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as a Probe for Low-x Gluons

T. Peitzmann (Utrecht University/Nikhet)
for the ALICE Collaboration
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ALICE

Outline

Physics case

+ PDF uncertainty (and gluon saturation)
- experimental probes of PDFs

FoCal - an ALICE upgrade proposal

- baseline design, performance

Research and development
- high-granularity EM calorimeter

Summary



N

R (x,0%=1.69GeV’

s 07 16s PDF Uncertainties and Saturation
6

1.6 [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIII—I 1. [ IIIIIII| [ IIIIIII| [ IIIIIII| I T TTITIT HLICE
i 1 EM probes - kinematic coverage
: e __ Emzz ) v‘”
-------------- 4 % s A
—‘ Qb il DIS
=04 1 g
EPPSI6 | EwU-2 EPPS16
. | llllllll 1 11111 % 0.0 ] llllllll ] llllllll | llllllll 1 1111l
10" 107 107 100 1 10" 107 107 10" 1
X X
large uncertainties of nPDFs
parameterised nuclear modification (unbiased?)
x-dependence?
. very little dependence for x < 10-2 o' A / o~ In’s
need more experimental data! section | 0 \ plack Disk
energy saturation
. . . rowth
non-linear effects from high gluon density | “™
gluon saturation? o _

energy § 3



True x-Sensitivity?

Vs(TeV) |y | pr(GeV/e) | 2z | m - 2mr +4) ALICE
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no analytical approximation, taking into account 1 of recoil parton 4
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SRS VA B X-Q2-Sensitivity

A — 1 PYTHIApp 8.8TeV ALICE

forward measurements

_ compare LHCb DO and FoCal
: photons

4 < me9<5 GeV/c
—y :40<n<45
—y :3.5<n<4.0
—D°:3.5|<n<4.0

- study median of distribution and
' 90% confidence level limits
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x-Q2-Sensitivity
PYTHIA pp 8.8TeV
forward measurements

compare LHCb DO and FoCal
photons

study median of distribution and
90% confidence level limits
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PDF Fits Using Charm

PRL121 (2018) 052004

nCTEQ15 EPPS16 - open charm used in re-weighting ALICE
Origirllall ,E.] BeYV?iqh.ted.[Z]. LII-ICbI datla e ALIQE Qatq HEH

1.2

- significant reduction of uncertainties

- significant suppression — on the low
side of current PDFs

- significant pQCD uncertainties (scale,
fragmentation)

- relies on shape of parameterisation:

very little x-dependence at low x!
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ALICE Collaboration,
arXiv:1906.03425

1 2Original ] Reweighted 71 LHCb data re+ ALICE data ™=
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PDF Fits Using Charm
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open charm used in re-weighting ALICE

- fit to LHCDb results shows tension with
new ALICE results at midrapidity

- revisit assumptions on shape of
parameterisation?
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Eskola et al.,
arXiv:1906.02512
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re-weighting
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* includes production from gluon
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R. Khalek et al.,
arxXiv:1904.00018

1.4

—_
N
I

= EPPS16
nCTEQ15

nNNPDF1.0

Towards More General nPDFs

NNNPDF1.0

- compared to EPPS16
and nCTEQ15
- free of assumptions for

parameterisation

ALICE

resulting in much larger
(more realistic)
uncertainty in nuclear

PDFs
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FinaI-State Modification of Open Charm in p—A?

ALICE ALICE, submitted to JHEP,
arXiv:1906.03425
S 1 1 Auce CMS, PRL 121 (2018) 082301
p—Pb, {sy\ = 5.02 TeV 03F— — —
: T 1 -096<y,, <004 °L cms pr816TeV .
] Sy onavm, - @ E" ~ g ¢ § 7
:___A_‘A;*" - Syst.on (T, __ [ S EII:II:I = __
1? A Charged particles 0'2_ O A O Q & e @) E:}I ]
0.8: Syst. on dN/dp_ ol | % 7]
0.6; > B n % = u g ] ]
o= 0% ee® @ @ R
1.6 T 3 i 0 =, O |
1.4:— —— — B ] % * offline
E T N —DD O 185 < Ntrk <250 -
12 *@* ‘;‘ KER T 00—+ e Bl B
I TS ettty it N T
0.8 —_— + T _ pT (GeV)
0'65_ 20-40% ZN energy _ 40-60% ZN energy _
1 0 p (Gevia)! 0 (Gevi) significant v» for D mesons,

L similar results for HF-decay leptons
nuclear modification for D mesons yep

(similar to charged hadrons),
deviation from Ncon scaling at low pr
mechanism for modifications still unclear, possibly final-state interaction!
relation between initial- and final-state kinematics may be obscured

iIntroduces additional systematic uncertainty
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ALICE

Low-x Measurements at LHC

Strong (nuclear) low-x program with various

measurements

- forward production of photons, open charm, DY(?),
also UPC

Important contribution of forward isolated

photons

- potential sensitivity to lower x
- no final-state modification, suppression of
fragmentation

Opportunity in ALICE

- needs detector upgrade: FoCal

12



FoCal in ALICE

A .-MHIIHIIHHIHIHHITIITIT FoCal-E: high granularity
electromagnetic calorimeter
FoCal-H
\ i1 for y and 9 measurement

| ol

(h

h 1

e L1 : . .
o vl FoCal-H: conventional hadronic
Ceocniate calorimeter for isolation and jets

i\

UL 1 atz=7/m: 3.2<1<5.8

- under internal discussion
possible installation in LS3

advantage in ALICE: forward region not
instrumented, “unobstructed view”

main challenge: separate y/7tV at high energy

need small Moliere radius, high-granularity read-out
- Si-W calorimeter, effective granularity =~ 1mm?2

note: two-photon separation from n® decay (pr = 10 GeV/c, y=4.5, a = 0.5) is d = 2 mm!

13



The FoCal Detector — Strawman Design

pads pixels 1 mm o _ _
Transverse segmentation <—>» studied in performance simulations:

ALICE

LG cells

20 layers:
W (3.5mm = 1 Xo) + Si-sensors

1 HG cell

hybrld design (2 types of sensors)
Si-pads (= 1 cm2):
energy measurement, timing(?)
- CMOS pixels (= 30x30 ym?2):
two-shower separation, position

Longitudinal segmentation reso|uti0n
0 1 2 3 4 >

-
> -

1cm

A
Y
A

Y
A
Y

main optimization (to be done):

- number of pixel layers and location

- number of pad layers

- maximum separation between layers

absorber LG layer

14



Direct y Performance in pp

direct photon/all > 0.1
for pr>5 GeV/c

< 20% uncertainty

at pr=4 GeV/c

ALICE combined rejection (invariant mass + shower shape, isolation)
combined suppression of background relative to signal: factor = 10
largely pr-independent
Direct y/all cluster ratio Direct y uncertainty
I I I I I I I I I I I I I I I I (@]
é - pp Vs =14 TeV | " ALICE simulation - S pp, Vs = 14.0 TeV
= 45<n<5.0 FoCal upgrade 1.4
° 1 7m position — = 45<n<5.0
S F e : ALICE simulation
- —— ; g 1.2
: . —— ; T .
. e o A _=é=_¢_ "{A T
10 E_ RS —A— —:
AT o —.— . 1
L N\— -+ -
= _D_—D— —.—_._ -
H - - 7]
107 -+ E 0.8 L =50 pb™ INCnlo based
- = dec rej + iso - Rej. Factor=0.04 Eff. err.=0.05
i 4 decrej (IM+SS) Gam Eff.=0.5 Decay err.=0.05
i - isolation 0.6
R ,=0.4, pl o < 3.0 GeV ® no selection
10—3 | | | | | , | | | | | | | | | | | | | | I | | | | | | | | | | | | |
4 6 8 10 12 14 0 10 20
p_(GeV/c) p. (GeV)

decreases with increasing pr




0.5

ALICE projection
FoCal upgrade

gl

. Isolated y

— EPPS16+CT14

p-Pb |s,,, =88 TeV

40<n<5.0 i
L=50nb" -
1 1 1 1 l 1 L 1 1
15 20
p. (GeV/c)

Systematic uncertainty <20% above 6 GeV/c

e Below ~6 GeV/c, uncertainty rises due to
Increasing background

e Significant improvement (up to factor 2)
on EPPS16 gluon PDF

e Similar improvement from open charm

e Test factorization/universality

baseline

g

reweighted /R

g

R

reweighted baseline
R,

g

R

_* JPerformance and Impact on EPPS16 nPDF
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Rpr

Impact on Recent nNNNPDF

R. Khalek et al.,
arXiv:1904.00018

FoCal pseudodata with nNNPDF Impact of FoCal refit on nNNPDF

F10 “%°Pb reweighting

pPb 8.8 TeV nNNPDF 1.0

. mean + 68% CL 3

— 90% CL

nNNNPDF 90% CL

- EIC fit 90% CL

—— FOCAL refit 90% CL

Q%=10 GeV?

Recent nuclear PDFs: nNNPDF minimises theoretical assumptions

* No constraints for x < 10-2 from DIS

* FOCAL provides significant constraints over a broad range: ~10-5 - 10-2
e Qutperforming significantly the EIC in this aspect

17



ALICE

unts

direct photon Rpa

Q
o

7t0-7t0 correlations

dijet correlations

ridge/flow-like phenomena Ig pp pA

10000

8000

6000

4000

2000

0

low-x gluons (n)PDFs, saturatlon

More FoCal Physics Topics

correlations: forward photon — mid-rapidity hadron

jet quenching at large y
neutral pion Raa

miscellaneous
reaction plane in Pb—Pb

c 0.2
PYTHIA pp 14 TeV E PYTHIA pp 14 TeV
B n0n0 correlation (bkg subtracted) §0'18 L
f T0.161 FoCal jets
— fSS 014k pt resolution
true 0.12F
[ 0.1
35<n<5 i
B 5<pr<15GeV/c 0'085 *++H~+w+
0.06[—
B i 0.04
0.02F-
P‘Tﬂﬂu W u‘h‘m!m 0: | | | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | | |
IIIIIIIIIIIIIIIIIIIIIIIIIIII 5 20 22 24 26 28 30
Aq) [rad] pr [GeV/c]
x10°
b
" ALICE Simulation
PbPb 0-10%
a0 10Mevents
3.5<n<45
- 8.0< p, < 10.0 GeV/c
200
- = @ in Pb-Pb
1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1
% 0.1 0.2 0.3 0.4
m (GeV/c?) 18



Extensive R&D Program Ongoing

ALICE
requires to go beyond state of the art

- pixel sensors needed for pion rejection (two-shower separation)
- Si-pads needed for energy resolution and timing

proof of principle demonstrated

- successful test of first digital pixel calorimeter (JINST 13 (2018) P0O1014)
- Investigating several options for pad sensor readout
* ongoing test-beam program

- test setup with pads currently in ALICE cavern

still significant R&D steps necessary

- modifications to ALPIDE sensor
- optimisation of pad readout
» general design (minimisation of Moliere radius, etc.)

19


https://arxiv.org/abs/1708.05164

ALICE

dule deSIQn approachmg flnal geom

S PAD sensors 8x8 pads each

-

NIM A764 (2014) 24

Pad Prototypes

Lots of experience gained over past years
Most recent prototype is close to final design

Large activity in Japan (Tsukuba)
and India (VECC, BARC)

20



W/Si-Pad Test-Beam Performance

ﬂ Zb.12[- 5 -
L I C E 2 — 0.5 GeV ' 70000 . .
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E 20000
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% 00000000 oo 10000 Oo_ L s L
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S AN marker ==> Data B0
= 60001 ) ax =)
v A g |
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4000 v v : N 40 GeV s %
nx N A\\\il-\ = 30 GeV R N
02w N, =20 GeV RN
D “w. %, 05 GeV , S~
2000 s R Nk m——— ¢ _¢
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O ) LI SALW
N ,0,,',. “m,_ LSRR B2
R T R NN Y B S Fa o——or o 5 o = =
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India Pad prototype with custom chip (MANAS/ANUSANSKAR)

test beam performance agrees with simulations

papers on instrumentation in preparation
21



ALICE

owards an Extremely Granular Calorimeter

~ CMS-HGCAL
pad size (0.5cm2)

single electron shower
measurement (244 GeV)
in CMQOS sensor

22



Pixel Prototypes

Full pixel - MIMOSA tower

e

Full Pixel prototype
Utrecht/lehef/Ber en

)
747 |

///
47
W,

/ 4 /4
// /)

/)
//////

/] [ )
/’//,,
/

7/

24 layers — 39M pixels

JINST 13 (2018) P01014

7401 4

ALPIDE developments ALICE

flex
—»

" Chip cable

» Alpide

Smd flex

__» Spacer0,5n

» Tungsten
absorber 3r

2 layers in test bea

my-

\

U

layer in assembly jig at LT
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layer 8
oo

_ %
!

244 GeV e (@ SPS)
single-event display
In pixel calorimeter

detailed reconstruction
of em showers possible

< Digital Pixel Test-Beam Results

shower posmon resolution

3 F I L B |
=
§ °0C :
S [
?, - Data(e’/e")
e Data(e/e
él:) 45_— E
- [
g : e Simulation
3 40 E
o T
35:_ \“. —]
30:_ “‘ .~ N —
- 3\\ Tt
o5l B e — -
T T T
_I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I-
0 50 100 150 200 250

Energy(GeV)

can also provide excellent
two-shower separation
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(®) FOCAL prototype in ALICE

ALICE

Léc beam plpe
i AUC§P2
PSP

SRS system under the table

Goal: measure/verify
backgrounds in situ with

13 TeV collisions

* Analysis ongoing

e (Calibration based on test beam
e Comparison to MC

Hit Map from run at point 2

Layer 2

normalized entries
(@)

Cluster spectrum

.....

Cluster multiplicity:
- full acceptance
3.7<n<3.9
39<n<4A1
41<n<43
43<n<45

,"_ﬁc!cm- [
i "“ il uo I

LA

10000 20000 30000

ADC sum

25



Summary

ALICE

- Large uncertainties in nPDFs at low x
- revisiting theoretical assumptions

- Forward photon measurements at LHC provide unique
opportunity for low-x physics
- complementarity with open charm: some advantages for

photons

- needs detector upgrade: proposed FoCal detector in ALICE
+ more physics opportunities with FoCal

- Extensive R&D with prototypes

- FoCal will be a significant step beyond state of the art in
calorimetry
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X-Dependence of PDF modification

EPPS16, EPJC 77, 163

R z,Q%) =
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Influence of x Dependence

parameterise nuclear modification of gluon PDFs Simple Model based on PYTHIA —

no proper Q2 dependence

T . . . . o T , . . . S
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different x-sensitivity of probes ~ |dx doldx(pr.y) - Ry(x)
reflected in nuclear modification factor |dx doldx(pr,y)
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DL

x-Q2-Sensitivity

35<n<40

35<n <40

PYTHIA pp 8.8TeV
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x-Q2-Sensitivity of Drell-Yan

PYTHIA pp 8.8TeV forward measurements
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Main Physics Motivation for FoCal (A Hierarchy)

1. prove or refute gluon saturation

- compare saturation models with linear QCD

- depends on saturation model implementation and flexibility of PDF analytical shape
2. show invalidity of linear QCD at low x

- can all potential measurement outcomes be absorbed in a modified PDF?

3. constrain the PDFs at low x
- nuclel, also protons

- main observable: nuclear modification factor Rpa of direct photons

- saturation stronger in nuclei
- possibly non-existent in protons (calculation of reference in models?)

p+Pb/p+p—v+ X, /s=8TeV

T T T T T T T T 1.1 ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Zost JI—t—7 " T° I 1 T | 5 arXiv:1210.02206
| | % { _________ |
0.6 | I e 1
N — EPPSI6 ]
0.4 =— EPS09MOD 1 0.7
i + ALICE pseudodata 1
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pr [GGV/C] 32



Pixel (HGL) R&D Results: Single Event Profiles

electron pion
< 103E T 3 < 103 L
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electron showers have well defined profile, very narrow shower core
pion showers show much larger fluctuation, often much wider
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Two Shower Separation

display of single event (with pile-up) from 244 GeV mixed beam

Z (mm)
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evaluate separation capability: core energy
calculate shower energy in cylinder of finite radius
study as function of radius



R&D Results: Core Energy

detector response (number of hits) energy resolution

o, | E (%)
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reasonable energy resolution of pixel calorimeter, sufficient for conceptual design

response and resolution for core energy hardly affected down to r = 5mm:
adequate for very high particle density
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Overall conceptual design

FoCal module: ~28x8 cm
Layout concept for pixel layer

I aéb:lﬂ::U:fﬂi'D i | aéﬁ:zﬂ:uzﬁmi | fﬁgzutm i | asB:H:ru:iDua | aﬁzg:u;ﬁmi | EQB:H%D | | EQEH::u:tD°§ | a“B.H“UtD | | Q;B:H:.U:tm E I\ A
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| ’E‘:H“utm i | aéB:"H:uzt’D°§ | gsﬁ&:u:tm i | {EH%:" i | E’Bﬂ:lu;imwg | Eﬁ&:u;tm"a | Eﬁl‘%‘:"g | E“B"H:U:t:l i |

6x9 ALPIDE sensors (2 or 3 layers)

PAD module prototype

PAD layers
+ 2 or 3 pixel layers
for position resolution

Services/connections
to one side for integration

3 sensors: ~9x8 cm
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Integration
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™ PAD layers +

Minimize gaps between towers
Stacked vertically into ‘slabs’

Needs work on integration to avoid edges and yet transport outwards signals

37



