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Why FoCal ?

Workshop: Exploration of small-x structure of nuclei and signals # -~
of saturation in forward measurements at the LHC EEZE - 1400 Forward dijet production in
Wednesday 22 Jun 2022, 09:00 — 17:45 Europe/Zurich Speaker: Piotr Kotko

HLICE @ 40/S2-CO1 - Salle Curie (CERN)

Description  Please register for this workshop if you intend to participate on site. If you are planning to participate online, no registration is needed.

Kotko_CERN_FoCal_.

m ~ 14:20 Heavy flavor and quarkonium production in the forward region

Registration
A Check detail
& You are registered for this event. ecl ils Speaker: Kazuhiro Watanabe
Focal_Watanabe.pdf
m - 10:35 Introduction to the workshop Osm @~
Speaker: Constantinos Loizides m ~ 14:50 Why ALICE FOCAL may be interesting: Some loose thoughts of a theorist

y Speaker: Antoni Szczurek
focal_ws_22june22 P

szczurek_FOCAL_20

EEZT0 - 1055 Physics Potential with the FOCAL Detector O1sm @~
Speaker: lonut Cristian Arsene m - 15:10 UPC, experimental overview and ALICE projections
|Arsene_FOCALwork Speaker: Joakim Nystrand A

UPCFOCal.pdf
LRECLN . 11:25 Status of (n)PDFs and constraints from forward particle production O25m &~
Speaker: Juan Rojo A m ~ 15:40 Experimental forward results (LHC, RHIC) and (n)PDF sensitivity -- overview
Tolo oCa =mal Speaker: Norbert Novitzky
FoCalWorkshopNovi

m - 11:55  Si of gluon ion from structure-functi O25m @~

Speaker: Heikki Mantysaari (Ur m 1615 Di .
e iscussion

FOCAL_workshop_s.

m . 12:25 Particle Production from CGC - Photons, Hadrons, Dihadrons O25m

Speaker: Jamal Jalilian-Marian

N
«

cern-smalix-06-2022.

= - 1245 Discussion Q15m &~

* Main goal: explore non-linear gluon evolution and nPDFs at low

Lol: ALICE, LHCC-I-036 (2020)
Physics case: ALICE-PUBLIC-2023-001
Physics performance: ALICE-PUBLIC-2023-004
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http://cds.cern.ch/record/2858858
https://cds.cern.ch/record/2869141.
https://cds.cern.ch/record/2719928

FoCal observables in hadronic collisions

ALICE, LHCC-I-036 (2020)

g ¥ g ¥  Main measurement: isolated direct
photons in pp and p-Pb collisions
* Complementary observables:
° T[O
e Jets
9 % 9 g « Quarkonia, Z° and W=

e correlations
a) Compton b) annihilation


https://cds.cern.ch/record/2719928

FoCal observables in UPC

ALICE-PUBLIC-2023-001
Bylinkin, Nystrand, Tapia Takaki, arXiv:2211.16107

Pb Coherent J /U production:

* Quarkonia (J/y, ¢’) photoproduction
» Extension of photon-Pb and photon-proton
cross-sections to very high and very low c.m.
> energy
é 3 y JAp * Bjorken-x reach down to ~10°, discrimination
power for saturation models
e Other photon induced processes also
measurable:
* Low mass vector mesons,
Pb ° yy_)ee’
* Inclusive photo-nuclear and diffractive di-jets,
 Light-by-light scattering,...

Many thanks to Alexander Bylinkin, Joakim Nystrand and Daniel Tapia Takaki ! 5
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The ALICE detector (Run 3 setup)
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The ALICE detector + FoCal

~ICE

(not to scale!)
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* Forward calorimeter
(3.2<n<5.8)
* Electromagnetic: FoCal-E
 Hadronic: FoCal-H



pixels in layer 5

FoCal design challenges

60— ALICE FoCal Simulation
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-| single n° E=860 GeV

* Discriminate direct photons and decay photons
(mainly from 11°)

* Requires: small Moliere radius, high granularity
readout

* Suppress bremsstrahlung and fragmentation
photons

* Requires: measurement of hadronic showers

g q

c) bremsstrahlung d) fragmentation

ALICE



FoCal structure %

ALICE

Transverse segmentation 1mm

] FoCal-E (electromagnetic)
EEaii * High granularity Si-W calorimeter
ol * Longitudinal segmentation (20 layers)
Ei * 3.5mm W in each layer (1 Xo)
Longitudinal segmentation e 18 pad |ayerS (1X1 sz)
* Energy measurement
« 2 pixel layers (30x30 um?)

m * Two shower separation
HG layer

17
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FoCal-H (hadronic)

* Metal-scintillator using “spaghetti” design
 Scintillation fibers embedded in Cu tubes

* Photon isolation, hadronic jet components




FoCal prototype for test beams

FoCal-E Pixels

FoCaI E Pads

FoCal prototype tested in electron/hadron beams at SPS in Nov 2022 and May 2023

Small prototype built for
performance tests
 FoCal-E
e ~ 9 x 8 cm?transverse size
e 18 pad layers
« 2 pixel layers
 FoCal-H
* 9 Cu-scintillator towers
e« ~ 20 x 20 cm? transverse size

ALICE

10



Energy resolution in beam tests
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* FoCal-E: energy resolution < 4% at high energies
* FoCal-H: energy resolution < 15% at high energy

* Disagreements with MC under investigation
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Transverse and longitudinal shower profiles

ALICE
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Performance in hadronic collisions

4]
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~ ALICE FoCal Simulation

- pp Vs=14 TeV
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Phase-space coverage

ALICE
3104% U I'? 2] [ R R T IR
% 103:E Pythia8, pp, |/syy = 8.8 TeV  ALICE simulation E ‘5 014 4.0< p_<5.0 GeVic oVTHIA S -
3 | | line : median 3 e - —a+g Dfrom gluon pp collisions Vs=8.8 TeV
g 102—? | band : 90% CL 3 E 0121— ) prompt photon production ]
- E S b [Jcentrai:-08<n'<08 .
10k ¥ 140<m<4s 0.10/— DFoCaI:3.4 <n'<55 —
—v :3.5<n<40 C 7]
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g 4<pl<5GeVic s -
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* Direct photons measured in FoCal * Photon-hadron correlations combining
vs. D-mesons in LHCDb FoCal and central-rapidity acceptance

significantly extends the coverage in x
14



Direct photons
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S 1 FoCal simulation E o - FoCal simulation ]
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Isolation energy in FoCal-E and FoCal-H Signal fraction up to ~70% at p+~14 GeV/c

« Still untapped potential by using
additional more sophisticated methods o



Prompt photon Rpps

ALICE
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 Reduction of NNNPDF30 uncertainties similar to LHCb D° mesons
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Light mesons

ALICE
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Jet energy scale (JES) and jet energy resolution (JER) quantified using Pythia

+ GEANT for R=0.6 anti-kr jets
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Ultra-peripheral collisions %

ALICE

ALICE FoCal simulation
STARLight Pb-Pb \/%:5.5 TeV

coherent J/y, E = 116 GeV \J/l.lJ N e+e-
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Vector meson photo-production in UPC

efficiency
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* High efficiency (~80%) for J/y

measurement in e*e’
* Coverage up to y~5.5

Pb-Pb @ 5.36 TeV, L = 7/nb ALICE
VM o(Pb+Pb—Pb+Pb+ VM) o(34<m,<58) Yield
oY 5.0 b 20 pb 140,000
& 440 mb 10 ub 70,000
J/¢ 39 mb 53 b 370,000
¥(28) 7.5 mb 1.1 pb 7,500
Y(1S) 94 pb 5.0 nb 35
p-Pb, Pb-p @ 8.8 TeV, L = 150/nb
VM o(p+Pb—=p+Pb+ VM) o(34<1m2<58) Yield

p — FoCal p — FoCal
PR 35 mb 140 nb 21,000
b 1.7 mb 51 nb 7,700
J/ 98 ub 400 nb 60,000
¥(25) 16 pb 8.9 nb 1,300
T(1S) 220 nb 0.38 nb 60

Pb — FoCal Pb — FoCal
o0 35 mb 17 nb 2,600
® 1.7 mb 5.3 nb 800
J/ 98 ub 36 nb 5,400
¥(25) 16 ub 0.53 nb 80
T(1S) 220 nb 0.67 pb ~0

Bylinkin, Nystrand, Tapia Takaki, arXiv:2211.16107 20



J/Y and Y(2S) reconstruction in Pb-Pb
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ALICE Simulation, Pb-Pb UPC s, = 5.5 TeV, L, =7 nb™
STARIlight, Jy and y(2S) — e'e’

34<y<58
p, < 0.2 GeVic

= ALICE Simulation, Pb-Pb UPC |s, = 5.5 TeV, L,,, = 7 nb™*
F STARIight, J/y and y(2S) — e*e’

T T TTTTIT

34<y<58

2.8 < My < 3.4 GeV/c?
o 6 data

— coh J/y

—inc Jy

---- feed-down from coh y'
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T IIlIlll

T
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= =
< %

counts per 50 MeV/c

[EEN
o
)

¢ data
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---- Jly Crystal Ball

-- y(2S) Crystal Ball
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|||||||||

15 2 2.5 3 3.5 4 002040608 1T 13 14 16182

My pair (GeVic?) T ¢l pair (GeVlc)

Ground and excited charmonium states can be separated
Coherent and incoherent components can be extracted from the pr distribution

Very large photoproduced quarkonia sample expected to be measured with FoCal
Potential of improving the mass and pr resolution

21



Coherent J/Y photoproduction in Pb-Pb UPC

(Pb + Pb — Pb + Jhy + Pb) [mb]

do
dy

Bylinkin, Nystrand, Tapia Takaki, arXiv:.2211.16107
UPC Pb-Pb s, = 5.36 TeV, 7 nb™

ALICE

6 : : o =
— NLO with EPPS16 * STARIight projection * 0.42 2 NLO with EPPS16 « STARlIight projection * 0.42

5 :_ Ho=p, =237 GeV * ALICE UPC Pb-Pb |5, = 5.02 TeV 5 Ho=H, = 2.37 GeV = ALICE UPC Pb-Pb ys, = 5.02 TeV
= o LHCb UPC Pb-Pb ys,, = 5.02 TeV & == o 4, ° LHCOUPCPb-Pb \Syn = 5.02 TeV
= i = T

4 e e | m—— S| O,
— i + FoCal 2 ——- =~ o * .,
- o) _— -y [) — *
- ~ , + Acceptance o E e JUPUUTTELLL 'y

3 T e smassmasnmmnunnnn® \
- o n \

2= : -
—F i?:*_- LA A @/ \
~ pe ". [ —

= ' % oe = E \\ *

o= =ueee Only Gluons el EGELLE Only Gluons l 5
C = Only Quarks / B = Only Quarks \'.

_1:_ = = |nterference N - Ve 102 == Interfergnce l Acceptance i+
F = Full [MP — = Full|m| | g1,
:]llIlllllIlllllllllllllllllll C 'I'"'I"'-'I'lllllllllll\ll
g 1 2 3 4 5 6 0 1 2 3 4 5 6 .
y

* Extension of the measurement to y~5.5, very good stat. uncertainties

* Interference between quark and gluon contributions largest in the FoCal

acceptance Flett, Jones, Martin, Ryskin and Teubner, arXiv:1908.08398
22



Photo-nuclear cross-section o(y+Pb)

ALICE, JHEP 10 (2023) 119 ,2 " » Bjorken-x
10 10 10 10
g 4p[C ' AAREE T T T T T * ]
= = ¢ ALICE, Po-Pb |5, =5.02 TeV .
f - © Guzey et al., using ALICE Pb-Pb |s,,, = 2.76 TeV (PLB 726 (2013) 290-295) -
% | 4 Contreras, using ALICE Pb—Pb |5, = 2.76 TeV (PRC 96 (2017) 015203) -
- = Impulse approximation i
-~ STARIight gl
102~ — EPS09LO P -
2 LTA e il _ =

s GEEHS PO - -

.-
.-

IJIII\‘ I 1 JJIIII‘

20 30 4050 10° 2x10? 10°
W pp,, (GEV)

* Emitter-target ambiguity solved using measurements in ZDC neutron

emission classes

ALICE
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Photo-nuclear cross-section o(y+Pb)

ALICE, JHEP 10 (2023) 119 ,2 & » Bjorken-x
10 10 10 10
5 100 N LR LA R A LA ]
= = ¢ ALICE, Po-Pb |5, =5.02 TeV .
f - 1 Guzey et al., using ALICE Pb—Pb |s,, = 2.76 TeV (PLB 726 (2013) 290-295) -
% B A Contreras, using ALICE Pb-Pb {/s,,, = 2.76 TeV (PRC 96 (2017) 01520§) ]
| - Impulse approximation Sz |
-.- STARlight /
12— —EPS09LO P

—f=+

FoCal
acceptance
1 1 | 1 1 | | ‘ | 1 | | 1 1 | | ‘
30 4050 10° 2x102 10°
FoCal i
acceptance

 Combined FoCal + ZDC analysis
- coverage in Wypp, to be extended both towards low and high values
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J/Y and Y’ reconstruction

In p-Pb and Pb-p

0-Pb (low-W,,)

2 | ALICE simulation, p-Pb |s = 8.79 TeV
3 STARLight, J/y and y(2S) — e'e’
o 10% |34 <y <5.8, p, <200 MeV/c
- \ Nyas/Nyy = (3.4 £0.1)*107
10%E
&
10%F
C o data é
i —fit total + +
o ---Crystall-Ball (J/y) (}r %
[ -.-Crystall-Ball (y(2S)) :
lo__|ll | | Illll\\\'lllllllll\\lll
1.5 2 2.5 3 3.5 4 4.5

Simulation studies done with realistic expectations of quarkonia yields
W(2S)/J/YP ratio expected to be measured with about 3% and 12% statistical

msupcl pair [GeV/CZ]

Counts

Pb-p (high-W,y)

10°

10%F

10E

ALICE simulation, Pb-p \/s,, = 8.79 TeV
STARLight, JAy and y(2S) — e'e’
3.4<y<5.38, pT<200 MeV/c

R Nyes/Nyy = (1.7 £02)107

_-©data
" —fittotal

-+~ Crystall-Ball (J/vy) .
--- Crystall-Ball (y(2S))

ﬁm

| - - | I I | I I ‘\ 11| L 1 1
1.5 2 2.5 3 3.5 4 4.5
msupcl pair [GeV/CZ]

uncertainty in p-Pb (low-W) and Ph-p (high-W), respectively

ALICE
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Photoproduction off protons o(y+p) at high-W

UPC p-Pb s = 8.16 TeV, 150 nb™* Bjorken-x

0= 1073 1074 a 19 als i
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I- Power-law fit to ALICE data + ISTARIight projection 1
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* FoCal extends coverage in W,, up to about 2 TeV
* Large lever arm for discriminating linear vs
saturation scenarios

UPC p-Pb s, = 8.16 TeV, 150 nb™

© - " -
b= ¢ STARIight projection (no saturation) FoCal
T1.3F = ALICEp-Pb Acceptance
1.2
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21,
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0.8 __ staRiight

NLO BFKL i
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0.6 Power-law fit to ALICE data X

I Power-law fit to ALICE data + STARIight qrojection

UPC p-Pb \s,, = 8.16 TeV, 150 nb™*

x* NLO BFKL projection
= ALICE p-Pb

Models / fit to data
[N = (ol
W

0.8F __ starlight
NLO BFKL
0.7 CGC (IP-Sat, b-CGC)
EE

FoCal
Acceptance

Power-law fit to ALICE data

I Power-law fit to ALICE data + NLO BFKL Projection
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102 2x10° 10°

2x10°
W,, [GeV]

i

ALICE

Bylinkin, Nystrand, Tapia Takaki, arXiv:.2211.16107 26



Energy dependence of the Y(2S)/J/y ratio
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UPC p-Pb \s,, = 8.16 TeV, 150 nb™

©
N
al

o(y p = v (2S) p)
o(y p — Jy p)
“ﬂl LI I | | LI

0.2

0.15

0.1

0.05

A

v ZEUS

® STARIlight projection (no saturation)

H1

1 = BGK saturation |Run3

| = GBW saturation Focsl

Acceptance

---- BGK linear
== GBW linear
L I L L L L L L L L I

102 10°

Bylinkin, Nystrand, Tapia Takaki, arXiv:2211.16107

Ratio has a good discrimination power between
linear vs saturation models in the range of very

high'Wyp

W, [GeV]

Counts

10?

10

| ALICE simulation, Pb-p ys, = 8.79 TeV
STARLight, JAy and y(2S) — e'e’
3.4<y<5.38, pT<200 MeV/c

NysfNy, = (1.7 £0.2)¥107

T !\I\IH‘

_L(>__,\!\IIII‘

_-©data
" —fit total
-+~ Crystall-Ball (J/vy)
--- Crystall-Ball (y(2S))

T \I\\!H‘

ﬁm

| - - | 11| 11| I ‘\ 11| L 1 1
1.5 2 2.5 3 3.5 4 4.5
msupcl pair [GeV/CZ]

Limitation due to the expected low
P(2S) yields (~12% stat.uncert.)

ALICE

27



Dissociative to exclusive J/@ photoproduction ratio

Bylinkin, Nystrand, Tapia Takaki, arXiv:2211.16107
UPC p-Pb s, = 8.16 TeV, 150 nb™
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* Probe of the fluctuations in the proton target configurations

* Reduction of the dissociative/exclusive ratio towards high c.m. provides a
signature of gluon saturation
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Production off proton in Pb-p at low-W,,

Bylinkin, Nystrand, Tapia Takaki, arXiv:2211.16107

UPC Pb-p s, = 8.16 TeV, 150 nb”
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* Coverage down to W,,~12 GeV with Pb-p at 8.16 TeV, overlap with E401 data
* With an eventual run at 1.26 TeV, measurements could fill the gap between low energy

data points and LHC experiments
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Summary

ALICE
 FoCalis a planned ALICE upgrade for the LHC Run-4 covering forward rapidities
* Main goal: explore gluon content at low-x using multiple measurements

* Hadronic collisions
- Isolated direct photons
- Jets
- Mesons, quarkonia, weak bosons

— Correlations

* Main probes studied so far in UPC (Pb-Pb, p-Pb, Pb-p)
— Coherent and incoherent J/{ and Y(2S)

— Combined FoCal with ZDC and other ALICE detectors to tag neutron emission and
dissociative production off protons
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Backup

ALICE
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