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9210
1280 - - Ahigh-granularity forward calorimeter to be installed in ALIC

- during the LHC Long Shutdown 3 for Run 4 (2029-2032)
- FoCal is approved as a project by the LHCC in March 2024
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ALICE detector for Run 4
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The Forward Calorimeter (FoCal)

® FoCal-E

v Highly-granular, longitudinally-segmented silicon-tungsten (Si+W) :j_:f_-.;... ._ |

e ey
e,

electromagnetic calorimeter N

v Consist of 20 Si+W layers (20 Xo in total)

TO08

e 18 silicon pad sensor layers (1x1cm?)

o 2 silicon pixel layers positioned at 5th and 10th layer (30x30 pm2)

v Designed for measurements of direct photons and neutral pions FoCaIH

modules

EM and DIS measurements

—~ 10% T
® FoCal-H > | |
A
v Conventional metal-scintillator hadronic calorimeter behind FoCal-E O
v Constructed from Cu tubes filled with scintillating fibers
10 — y B
v Designed for photon isolation and jet measurements i ;
® FoCal can explore non-linear QCD in regime of saturated gluons | .
at low Bjorken-x and constrain nPDFs i ey 4
i \°s7p)
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The FoCal physics program

® Simulated data with FoCal geometry in GEANT demonstrate FoCal capabilities to measure neutral mesons
v Most abundant : 7% n — vy, @ - 2%
v Vector mesons (¢, J/y, w(2S) and Y) decaying via di-electrons and w* and z° weak bosons can also be reconstructed

® High granularity pixel layers allow efficiency up to 75%, enabling photon separation < 5mm
v Clusterization parameters can be tuned for better performance in certain kinematical regions, e.g. high z° energy
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The FoCal physics program
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Prompt photon measurements

® Prompt photons originating directly from the hard scattering of the collisions 999;99\ /\@Q%
v Directly sensitive to gluons with no strong interaction in final state ° Compton ! qAnmh”ationg
v Measurement of prompt photon production at forward rapidity in p-Pb collisions sensitive to gluon saturation

® Measurement of prompt photons with FoCal utilizing three techniques
v Isolation + Invariant mass + Shower shape
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Prompt photon measurements

® All three technigques allow to
increase signal fraction up to 72%
(loy a factor of 11)
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Inclusion of FoCal pseudo data recedes the nPDF uncertainty (~50%)

n global PDF fits, the inclusion of FoCal prompt-photon data will
orovide new Insight into factorization and universality in nuclear
environments
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The FoCal physics program

Jet measurements

® Ru of FoCal-E ~ 1cm,
transverse extension of
shower In FoCal-H : > 10cm

Size of jet energy deposition
will be shrunk into small

®

®

geometrical space at forward @

rapidity

ALICE simulation, Single «*
FoCal upgrade

Forward inclusive jet, y+jet, dijet are sensitive to gluon saturation

Jet reconstruction performance quantified by AE = (Eye — E,, )/ E,
V' Jet Energy Scale (JES) and Jet Energy

the mean and RMS of AE

Study using PY
v JES is influencec

|_|

A+GEAN

art

to quantify the FoCal performance

by kinematic consideration and neutral energy fraction

Resolution (JER) are characterized by
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The FoCal physics program

Measurement of y,, —h and h—h correlations

® |n pA collisions, photon and hadron-triggered correlations in the forward region help us to understand
small-x gluon dynamics, but different insights compared to inclusive yields

v Correlated yield suppression probes gluon density, similar to inclusive production measurements
v Angulare decorrelation is sensitive to the coherence of the gluonic wavefunction

. . . . . O . . O . .
Azimuthal distribution of isolated cluster-r= o and uncertainty from a fit to y,,—7"~ correlation function
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The FoCal physics program

Vector meson photoproduction in ultra-peripheral collisions

® Photoproduction cross sections of heavy vector mesons are proportional to the square of the gluon density
v Constrain the PDFs + non-linear behaviour in gluon densities

@ Deviation from power-low growth of cross section with increasing W, , expected due 1o saturation effects

® Reconstruction of J/y and yw(2S) studied by STARIight Pb—Pb simulations
v FoCal allows measurements to W, = 2 1eV (10 GeV) for p—Pb (Pb—p)

ALICE Simulation, Po-Pb UPC |s,, = 5.5 TeV, L., = 7 nb"
STARIlight, JAp and ¢(2S) — e*e
34<y<58 oS
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https://arxiv.org/abs/2211.16107

FoCal-E pad design concept

® 18 layers of Si pad sensors interleaved with Tungsten absorbers Map of silicon pad sensor
v Sipad cell size : 1x1cm? 112 ] 9
v Absorber : 3.5mm Tungsten (=1Xo), Rv ~ 1cm Silicon pad sensor
. . - PIN diode
v Each sensor has 72 main cells (8 raws x 9 columns) + 2 calib. cells .
- 320 um thickness
0C hi INST 17 (2022) C0301 R
HGCROC v3 architecture (J 17 ( ) 5) 79 ch + 2 calib + 2 CMN
[ Phase ]_ O - - - Tele Fast commands | e - Cell size : 1x1cm?2
Festcommensy RN~ - Calib. cell : 3x3mm?
Clock and control path
v v v
6(: s B — DAQ path . g:)lﬁng | . N Readout path 6 4 e e 7 2
|: ‘ | triggerfd 1@[ —
—& o I e I e T P e Wl RS % .
T %ﬁ L rere | V- ® Readout by HGCROC chip
——{ ros | o R {51 o | |
NPV —— 1/ g v Provide ADC, ToA, ToT (extend dynamic range)
A A 9
/ \/ Digital 7 bits \ = Trigger .
tincaraion [ 1% T [# Trncation readou ; > v 40MHz trigger pulse
(4 or 9) ompression > manager
Trigger|path : ' .
| per chamel A\ 16¢/8x riggercel uni/ 4 Trigeer v Dynamic range for a MIP : ~10pC
[ | J S — v Data transfer : ~960kHz with internal circular buffer
Calibration DAC ( Bandgap W t [—
injection || 1oT/ToA Voltage Comgl'cp T e
thresholds L References J Slow control path
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https://iopscience.iop.org/article/10.1088/1748-0221/17/03/C03015

< 30 mm -
2 1024 x 29.24 um =29941.76 um >
A A - -
E Pads over pixels
O
g
o™
d 4 @
E 5
-l X
O
o
x
o~
Ln ~ Y - > ()
Digital Periphery
v
V .............. * 1.2 mm

-----------------------------------------

-----------------------------------------------------

® 2 layers of high granularity pixel sensor inserted in 5th and 10th layer

v Two photon separation from neutral meson decays

ALPIDE (ALice Plxel DEtector)

based on MAPS (Monolithic Active Pixel Sensor technology)
Sensor size : ~30x15mm?2 with 100 pm thickness
1024x512 pixels per chip with ~30x30 pm=2 pixel pitch

v
4
4

OB CHIPS OB CHIPS
| Trigger
OB CHIPS OB CHIPS System
\ (optional) .| Trigger
OB CHIPS OB CHIPS ! £| Timing
' Rol tri 2| Control |3
@ I: C | - ' | d 't OB CHIPS IB CHIPS IBCHIPS OB CHIPS O TE9S 5 -
oCal-E pixel readou
OB CHIPS IB CHIPS IB CHIPS OB CHIPS Clock 44x Clock 28x
v Readout chain is the same e - Conro Contro .
S OBCHIPS |  IBCHIPS . BCHPS | oBCHIPS  —— > P o i Plgger
' o ' > . : iming
aS |TS 2 W'th mOd IfICathﬂS E : : Data Data Control (optional)
: OBCHIPS |  IBCHIPS BCHIPS - oOBCHIPS | _ VI 020 N (- ~ - - c - - mC i e m - mmm - me -
: 5 Data/Control
AVDD =1.9V Versatile Link+
J D a-t are ad 0O u-t Of ‘l 2 G b p g : OBCHIPS |  IBCHIPS IBCHIPS : OB CHIPS DVOD - 1.9V
(400 M b p S) fo r | B (O B) OB CHIPS OB CHIPS Control (CANBUS)
OB CHIPS OB CHIPS Monitor Board
OB CHIPS OB CHIPS Power Board
E Monitor HUB
E 90 cm
h 98 cm
On detector 3-5 meters 30-50 meters Ground level
High radiation area Medium radiation area Low radiation area No radiation
Cavern Counting room
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61,75
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\4 pcs. of mounting rods

Cu caplllary tube containing a plastic scintillator fiber

Advantage:

v Modularity : allow us to build different size of tower at
different rapidity

v Simplicity : easy assembly, tubes commercially available

v Possibility of upgrade with quartz fibers (dual-readout)

Empty space between tulbes can be filled with copper
powder and epoxy

Readout by H2GCROCS3 with SIPMs
v' Most functionalities are similar with HGCROC

Jonghan Park (Univ. of Tsukuba)
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oCaI-Piers EoCal-H

® (Construct mini-FoCal

" TR
-
- -

® FoCal test beam
campaign at CERN

PS & SPS in 2022- FoCal-E Pads

2023 » 18 layers Si pad sensors
° 2
v Hadron beams up ellplp of S5 SRgn
e pad size 1 cm
to 350 GeV + readout with HGCROC v2
v Electron beams up FoCal-E Pixels
to 300 GeV « 2 ALPIDE pixel layers

* Monolithic Active Pixel Sensors
 pixel size of ~30 x 30 ym?
 two tested prototypes (HIC,pCT)

FoCal-H

* 9 Cu-scintillating fiber modules
 towers size ~ 6.5 x6.5 cm?

* length ~110 cm

* readout with CAEN DT5202

® Additional test beam
scheduled In 2024

-
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FoCal test beam setup

Trigger

o

Phase selection
Stretch and Delay

TB Trigger board

FoCal-E

- Control, trigger link
- Data lines

A

A

Clock reference

A 4

LTU

Trigger and Clock link

CAEN Boards >

FLP

Q
O
o
[
(O]
| -
(O]
(@)
D
—
|_

4 x Readout Units

CRU1

FPGA

GBTx2

Data lines
GBTx1
GBTx0 Slow Control

CRUO

Jonghan Park (Univ. of Tsukuba)
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-10 0 10 20 30 40 50 60 /0 80 | —¢— 243 GeV Te N _
ADC . — 287 GeV N m
® (Gain calibrations - . —
v Characterization of the MIP/noise 2l S
separation ~ =i ‘ =
v Validate simulation results e i ! ‘-‘-_;--_ =
. . 2 4 6 8 10 12 16 20
v Optimize energy resolution FoCaI E Layer (~0. 98 X/X = 1)
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® (Charge signal mean w.r.t electron energy

v Both data and simulation are described by a linear fit,

O(E) =g X E+ 0,

® Relative energy resolution

v Energy resolution less than 4% above 50 GeV

/\1 20 I I I I I I I I I I I I I I I I I I I I I I I I 01 2 . [ [ [ [ I | I [ I I I I I [ | | I I [ I I I I
O | | | | LLI ; | | | |
S | ALICE FoCal-E Pad Prototype ” — K ALICE FoCal-E Pad Prototype -
~ ~ CERN SPS H2, 2022 + 2023, electrons 7 L B CERN SPS H2, 2022 + 2023, electrons
Ol ] ° )
o) 1 OO — + Data w/o Layer 7 ] - 01 .:'. + Data w/o Layer 7 ]
(@) B o) GEANT4 simulation w/o Layer 7 . N 9 B :-:‘, _ N
E — — = — O  GEANT4 simulation w/o Layer 7 —
= B Q(E) = 0.31 pC - E/ GeV - 0.52 pC 2 - = B - i
O go ------- Q(E) =0.29 pC - E/ GeV - 0.49 pC Q — F-BELgozue 2L
— 9V B P . ! 0.08 E Ve / Gev £/ GeV
g : ] Data 'Q'x : — : % = _'—2E6/IGGZ)V ® 3.0 % :
k=) | GEANT4simulation ’ 1 '8 o 1
g 60 Q(E) = 0.33 pC - E/ GeV + 0.09 pC ' | O 006— DY + Data |
40} — meee=e-a- Q(E)=0.32pC -E/GeV-0.12pC xx' . LllJ B S [l GEANT4 simulation ]
D- B xc; T L T T T T —r e e e NP B . h | o 25 6 % B
W g o e T I S e 1 -
c_lts 40— 1,06 4 0O 0.04 e ) ]
n .04 4 L n T ol L pp Y ]
O B 1,02 - B et -9 ~$— & |
O A S S T S Bl
LL i 0.98]- = — e _ _
20 __ gzj;: —e— Data w/o Layer 7 - € - GEANT4 w/o Layer 7 :; 002 __ E GQ(E) ------ E-T_
B 0_925_ —= Data -E3- GEANT4 _E B I"(E) —_— = ]
0% =80 T 50 300 — L Q(E) o QO —
O | | | | | | | | | | | | | | | | Electron energy (GeV) O | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Electron energy (GeV)

Electron energy (GeV)
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FoCal-E pixel test beam results

Shower separation in FoCal-E pixel

: : T e e B e T — N
® FWHM of the lateral shower profile as a function of electron energy E L ALICEFoCalEPixel | —lso0
Z 80— CERN SPS H2, November 2022 =
v Decrease from 1.2 mm for 20 GeV to 0.8 mm for 300 GeV for layer 5 S of I T i oo 2
= | —400 —
v FWHM values are significantly smaller in layer 5 than in layer 10 Tk E =
— |larger transverse spread at higher shower depths oy - _ 300 "j::
~ 5 | 1 I | I I | | I l | 1 I | I I | | I I | 1 | | I I | 1 o ~ 5_ I | | 1 I | 1 I | I I | | 1 I | 1 I | l I | | 1 I | 1 I | 40:- —: -CE)
& = . - & = . R - - >
c [ ALICE FoCal-E Pixel Layer 5 - € [ ALICE FoCal-E Pixel Layer 10 - n Alo00 <
= F CERN SPS H2, November 2022 2 *°F CERN SPS H2, November 2022 - wE E
% N ' Data E % e ' Data E “F _; 100
< % 5 GEANT4 + diffusion 3 2 *F 5 GEANT4 + diffusion E oF E
'-CEJ 3;_ _; g 3;_ _; OO_HH1§(.)HH2§0HH320HI.|4EOIHISIOIHFGEOIHI720HH820HH;0 0
O o5l 1 % ..F . Pixel x (mm)
% 255— —E % 255— —E
S 2k 4 & 2F = Example of lateral shower profile
Sy - - L - L B B B B B NN UL BN B
1.5— | —] 1.5— T — - - -E Pix ]
b I N 1] B L M
11— * —] 11— — ~ N 300 GeV electrons
0'5:— = 0'5:— = % 014~ GEANT4 + diffusion —
0— | 1 1 | | 1 | | 1 I | 1 | | I 1 | | 1 I | 1 | | l 1 | | 1 : 0: | | | | | | | | 1 l | | 1 | I 1 | | 1 I | 1 1 | . Z 012_:_ . . __:
0 50 100 150 200 250 300 0 50 100 150 200 250 300 — 7°L Dominant uncertainty from .
Electron energy (GeV) Electron energy (GeV) o4F-shower center uncertainty, Oax ~ Oy, =
0.08{— ﬂ{ —f
Functional form of the number of pixel  oost- : -
hits on Ax from the shower center xo  o.oaf =
| d 0.02f— -
J(Ax) = Nhies(X — Xp) ok el -

N... dx 0 8 6 4 =2 o0 2 4 6 8 10
hits Lateral distance x (mm
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® Mean of ADC sum distribution vs beam energy ® Energy resolution as a function of beam energy

v Linear fit, E,.,. = a X ADC + b, used for detector V' Resolution in the simulation is significantly less than
response calibration that in data due to photoelectrons + light
:_'U? 70 >i1(|)3 T T [ T T T T ] T T T T [ T T T 1 | B — T T 1 | . E— — LI\J 0.5 \ LI N I R L L L —
S | ALICE FoCal-H Prototype 2 - %0.452 ALICE FoCal-H Prototype 2 -
S *E May 2023, CERN SPS H2 = oaEl|  May 2023, CERN SPS H2 —— Data E
% 5 f_Hadron Beam _f 0.352_ Hadron Beam —— Fit to data ;
:qg: 405_ _E 0_35 —=— Simulation E
E:_ = ] 0_252 — Fit to simulation i
= a0 — 0.2 =
E = Data E = =
20— e Simulation ] 0'155 ﬂ T — =
L Fit: ADC=a*E-b _ 0.1; BE e ;
10— — Fit to Data: a=186+ 3.5, b=1737+ 500 — 0.05F =
— — Fit to Sim: a=182+ 0.1, b=3320+ 13 - E —
O B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ] 00_ 5|0 I 1(|)0 1é0 2(|)O I 2é0 3(|)0 3é0 I I I 4_.00
0 50 100 150 200 250 300 E?;SC;)eV) E (GeV)
S wE_ALICEFoCatHProwypez =
© | oF_May 2023, CERN SPS H2 o Simulation =
:_Hadron Beam _E e e |
€1 Jf HlL + + _*_ %_ E i FoCal test beam campaign has validated |
<E" ] E | performance of each prototypes
0.9 — 5I0 — 1(I)0 — 1})0 — 2(I)O — 25IO — 3(I)O — 3tl'>0 — E I(Gé\;)
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FoCal schedule

we are here

2024

2025

2026

2027

2028

2029

. 2024 2025 2026 2027 2028 2029
Focal SChedUIe overview Y1Q1 Y1Q2 Y1Q3 Y1Q4 Y2Q1 Y2Q2 Y2Q3 Y2Q4 Y3Q1 Y3Q2 Y3Q3 Y3Q4 Y4Q1 Y4Q2 Y4Q3 Y4Q4 Y5Q1 Y5Q2 Y5Q3 Y5Q4 Y6Q1
PROJECT NAMES START END #of Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
+ TASK TITLES DATE DATE Days 2024 2024 2024 2024 2024 2024 2024 2024 2024 2024 2024 2024 2025 2025 2025 2025 2025 2025 2025 2025 2025 2025 2025 2025 2026 2026 2026 2026 2026 2026 2026 2026 2026 2026 2026 2026 2027 2027 2027 2027 2027 2027 2027 2027 2027 2027 2027 2027 2028 2028 2028 2028 2028 2028 2028 2028 2028 2028 2028 2028 2029 2029 2029
LHC Run 3 03/01/22 10/31/25 959
LHC Long Shutdown 3 11/01/25 03/31/29 890
FoCal Global 01/01/23 03/31/29 | 1630
TDR 010123  0331/24 | 325 SRR | detec o
Final design 07/01/23 06/01/25 500 . T
Production 07/01/24  10/31/27 | 870 ANnstalidtiorn
Assembly decentralized 07/01/25 06/30/27 522
Racks and services at IP2 (pit) 04/01/27 3/31/28 262
Assembly at IP2 (upstairs) 07/31/27 02/28/28 151
Installation at IP2 (pit) 03/01/28 3/31/28 23
Commissioning 04/01/28 10/31/28 152
SPS test beam (calibration) 08/01/28 08/31/28 23
Contingenc 11/01/28 03/31/29 108
FoCal-E pixel layers 01/01/24 06/30/27

ALPIDE production 07/01/24 06/30/25 261
Components production 04/01/24 07/31/25 349
Assembly 08/01/24 09/30/26 565

01/01/26 12/31/26 261

Readout production

FoCal-E pad layers

11/01/23

06/30/27

Sensors

07/01/24

03/31/26

W plates 04/01/25 07/31/26 349
Module design 11/01/23 12/31/24 305
Assembly segments 07/01/25 12/31/26 393

01/01/25 03/31/26 325

Readout production

SIPM + fiber procurement 02/01/25 06/01/26 346
Design decision 01/01/24 03/30/25 325
Cu procurement 04/01/25 03/31/26 261
Construction 07/01/25 09/30/27 588

Readout production

01/01/26

08/31/26

Infrastructure 01/01/24 07/31/28

Support for mini frame 01/01/24 09/30/27 979
Beam pipe 01/01/24 07/31/28 1196
Platform 01/01/24 12/31/26 784
Cooling 06/01/24 7/31/28 1086
02 (CRU firmware) 07/01/24 12/31/26 654

module asse

FoCal-E pixel layer

modu

€ asse

FoCal-E pad layer

construction

FoCal-H

Jonghan Park (Univ. of Tsukuba)
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® FoCalis a part of the ALICE upgrade project for Run 4 (starting from 2029)

v FoCal can help us to investigate unexplored regions of small-x and low Q2

® Simulation studies have validated abilities of FoCal for small-x gluon dynamics

v Direct photons, Neutral mesons, Jets, Correlations, Vector meson photoproduction in UPC, etc.

® Successful test beam campaign until 2023 and preparing for 2024

v Test beam results are in good performance

® FoCal is the ALICE project approved in Mar 2024 from the LHCC

v Plan to start mass production, module assembly, etc this year

Thank you for your attention

Jonghan Park (Univ. of Tsukuba) ALICE FoCal overview
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® Charge signal sum distributions for FoCal-E pads

6 0.1_ | | 1 T T 1 T T
O - ALICE FoCal-E Prototype -
— 0.09— CERN SPS H2, 2022 + 2023, electrons, w/o Layer 7 —
_Cg 0.083— 20 GeV ¢ Data — GEANT4 _f
= - 60 GeV ¢ Data — GEANT4 ]
_OLUO'W - 80GeV ¢ Data — GEANT4 -
% 0.063— 100 GeV ¢ Data — GEANT4 _f
- 150 GeV Data  GEANT4 -

0.05— =

— 200 GeV Data GEANT4 -

0.04— 250 GeV ¢ Data — GEANT4 —
0.03 :_ 300 GeV Data GEANT4 _:
0.02— —
0.01— —

O: | | | | | | | | jl-

0 60 80 10
FoCal-E Pad signal charge Q (pC)

0
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® Reconstructed energy distributions for data and simulations for hadron beams
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FoCal-E module overall procedure

Cold plate

FP-4029_B

PAD module-layer
FP-4003 3kg

FoCal-E Module

FP-4029_B 74 kg
g ’/// :

PAD segment

_ FP-4025

22X
(2 shorter)

PAD&Pixel
segment

FP-4029_B

PAD module-layer 3X

% 3kg PAD segment oﬁ:z,\ivx:
P 1 2kg Si-layers
—_—

PAD only
segment

FP-4029_B

FoCal-E

FP-0009_A

1650kg

FoCal-E pixel module assemble

3x 15-chip string ona Imm aluminum carrier
1mm spacers

Transition card

Card holder

1Imm aluminumcarrier and spacers

3.5mm tungsten absorber 3x 15-chip string

Total thickness = 3.5 (absorber) + 1.0 (spacer) + 1.0 (carrier) + 1.0 (carrier) + 1.0 (spacer) + 1.0 (spacer) = 8.5mm

FoCal-E pad module assemble

/ FFC (Polyimide) 0.3 mm

Passive components
<1.5mm

HGCROC 1.5 mm
(16x8 mm?)

Wire bonding protection 1 mm —_

PCB 0.8 mm
. (FR4)
Si 0.3 mm
Adhesive 0.1 mm
W 3.5 mm
(80x90 mm?)

Jonghan Park (Univ. of Tsukuba) ALICE FoCal overview

CALOR 2024



