGL) with pixel sensors are used to improve the
shower separation. The HGL are layer 5 and layer 10, which are around the shower maximum. In
simulations, the granularity of these layers is 50 μm, with digital readout, which are further summed
into 1 × 1 mm2 macropixels.
A prototype detector with 20 layers of full pixel read-out using Monolithic Active Pixel Sensors
(MAPS) has been constructed [20, 21] and tested using beams at DESY, and CERN (PS and SPS).
The results of these beams tests are very encouraging [22]. Several options for the pad technology
under consideration are also being tested [23].

4 FOCAL performance
To illustrate the performance of the FoCal calorimeter, we carried out detector simulations with the
FoCal in a realistic environment of the full ALICE detector using the Geant3 detector simulation
package [24]. Figure 2 shows the eﬃciency for π0 reconstruction as a function of transverse momentum for two forward rapidity ranges: 4 < η < 4.5 and 4.5 < η < 5. The eﬃciency here is deﬁned as
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the fraction of simulated π0 that are fully reconstructed, by calculating the invariant mass of pairs of
clusters and obtaining a value that is close to the expected mass (a window 0.07 < mγγ < 0.18GeV/c2
was used). The results were obtained with simulated events that contain a single π0 per event for
technical√ convenience. It was veriﬁed that the results for PYTHIA pp events with a centre-of-mass
energy s = 13 TeV are very similar. The reconstruction eﬃciency is extremely good (> 0.9) over a
broad range of momenta, from a few GeV/c up to pT = 20 GeV/c for the lower rapidity range and up
to pT = 10 GeV/c for the higher rapidity range. The high eﬃciency is achieved by a reconstruction
algorithm that uses the high-resolution information from the HGL to split energy from the LGL into
contributions from two photons. This works well for photon separations of a few mm and larger. The
high eﬃciency will make it possible to perform precise measurements of the π0 pT -spectra in both pp
and p+Pb collisions.
The high π0 reconstruction eﬃciency is also crucial for the measurement of direct photons, since
this makes it possible to tag decay photons from π0 decay, which are the main background for direct
photons.
The second observable that is commonly used to identify direct photons is the isolation energy or
momentum. Figure 3 shows the total transverse momentum in a cone of R = 0.4 in η √
− ϕ around a
photon candidate cluster with pT > 5 GeV/c from simulated PYTHIA pp events with s = 13 TeV
with full detector response simulation. The sample of photon candidate clusters consists mostly of
decay photons. The ﬁgure shows results using only the electromagnetic calorimeter (blue lines) as
well as the combined FoCal-E and FoCal-H result (red lines). It can be seen in the ﬁgure that adding
the hadronic calorimeter response increases the in-cone energy for decay photons signiﬁcantly, which
improves the eﬀectiveness of an isolation condition to reject decay photons. We have chosen to use a
cut pT,iso < 3 GeV/c for further performance studies.
Figure 4 shows the signal fraction, i.e. the fraction of direct photon clusters in fully simulated pp
events as a function of pT . The solid blue circle markers show the signal fraction without background
rejection, which is a few per cent at pT = 5 GeV/c and increases to about 5% at 15 GeV/c. This ratio
is basically given by the production cross sections of direct photons, π0 and the decay kinematics.
Using the direct rejection of decay photons with the invariant mass method or the isolation selection
individually, increases the direct photon fraction by a factor 5-8; except at the lowest pT = 4 GeV/c,
where the isolation cut is not very eﬀective. The combined eﬀect of applying both the direct decay
photon rejection and the isolation cut is an improvement of the signal fraction by a factor 10, which
brings the signal fraction above 0.1 over the entire range, and close to 0.5 at higher pT . This makes it
possible to measure the direct photon cross section with a relative uncertainty of about 5%.
The projected uncertainty for a direct photon measurement at forward rapidity with FOCAL is
shown in Fig. 5. The dominant uncertainty in the direct photon measurement at low momentum
is due the background subtraction, for which the uncertainty is given by the uncertainty on the π0
spectrum. The uncertainties shown in the ﬁgure are obtained with a projected 5% uncertainty on the
background subtraction. At high pT  10 GeV/c, the total systematic uncertainty is dominated by the
uncertainty in the eﬃciency and energy scale calibration for direct photons, which is (also) assumed
to be 5%, while at lower pT the background strongly increases, leading to larger uncertainties. The
dependence of the ﬁnal uncertainty in that region on the γ/π0 ratio is illustrated by showing the
uncertainty estimate based on the γ/π0 from PYTHIA (light band, larger uncertainties) and JETPHOX
(dark band, smaller uncertainties).

5 FoCal program in p+p and p+Pb: other observables
Besides the direct photon measurement for which the performance has been worked out in detail
in the preceding section, there are a number of other measurements which are part of the FoCal
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Figure 4. Projected γdir signal fraction in recon√
structed clusters in simulated pp events with s = 13
TeV. The solid blue points indicate the ratio without
any selection cuts and the red solid points give the ratio after using both the direct rejection of decay photons based on the reconstructed invariant mass and a
cut on the isolation energy pT,iso < 3GeV/c. The open
points indicated results with only the direct rejection
or only the isolation cut.
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Figure 5. Projected relative uncertainty for a direct
photon measurement with FoCal in pp collisions with
√
s = 13 TeV, at forward rapidity 4 < η < 5. Statistical and systematic uncertainties are indicated separately. The lighter band at pT  10 GeV/c indicate
the projected uncertainty using the γdir /π0 ratio from
PYTHIA instead of JETPHOX (dark band).

program in pp and p+Pb collisions. The excellent π0 eﬃciency will allow to measure both inclusive
spectra and di-hadron correlations of neutral pions in the forward direction. The inclusive spectra are
also sensitive to the low-x gluon density in the target, but probe larger x than photons at the same
momentum. Di-hadron measurements probe the di-jet structure. Earlier measurements at RHIC have
shown a broadening and depletion of the recoil yield [8, 9], which is attributed to CGC eﬀects, where
the recoil consists of multiple softer gluons instead of a single hard gluon, as expected from collinear
QCD calculations [4, 5]. Exploring this phenomenon at LHC is also a key part of the FoCal physics
program.
Another observable that has been suggested to explore CGC dynamics are photon-hadron correlations [17]. These will also be explored with FoCal, but the precision may be limited due to the large
background of decay photons.
Finally, we can also explore longer range correlations, i.e. the near and away-side ridge with
correlations between charged particles at mid-rapidity and neutral pions (and photons) at forward
rapidity. Such correlation measurements explore dual parton scattering in the CGC-evolution, which
have a non-trivial angular distribution due to interference eﬀects [25, 26].

6 Heavy ion program for FoCal
In heavy-ion collisions, the density of produced particles in the forward direction is much larger
than in pp and p+Pb collisions. In this environment, FoCal will still be able to reconstruct neutral
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pions, to measure the nuclear modiﬁcation factor RAA at forward rapidity and study the longitudinal
evolution of the medium density in such collisions as well as the eﬀect of the larger quark jet fraction
that is expected at forward rapidity [27]. These studies are complementary to measurements of J/ψ
and Υ, which are found to be suppressed at forward rapidities. An independent measurement of the
medium density at forward rapidity is crucial to disentangle the various mechanisms for quarkonium
suppression that are being discussed in the literature, such as energy loss [28], co-movers [29] and
melting due to screening eﬀects [30, 31]. Di-hadron correlation measurements with two π0 s will also
be explored, which will provide further insight into the time evolution of the medium density. In
addition, we are also exploring the potential for direct photon measurements at forward rapidity in
heavy ion collisions.
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