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The FoCal proposal

!2

3.2 < η < 5.8

Observables:

• π0 (and other neutral mesons*)  

• Isolated photons

• Jets (and di-jets*)

• J/! in UPC

• Υ,W, Z likely possible*

• Event plane and centrality*

FoCal-E: high-granularity Si-W 
calorimeter for photons and π0


FoCal-H: conventional Cu-Sc 
sampling calorimeter for photon 
isolation and jets

FoCal-E

FoCal-H

Advantage in ALICE: 
forward region nearly not instrumented;

‘unobstructed’ view of interaction point

(baseline design @ 7m)

(* not yet studied)
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FOCAL proposal
ALICE upgrade for LHC Run 4

● FoCal-E: high-granularity Si–W sampling

calorimeter for photons and π0

● FoCal-H: conventional Pb–Sc sampling

calorimeter for photon isolation and jets

3.4 < η < 5.8

(baseline design @ 7 m)

Observables: 

ü π0 (and other neutral mesons)
ü Isolated (direct) photons 
ü Jets (and di-jets) 

ü J/ψ (ϒ) in UPC

ü W, Z 

ü Event plane and centrality
Forward region on A-side

instrumented only by FIT 

T0/V0See Letter of Intent: ALICE-PUBLIC-2019-005
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Fig. 6: Feynman diagrams for direct photon production. Prompt (isolated) photons from the leading
order a) quark-gluon Compton process, and b) quark-antiquark annihilation process. Fragmentation (non-
isolated) photons are produced at next-to-leading order from c) bremsstrahlung from a quark, and d)
emission during the gluon fragmentation process.
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Fig. 7: Relative contributions without (left) and with (right) isolation of the qg-Compton, qq̄ annihilation,
and fragmentation subprocesses in NLO direct photon production in pp collisions at

p
s = 14 TeV at the

LHC at forward rapidity obtained with JETPHOX. Figures are taken from [53].

next— the g is not affected by final state effects.

2.1.2 Probing the gluon density with isolated photons

Prompt photons provide a direct access to the parton kinematics, since they couple to quarks,
and unlike hadrons are not affected by final state effects. At leading order (LO), the photon is
produced directly at the parton interaction vertex without fragmentation, as shown in the left
panel of Fig. 6. The dominant photon production process is the quark-gluon Compton pro-
cess (Fig. 6a), followed by quark-anti-quark annihilation (Fig. 6b), contributing mostly at large
x. In next-to-leading order (NLO) or even higher order processes, photons may also be produced
by bremsstrahlung or fragmentation of one of the outgoing partons, Figs 6c and d. Both involve
the non-perturbative parton-to-photon fragmentation distributions which are only partly known
from existing measurements. At LHC energies, a large fraction of direct photons are produced

Probing the gluon density with isolated photons
● Prompt photon production (LO) is

sensitive to the gluon density
inside the colliding hadrons
○ nPDF: very few (DIS) 

measurements available
Probe the gluon density via the 
(DGLAP) evolution
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Fig. 6: Feynman diagrams for direct photon production. Prompt (isolated) photons from the leading
order a) quark-gluon Compton process, and b) quark-antiquark annihilation process. Fragmentation (non-
isolated) photons are produced at next-to-leading order from c) bremsstrahlung from a quark, and d)
emission during the gluon fragmentation process.
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next— the g is not affected by final state effects.

2.1.2 Probing the gluon density with isolated photons

Prompt photons provide a direct access to the parton kinematics, since they couple to quarks,
and unlike hadrons are not affected by final state effects. At leading order (LO), the photon is
produced directly at the parton interaction vertex without fragmentation, as shown in the left
panel of Fig. 6. The dominant photon production process is the quark-gluon Compton pro-
cess (Fig. 6a), followed by quark-anti-quark annihilation (Fig. 6b), contributing mostly at large
x. In next-to-leading order (NLO) or even higher order processes, photons may also be produced
by bremsstrahlung or fragmentation of one of the outgoing partons, Figs 6c and d. Both involve
the non-perturbative parton-to-photon fragmentation distributions which are only partly known
from existing measurements. At LHC energies, a large fraction of direct photons are produced

fragmentationbremsstrahlungannihilationCompton

Prompt photons

lack of valence 
antiquarks

Isolation cut
● Significantly suppresses fragmentation and bremsstrahlung
● Reduce the background of decay photons in the measured signal

• Large uncertainties on the gluon content of the 
nucleus at small x

• Explore non-linear evolution and saturation at small x



Kinematic reach
● Coverage of the electromagnetic and hadronic probes by the current and planned

measurements at LHC and other colliders
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Fig. 13: Approximate (x,Q) coverage of various experiments for regions probed by DIS measurements
including the future EIC project, as well as possible future direct photon and Drell-Yan measurements (left
panel), and hadronic+UPC measurements (right panel) at RHIC and LHC. The estimated saturation scales
for proton and Pb are also indicated. The horizontal dashed line and the dashed curve indicate the kine-
matic cuts above which data were included in the nNNPDF fits.

The right figure shows the regions covered by hadron measurements at RHIC and LHC. In ad-
dition, the regions which are covered by LHCb for measurements of open charm and bottom
(blue) as well as where FoCal can measure neutral pions at small x (red) are highlighted. LHCb
can in principle also measure light hadron production in that range, but no results have been
published to date. Figure 13 demonstrates that the FoCal and LHCb measurements will probe
much smaller x than any of the other existing and possible future measurements, with the Fo-
Cal reaching to the smallest x ever measurable until the possible advent of the LHeC [10] or
FCC [11].

The saturation scale, which is indicated in Fig. 13, is obtained using Eq. 1, with the normal-
ization obtained by setting its value to about 1.7 GeV/c for A = 1 at x = 10�4 [70]. At high
enough parton density or consequently small enough x, non-linear QCD evolution is expected
to play a role, in particular near the saturation scale. A smooth, not abrupt, transition is ex-
pected from the linear to the non-linear region as a function of x, and the absolute magnitude
of Qs is theoretically not well established. Hence, both LHCb and FoCal collaborations strive
to extend the planned photon measurements to even lower pT and and lower Q. Since these are
challenging measurements, the corresponding regions are indicated as darker (FoCal) and open
(LHCb) trapezoids in the left panel of Fig. 13. For FoCal, the main challenges at very low pT
are the large background of decay photons, as well as the increasing contribution from fragmen-
tation photons (as discussed in Sec. 5). Members of the LHCb collaboration are attempting to
base their measurements of photons at lower pT on photons that convert to an electron-positron
pair in the detector material [71, 72]. This approach would provide a clean sample of photons,
however suffers from a rather small efficiency and relative large photon conversion uncertainty.

DIS, direct photons, Drell-Yan Charged hadrons, neutral pions, 
heavy flavors



FOCAL-E conceptual design 4

stochastic term 27 %

Studied in simulations 20 layers: W(3.5 mm ≈ 1X0) + 
silicon sensors
Two types: Pads (LG) and Pixels (HG) 
• Pad layers provide shower profile and total energy
• Pixel layers (ALPIDE) provide position resolution to 

resolve overlapping showers

Main challenge: separate γ/π0 at high energy
• Two photon separation from π0 decay (pT = 10 GeV, η = 4.5) ~5 mm
• Requires small Molière radius and high granularity readout
• Si–W calorimeter with effective granularity ≈ 1 mm2

Longitudinal profile (2γ showers)

Trans. profile

Further optimization left for TDR: location of pixel layers, 
number of pad layers, sensitive area at front for CPV/eID



FOCAL-E layout

5

4x

12kg

56kg

22x

1200kg

2x

3kg

4x

3kg

PAD layer

Pixel layer

PAD segment

FoCal module

FoCal ECal

45 cm

8 cm

~16 cm

Readout, power, cooling
connected on one side



Key ingredients for isolated photon measurement w/ FOCAL 6

!0 reconstruction efficiency isolation cut (EMCAL+HCAL) rejection of decay photons: IM+SS

Improvement in signal 
fraction by factor ~10, 
from 0.01–0.06 to 
~0.1–0.6



Recent nuclear PDFs: nNNPDF from DIS 
and theoretical assumptions
● No constraints for x<10-2 from DIS
● FOCAL provides significant constraints

over a broad range: ~10-5–10-2

● Outperforming the EIC for x<10-3

Impact of forward photons on nPDF

● Sys. uncer. < 15 % above 4 GeV
● Below 6 GeV, uncertainty rises due to

background subtraction
● Significant improvement (up to factor 2) 

on EPPS16 gluon PDF
● Similar improvement as for open charm

○ Test factorization/universality

7
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Fig. 38: (Left) Efficiency (or 1�rejection) for background clusters in p–Pb collisions at
p

sNN = 8.8 TeV
generated with PYTHIA signal events in a HIJING background for the realistic Run-4 setup, with the in-
variant mass and isolation cuts in the rapidity range 4.75 < hlab < 5.25. (Right) Corresponding efficiency
for direct photons.
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Fig. 39: Expected relative uncertainty (left panel, shown with an offset of 1) on an isolated photon
measurement in p–Pb collisions at

p
sNN = 8.8 TeV for the realistic Run-4 setup and the corresponding

nuclear modification factor (right panel) of isolated photons at
p

sNN = 8.8 TeV. The black bars indicate
the statistical uncertainties. The bands indicate the systematic uncertainty, mostly due to uncertainties
on the efficiency and energy scale, as well as the decay photon background determination. The current
EPPS16 and nNNPDF 1.0 uncertainties are indicated by the black line and the shaded band, respectively.
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Fig. 41: The nuclear modification of the gluon distribution for large nuclei versus x at Q2 = 10 GeV2/c2.
(Left) Comparison (for x > 10�4) between the Au nNNPDF1.0 parameterization and the fits where “low
energy” and “high energy” EIC pseudo-data were added [32]. (Right) Comparison (for x> 10�6) between
the Pb nNNPDF1.0 parameterization and fits to the FoCal pseudo-data (red band) and “high energy” EIC
pseudo-data (green band) [100]. In both panels, 90% confidence-level uncertainty bands are drawn, and
the nuclear PDFs are normalized by the proton NNPDF3.1.

photon measurements on the nuclear PDFs depends on the data used to constrain the different
PDFs, and the underlying assumptions used to constrain the parameterisations in regions were
no data exists. Since no data is available to constrain the nuclear PDFs at x < 0.001, the un-
certainties before the new data are available are difficult to estimate and may currently be larger
than assumed. To illustrate the combined performance of future measurements, the expected
uncertainties of the gluon PDFs for the nNNPDF fit (see Fig. 2) using either pseudo-data for the
EIC [32] or the FoCal above 4 GeV/c (from Fig. 39) are computed, and are presented in Fig. 41.
For the FoCal data, the statistical and systematic uncertainties are combined into a point-by-point
uncertainty and an additional 5% normalisation uncertainty that is fully correlated point-to-point
is included. As expected, the higher-energy option of the EIC will constrain the gluon PDF for
x down to about 5 · 10�3, while the FoCal would lead to significantly improved uncertainties
even significantly below 10�4. Clearly, the FoCal measurements will probe much smaller x than
the existing and possible future EIC measurements, and lead to high precision results due to the
excellent direct photon performance.

5.4 Comparison to the expected photon performance of LHCb

As mentioned in Sec. 2.1.4, the LHCb collaboration expects to be able to measure isolated
photons, in pp and p–Pb collisions in Run-3 and 4. The performance for isolated photons in
Run-2 was only recently reported in Ref. [102].

The LHCb electromagnetic calorimeter (ECAL) covers 1.9 < h < 4.5, with a relatively coarse
granulatity; the smallest towers in the innermost parts of the calorimeter correspond to |Dh | ⇡
0.1 [1]. Hence, photons from p0 decays are not fully resolved, and the showers start to overlap

Sys. uncer. added in quadrature Impact of FOCAL refit on nNNPDF

arXiv:1904.00018



Comparison with LHCb
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Fig. 43: (Left) The improvement in the S/B, expressed as the ratio of signal and background efficiencies,
at generator level applying pT independent efficiency for photons, of 20, 40 and 60% in p–Pb collisions
at

p
sNN = 8.8 TeV, compared to the FoCal and LHCb performance [102] for full detector simulations.

(Right) Expected uncertainties for an isolated photon measurement in p–Pb collisions at
p

sNN = 8.8 TeV
for FoCal compared to LHCb. For FoCal, the performance in 4 < h < 5 with full simulations with
HIJING and EPOS LHC are shown, with an uncertainty on the background of 5%, as in Fig. 39. For
LHCb, the improvement at the selection efficiency of 0.2 from Fig. 42 was applied to the initial S/B
calculated from INCNLO [99] in 3 < h < 4 with an uncertainty of 5% and 10% on the background.

reproduces the full detector-simulation result of LHCb well, while the 40% efficiency seems to
overestimate the performance. One should note that the performance also depends on further
details of the detector response, including for example the cluster energy threshold used in the
analysis and the fraction of hadronic energy reconstructed with the LHCb tracker (0.7 of the full
hadron energy was assumed). The same figure also shows the FoCal performance obtained from
detector-level simulations with EPOS LHC and HIJING (as before), demonstrating the larger
improvement of the S/B with the FoCal.

The right panel of Fig. 43 compares the expected performance for an isolated photon measure-
ment in p–Pb collisions at

p
sNN = 8.8 TeV between FoCal at 4< h < 5 and LHCb at 3< h < 4.

In both cases, the initial S/B was obtained with INCNLO [99]. For FoCal, the main projection
is based on PYTHIA+HIJING simulations (as in Fig. 39), and results for PYTHIA+EPOS-LHC
simulations are shown for comparison. In the analysis of the EPOS-LHC-based cocktail events,
the cut on the isolation energy was lowered to ET,iso=2 GeV/c (from 5 GeV/c for HIJING)
because the contribution of the underlying event to the isolation energy is found to be smaller
than in HIJING. For LHCb, the improvement at the selection efficiency of 0.2 from Fig. 42 of
a factor 5 was applied to the initial S/B ratio calculated from INCNLO. An uncertainty of 5%
(solid lines, the same as for the FoCal) and of 10% (dashed lines) of the background are used.
The latter is motivated by the significantly lower photon reconstruction performance of LHCb
compared to FoCal.

Public note from LHCb with more info LHCb-FIGURE-2020-006



Expected uncertainties on Rg from LHCb

● Main goal of the small-x program is to identify or exclude deviations from
linear evolution for lower x (and Q)
○ Benefit from multiple measurements (w/ diff. syst.) over a broad range in x and Q

9
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Fig. 44: Expected uncertainties on the nuclear modification Rg of the gluon PDF using the nNNPDF1.0
parameterization (grey area) after including an isolated photon measurement by LHCb (green band) in
3 < h < 4 with the uncertainties shown in Fig. 43 and the FoCal projection (red band) in 4 < h < 5.
The left panel shows the case with 5% uncertainty on the background (solid line in Fig. 43) and the right
panel shows the case with 10% background uncertainty (dashed line). As in the right panel of Fig. 41,
the bands represent 90% confidence intervals.

As demonstrated in Fig. 43, the expected performance of LHCb is more than a factor 2 worse
than that of the FoCal, in particular at low pT, where precision will be crucial in order to be
sensitive to possible non-linear QCD evolution. To estimate the expected uncertainties of Rg
from a possible measurement by LHCb in the rapidity range 3 < h < 4, the nNNPDF1.0 were
reweighted with pseudodata generated using the uncertainties from Fig. 43, with either 5% or
10% uncertainty on the background. The resulting in the uncertainties of Rg shown in the left
and right panels of Fig. 44, respectively. Since there is currently no data that constrains the
range x < 10�2 included in the nNNPDF1.0 sets, including the LHCb photon pseudodata does
constrain the gluon distributions, but with larger uncertainties than the FoCal measurement over
the entire range x < 10�1. In particular in the range x . 104, the FoCal measurement clearly
outperforms the LHCb measurement. The main goal of the small-x program at the LHC will be
to search for the onset of non-linear evolution, i.e. deviations from the linear evolution that is
used in the reweighting method. The FoCal acceptance extends beyond the LHCb acceptance
for photons by one unit of rapidity, and therefore covers 3⇥ lower x to search for direct evidence
of such deviations.

It is also important to keep in mind that the main goal of the small-x program as a whole is
to identify or exclude deviations from linear evolution for lower x (and Q). These effects are
expected to set in gradually and a reliable exploration of this regime will benefit strongly from
multiple measurements over a broader range in x and Q2. If an effect would be found by LHCb,
it will be essential to confirm and improve the measurement with another experiment with a
systematically different measurement technique to confirm or even rule out the effect.
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As demonstrated in Fig. 43, the expected performance of LHCb is more than a factor 2 worse
than that of the FoCal, in particular at low pT, where precision will be crucial in order to be
sensitive to possible non-linear QCD evolution. To estimate the expected uncertainties of Rg
from a possible measurement by LHCb in the rapidity range 3 < h < 4, the nNNPDF1.0 were
reweighted with pseudodata generated using the uncertainties from Fig. 43, with either 5% or
10% uncertainty on the background. The resulting in the uncertainties of Rg shown in the left
and right panels of Fig. 44, respectively. Since there is currently no data that constrains the
range x < 10�2 included in the nNNPDF1.0 sets, including the LHCb photon pseudodata does
constrain the gluon distributions, but with larger uncertainties than the FoCal measurement over
the entire range x < 10�1. In particular in the range x . 104, the FoCal measurement clearly
outperforms the LHCb measurement. The main goal of the small-x program at the LHC will be
to search for the onset of non-linear evolution, i.e. deviations from the linear evolution that is
used in the reweighting method. The FoCal acceptance extends beyond the LHCb acceptance
for photons by one unit of rapidity, and therefore covers 3⇥ lower x to search for direct evidence
of such deviations.

It is also important to keep in mind that the main goal of the small-x program as a whole is
to identify or exclude deviations from linear evolution for lower x (and Q). These effects are
expected to set in gradually and a reliable exploration of this regime will benefit strongly from
multiple measurements over a broader range in x and Q2. If an effect would be found by LHCb,
it will be essential to confirm and improve the measurement with another experiment with a
systematically different measurement technique to confirm or even rule out the effect.



FOCAL timeline

● Next important step: entering the engineering 
phase towards testbeam(s) 2021/22 and TDR
○ Produce a close-to-final prototype module

Pad and pixel layers
HCAL prototype

● Production estimated to fit well into 24 
months
○ Plus 6 months of contingency

10

(not adjusted for Covid-19 changes)



And much more… 11

Performance in PbPb Other observables

• Performance in PbPb affected by 
shower overlaps and combinatorial
background

• Efficiency for high energy neutral pions 
nevertheless quite good

• Combinatorial background may
prohibit very low pT reconstruction, but 
above 5 GeV expect a precise RAA
measurement

• Promising performance for 
other key observables

• To be studied in more detail
for TDR

Recent discussion focused on isolated direct photon measurement as 
the core of the program 
• Broader program to be studied for TDR: correlation measurements,

UPC, PbPb

J/ψ reconstruction (in UPC)

Jet resolution
(jet/dijets in pp/pPb/UPC)

π0–π0 correlations in pp 
(for decorrelation studies)

Eff: ~35%

5 < pTtrig < 15 GeV
2 < pTassoc < 5 GeV

+ synergies with RHIC-II and EIC


