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Motivation for FoCal
• Parton Density Functions (PDF) determined experimentally (mainly DIS), extrapolation 

with linear QCD evolution (DGLAP): f = f(x,Q2)


• For small x and intermediate/large Q2: high gluon density observed in DIS


• Growth of number of gluons towards small x cannot continue indefinitely:  
non-linear effects -> gluon saturation 


• Interesting physics state: classical colour field 


• Non-linear effects expected to be even larger in nuclei -> Nuclear modification factor R


• Due to lack of data PDF experimentally not constrained at low x (x < 10-2 in nuclei)


• PDFs accessible at hadron colliders xmin = 2pT/sqrt(s) e-y


• Most interesting: forward particle production at LHC


• Direct photons theoretically cleanest probe
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FoCal in ALICE
• Access to low x by measuring the yield of direct photons at 

forward rapidities in pp and pPb collisions


• Forward calorimeter: FoCal


• Main challenge: separate direct photons from decay photons 
from π0: e.g. the distance between the decay products of a π0  
(pT = 10 GeV, y = 4.5, α = 0.5) is 2 mm!


• Need highly granular readout and a small Moliere radius 

• Silicon-Tungsten sandwich with effective granularity of 1 mm2 

or better


• Positioned outside the solenoid at z ~ 7 m, 3.3 < η < 5.3 
- backed by a hadronic calorimeter FoCal-H (photon isolation) 
- unobstructed view: forward region not instrumented in ALICE
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FoCal-E Strawman Design

• 1 m2 surface 
20 layers of 3.5 mm W and Si sensors


• Hybrid design with 2 types of sensors:


• Si pads (LG) of ~1 cm2 for energy 
measurement and timing (?), development 
lead by Japan and India


• CMOS pixels (HG) of ~ 30x30 μm2 for two 
shower separation and position resolution, 
development lead by UU/Nikhef and Bergen
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Performance

• FoCal performance in simulations:  
direct γ reconstruction


• Background suppression factor ~ 10,  
largely pT independent through combined 
rejection  
(invariant mass + shower shape + isolation cut) 


• direct γ/all > 0.1 for pT > 4 GeV/c
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ALI-SIMUL-313019

Impact on nPDFs
• Forward photons can significantly decrease uncertainties

6

Uncertainty of nPDFs without/with FoCal
J. Rojo et al, arXiv 1610.09373,1706.00428,1802.03021

Work in progress

Performance estimate of FoCal measurement
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Digital calorimeter prototype
• Digital ECAL: number of pixels above threshold ~ 

deposited energy 


• Monolithic Active Pixel Sensors (MAPS) 
PHASE2/MIMOSA23 with a pixel size: 30x30 μm2


• 24 layers of 4 sensors each:  
active area 4x4 cm2, 39 M pixels 
3 mm W absorber for 0.97 X0 per layer 
RM ~ 11 mm


• Worldwide unique calorimeter 

• Demonstrate digital calorimetry and pixel sensors in a 
calorimeter application


• Ideal detector for studying particle showers in detail with 
respect to shower models in MC simulations

7

Taking 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 –

Performance published in JINST 13 (2018) P01014

3 x PhD thesis

Martijn Reicher: “Digital Calorimetry Using Pixel Sensors”  
Chunhui Zhang: “Measurements with a High-Granularity  
Digital Electromagnetic Calorimeter” 
Hongkai Wang: “Prototype Studies and Simulations  
for a Forward Si-W Calorimeter at the Large Hadron Collider”
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Position resolution
• Excellent 2-shower separation possible


• Single shower position resolution ~ pixel size
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Longitudinal profiles

• Average hit density as a 
function of depth for different 
radial positions


• Large dynamical range


• Maximum hit density for 
increasing ring radius


• Saturation in shower core  
<0.1 mm at high energies

9

Longitudinal Profiles
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mTower
• Currently building new prototypes  

based on the ALPIDE sensor that is developed for the 
new ITS (previous presentation)


• New prototype mTower 

• small digital calorimeter (3x3 cm2) with 24 layers of 2 
ALPIDE sensors and 3 mm W


• Allows to test the performance of the ALPIDE in a 
calorimeter


• Provides input into the FoCal design parameters


• Allows to study particle showers in detail

10

mTower
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mTower status
• Design ready


• 2 layers tested at PS and SPS


• Tests with 4 layers ongoing, 
currently in Bergen


• Design verified and production of 
full set of layers started 


• Readout boards ordered (readout 
is main challenge)
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mFoCal
• New prototype mFoCal


• Combine ALPIDE layers (HG) with PAD layers (LG)


• 3 slabs of 3x9 ALPIDE sensors on each side (54 sensors/slab)


• Allows to test FoCal design (mechanical integration, cabling, cooling, 
readout synchronisation, scalability to full detector)


• Allows to test performance of FoCal-E
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mFoCal status

• MAPS layers design ready


• Mechanical tests ongoing (gluing, cooling, etc.)


• First functional 9-string (2 chips mounted) ready to be tested


• PADS have been tested in ALICE cavern

13
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Future perspectives

• MAPS technology as pioneered for FoCal has the potential for:


• medical applications: proton CT 
uses same design as for mFoCal


• next generation LHC heavy ion experiment  
https://indico.cern.ch/event/779787/overview


• calorimetry for future detectors CALICE R&D

14

Shower Pixel Detector

NIMA 732 (2013) 34-39
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Summary & Outlook
• Forward direct photon measurements in ALICE will constrain PDFs and provide information on 

gluon saturation


• R&D ongoing for MAPS and PAD based detector


• First MAPS prototype demonstrated digital calorimetry with MAPS sensors


• New prototypes being build to test FoCal-E design


• Awaiting collaboration approval


• Establish a FoCal collaboration early next year


• TDR early 2020 -> start production in 2022 -> Installation foreseen in 2024


• Many possible applications for the technology 

15
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Thanks to
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photons vs open charm
• PDF can also be constrained using open charm, D0


• Non-linear effects expected to be sizeble at forward rapidities (e.g. LHCb)


• However, mechanism of modification is still unclear: final state interaction could be involved.  
Introduces additional uncertainty.


• Photons theoretically cleaner probe


• Expect better sensitivity at low x for photons

18

log(x)
6− 5− 4− 3− 2− 1− 0

) (
ar

b.
 u

ni
ts

)
2

dN
/d

(lo
g 

x

5−10

4−10

3−10

2−10

1−10

PYTHIA pp 8.8 TeV

 < 4η < 2 GeV/c - 3.5 < 
T

 -  p0
 D

 < 4.5η < 6 GeV/c - 4 < 
T

 - 4 < pγ 

D
0

Original μF=μ0 μF=2.0μ0 μF=0.5μ0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

x

R
Pb

g
10

-5
10

-4
10

-3
10

-2
10

-1

nCTEQ15 EPPS16μF=2 GeV

D
0

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

x

R
Pb

g
10

-5
10

-4
10

-3
10

-2
10

-1



Nikhef Jamboree 2018 FoCal N. van der Kolk

MIMOSA23
• Monolithic Active Pixel Sensor 

• Chip size: 19.52 mm x 20.93 mm 

• Pixel matrix: 640 x 640 pixels 
(=409600/chip) 

• Active area: 19.2 mm x 19.2 mm 

• Pixel size: 30 μm x 30 μm 

• Readout frequency: 160 MHz  

• 1 MHz rolling shutter, 640 μs 
integration time

19
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Energy resolution
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Figure 17. Detector response (calibrated number of hits K) at low (left) and high (right) energies.

Av
er

ag
e 

re
sp

on
se

310

410

 Simulation (ideal detector)

 Simulation (real detector)

 Data

)cMomentum (GeV/
1 10 210

D
ev

ia
tio

n 
(%

)

4−
3−
2−
1−
0
1
2
3
4

Figure 18. Average detector response (top) and deviation from linearity (bottom) as a function of beam
energy for electrons. In both panels the results from test beam data (red squares) are compared to simulations
using two di�erent implementations of the detector: an ideal detector (open blue circles) and a detector,
where the same sensor areas as in the real detector are disabled (full blue circles).

– 21 –

Energy (GeV)
1 10 210

 / 
E 

(%
)

Eσ

1

10

 Simulation (ideal detector)

 Simulation (real detector)

)- Data(e

Figure 19. Energy resolution as a function of beam energy for electrons. As in figure 18 the data are
compared to simulations using both the real and an ideal detector.

simulation and the experiment is partly due to the energy spread of the testbeam (1.5 %). Another
cause may be the assumed homogeneity of the sensitivity of the sensors in the simulation. As
already shown in figure 8 left there is also a discrepancy in the simulation of the clustersize, which
points in the same direction.

The very narrow lateral distributions shown in figure 13 suggest the possibility to use only the
hits within a certain radius R from the shower centre. This is explored by applying an upper limit
to R in equation 4.13. In this way one can retrieve information from near-by showers, even closer
than a Molière radius. Figure 20 shows the resolution and the response as a function of this limit
radius R. One can see that down to half RM the resolution and the response are hardly a�ected.

6 Conclusion

A prototype EM calorimeter with fine sampling and pixel counting has been built and successfully
tested with particle beams. The prototype has a number of imperfections, most notably a large
fraction of dead or otherwise unusable pixels, which can likely be improved in a new detector, but
it nevertheless shows a very good performance. Its small Moliere radius of 11 mm combined with
the very fine sampling enables the direct separation of close showers like figure 21, using only the
signal in a small core around the shower axis. This leads to a small deterioration of the resolution.
The position of a single electron shower can be determined with an accuracy of < 0.03 mm at high

– 22 –

Good linearity of the response
Energy resolution:
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Longitudinal profiles

• Based on the integral of 
the hit density 

• Normalised distributions 

• Deeper showers at 
higher energies

21

Longitudinal Profiles
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normalised longitudinal distributions
• note: used for relative inter-layer calibration at one energy
showers penetrate more deeply at higher energy

)
0

Depth (X
5 10 15 20 25

Fr
ac

tio
n 

of
 to

ta
l n

um
be

r o
f h

its

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

5.4 GeV
4 GeV
3 GeV
2 GeV

)
0

Depth (X
5 10 15 20 25

Fr
ac

tio
n 

of
 to

ta
l n

um
be

r o
f h

its

0

0.02

0.04

0.06

0.08

0.1

0.12

244 GeV
100 GeV
50 GeV
30 GeV

hits distribution in good chips



Nikhef Jamboree 2018 FoCal N. van der Kolk

Radial profiles

• Average hit density as a 
function of radius for 
different layers 

• Profiles broaden with depth 

• Increase up to shower 
maximum and then decay

22

Lateral Profiles - Low Energy
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ALPIDE
• Monolithic Active Pixel Sensor 

• Chip size: 30.00 mm x 15.00 mm 

• Pixel matrix: 1024 x 512 (=524288 pixels / chip) 

• Active area: 29.94 mm x 13.76 mm 

• Pixel size: 29.24 μm x 26.88 μm 

• Hit driven readout 

• Readout speed: 400 Mb/s - 1.2 Gb/s  

• Power consumption proportional to the accupancy. 
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2 ALPIDE data sheet

This chapter shall contain summarized technical information about the chip, interfaces, pin
functions, die geometry, pads geometry, electrical characteristics, timing requirements, switch-
ing characteristics.

2.1 Block diagrams and pinout

16 double columns

32 readout regions

Matrix

Region Readout (1)
128x24b DPRAM

RR (2) RR (3) RR (32)

Chip Data Formatting

Module Data Management

Readout 
Sequencing

Control Bus 
Logic

Configuration 
Registers

Pixels Config8b DACs

11b ADC

Differential 
Control Port
(40 Mbps)

Single 
Ended 
Control Port

Bandgap +
Temp Sens Parallel Data Port 

(4×80 Mbps) 

Serial Data Transmission

PLL Serializer

Serial Out Port
(1200 Mbps / 
400 Mbps) 

24b×40MHz

24b×40MHz

8b/10b

30b×40MHz

32:1 DATA MUX

Triggers

Figure 2.1: ALPIDE chip block diagram.

2.2 Interface signals

The main functional I/Os of the ALPIDE chip are listed in Table 2.1. Figure 2.3 shows the
locations of the pads.

The CMOS I/Os are 1.8 V compatible. Two types of CMOS I/O pad cells are used in
ALPIDE: one has an internal pull-up resistor and one an internal pull-down resistor. The
internal resistors are always connected to the pad. The driving strengths of the two cells are
equal and fixed. The pad cells are tri-state capable and their drivers can be turned o↵ and
placed in a high-impedance mode depending on configuration and conditions.

The MCLK, DCTRL ans DCLK di↵erential ports are implemented with a custom designed
di↵erential transceiver cell. This has been designed with reference to standard TIA/EIA-
899 Electrical Characteristics of Multipoint-Low-Voltage Di↵erential Signaling (M-LVDS)1,
however the di↵erential ports are not standard compliant in particular with respect to the
acceptable range of the input common voltage.

Tables 2.3, Table 2.4 and Table 2.5 summarize the recommended DC operating conditions
and the electrical characteristics of the various interfaces.
1 See Texas Instrument Application Report SLLA108A
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