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The FoCal project in ALICE for Run 4 2

Main physics goal:  
Saturation/non-linear evolution at small-x

Observables

• π0 and other neutral mesons

• Isolated (prompt) photons

• Jets 

• J/ψ, Y (in UPC)

• Z, W

• Correlations

Forward region on A-side 

instrumented only by FIT 
Spatial constraints:

• Mainly sideways: ±60cm

• Length about 1.50m

3.2<η<5.8 FoCal-E: high-granularity Si-W sampling 
calorimeter with longitudinal segmentation 
for identification of decay photons from π0 


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

Letter-of-Intent: CERN-LHCC-2020-009
Technical Design Report: CERN-LHCC-2024-004

https://inspirehep.net/literature/1805025
http://inspirehep.net/literature/1805025


Probing gluon saturation: Current and future measurements 3
x ≈

Q

s
exp(−y)

Dipole N = 1 −
1

NC
trV(x)V†(y)

e.g. see p232ff in the EIC YR
“Meanwhile, pA collisions can serve as a gateway to 
the EIC as far as saturation physics is concerned, and 
it also plays an important and complementary role in 
the study of these two fundamental gluon 
distributions.”

ALICE-PUBLIC-2023-001

• Study of saturation requires to study evolution of observables over large range in x at low Q2

• Multi-messenger approach: measure multiple probes at various experimental facilities

• Forward LHC (+RHIC) and EIC are complementary: together they provide a huge lever arm in x

• EIC: Precision control of kinematics, A-dependence + polarisation 

• Forward LHC: Significantly lower x

• Observables: isolated γ, jets, open charm, DY, W/Z, hadrons, UPC


https://arxiv.org/abs/2103.05419
https://inspirehep.net/literature/2661418
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Forward pA 

at high energiesDIS (EIC)

Dipole N = 1 −
1

NC
trV(x)V†(y)

e.g. see p232ff in the EIC YR

• Observables in DIS and forward LHC are fundamentally connected via same  
                         underlying dipole operator


https://inspirehep.net/literature/2661418
https://arxiv.org/abs/2103.05419


Prompt isolated photons 5

(1) Direct production (direct access to incoming parton, 
e.g. gluon)


(2) Bremstrahlung & fragmentation of outgoing parton 
(requires inclusion of non-perturbative objects)

• Prompt photons sensitive to gluon (n)PDF

• No strong interaction in final state


• Exploration of low-  gluons 

• Shadowing?

• Non-linear QCD effects (saturation)


• Validity of factorisation?

x
• The sum of both contributions is the physical observable

• Use isolation to suppress contribution from (2)

Prompt isolated photons key observable for FoCal



FoCal detector concept 6
• FoCal-E is a highly granular Si-W 

calorimeter combining two sensor 
technologies (20X0):

• 18 silicon pad layers (1x1 )

• two pixel layers (30x30 ) 

 
 
 
 
 
 
 
 
 
 
 
 

• FoCal-H uses scintillation fibres 
embedded into Cu tubes (~5λint)

cm2

μm2

1 mm

1 
cm

LG cells

absorber LG layer HG layer

Longitudinal segmenta�on

HG cells
Transverse segmenta�on

1 HG cell

FoCal-E detector

FoCal-E FoCal-H
m≈ 7

Interaction 
Point

FoCal-H detector

CERN-LHCC-2024-004
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http://inspirehep.net/literature/1805025


State of the art photon RpPb measurements at LHC 7

Florian 
Jonas 
HP23

Included in nNNPDF3.0

ATLAS 1903.02209

• No modification visible above 20 GeV

• In ALICE prel data, hint for suppression at low pT 

• Paper in progress

• Difficult to push to sign. lower pT with this dataset

https://arxiv.org/abs/1903.02209


Key feature of FoCal: High neutral pion efficiency 8

• High efficiencies of ~70% for most part of the phase space

• Inefficiencies mainly from gaps and/or very asymmetric decays 

• Cluster finder settings and algorithm are not yet optimized

ALICE-PUBLIC-2023-004

https://cds.cern.ch/record/2869141/


Isolated photon performance 9
Signal fraction

Main ingredients for direct photon identification 
• π0 tagging: remove photons candidates in inv. mass window

• Shower shape selection

• Isolation cut (EmCal + HCal)

Improvement in signal fraction by factor ~10 to ~0.1-0.6

Tagging Shower shape Isolation

ALICE-PUBLIC-2023-004

https://cds.cern.ch/record/2869141/


Universality test with the prompt photon data 10

ALI-SIMUL-558760

• FoCal pseudo-data of nuclear modification factor constructed 
using input from NLO+nPDF and assumptions on stat. and sys. 
uncertainties from perf. studies


• Bayesian re-weighting of nNNPDF30 prediction showcases 
significant reduction of nPDF uncertainties when including FoCal 
data; comparable to  meson measurement by LHCb

RpA

D

ℒpp
int = 1 pb−1

ℒpPb
int = 100 nb−1

sys. for ≲ 20 %
pT > 5 GeV/c

FF are not universal

beauty prod. LHCb

charm prod. ALICE

Prompt photons  no final state and hadronisation effects  universality test of low-  formalism→ → x

ALICE-PUBLIC-2023-004

arXiv:2308.04877

arXiv:2310.12278



Isolated photon - neutral pion correlations 11

• Study of -hadron correlations offers 
additional sensitivity to low-  gluon 
dynamics


• Expectation of yield suppression and 
de-correlation due to saturation 
effects

γ
x

Theory: FoCal performance:

 100000

 1x106

 1x107

 2  2.2  2.4  2.6  2.8  3

√S = 8.16 TeV

pTγ, pTJ>10 GeV

-5.1<y*
1,y*

2<-3.8

pA → Jet+γ
ITMD+Sudakov using KaTie MC

dσ
/d
Δφ

 [
pb

]

Δφ

pp
pPb

• Analysis of -  corr. in simulated pp 
collision events + detector smearing 


• Correlation peak can be measured 
precisely: stat. unc. of peak width   
0.1% for expected Run 4 luminosities 

γ π0

∼

ALICE-PUBLIC-2023-004

arXiv:2306.0470

https://cds.cern.ch/record/2869141/
https://arxiv.org/abs/2306.04706


Jet measurements 12
• Forward inc. jet, -jet and dijet production sensitive to gluon saturation


• Performance of FoCal quantified using Pythia + GEANT for  anti-  jets
γ

R = 0.6 kT
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ALI-SIMUL-558783
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FoCal upgrade
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ALI-SIMUL-558778

Achieve good energy scale and resolution, however performance depends on NEF (not shown)

Effective Moliere 
radius FoCal-E  
1-2cm

Interaction length 
FoCal-H  15-20 cm

≈

≈

Jet Energy Scale Jet Energy Resolution

FoCal-H showerALICE-PUBLIC-2023-004

https://cds.cern.ch/record/2869141/
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Vector meson photoproduction in UPC 13
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• Photoproduction cross section of vector mesons (e.g. 
) in ultra-peripheral collisions (UPCs) proportional to 

gluon density squared at LO 
• Deviation from power-law growth of cross section with 

increasing  expected due to saturation effects

J/ψ

Wγp

Theory: FoCal  
perf.:

• FoCal allows to access 
unprecedented low- , extending 
existing measurements to 2 
TeV (10 GeV) in p-Pb (Pb-p) 
collisions + Pb-Pb collisions


• Studies with STARlight + GEANT 
show successful reconstruction of 

 and 

x
Wγp ≈

J/ψ ψ(2S)ALICE-PUBLIC-2023-004

https://cds.cern.ch/record/2869141/


The FoCal detector 14

• FoCal-E pad layers: 

• Silicon pad sensor (Hamamatsu), 72 pads, each 1x1cm2

• HGCROC chip (ADC/TOT/TOA@40Mhz, large dynamic range, trigger), 1944 chips

• aggregated readout of layers in groups (concentrator board) 


• FoCal-E pixel layers:

• ALPIDE MAPS (3x1.5cm2, 1024x512 pixels, 30x30µm2), 3888 chips

• adapted ITS2-readout; compared to pads slow, i.e. about ~5µs pulse

~47cm

~9 cm

~18 cm

FoCal-H: Cu capillary-tubes filled 

                with scintillating fibers 

• 100cm x 100cm x110cm (~5 λint) 

• Tubes outer diameter: 2.5mm,  

inner diameter 1.1mm

• ~7t of tubes, and 200km of fiber

• Group fibers to make towers of ~1x1cm2 

• ~8000 channels with SiPM and H2GCROC Technical Design Report: CERN-LHCC-2024-004

http://inspirehep.net/literature/1805025


FoCal R&D and prototypes 15Taking into account the Molière radius the tower is wide enough to fully contain showers and
to study the lateral shower development. The first active layer (layer 0) has only 0.02 X0 in front,
to act as a charged particle detector. Between layers 21 and 22, 6.7 X0 of tungsten are placed to
obtain a total depth of 28 X0. Figure 2 shows the detector with its main components, but without
the cooling system.

Figure 2. Sideview of the prototype detector, without the cooling system. The beam direction is from below
(z axis points upward). The total length in the beam direction is 11 cm, made up of 22 layers, a 20 mm W
absorber and 2 additional layers. On both sides of the greyish stack, green PCBs with flat cables can be seen,
reading out 1 sensor each.

The printed circuit boards (PCBs) visible in this figure extend into the tower and connect the
sensor chips to the flat cables. The total detector counts 96 sensors in 24 layers. The coordinate
system is indicated in figure 1. Each sensor is defined by the quadrant q and the layer l. The first
layer (z = 0) has l = 0. Quadrants are numbered clockwise with q = 0 for x > 0 and y > 0.

2.1.2 Tuning

Due to di�usion, the charge created by a particle will lead to a cluster of pixel hits. The size of
the cluster will depend on the charge created by the particle and the threshold of the discriminators.
For application in trackers the discriminators are usually adjusted such that an acceptable fake rate,
measured as clusters not belonging to a track, is achieved. In the case of a calorimeter it is a priori not
known whether the clusters will be well-separated, especially in the core of the shower. Therefore
it was decided to use the number of hit pixels as a measure of the energy, instead of trying to derive
the number of particles from the hit distributions.2 This means however, that the discriminators
should be set such that, in the absence of particles, an acceptable number of individual pixel hits is
achieved, as opposed to clusters of hits.

2A similar approach was used by CALICE DHCAL, albeit with much larger (1 cm) pixels.[18]

– 5 –

Mini-FoCal (PADs only)

in beam at P2

ORNL / Japan prototype: 
• NIM A 988 (2021) 164796  

Indian prototypes: 
• NIM A 764 (2014) 24 
• JINST 15 (2020) 03, P03015

2010-2015 2014-2018 2021-20232014-2016 2018-2021 

MIMOSA pixel tower (EPICAL) 
JINST 13 (2018) P01014

ALPIDE pixel tower (EPICAL-2)

NIM A1045 (2023) 167539

JINST 18 (2023) 01, P01038


FoCal-E and H prototypes

• final sensors and chips

• close-to-final readout arXiv:2306.06153

arXiv:2311.07413

• One tower (  cm3) of 18 
silicon pad and 2 silicon pixel layers


• Pad layers: Si p-type sensors by 
Hamamatsu; readout using 
HGCROC (v2) developed for  
CMS HGCal


• Pixel layers: ALPIDE sensors using 
IB and OB readout modes

9 × 8 × 17

FoCal-E: prototype

• 9 modules arranged in  
stack


• Scintillation fibres 
inserted into Cu tubes 
(668 per module) and 
readout using SiPMs


• CAEN readout 
(not yet H2GCROC)

FoCal-H: prototype

https://arxiv.org/abs/1912.11115
https://arxiv.org/abs/1407.5724
https://arxiv.org/abs/1911.00743
https://arxiv.org/abs/1708.05164
https://arxiv.org/abs/2207.01815
https://arxiv.org/abs/2209.02511
https://arxiv.org/abs/2306.06153
https://arxiv.org/abs/2311.07413


FoCal-E (pad) results 16arXiv:2311.07413

• All key metrics of calorimeter quantified using electron beams at 
SPS  meets physics requirements


• Energy resolution for  GeV 
→

< 4 % E > 100
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Longitudinal Shower Profile
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Linearity

https://arxiv.org/abs/2311.07413


FoCal-E pixel layer results 17Shower separation 

in 2-electron events

• The two high granularity pixel layers enable excellent shower separation! 

• Important for example to measure highly boosted 

• Detector response well reproduced by GEANT4 + diffusion model

• Characterisation of shower width indicates FWHM on mm scale

• Result affected by uncertainty on shower origin x0


• For layer 5 simulations slightly over-estimate the measured width

π0 → γγ



FoCal-H results 18
• FoCal-H performance tested at SPS in hadron beams from 60 to 350 GeV

• Response linear (rel. to fit) but different offset in data and MC

• Energy resolution of ~12% at high energies

• Disagreement with description in GEANT4 under investigation

• Response with final readout to be tested in 2025

• including results combined with FoCal-E  



FoCal schedule 19

• Tense schedule; installation foreseen for 2028

• Mass production for 50% of sensors of FoCal-E started

• Ongoing FoCal-H readout development and tests




Summary 20
• FoCaL very forward, highly-granular Si+W "shower tracking" ECal with HCal

• Fore-front calorimeter concept and technology

• Technology synergy (ALPIDE, HGCROC)

• Approved CERN project since 03/24 

 

• Main physics goal to explore QCD saturation and the non-linear QCD evolution regime


• Isolated photons, jets and correlations and photo-production in UPC at uniquely low x

• Strong small-x program together with LHCb complementary to EIC

• Enables precision multi-messenger program to test QCD universality

• Discovery potential before the EIC era

• Perfectly suited for any group interested in EIC physics at LHC 

π0 pT≈10 GeV

π0 η≈5

N
um

be
r o

f c
el

ls
 in

 fi
rs

t p
ix

el
 la

ye
r

References 
• Letter-of-Intent  

CERN-LHCC-2020-009 

• Physics of the FoCal  

ALICE-PUBLIC-2023-001

• Physics performance of the FoCal  

ALICE-PUBLIC-2023-004

• Prototype electronics for FoCal 

2023 JINST 18 P04031

• Performance of FoCal prototypes 

arXiv:2311.07413 (sub. to JINST)

• Technical Design Report  

CERN-LHCC-2024-004

 

https://inspirehep.net/literature/1805025
https://inspirehep.net/literature/2661418
https://cds.cern.ch/record/2869141/
https://arxiv.org/abs/2302.13912
https://arxiv.org/abs/2311.07413
https://cds.cern.ch/record/2890281


Extra 21



Processes sensitive to the gluon density 22

Classical DIS sensitive to 
gluons only at NLO or 
via evolution


Advantage: Full control 
of kinematics (x, Q2)


DIS

Production of light and heavy hadrons 

• HQ dominated by gluon fusion  
and tags the hard scattering


• Affected by fragmentation and  
possibly other final state effects 

Compton

Direct photon production 

• Sensitive at LO via  
Compton scattering 

• Not affected by FF 
nor final state effects 

Drell-Yan only at NLO  
(small cross sections)

pA collisions

Photo-nuclear production 
of J/ψ (or dijets) 

• sensitive at LO 
(but to product of densities at different x)


PbPb UPC



Two-parton kinematics in hadronic collisions 23
Both outgoing partons at  

mid-rapidity

Both incoming partons at moderate x

x1 ≈ x2 ≈
2pT

s

̂s = x1 x2 s ≈ (2 pT)2

x2 x1

Both outgoing partons at  
forward rapidity

̂s = x1 x2 s ≈ (2 pT)2

x1 ≈
2pT

s
e−y

large x small x

One small-x, one large-x parton
Boosted configuration:

Note: NLO processes add 

additional freedom/smearing

One parton forward, 
one closer to mid-rap

large x moderate x

Large mass final state

Q2 = ̂s > (2 pT)2

small probability

RHIC: x~0.01 
LHC: x~0.001

RHIC: x~0.001 
LHC: x~0.0001

Mid-rapidity at LHC ≈ forward rapidity at RHIC



Theoretical connection between EIC and forward pA 24

๏ Multiple processes in e-A DIS and forward p-A collisions 
are theoretically described using the same dipole/
quadrupole scattering amplitudes!

EIC Yellow Report Sec. 7.5.4:

“Meanwhile, pA collisions can serve as a gateway to the EIC 
as far as saturation physics is concerned, and it also plays an 
important and complementary role in the study of these two 
fundamental gluon distributions.”

measurements in e-A DIS and forward p-A collisions  
 test universal description of gluon saturated matter→

Nucl.Phys.A 1026 (2022) 122447

e+A Deep Inelastic Scattering (DIS)

Forward p+A collisions

JETP 30 (1970) 709-717, Phys. Rev. D 8 (1973) 1341, Nucl. 
Phys. B 335 (1990) 115 

Phys. Rev. C 59 (1999) 1609, Phys. Rev. D66 (2002) 
014021, Phys. Lett. B 503 (2001) 91



FoCal: Performance in PbPb 25

• 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

In UPC, detailed studies 
of J/ψ and ψ(2s) at uniquely  
small x (⇒S.Klein)

CERN-LHCC-2020-009

https://inspirehep.net/literature/1805025

