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The Future Circular Collider project ‘

International FCC collaboration (124 institutes, 32 countries)
» 100 TeV p-p collider (FCC-hh):
main empbhasis, defining
infrastructure requirements

> 90-400GeV e e collider (FCC-ee):
as potential first step

» ~100 km tunnel infrastructure in
Geneva area, site specific

» Schematic of an
4 80-100 km
» p-e (FCC-he) option studied \‘ A
FCC-hh luminosity:
baseline: 5 x 10%* cm™2s

ultimate: 30 x 10%*em 25"
O(30 abfl) ~ 25 years of operation

—> peak avg PU events/BC: 997 = ool

¥
v
L

Talk on FCC-hh machine by D. Schulte
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https://indico.cern.ch/event/686555/contributions/2962542/attachments/1681194/2702876/ICHEP_FCC.pdf
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» Liquid argon technology extreme

1MeV neq [cm™?] ‘ dose radiation hard
15
ECal Barrel <5 1014 < 100kGy . Barrel HCAL tolerances met for
HCal Barrel <3x10 < 8kGy scintillator and Silicon
Endcap <3x10% < 1MGy Photomultipliers (SiPMs)
Forward <5x 1018 < 5GGy

— n dependent requirements
— meet performance goals
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FCC-hh EM calorimeter R “/ NGED

- P e e R RN
— requirements B o moommoaa
Soref ﬂ:1 ‘:/ﬂ—_-‘o" arXiv:1606.00408v1 |
> heavy resonances: H ’::jzgcf'gjzj
! + — ’ .. Hotar T rEen 1
Z—>e'e , W-—>ev, X=—>vv, X—>jj g
S0.12} !
> precision physics: b 3
HH->bb~y E i
008~ B
. g 0,061 ]
1. Significance of mass peaks F
0.04— —
> high energy resolution oo2k- E
> high angular resolution Pi
0 115 120 125 130 135 1
2. Measurement of invariant masses mieed
. . . FCC-hh Si i D Iph
> good Linearity of calorimeter 2 T Qerete)
response s 145— V@:mm‘ev :2:::33223
b L=30ab"
. . . 0. e . E
3. Pileup rejection & 7 identification 12

HH - bbyy
> high granularity

—> constant term <1% essentiall: excellent

resolution on the Higgs trilinear self-coupling,

2k

strong dependence on Am,

Lol I I I
08 085 09 095 1 105 1.1 115 12

K =2, Ag,
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FCC-hh hadron calorimeter ) ’ (D)

— requirements

FCC-hh Simulation

® R T R R SIS —~ 16 . . . .
® < t ]
= 0 p‘Te'> 25 GeV —100TeV e r ]
g [ b 2 14} MC FCC mean -
3 [ --13Tev ] 2 F MC FCC peak 1
9 ] 3 ]
9] | £ 12-————————"
N = C B
© 7 - r 1
4 O F 4
S - F 10 .
c r & VBFHiggs 1 F 1
[ v | 1 8f- .
0.041 ! - F ]
[ ] 6 .
[ ] r Jet containment at 98% |

O‘Ozj |: ] 4 L ! ! I s

L " : d 1 10 10? 10° 10*

! il 4
ol Lot L L e ] P, (GeV)
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max
nl

> Jet rapidity of VBF —> 71 coverage up to 6
» High pr jets at n = 0 —> containment > 11 X

» Highly collimated final states (boosted decay products of heavy objects)
—> High granularity to resolve jet sub-structure and background rejection

(e.g. pile-up jets)
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FCC-hh detector ‘ (G=D)]

total length ~47 m, height ~18 m, segmentation not optimised, 2.5 M channel

ECAL Barrel ECAL Endcap ECAL Forward

LAr-Pb (1:3), 6-8 layers LAr-Cu (1:3), 6-8 layers LAr-Cu (1:100), 6-8 layers
A7 = 0.01,A¢ = 0.009 An = 0.01,Aé = 0.01 An = 0.05, Ad = 0.05
op/E ~ 10%/VE @ 0.7% 0g/E ~10%/VE®0.7%  og/E ~ 100%/VE®10%

i

HCAL Barrel / Ext. Barrel HCAL Endcap HCAL Forward
Sci-Pb-Steel (1:1.3:3.3), 10/8 layers  LAr-Cu (1:5), 6-8 layers LAr-Cu (1:200), 6-8 layers
An < 0.025, A¢ = 0.025 An = 0.025, Ap = 0.025 An =0.05 A¢ = 0.05
or/E ~50%/VE @ 3% g /E ~50%/VE ®3%  og/E ~ 100%/VE @ 5%
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Calorimeter choices

° T T T < F T T T T T
x FCC-hh smulation * E FCC-hh smulation
** 500 N LAr Fwd HCAL 50 . S AT Fwd HCAL
LAr Fud ECAL F LAY Fwd ECAL
B siclding (ull sainless Stee) r B shielding (ful stinless Stesl)
——— solencidsaryo F ——— slencidstaryo
400 Tile HCAL, outer support 40 Tile HCAL, outer support
TileHCAL o Tile HCAL
LATHCAL EC r LA HCAL EC
LArECAL EC r LAY ECAL EC
300 LATECALB 30 E LATECAL B
tracker + beampipe o tracker + beampipe
200 20
100 10
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
ni i

ECAL HCAL
electrons/photons | > 30X, -
hadrons >2A > 85\
muons > 30X, | > (120 + 10) X,

—> performance studies concentrated on Barrel
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FCC-hh Barrel ECal — LAr/Pb D

FCC-hh barrel ECAL
iquid are or

liq readout

» 10x granularity of a V///
ATLAS ECal e — g ! ;
» improved precision due /4
to simpler layout
compared to ATLAS cryostat—%

accordion (slightly .
increased noise) . 777
» electronics noise study //
of multilayer read-out —
electrodes done

Specs:

— note: alternative ECal de- > Fh/stee o e
: : : P . mm steel plates inclined by
sign in SI(MonOhthIC Active LAr gap increases with radius:

Pixel Sensors)/W technology 1.15mm-3.09 mm

under study 8 longitudinal layers
An =0.01 A¢ = 0.009
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FCC-hh Barrel HCal - Sci/Pb/Steel (2] | ((F52)

Specs:

5 mm steel absorber plates,
alternate w/ 3mm Si and 4 mm Pb tiles
10 longitudinal layers = | o
An(> 0.006) = 0.025 A¢ = 0.025 i s

Wavelength Shifting Fiber /~

Lead |
Scintillator |

> 4x granularity of
ATLAS HCal

» SiPM readout at outer .
radius (~ 10" neq) =
— single channel
readout, timing

Steel ||

25cm

15cm

» current ongoing R&D on
scintillator material and
SiPM technology fulfil 13.80m
requirements (8 kGy)

10cm

Sourcetubes

— mechanical structure feasible, assembly study done
— first test of Sci tiles in FCC size started
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Calorimeter performance
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ZA

Electron/photon reconstruction &N ’ (GED)

Energy resolution, n=0

FCC-hh simulation
0.15

. - . . + BO% 0.2% O.SGeV
reco with sliding window algorithm: - 8\0% sogey

8 0.1¢ 43} AC= 200 e 00.29% 0 &228%
+ 80% 00.2% 0 44EGE\/
» building towers in An = 0.01,

A¢p =0.009
» window size: 0.07 x 0.17 loe et ==

%2000 400 600 800 1000
E [GeV]

Invariant mass for two photon events (Ey>40GeV)

pile-up scenarios tested on single

.-
i . 8 Fe - Oy 305 FCC-hh Simulati
electron resolution and di-photon poesp™™ #7°  m $ imulation
i H . e [—=— Mmo=200 R=2.3%
Invariant mass m,.: o0t s
—> need pile-up rejection strategies, a b
algorithm (window size) not opti- g
1 0.02—
mised g
0.01— + ey
T PR T ) ARERN
"é%ﬂ?“g' oot |
—> resolution gOals achieved O-I16 118 120 125 124 126 128 130 132 [(133:\1/]
myy [Ge

—> noise rejection strategies needed
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Single 7 reconstruction

l_Jw
o
8
=Ty oA :
combine E4+-HCal signals with bench- o2 -4 E
mark reconstruction method on cell sf E
. = UF T T ™
level: - & 1F FCC-hh smulation 3
— E ™ =0.36, benchmark reco 3
Erec - Eem ca+ Ehad EI§ 16 " E
b . E . a . E . \wg 14 ATLASNIM A357(1997)333351€
+ \/| em,/a;tL had,flrstLl R\ — poTalED Lo ]
+c - (Eem - a) 10F —— BATSIWIED22%
. 8k =
> recovers lost energy in LAr oF E
E N E
cryostat 4F 3
2 F Barrel E+HCa 4
O: 1 1 1 E|
10 10° 10
Eye [GeV]
stochastic term constant term
HCal only 42% 2.8%
ECal + HCal benchmark 45% 1.9%
B=4T \ 51% \ 2.2%

—> magnetic field effects lower energies
—> resolution goals achieved, without noise
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ZA

Jet energy resolution & ’ D)

reconstruction of jets with anti-kt algorithm
input can be

1. calo cells

2. topo-cluster: collection of cells based on significance & = UEni,ﬁ!e

cell

— 25 ey P I P — S
é [ FCC-hh simulation B=0T (2] 15 F FCC-hh simulation B=0T E
S oF ®=100Tev —celllevel ] §I_ E 5=100Tev B L level
= 20 QD (uds) jets 7 2 1.1 E QCD (uds) jets cellievel 3
° [ antik.R=04 e topo-cluster ] Y.05F antik.R=04 e+ topo-cluster E
I L ] E E
Cl‘_) 15__ O<mi<13 . 1;_ O<mi<13 =

o @mangannt

6'p‘):ﬁ®°5€2 1 0955 _E

10 P T 0.9 ; , _;
. oP) 5305 ] 0.85 57" E

. E ,,‘T = %@2.2% ] o8 - ;
i — 0.75F E
ok - 1 1] 0.75 1 | E
2 3 4 102 103 4

10 10 P, [Ge1\9] P, [Ge\?]

» in case of B=0T, constant term smaller than 3 %
> validated the topo-clustering
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Jet energy resolution @ ’ (GESD))
in (u) = 200,1000

tests of calorimeter performance with pile-up, without B field

O = T u
§>»— 15 8 i
E' E 'Y ...’ : iR g
8 o ® Y E
& . o-® A =
0sf—e-* y 2 =
. ) ) A E
» large impact of pile-up on 06735 Ak E
L7 E- 'y E
low prt 065 -4 3
nA e L 1 =
30 s —r—T T — T

FCC-hh simulation Vs= lO(IJ Tev
QCD (uds) jets
anti-ky, R=0.4

0<pl<13

> topo-cluster algorithm
successfully reduces the
impact of noise, but due to
higher thresholds increase in
sampling term 15}

=@ topo-cluster, elec. noise
topo-cluster (Ji(=100
—&— topo-cluster [1Z1000

rec
Ol I 1%

N

(6]

10496 ;5 gy 1) 1.3GeV
» need stategy for PU 10

596 1 5 69 p 13GeV
L P, x
rejection.

Barrel E+HCa

107 10°

e [Gé\%1
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ZA

Pileup rejection strategies &N ’ (D)

> exploit the longitudinal/lateral segmentation for PU identification:

radial profile in R = \/An® + A¢?

FCC-hh Simulation FCC-hh Simulation

A 0_.‘,7‘H‘mw‘H“mw"‘mwm“‘[mt‘mwm7 T ot A A S A A
o« ot —— prompt el ] o E o —— prompt je E
S ol pF'> 100 GeV — pile-up jet (200PU) 1 - E pf'>100 GeV —— pile-up jet (200PU) ]
— 014F - - -~ pile-up jet (1000PU) ~ 008 - - == pile-up jet (1000PU)
w r 1 w E |
o o120 b © 007 B
v [ ] v E 3
] 0.06F E

04 ECAL E F HCAL ]

] 0.05F E

0.08 4 E ]

] 0.04 4

0.06 B 1
0.04f~ 4 N E
002 7 B E
u’ \_\‘H\\‘\\H‘HH‘HH‘HH‘HH T | 0 N FEE NI N SN SET N N d
0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 045 05 0 0.05 0.1 0.15 02 025 0.3 035 0.4 045 0.5

» threshold optimisation of topo-clustering

» machine learning (Deep Neural Nets) study on-going
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Jet sub-structure RN GED))

Low top pr High top pr

b AR = 2m/pt N

FCC-hh Simulation FCC-hh Simuiation
o A o e e o B LR R P ==aaanasaananssnasasussss aansnnuesy natanuenaanage:t
© Co. — 7 Jet n w k. —_— 7 jet 4
£ 0121~ bl 1000 GeV —Wiet ] £ F p¥'> 1000 Gev — Wjet ]
q), r ===« QCD jet 1 g 0_12; =x== QCD jet ]
4 [ ]
01 - ) [ ]
° r R - £ ]
E r ] _0N> 0.1~ 1
E 008~ b © r b
5 L 4 g 0.08~ ]

< [ i c L
0.06— — r 1
[ ] 0.06— |
0.04 ] r ]
F 1 0.041— B
0.02r- ] 0.02- e 4
L ] [ f ™ - ]
R T B S R

my, [GeV] T

et 2,1

Performance good up to 1 TeV, with Calorimeter standalone, and without B field!
Far from having explored everything possible:

> Particle-Flow tracks and B field (decrease local occupancy) will improve

» Machine Learning techniques will help a lot (train on 3D shower image)

Coralie 7} Calorimeter systems for FCC-hh



Summary & Outlook @ ’ rFE))

» full simulation and reconstruction chain in FCCSW established for
single particles and jets

» the hadronic and EM calorimeter of the Barrel region show
promising energy resolutions :

constant term
0.2%
2.2%

stochastic term
8.0%
51.0%

electrons
hadrons

» multiple pile-up rejection techniques possible, especially due to the
high granularity (first promising results of DNN)

» numerous additions possible: cluster calibration (on-going), tracking
(on-going within FCCSW) —> particle flow, timing

» comprehensive summary of FCC project is in preparation
—> delivery of Conceptual Design Report until end of year
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Optimisations of Barrel Tile HCal @ ’ (G=D)]

» included Pb absorbers
— Scintillator/Pb/Steel
(1:1.3:3.3)

H
> decreasing B
non-compensation by N Ggijtj::d_;._,
suppression of EM %
response Poaarier & n Fecth smuaion 3
Pb: X; = 0.6cm, il S G LS
A, = 17.6cm (Fe: TENL T,
Xy =1.8cm, . st o E
A, = 16.8cm) &l “t 3
ol 15 2F  Barrel HCal E
» reduces total depth [\,] —1?43“’ . 0 e o
from 8.9 (full Steel) to e s
8.5
stochastic term | constant term | e/h
Sci:Steel (1:4.7) 46% Gev'/? 4.1% 1.24
Sci:Pb:Steel (1:1.3:3.3) |  42% Gev'/? 2.8% 11
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Pileup noise per cell no B field O AN (GED)

ECal ECal

0.06 F T —layert 3 —layer1
E o reomsmimon —Layer2 Focm Smuaion —Layer2
005 vt 4 tavers clions q —taers
E pmcan Layer 4 e Layer 4
004 4 —Layers —Layer 5
E —Layer6 4 —Layers
E 1 tayerr 4 Layer7
003 —Layer8 —Layer8
002 B E
0.01 E E
0 1 0 1
002040608 1 12141618 2 002040608 1 12141618 2
Ini ni
HCal HCal
< P S 0,09 ETTTTTITIIIIIIIIIIITIITIT ey
8 Focth simuaion 3 8 Foch smutaion 4 e
g cliond 3 vt 3 s
g Iy e 1 g 'y <00 Zlavers
s s E ayer
5 s —Layer7
2 o q —taers
= B = —Layers
“Layer10 JE

ok
002040608 112141618 2
i

oE
002040608 112141618 2
inl i
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Pileup noise per cell in 4T field

pile-up noise [GeV]

ECal

Footh Simaion
el ot
=<0

o :
002040608 112141618 2
inl

Layer 4
—Layer5
—Layer 6
~Layer 7
—Layer8

—Layer 10

pile-up noise [GeV]

ECal
012 Fecm simuion
clions
01 = a0
008
006
o
002 =

0.09
0.08
0.07
0.06
0.05
0.04
0.03 E

0.02 E

o :
002040608 112141618 2
Inl
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Pileup noise estimate D) ’ (D)

topo-clusters — ECal no B field

Energy distributions of clusters,
cells in layer 2: cluster size: An x 7, A¢ x 17,
F 3 s at [n[ < 0.1
0.25 T

4 —tayers
Layer 4
4 —Layers
—Layer 6
4 —Layer7

—Layer8

0.2

0.15

pile-up noise [GeV]

oF
002040608 112141618 2

inl 01

0.05

> Z E cell l —_—

7

I OO oovtsvvwevoseseves
> 0 12 3 4 56 78
>/ Een layer

» RMS of Ecluster
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BARREL - Longitudinal profiles n = 0.36)] | ((FGc5)

)\ECAL
ECAL eff ,0 ECAL
Aeff = ———— T deeli /MecaL
3 T T T T Cos(ntruth)
2 —10GeV
% —e—20GeV (1)
£0. —=— 50GeV
2 e~ 100GeV
o 500GeV )\HCAL
1000GeV HCAL eff ,0 HCAL
10000GeV )\eff =—+ dcell />‘HCAL
Cos(ntruth)
. (2)
— with depth of cell d,,,c/, along shower
; s, . .

. e aX|s within active CalorlmeLter
n Aerg(n=0) =3, )‘efTO (n=0)=
2.2

Aecar = 29.4cm, Aycar = 20.1cm

06.07.2018
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Shower images 100 GeV 7~ at n = 3. ‘ G
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Benchmark reconstruction (E\Y ’ (G=D)]

correction for lost energy between E and HCAI (in cryostat)

2
Ebenchmark = Eem ca+ E;:ad +b- \/'Eem,/astL va- Ehad,firstLI +c: (Eem ) a) (3)

g% 8 < SR

o, € [ — -3

2y 8 w2 ¥ +

g8 10° ™ — 4+ 3

w7 g8 E
6 r ++ i
: AT
4 10 ++ E
3 T E
2 - E
1 1 E
0 3

0 L L L L

510 v_m_zo 25 T 25
|EFC£L[B?c:L| [GeV] V_E‘ESW:%.Q
lastL firs B B, 11GV]

> optimised with (10 & 100) GeV, (1 & 10) TeV a 400 events
> 2=10.978, b=0.479, c = 5.4 x 10" ° Gev
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Topo-Clustering within FCCSW )

ZA

Algorithm to cluster Calorimeter cells
Logic algorithm:
1. Finding seed cells above 1rst threshold of noise level in cell
2. seeds are sorted by energy
3. building clusters
4. find neighbours of the seed, include to cluster if above 2nd threshold
5. the found neighbours become new seeds

repetition of 4 and 5, until no more neighbours found

6. add all neighbours for last seed (3rd threshold=0)

] (GD)
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Topo-clusters — 500GeV =, w/B field, @o’ ise=

s 1 K
Tiozp  ECallayer 1 i Tioef  ECallayer2 2 Tiosf  ECallayer3 ;2 Tio2f  ECallayerd 12
o 1 o i o I o . i
I 2 2 12
oo os os os
o o o o o o o H
-0z o4 02| o< 02| o4 02| 04
o2 o2 o2 oz
IR T R T R T R EEEE I T P
Tiozp  ECallayers 10 lizf ECallayers 117 Tioof ECallayer7 {112 Tisf  ECallayers {117
o i o n o I o I
o o o o o o o i
s B TR ot o] ot o os
RTINS TRITETTEEI G ORITETTEEE G ORTTERTEETE S ©
P [R5 Pl Wl
R . e e, o : z axis
Do HOallayer1 §1'2 b HCallyer2z Y1t fif HCallayer3 112 Lg.E HCallayera {112
01| 1 01 e a1l e 4 ol il 14 .
i . ‘ . . s cell types:
o ! it o8 01| o¢ 01| I ¢ 01 o8
[ R R S o: 1 = seed cell
oz ! oz oz oz
Do HCal lager 5 1© L} HCallayers 12 5.} HCallayer7 12 T.p  HCallayers 12
01 hil 1 01 1 ol 14 o i 14
I I I s 2 ] 12
o f i o i o l n o n
o o o1 o o AELR 54 o it i
- o2 - o2
030707 0 010203 ° T 07 0 010203 ° 302 01 0 01 02 03 302 01 0 01 02 03
Mo e Mo Moo M
HCal layer 9

neter systems for FCC-hh



Topo-clusters — 500GeV =, w/B field, @o’ Gise=)
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HCal granularity
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Jet reconstruction &) ’ (G

Simulations : 100 TeV pp collisions,
p; range of di-jets from 20 GeV to 10 TeV

Reco with FASTJET :

anti-k, jet algorithm based on

: 2 2\ AR
d; j = min (1/pti7 1/ptj> Rsz

. 2 2
with AR; = (n; — ;)" + (6 — ¢;),
matching of reco and gen jets within AR < 0.3

T T
FCC-hh simulation

[%2]
1. cell level £
510
2. topo-cluster *
> seed thr. ECal: 7.5 MeV 102
> seed thr. HCal: 11.5MeV
> every neighbour is collected 10

3. topo-cluster w/ noise
> seed thr. 40 of cell noise level 1
> neighbour thr: 20 of cell noise level 10 10? 10° 1Q*
> in last step all neighbours are collected p-r,ge,-. [Ge({/]
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