@ N

FCC-hh — Physics Requirements and

Reference Detector
Martin Aleksa

Based on material from:
FCC-hh Yellow Report: https://e-publishing.cern.ch/index.php/CYRM/index
P. Janot and W. Riegler: Academic Training (https://indico.cern.ch/event/666889/)
FCC CDR Summary Volumes: https://fcc-cdrweb.cern.ch/, EPJ ST 228, 4 (2019) 755-1107

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN


https://e-publishing.cern.ch/index.php/CYRM/index
https://indico.cern.ch/event/666889/
https://fcc-cdr.web.cern.ch/

A 100 TeV Hadron Collider — FCC-hh

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



CDR: FCC-hh Parameter Table (100km, 100TeV)

Table 7.1: Key numbers relating the detector challenges at the different accelerators.

Parameter Unit LHC | HL-LHC | HE-LHC | FCC-hh
E.. TeV 14 14 27 100
Circumference km 26.7 26.7 26.7 97.8
Peak £. nominal (ultimate) 10%em™s™" | 1(2) | 5(1.5) 16 30
Bunch spacing ns 25 25 25 25
Number of bunches 2808 2760 2808 10600
Goal [ L ab 0.3 3 10 30
Tinet [331] mb 80 80 86 103
Oy [331] mb 108 108 120 150
BC rate MHz 31.6 31.0 31.6 325
Peak pp collision rate GHz 0.8 4 14 31
Peak av. PU events/BC, nominal (ultimate) 25 (50) | 130 (200) 435 950
Rms luminous region o, mm 45 57 57 49
Line PU density mm 0.2 1.0 3.2 8.1
Time PU density ps~! 0.1 0.29 0.97 2.43
ANy /dn|,—q [331] 6.0 6.0 7.2 10.2
Charged tracks per collision N, [331] 70 70 85 122
Rate of charged tracks GHz 59 297 1234 3942
<pp> [331] GeV/c 0.56 0.56 0.6 0.7
Bending radius for <pp> at B=4T cm 47 47 49 59

October 2, 2024

Workshop

 E,,=100TeV
e ~100 km circumference
e L=30x10%*cm2s1

« [L£=30ab?

31 GHz pp collisions

* Pile-up <p>= 1000

4 THz of charged tracks

Those were the parameters at
the time of the FCC CDR

Now there are several
different scenarios, see next
slides or Michalngelo’s talk!
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Scenarios (90.7km ring)

m F12ul mmm—m Lo

c.m. energy

dipole field T 12 12 12 14 17 20 8.33
%] beam current A 1.12 1.12 0.5 0.2 (1.12) 0.58
< bunch popul. 101! 1.0 2.2 2.2 1.0 1.0 0.4 (2.2) 1.15
E bunches/beam 9500 9500 9500 9500 9500 9500 (2760) 2808
g rf voltage MV 30 30 30 35 43 50 (16) 16
sqj longit. emit. eVs 6.9 6.9 6.9 8.1 9.7 11.4 2.5
€ norm. tr. emit. pm 2.5 2.5 2.5 2.5 2.5 2.5 (2.5) 3.75
it\él IP beta* m 0.22 0.22 0.65 0.26 0.31 0.37 (0.15) 0.55
L= initial o* wm 3.8 3.8 6.5 3.8 3.8 3.8 (7.1 min) 16.7
5 initial L nb1s1 175 845 286 172 209 39 (50, levd) 10
g initial pile up 580 2820 955 590 732 141 (135) 27
8 AE / turn MeV 13 1.3 1.3 2.4 5.3 10.1 0.0067

SR power/beam kw 650 1450 1450 1200 2670 2020 (7.3) 3.6

tr.e damp’g time h 0.68 0.68 0.68 0.43 0.24 0.15 25.8

init p-burnoff time h 5.1 2.3 6.9 5.1 4.0 8.4 (15) 40
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https://indico.cern.ch/event/1439072/contributions/6106995/attachments/2917946/5120981/FCC_hh_scenarios.pdf

Scenarios (90.7km ring)

m FLaLL | FI2HL mm—m Lo

c.m. energy

dipole field T 12 12 12 14 17 20 8.33
%] beam current A 1.12 1.12 0.5 0.2 (1.12) 0.58
= bunch popul. 101 1.0 2.2 2.2 1.0 1.0 0.4 (2.2) 1.15
E bunches/beam 9500 9500 9500 9500 9500 9500 (2760) 2808
g rf voltage MV 30 30 30 35 43 50 (16) 16
E longit. emit. eVs 6.9 6.9 6.9 8.1 9.7 11.4 2.5
S norm. tr. emit. pm 2.5 2.5 2.5 2.5 2.5 2.5 (2.5) 3.75
igl IP beta* m 0.22 0.22 0.65 0.26 0.31 0.37 (0.15) 0.55
L initial * um 3.8 3.8 6.5 3.8 3.8 3.8 (7.1 min) 16.7
EIAT initial / nh-lg? 1758 k45 286 172 209 39 (50 lev'd) 10
*g il No baseline option so far, in this presentation will mostly assume 100TeV centre of mass
S| energy and instantaneous luminosity of up to £ = 30 x 10**cms™ and will discuss the

St differences with respect to a possible scenario with 80TeV c.m. energy if any
trW*ﬂiWT Uu.45 U.Z4 U. 1D 42.0
init p-burnoff time h 5.1 2.3 6.9 5.1 4.0 8.4 (15) 40
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Instantaneous and Integrated Luminosity

Simulation incl. beam-beam effects and optimal fill length for 5 hours interfill (F. Zimmermann)

L[10% cm2s] J L dt [fb]
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Courtesy F. Zimmermann (link)

: P
of ofF
> 0 5 10 15 20
m FI2LL | F12HL mm—m (HL- )mc
ideal [ L dt /day fb! 7.9 17.1 10.8 3,1 (1.9) 0.4
[Ldt /year fbl 950 2000 1300 920 920 370 (240) 55
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Parameter Table (100km, 100TeV)

Table 7.1: Key numbers relating the detector challenges at the different accelerators. o [ e FCIChh |s'mul,a"°n
S 04 pks 25 Gev —100TeV —
Parameter Unit LHC | HL-LHC (HE-LHC| FCC-hh | § [ ]
= 16 ® VBF jets n-distr. ~~18TeV
Total number of pp collisions 10 2.6 26 91 324 T 0.08 .
Charged part. flux at 2.5 cm, est.(FLUKA) GH; cm 0.1 0.7 2.7 8410 L2 ]
1 MeV-neq fluence at 2.5 cm, est. [FLUKA) | 10" cm * 0.4 3.9 168 | 843 (60) | G5 oo R P i
Total ionising dose at 2.5 cm, est.(FLUKA) MGy 1.3 13 54 270 (300) i 3 ':I: ig_c 1
dE/dn|,_5 [331] GeV 316 316 427 765 0.04f A N P
dP/dn|,_s kW 0.04 0.2 1.0 4.0 i X i (SEE
90% bb p7- > 30 GeV/c [332] |n|< 3 3 3.3 4.5 }, ¥ . ]
VBF jet peak [332] bl 34 | 34 37 44 Lt e e ]
90% VBEF jets [332] In|< 45 45 5.0 6.0 LIS R T BTN R R ok
1 1 K
90% H — 41 [332] |n|< 3.8 3.8 4.1 4.8 . A S . A
. . . 10° -
Unprecedented particle flux and radiation levels -
* 10 GHz/cm? charged particles e iyl S o
« =108cm21 MeV-n.eq. fluence for 30ab! (1st tracker layer, fwd calo)s .. ™™ e
O] =
* “Light” SM particles produced with increased forward boost = | Higgs, top
—  => spreads out particles by 1-1.5 units of rapidity ol

- Minimal changes only for 80TeV, but fluxes scale with luminosity!
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Workshop

on HL-LHC and Hadron Colliders — M. Aleksa (CERN




Cross-Sections for Key Processes

* Total cross-section and Minimum Bias

Multiplicity show only a modest increase

G [nb]

H h
| r:u:lef Higgs Eugopgan %Ilqli.is-

from LHC to FCC-hh.

* The cross-sections for interesting processes,
however, increase significantly
(e.g. HH x 50!)!

Higher luminosity to increase statistics 2
pileup of 140 at HL-LHC to pileup of 1000 at
FCC-hh - challenge for triggering and
reconstruction

.. NBF.-

October 2, 2024

\'s [TeV]

Workshop

30 Hz
. * L£=30x10%*cm2s1:
E — 100MHz of jets p;>50GeV,
.8 — 400kHz of W, HH cross-section
g8 — 120kHz of Zs, down by ~30%
10° © Q — 11kHz of ttbars

I
— 200Hz of gg—>H O U2
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FCC-hh Detector
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Physics Benchmarks — Detector Requirements

Physics at the Lo-limit
Exploration potential through higher e
statistics, increased precision

Example: Z’,, discovery Tracking — Resolution degrading

luminosity versus mass for a 50 discovery

nergy, increased

10' |

ab™!

luminosity

with higher momentum!

Ap Opes* P
[ K e
D BI2

- Have to improve on

nal

10% reso
20% reso
30% reso
40% reso

* Opos: difficult

10° L ] i i 1
26 28 30 32 34 36 38
mass [TeV]

4 TeV
Muon momentum resolution:

«  0(5%) at 10TeV.

8 * Lever arm L: magnet cost scales with
volume?/3 - very quickly very expensive

* Magnetic field B: go from 2T (ATLAS) to 4T (FCC-hh)

~
~

* Compareto 10% at 1TeV spec. at LHC

October 2, 2024 Workshop
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Physics Benchmarks — Detector Requirements

FCC-hh Simulation (Delphes) - FCC-hh Simulation (Delphes)

- ] R Pt R Re s PR Rl s e o RER R et = OF e PR R R e s
§ Feewonw  Timeper 4 2L
Calorimetry — Improving UE Leava ERE -
. . . = 50
resolution with higher energy! A HH 55657 £

o

. , 30~ ; ;
o a b E - i | R
E ~ B —dec :20ab;}x/n;//“,_”3, b
E m E : T T %'( llllllllll _“:E 5o :
5 -—u—«E 9% 2
10; " - i :g:}g 152):; e " _‘:
& g - i 5ndlscovery | | i
058 085 00 095 1 105 11 115 1.2 N I TR T TR IR TR
. . Mass [TeV]
Higgs self-coupling SA\/A = 7% for Am,,, < 3GeV = P o < "’SS‘;
* = EM-calorimeter resolution 4 TeV

sampl. term a = 10% and noise term b < 1.5GeV (including pile-up)!
Di-jet resonances: HCAL constant term of ¢ = 3% instead of 15%: extend discovery potential by 4TeV (or

same disc. pot. for 50% lumi)
« - full shower containment is mandatory ! Better detector performance could

* > large HCAL depth (~ 12 A;,)! compensate decreased HH statistics at 80 TeV
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Requirements for FCC-hh Detector

ID tracking target: achieve o,; / pr = 10-20% @ 10 TeV Used in Delphes
Muon target: 6,7 / pr = 5% @ 10 TeV physics simulations

Keep calorimeter constant term as small as possible (and good sampling term)

FCC hh S .rrru.' tion

L T T T
0.1~ p¥'> 25 GeV —100Te\l -

- VBF jets n-distr.”” ™ |

0.08

— Constant term of <1% for the EM calorimeter and <2-3% for the HCAL

High efficiency vertex reconstruction, b-tagging, t-tagging, particle ID!

normalized event rate

* . VBF Higgs

High top pr -

— Pile-up of <p>=1000 - 120um mean vertex separation

High granularity in tracker and calos (boosted obj.) 4

Pseudorapidity (n) coverage: — T

.. ST LHC Burich.Crossing
— Precision muon measurement up to |n|<4 S ERAEe 1ns Clip

. . 011ns o 0 -0.12ns
— Precision calorimetry up to |n|<6 _ / Tdns 02”3 /

—> Achieve all that at a pile-up of 1000! = Granularity & Timing! | ‘}1505 J,,s ' ‘o\osms '}2!15

(deﬁne to be t’O)

On top of that radiation hardness and stability!
October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



A Possible FCC-hh Detector — Reference Design for CDR

Barrel ECAL:
o¢/E=10%/NEE0.7%

Tracker: 6,1/pr~10-20% at Central Magnet:
10TeV (1.5m radius) B=4T, 5m radius

Forward detectors
up ton=6

October 2, 2024

Barrel HCAL: Muon System:
o¢/E=50%/VED3% 0,7/P1=5% at 10TeV

Workshop

Converged on reference design
for an FCC-hh experiment for the
FCC CDR

Goal was to demonstrate, that an
experiment exploiting the full
FCC-hh physics potential is
technically feasible
— Input for Delphes physics simulations
— Radiation simulations
This is one example experiment,
other choices are possible and
very likely = A lot of room for
other ideas, other concepts and
different technologies

on HL-LHC and Hadron Colliders — M. Aleksa (CERN



Documentation

CERN Yellow Reports: o
Monographs

Conceptual design
of an experiment at the FCC-hh,
a future 100 TeV hadron collider

Editors:
M. Mangano
W. Riegler

FCC CDR (link) & Yellow report (link)

Volume editors:
M. Mangano, W. Riegler

Benchmark processes, detector requirements from physics
Editors: H. Gray, C. Helsens, F. Moortgat, M. Selvaggi

Experiment, detector requirements from environment
Editors: 1. Besana, W. Riegler

Software

Editors: C. Helsens, M. Selvaggi

Magnet systems

Editors: H. Ten Kate, M. Mentink

Tracker

Editors: Z. Drasal, E. Codina

Calorimetry

Editors: M. Aleksa, A. Henriques, C. Neubuser, A. Zaborowska
Muons

Editors: W. Riegler, K. Terashi

Physics performance for benchmark channels
Editors: M. Mangano, C. Helsens, M. Selvaggi
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Reference Design for CDR
ol “7 /w/ &

8+ 857( Muon System /
Quter E
/ / Muon S

Main Solenoid I

&

d
ystom

Radiation Shield

orward Solenoid

HCAL Endcap
(HEC)

— -_ Forward Tracker
-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1

M EMCAL Barrel (EMB) l

Central Tracker

EMCAL Endcs
[{=/=]

-

EMCAL Forward (EMF)
HCAL Forward (HF)

-
-

18 19 20 21 22 23 24 25 2

Forward solenoid adds about 1 unit of n with full lever-arm
Forward solenoid requires additional radiation shield to connect endcap and forward calorimeter
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Detector: Comparison to ATLAS & CMS

Precision chambers

{MDT) ] . Barrel tocoid ‘
ATLAS \ T e | 2 FCC-hh Reference Detector
e
............... 10
i [ [ | 0
........ 8 8
] 6 ||
........ S T H]
..... 4 4+ < T
L] 3L —
------ LAcealor. [ 2 2 - — :
: - lrm«:_n};];)‘ctmor . ! =——= 4};} g 2lpa]
20 18 16 14 12 10 2 1 23 456 7 8 910111213 141516 17 18 19 20 21 22 23 2425
CSC chambers
y[m]
10
CMS ;
8
7 —
6 O
= ENZAEE | -
41 < ]
3L [
2 - - ]
1 - 1 —T | i
1 23456 7 8 9 101112131415161718192021222324?5[ ]
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FCC-hh Magnet System

. Nb-Ti/Cu(1:1):
36x@1.5mm
25.0mm
Cu u-profile
€ 3 o ,' and tube
c 625mm  * 350 mm
£2.5 g
> Forward dipole conductor
S —— — — — —
F= ‘L A-O.INi ‘J
5 0 ' n
8 ) 65.3mm "
3 — e e e 2 e
o R e e — Main solenoid conductor Al-0.1Ni J
2
t’-2.5 T == 1 mm insulation for all three conductors .
g 48.6 mm

Forward solenoid conductor

P Table 7.2: Main characteristics of the central solenoid, a forward solenoid and a forward dipole magnet.

7.5 Unit Main solenoid | Forward solenoid | Forward dipole
Operating current kA 30 30 16
Stored energy GJ 12.5 043 0.20
-10 Self-inductance H 21.9 0.96 1.54
-20 Current density A/mm?® 7.3 16.1 25.6
. - i Peak field on conductor T 4.5 4.5 59
Axial position Zin m Operating temperature K 4.5 4.5 4.5
ST S Current sharing temp. K 6.5 6.5 6.2
sl yoosw _° wee Temperature margin K 2.0 20 1.7
Heat load cold mass w 286 37 50
ATLAS M agnet Syste m 2.7 GJ Heat load thermal shield | W 5140 843 1500
Cold mass t 1070 48 114
CMS Magnet System 1.6 GJ Vacuum vessel ‘ 875 2 48
Conductor length km 84 16 23

FCC-hh: ~13 GJ, cold mass + cryostat around 2000 tons.
Possible alternative solutions: Ultra-thin solenoid positioned inside the calorimeter (difficulty: muon measurement!)

October 2, 2024 on HL-LHC and Had Colliders — M. Aleksa (CERN



Challenges for the Magnet System — R&D Needs

 New orders of magnitude of stored energy!

« R&D needs (4T, r = 5m, length = 20m): Conductor development,
powering and quench protection, coil windings pre-stressing, conduction
cooling techniques and force transfer to cryostat and neighbouring
systems.

 R&D needs for the ultra-thin and radiation transparent solenoids: Study
the limits of high yield strength Al stabilized NbTi/Cu conductor and its
cold mass technology affecting the feasibility of the concept of such a
challenging magnet.

* Low material cryostats, Al-alloy honeycomb or composite material
(carbon-fibre)

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



1 MeV Neutron Equivalent Fluence for 30ab-!

Generally ~10-30 times worse than HL-LHC
Exception: Forward calorlmeter goes to higher n 9 blgger factor

Barrel calorimeter:
EM-calo: 4 10%°> cm™
HAD-calo: 4 101 cm™
End-cap calorimeter: F
EM-calo: 2.5 10% cm™2
HAD-calo: 1.5 1016 cm™2

1
3500 4000

3000

1500 2000 —2500

1 MeV neutron equivalent fluence [cm'2]

z [cm]
Central tracker: Calorimeter gap: Forward calorimeters:
* firstIBlayer (2.5 cm ): ~5-6 10 cm? || from 10% cm2 to 10 cm2 ~5 1018 ¢cm2 for both the EM
¢ external part: ~510% cm2 and the HAD-calo

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



Total lonizing Dose for 30ab1

Dose of 300 MGy (30 Grad) in the first tracker layers.
< 10 kGy in HCAL barrel and extended barrel.

1600 -

1400

1200 -~
1000

| [

800

R[cm]

600
400 §

200 ===

—
A

— |y

o -kl.

11 Ln.u.n.... ._.-
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1000 1500 2000 2500 3000 3500 4000

z[cm]
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The Challenge of <p> = 1000 Pile-Up

=10
£ F| Tilted (triangles), Flat (squares):
3, ol p,=10TeVic
P10° | p,=100GeV/c
E| — pT=1OGeV/c
“ [ —p=1Gevic

|| =& p_=1GeV/c in MS limit
E =

0z, =120um

* HL-LHC average distance between vertices
atz=0is
— = 1mmin space and 3ps in time.
* - For 6 times higher luminosity and
higher c.m. energy at FCC-hh:
— =120 pm in space and 0.4ps in time
e = Future trackers will need to use both,
position resolution and timing to identify
the correct vertex!

Multiple scattering in the beam pipe:

13.6 MeV
= Bep 2 v/ Xo [1 +0.038 ]n("E/XU)] -> Even having a perfect tracking detector,

the error due to multiple scattering in the
beampipe is significant for low energetic
particles

Timing or very clever new ideas needed ...

Beampipe

October 2, 2024

Workshop
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Timing Information for Vertex Reconstruction

* Goalis to identify the primary vertex!

* Effective pile-up: number of vertices
compatible with reconstructed tracks

(95%CL)

— Eff. pile-up = 1: Indication for
unambiguous primary vertex
identification

* Example: eff. pile-up =1 for p;=5GeV:

— n < |2]| without timing (---)

— n<|3.5| with 25ps timing accuracy (---)
— n < |4.5] with 5ps timing accuracy (---)

« - Very challenging!

October 2, 2024

t[ps]

2

T TTTI T TTTT0

Effective pile-up
2

10

T TTTTT]

nnnnnn

- pT=5GeV/c, no timing
-------- p,=10GeV/c, no timing

=1000, o8uneh=75mm:

p=1 GeV/c, no timing
pT=1 GeVi/c, 8t=25ps
pT=1 GeV/e, 3t=5ps

CMS Ph2: PU=140, p =1GeV/c, no timing| |

TT |||I|||

W Iilllli

Vertex t [ps]

1 (L Bk O . P Wi TR
-150 -100 -50 0 50 100 150

Z [mm]
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FCC-hh Tracker

Tilted layout Flat layout
390m2 Of silicon 430m2 of silicon % '2' i r<°0 4 '10 hits' material budgeti/i
X 5 F Material budget X/X : | A o
,g. -3.0 2.5 2'\0 o ‘1\'9‘ .(.) ?‘ ‘ ‘11'9 o 3'0 /25 3.0 § 1 EEEE Fiatlayout: BP4+BRL+EC R B Fiat layout: BP+BRL+EC
£1600— Forward Gentral ; ! r Flat layout: BP+BRL g 0.35 E=== Flat layout: BP+BRL
— = [rore— L - Tilted layout: BP+BRL+EC | 03, ---------- Tilted layout: BP+BRL+EC
=1 400 i~ 0.8 e Tilted layout: BP+BRL } e Tilted layout: BP+BRL
1200 e 1 135
1000~ =
800E- 11t 4.0
GO0k~ mmt—< WUl ) ] LT
400 - 4.5
200~ RRREEy 2.0 6
— =t |- _6550 n n
0 — i % Pt el Ll 8 Il ¥
-15000  -10000 -5000 0 5000 10000 15000 o 10” ErSoiencd + Fwd Solencid (sold) ve. Dipols (dashed):
z [mm] O\ p.=10TeV/c
forward central forward k= 1 04 = 1 p:: 1TeVic NP . SRR
solenoid solenoid solenoid \Q‘,_ T e
g p=2GeVic
: 1 0 lllllll i pT= 10TeV/c in Gluckstern apbtox, [
Tilted layout: o p= 2GeV/c in Multiple-scattering limit i
Assuming an r-phi resolution of 25 % 50pm? (1-4th BRL) 33.3 % 400um® 33.3pm x 1.75mm (BRL) 102 p;=1TeV/c FCC SW + Riemann fit s A
25 x 50 um® (1st EC ring) 33.3um x 1.75 mm (BC) i 5 ' -
7.5'9.5|J.m per deteCtor Iayer 33.3 % 100pum? (2nd EC ring) 33.3 um x 50 mm (12th BRL layer)
6p;/p; < 10% for 33.3 x 400 i (3—4th EC ring) 10
. <10 GeV/candn<5.8 = _
e <1TeV/candn<4.0 | i
6p;/p: = 20% for 10 TeV/c in the central region

Momentum resolution dominated by multiple scattering up to 250GeV (limit at §p;/p; = 0.5%) 1 0"
-> low material tracker!!
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Challenges for the Tracker — R&D Needs

. Radiation hardness: sio,
. L. . . <20 pm! p-stop
— Radius > 30cm: Existing technologies are applicable “Sum &
—  Radius < 30cm: Radiation challenge has to be solved 3 < & :_'::;smm"
. Ultra-rad. hardness of sensors and chip: up to 10%¥cm2 1 MeV n.eq. fluence, TID of 300M Gy 'S p+ .h%p‘ p>5KQ*em
. Timing of tracks at the <10ps level -
—  Eithertiming measurement of each pixel or dedicated timing layers -Jmmm’h
—  LGAD for timing O(30ps) achieved, ultra-thin LGADs < 10ps 3D Pi;(‘(\all (arXiv:1806.01435)

. Improve rad. tolerance, now up to 2x10% n/cm? (esp. gain layer, admixture of doping elements)
. Limited to relatively large cells due to inefficient collection at pad edges = smaller cell sizes

— 3D Pixel technology = radiation tolerance up to 3x101® neutrons/cm? demonstrated, timing O(30ps) Passivation Metal Dy
- R&D on new technologies to achieve <10ps timing resolution — e ,/ “_'\;,rﬁ;:-—. - —
. Low material /ot N[ | g
—  Monolithic designs with integrated sensor and readout (e.g. MAPS) S Py JTE  P-type Multiplication Layer | 3
. - R&D on improving radiation hardness to make it compatible with outer layers of future tracker. L{iﬁ;gm
—  Outerlayers: waver scale CMOS sensors (potential to reduce power consumption and low-material) s g
. Integration problems to be solved: p-typeCZ '3
— Huge amount of data produced (1000TByte/s)
- Power needs of sensors, FE-chips and optical links critical LGAD
- Low-mass detector system integration: integrated services, power management, cooling, data flow, and multiplexing.
. New sensor materials? E.g. to work at room temperature?
. Far future: R&D on mass-minimized, or irreducible-mass tracker = mass budget is reduced to the active mass of the sensor

October 2, 2024 n on HL-LHC and Hadron Colliders — M. Aleksa (CERN


https://arxiv.org/abs/1806.01435

ATLAS LAr+Tilc

arXiv:1305.4551

FCC-hh Calorimetry

October 2, 2024

Workshop

Good intrinsic energy
resolution

Radiation hardness
High stability

Linearity and uniformity

Easy to calibrate

High granularity
- Pile-up rejection
- Particle flow
- 3D/4D/5D imaging

FCC-hh Calorimetry

,conventional calorimetry”
optimized for particle flow

FCC-hh Calorimetry studies have been published at https://arxiv.org/abs/1912.09962
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Electromagnetic Calorimeter (ECAL)

Electromagnetic calorimeter barrel

3 B
w 0'12, electrons
oJ - Inl=0
5 [
e 2 mm absorber plates 0-1' ®- (=0
inclined by 50° angle;
0.08- (0)=200
e LAr gap increases with T
radius: F\ + (1)=1000

1.15 mm-3.09 mm; 0.06

e 8 longitudinal layers

(first one without lead as
a presampler);

o An = 0.01 (0.0025 in 2nd
layer);

FCC-hh Simulation (Geant4)
Ty

8.2%
VE

ZOO IVI I e Ap = 0.009;

CDR Reference Detector: Performance & radiation considerations = LAr ECAL, Pb absorbers
— Options: LKr as active material, absorbers: W, Cu (for endcap HCAL and forward calorimeter)
Optimized for particle flow: larger longitudinal and transversal granularity compared to ATLAS
— 8-10longitudinal layers, fine lateral granularity (An x A = 0.01 x 0.01, first layer An=0.0025),
— = ~2.5M read-out channels
Possible only with straight multilayer electrodes
— Inclined plates of absorber (Pb) + active material (LAr) + multilayer readout electrodes (PCB)

— Baseline: warm electronics sitting outside the cryostat (radiation, maintainability, upgradeability),
. Radiation hard cold electronics could be an alternative option

Required energy resolution achieved
— Sampling term < 10%/VE, only =300 MeV electronics noise despite multilayer electrodes

— Impact of in-time pile-up at <pu> = 1000 of = 1.3GeV pile-up noise (no in-time pile-up suppression)
— Efficient in-time pile-up suppression will be crucial (using the tracker and timing information)
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Hadronic Calorimeter (HCAL)

Barrel HCAL:

. ATLAS type TileCal optimized for particle flow

—  Scintillator tiles — steel,

—  Read-out via wavelength shifting fibres and SiPMs

. Higher granularity than ATLAS

—  AnxAd =0.025x0.025
— 10instead of 3 longitudinal layers

—  Steel —> stainless Steel absorber (Calorimeters
inside magnetic field)

. SiPM readout > faster, less noise, less space

. Total of 0.3M channels

Combined pion resolution (w/o tracker!):

. Simple calibration: 44%/VE to 48%/VE

. Calibration using neural network (calo only):
—  Sampling term of 37%/VE

Jet resolution:

. Jet reconstruction impossible without the
tracker @ 4T - particle flow.

Endcap HCAL and forward calorimeter:
. Radiation hardness!
. LAr/Cu, LAr/W

October 2, 2024 Workshop
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Challenges for Calorimetry — R&D Needs

 Radiation hardness:

Forward calo: 5 108 n.,/cm?, 5000MGy

* Noble liquid calorimetry — intrinsic radiation hardness (of active material), other components (e.g. read-out electrodes!) need to be
well chosen and tested. Electronics well shielded behind calorimeter outside the cryostat.

Barrel and endcap ECAL: 2.5 10% ny,/cm?

* Noble liquid calorimetry,

* Sias active material maybe possible in the barrel ECAL = need to increase radiation tolerance by factor 3-5

* Inorganic crystal scintillators: e.g. Cerium doped LYSO

*  SPACAL-type calorimeter with crystal fibres (e.g. YAG or GAGG) = need to increase radiation tolerance by factor 5
Barrel HCAL: 4 10 n.,/cm?, <10kGy

* Organicscintillator/steel possible in the barrel HCAL (R&D on radiation tolerance) - read-out by SiPMs or wavelenght shifting
fibres + SiPMs

* Many other existing technologies would also be applicable

* Possible technologies — R&D needs

Noble liquid calorimetry: Development of highly granular read-out electrodes and low-noise read-out, high-density signal
feedthroughs, low-material cryostats (composite or Al-alloy honeycomb)

Scintillator based calorimetry: Radiation hardness of scintillators and SiPMs. R&D on radiation hard inorganic scintillators,
crystal fibres (SPACAL type)

Si-based calorimetry: Radiation hardness, cost- and material reduction through monolithic designs with integrated sensor and
readout

For all technologies: Timing resolution at the O(25ps) level or better would help to reduce pile-up
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Challenges for Calorimetry — R&D Needs

High granularity (lateral cell sizes of <2cm, like for the proposed reference detector LAr calorimeter)
— Particle flow (measure each particle where it can be best measured)
— 5D calorimetry (imaging calorimetry, including timing) = use of MVA based reconstruction (Neural Networks, ...)
—  Pile-up rejection
* Efficient combined reconstruction together with the tracker
Timing for pile-up rejection, 5D calorimetry:
— 0O(25ps) to reduce pile-up by factor 5 (<u>= 1000 = 200) - LGADs, 3D pixel sensors = R&D on pad sizes and rad. hardness
— O(5ps) to reduce pile-up by factor 25 (<pu> = 1000 = 40) -> ultra-fast inorganic scintillators, ultra-thin LGADs
Data rates — Triggering
— Noble-liquid calorimetry + scintillator/Fe HCAL: O(3M) channels 200 — 300TB/s
—  Si option: many more channels, zero suppression on-detector necessary

Crazy ideas for the future: Possible “maximal information” calorimeter: divided into small detection
volumes (voxels) that measure ionization, time, and Cherenkov and scintillation light simultaneously
—e.g. noble liquid calorimetry

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



FCC-hh Muon System

With 50um position resolution and 70urad
angular resolution we find (n=0):
* <10% Ap;/py standalone up to 4TeV/c
* <10% Ap+/pr combined up to 20TeV/c
: Standalone muon performance not relevant,
the task of muon system is triggering and
- v muon identification!
Muon rate dominated by c and b decays 2>
isolation is crucial for triggering W, Z, t!

p:=3.9GeV enters muon system
p=5.5GeV leaves coil at 45 degrees

%o

T T
Hcal, Support
- Hcal, active . : $
M ecoccive 3 S 0 01531 S

7] Ecal Cryostat, LAr 3

% 160
140
120 g
100

59 Foal Gryostar, A1

80 [ racker —;

60 material 3

40 assumed for 3 ; :
20 multipl_e 3 P0oq i idoq il t£1|1||| i i
. cattering 7 102 103 104 i

Muon detection in forward region: 4TeV/c 20Tev/c
Excpected rates up to 500kHz for r > 1m Muon barrel: Rates of up to
- HL-LHC muon system gas detector technology will work for most of the FCC detector area ~500Hz/cm? expected
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Reading Out Such a Detector =2 Trigger/DAQ

 Example ATLAS:

— ATLAS Phase Il calorimetry will be digitized
at 40MHz and sent via optical fibers to L1
electronics outside the cavern at 25TByte/s
to create the L1 Trigger.

— Muon system will also be _read out at i
40MHz to produce a L1 Trigger. FCC-hh trigger strategy question:

* FCC-hh detector:

— Can the L1 Calo+Muon Trigger have enough

— calorimetry and muon system at 40MHz will selectivity to allow readout of the tracker at a
result in 200-300 TByte/s, which seems reasonable rate of e.g. IMHz?
feasible. Difficult: 400kHz of W’s and 100MHz of jets (p; > 50GeV)
— 40MHz readout of the tracker (using zero-
suppression) would produce about — Or: un-triggered readout of the detector at
800TByte/s. A0MHz would result in 1000-1500TByte/s over

optical links to the underground service cavern
and/or a HLT computing farm on the surface.
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Challenges for Read-Out Electronics & Trigger

* Huge amounts of data produced (e.g. O(1000TByte/s = 10Pbps) for zero-suppr. tracker)

— Streaming:
* Read-out everything = need fast low power radiation hard optical links
* Alternative: summarize received data by higher-level quantities and only transmit and store those
— Triggered: Read-out interesting events = challenge to achieve a data reduction of factor O(10) (HL-LHC aims
for factor 40) with much higher pile-up

* - need efficient triggering — intelligent decision as close to the sensor as possible (ML or Al on front-end, programmable
ASICs, FPGAs?)

* > radiation hard buffering/storage

« = High bandwidth, low power, radiation hard data links

— Industry at link speeds of 400Gbps, need to be adapted to radiation hardness, low power, low material and
distributed data sources

— Rad. hard link R&D targeting 25Gbps has started at CERN, but will need 50-100Gbps links to fulfil FCC-hh
requirements

— Low-power: 10Pbps = 1 million IpGBTs (~500mW) = 500kW for the links alone!

* Cooling needs cause large amounts of dead material 2 minimize cooling needs

— New technologies: CMOS with integrated photonics (Silicon Photonics)
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Challenges for Read-Out Electronics & Trigger

* Wireless read-out systems:
— Potential to reduce material — interesting if wireless transmission can fulfil the low-power requirement
— But main material contribution coming from power and cooling needs (and not from optical fibers)

* Analogue to digital conversion will be located at the front-end

— Already the case for all HL-LHC upgrades, e.g. analogue calorimeter trigger Runl and Run2 - digitization at
the front-end for Run 3 and HL-LHC

— Advantages: low noise, standardised and efficient digital transmission

— But needs radiation hard and low-power ADCs and ASICs (300MGy, 108neutrons/cm?)
*  For comparison: HL-LHC factor 30 less, 65nm ok up to O(3MGy)

* Develop radiation hard power management blocks (DC/DC converters, regulators)

* Develop precision clock and timing circuits (PLL, DLL, Timing Discriminators, Delay Lines,
Picosecond TDCs)

— Timing distribution with pico-second synchronization
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DRD Collaborations

. . R e iv:2 A 1
* European Strategy for Particle Physics = $ arXiv:2408.17094v
. . 3 S
(ESPP, link) encouraged the community N ;v §
. & O S N
to define a Detector R&D Roadmap FE 8 $ i
. - . ¥ 95 : 3
identifying the most important Qc;*q’@ SEY g,u”gfo & . B ffg
. . $ 0 ~ R v X % S 7 O
technological developments in the FEFTE EVES s <0 il
domain of particle detectors required <2030 2030-2035 2035-2040 2040-2045 > 2045
to reach the goals defined in the ESPP
) In aUtumn 2022’ CERN SPC endorsed [ regularrepo:sEg'f:Qaldocument I l ﬁnaldocumenptlf?:caorl::ﬁ::endorsemem I Publication
the Detector Roadmap i
Implementation Plan which foresees Detector R&D Roadmap Panel
. assist ECFA to develop & organise the process and to deliver the document A:‘t’:‘s:xi:i"el:r::h
the formatlon Of DeteCtor R&D Coordinators: Phil Allport (chair), Silvia Dalla Torre, Manfred Krammer, Felix Sefkow, lan Shipsey e.g. APPEC, AZPECC,
. assist ECFA to identify technologies & conveners LEAPS, LENS, Space, ...
Collaborations hosted at CERN Excoffcio: ECFA chairs previous and present), DG representative
Scientific Secretary: Susanne Kuehn
* DRD Collaborations have been set-up TF#1 TFH2 TFH3 TFHa TFH5 TFH6 TF47 TFH8 TFH9
and started working (approvals in Dec. I I | I el | |
2023 and June 2024) f f f f f f f ¥ F
[ Consultation with the particle physics community & other disciplines with technology overlap ]
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Conclusions

* Detector Requirements for Future High-Energy Hadron Colliders extremely challenging!

* These detector requirements do not change a lot when considering 80 TeV c.m. energy.
— Lower statistics in some channels at 80 TeV could be compensated by better detector performance
— Lower luminosity would alleviate the radiation hardness requirements
*  An FCC-hh Reference Detector has been introduced that could fulfill physics requirements, but intense
detector R&D necessary to achieve very ambituous design goals
* Main challenges:
— Radiation hardness
— Precision timing
— Huge data rates, low-power read-out electronics and links
— Low material for support structures, power and cooling
*  Expecting to profit from R&D for HL-LHC
— Phase Il Upgrades and future pixel inner layer replacements for ATLAS & CMS, future LHCb and ALICE upgrades
* Also some overlapping requirements with lepton collider experiments

— Exceptions: radiation hardness, which is only an issue for hadron collider experiments, but also more extreme
requirements in many other areas, e.g. for timing detectors and data links

— > Need to continue strategic R&D in these areas!
*  Detector R&D collaborations have been set-up to address these challenges (see e.g. arXiv:2408.17094v1)!

e Join in and contribute!
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From ESPPU 2020 Document

Under “3. High-priority future initiatives”:

“Europe, together with its international partners, should investigate the technical and
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of
at least 100 TeV and with an electron-positron Higgs and electroweak factory as a
possible first stage. Such a feasibility study of the colliders and related infrastructure
should be established as a global endeavour and be completed on the timescale of the
next Strategy update.”

Under “4. Other essential scientific activities for particle physics”:

“Detector R&D programmes and associated infrastructures should be supported at
CERN, national institutes, laboratories and universities. Synergies between the needs of
different scientific fields and industry should be identified and exploited to boost
efficiency in the development process and increase opportunities for more technology
transfer benefiting society at large. Collaborative platforms and consortia must be
adequately supported to provide coherence in these R&D activities. The community
should define a global detector R&D roadmap that should be used to support proposals
at the European and national levels.”

https://europeanstrategyupdate.web.cern.ch/resources
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Why Future Colliders?
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The Physics Landscape

1989-1999:
Top mass predicted

(LEP mZ and Z)
Top quark observed

at the right mass

(Tevatron, 1995)
Nobel Prize 1999

(t Hooft & Veltman)

Leptons

I IT IIi

A MeV I 1.36eV

Bosons

1997-2013:
Higgs mass cornered

(LEP EW + Tevatron mtop , mW)
Higgs boson observed

at the right mass

(LHC 2012)
Nobel Prize 2013

(Englert & Higgs)

Leptons

It looks like the Standard Model (SM) is a complete and consistent theory

* It describes all observed collider phenomena — and actually all particle physics (except

neutrino masses)

* Was beautifully verified in a complementary manner at LEP, SLC, Tevatron, and LHC

Bosons

 EWPO radiative corrections predicted top and Higgs masses assuming SM and nothing else

October 2, 2024
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A Unique Moment in the History of Physics

* The Higgs discovery is the triumph of 20t
century physics — combination of Quantum
Mechanics and Special Relativiy

* For the first time in the history of physics we
have a consistent description of the
fundamental constitutents of matter and their
interactions and this description can be
extrapolated to very high energies (up to

IleIanck?)

) 8(1)::::;1 University The equations of the [SM] have beew tested with fow greater

accuracy, ond, under fow more extreme conditions, thow awe
arXiv.org > physics > arXiv:1503.07735 Vequ,{,red/ for OIPPWDOM in d\wu}étyy, b{,ology, engineering;
Physics > Popular Physics or autrophysics. While there certainly are many things we dowt
understond, we do- understand the Matter we're made from,
and that we encounter inv normald life - evew if we're chemists,
engineers; or astrophysicisty (sic: DM!)

Physics in 100 Years

Frank Wilczek
(Submitted on 26 Mar 2015)
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The SM and ... the LHC Data so Far

Standard Model Production Cross Section Measurements Status: March 2021
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The SM and ... the Rest of the Universe

The observed rotation curve of the dwarf spiral galaxy M33
extends considerably beyond its optical image

© Neutrino masses
o0 Dark Matter e}

I S 2l

© Dark Energy oo )
e gzpecle
© Quantum gravity » e SRR

Union2.1 SN la 5000
Compilation
with SN

Systematics

on [uk?]

8 8g
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g

/ 7
ing -60 - 0\ =7

: R i he gl 1"
We do not understand the Matter the Universe is made of -

10 20 50 1500 000

lotted ast!

-0
(deg]

i —————e Where and how does the SM break down? —
Which machine(s) will reveal (best) this breakdown?
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https://supernova.lbl.gov/Union/figures/Union2.1_Om-w_systematics_slide.pdf
https://supernova.lbl.gov/Union/figures/Union2.1_Om-w_systematics_slide.pdf
https://supernova.lbl.gov/Union/figures/Union2.1_Om-w_systematics_slide.pdf
https://supernova.lbl.gov/Union/figures/Union2.1_Om-w_systematics_slide.pdf

LHC Sees No New Physics at the TeV Scale — Why?

* s the mass scale beyond the LHC reach?

* Is the mass scale within the LHC’s reach but T
final states are elusive to the direct search? N e \@
e A priori these scenarios are equally likely, but

they impact in a different way the future of e

HEP and the assessment of the physics

potential for possible future facilities. Nima Arkani-Hamed (FCC-Week 2019)
* To address both scenarios we need:
— Searches for the imprint of New Physics at rec e on TONT e

lower energies, e.g. on the properties of Z, W,
top, and Higgs particles
* -> precision arov frontie
— Direct searches for new heavy particles
* - extended energy and mass reach

— Sensitivity to elusive signatures y osity & Detecto
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What are our Handles — Why Future Colliders?

— High energy physics has two priorities:
* Explore the origin of known departures from the SM:

— Dark matter, neutrino masses, baryon asymmetry of the Universe

* Explore the physics of electroweak symmetry breaking:

— Experimentally, via the measurement of Higgs properties, Higgs
interactions and self-interactions, coupling of gauge bosons, flavour
phenomena, etc.

— Theoretically, to understand the nature of the hierarchy problem and
identify possible solutions that can be tested experimentally
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A Concrete Target — The Higgs Boson
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Nima Arkani-Hamed (FCC-Week 2019)
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A Concrete Target — The Higgs Boson

/m U\Lq; s Lw% 7—#% @?ML
l’)”rﬂ\cer T Yis O/*am~”°”~cm _A . ‘H/\”‘\\ L‘: « FCC-ee

J( JY u\nief‘ ’MOJL meisive - ﬂ\ . I f ‘ M 7) <I]/ p? ’T/\A L
T“ FCC will give us insights about the Higgs boson’s deepest origins ...

TNO se 9§ Is it a fundamental scalar or a composite of particles?
—— What is the self-interaction mechanism? \ /0%
/\( What is the nature of the EW phase transition?
/‘ Does the Higgs reveal us anything about DM or neutrino masses? lel/

CTROUT
COLLIDERS

g

H
\\ 00 —;\/ CJ/L;—FCC—W fr
i <
Heq&,ﬂiﬁh ~3 %

” CPERWATAL. FROGRAM
Nima Arkani-Hamed (FCC-Week 2019)
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Historic Overview of Important Discoveries

Year Discovery Experiment s [GeV] Observation
1 c quark e*e ring (SLAC) 3.1 o(e*e’ —J/¥)
974 (m~1.5 GeV) Fixed target (BNL) 8 JNV-pw
1 T lepton e*e'ring 8 ete > T'T
975 (m=1.777 GeV) (SPEAR/SLAC) e* " events
b quark . .
1977 v G Fixed target (FNAL) 25 Y — M
gluon e*e'ring e*e"— qqg
1979 (M =0) (PETRA/DESY) 30 Three-jet events
W,z pp ring W — v
1983 (M ~ 80, 91 GeV) (SPS/CERN) 900 Z > b+f
108 Three neutrino e*e ring 1 Z-boson lineshape
9¢9 generations (LEP/CERN) 3 measurement
t quark pp ring Two semileptonic
1995 (m=173 GeV) (Tevatron/FNAL) Azpe t-quark decays
Higgs boson pp ring H— vy,
2012 (m=125 GeV) (LHC/CERN) Soce H—Z*Z— 48

October 2, 2024

What do we see?

* Centre of mass
energy increases

e Moving from
fixed target to
colliders

* Different types
of particles
colliding

e Alternance of
e*e”and pp
machines
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Cross-Sections for Key Processes

BT MV WTev 100 Tev * Total cross-section and Minimum Bias
g g L] L] L] L]
10 : : : : 10 Multiplicity show only a modest increase
Py 10 from LHC to FCC-hh.

105 tatal

G [nb]

H
| r:l'Z'lef Higgs Eugopgan ;ﬂll\]ll-i'f

The cross-section for interesting
processes shows however significant
increase (e.g. HH x 50!)!

Higher luminosity to increase statistics =2
pileup of 140 at HL-LHC to pileup of 1000
at FCC-hh - challenge for triggering and
10* reconstruction

10—5 ||i|

October 2, 2024

\'s [TeV]
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HEP Landscape

e Particle accelerators are built to answer some of the most fundamental
questions about the natural world

* Physics priorities are likely to shift swiftly, as we advance in our exploration,
both experimentally and theoretically

* There are many unknowns ahead of us that may reshuffle the cards (e.g. any
discoveries of HL-LHC)

« > We need a broad and bold program capable of adapting to the swift changes
in the physics landscape that are likely to happen

« - 100TeV hadron collider — In times of uncertainty, bold exploration is the way
to go

G.F.Giudice, ICFA, Nov. 2017

- Complementarity and synergy with high-luminosity lepton colliders such as
FCC-ee
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FCC-hh: Criteria for Physics Potential of Future Colliders

e @Guaranteed Deliverables:

— Study of Higgs and top quark properties, and exploration of EWSB phenomena, with unmatchable
precision and sensitivity
* Sensitivity to the shape of the Higgs potential (Higgs self coupling, mainly FCC-hh)
— Ultimate precision standalone and in combination with FCC-ee and FCC-eh

* Exploration Potential:

— Mass reach enhanced by factor ~ E / 14 TeV
* willbe 5-7 at 100 TeV, depending on integrated luminosity

— Sensitivity to rare processes enhanced by orders of magnitude
— Benefit from indirect precision probes at low and high Q?

* Provide YES/NO Answers:
...to questions like...
— Isthe SM dynamics all there is at the TeV scale?
— Isthere a TeV-scale solution to the hierarchy problem?
— IsDM athermal WIMP?
— Was the cosmological EW phase transition 1t order?
— Could baryogenesis take place during the EW phase transition?
M. Mangano, Sept. 2018

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



Higgs at Large pT

L F R R | l T T T T l LN B — ] LN S I T T T T

=0(Pr,u>Pr,min) X 30 ab™!

Solid: gg—>H i
Dashes: ttH

102 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1
1000 2000 3000 4000 5000

Prmin (GeV)

* Hierarchy of production channels
changes at large p(H):
— o(ttH) > o(gg—>H) above 800 GeV
— o(VBF) > o(gg>H) above 1800 GeV

102 —

T e
N = (pT(w)>mem)xzo ab‘

[M(77)—125 GeV| < 4 GeV
pr(7)>30 GeV, |n,|<R.5

| OA50(1)E—‘II‘IVIIY|””||”'|”H|I

Solid: H-yy E
Dashes: QCD total di00k
Dots: QCD qg only "y ] 0'010; V(S+B)/S ]
| J | | [y e et 1 | | T
0 500 1000 1600 2000 2500 8000 0 500 1000 1500 2000 2500 3000
PTmin (GeV) PT,min (GeV)

HEfR Ostat
At LHC, S/B in the H->yy channel is (GeV)
O(few %) =1/30 100 0.2%
At FCC, for p;(H)>300 GeV, S/B=1 400 0.5%
Potentially accurate probe of the H p; 600 1%
spectrum up to large p;

1600 10%
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Indirect Sensitivity to High-Energy Scales

: L
ot | s E * Improve constraints on oblique
s parameters W and Y by two orders of
103 DY: statistics — magnitude!
5 up to 15TeV! | e s
102 £ P 5 * - Sensitivity up to the 100TeV range!
10! E
F Solid: o(Mg,,>M,,) (ab) ]
100 c Dashes: ¢ Mu M, ab E 7 — w o r 2
:..‘,|(.‘>.“."n|)(. .).m. > W T2 (DpWW) ; Y__4 >~ (0pBu)
0 5 10 15 20 My myy
Mpin (TeV)
LEP ATLASS | CMS8 LHC 13 FCC-hh | FCC-ee
luminosity | 2x107Z | 197/~ | 20.3fb~' | 0.3ab™' | 3ab ' | 10ab ' | 10?Z
NC | wx10f | [-19,3] | [-3,15] | [-5,22] +15 | +08 | 004 | +1.2
Y x10° [-17,4] [—4, 24] [—7,41] +2.3 +1.2 | +0.06 +1.5
; ,
CC | W x10 — +39 +0.7 | +0.45
S—
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— g.2/\? = W/(4m,?) < 1/(100 TeV)?

Workshop

- A > 100 TeV
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Yes/No Answers: WIMP DM

FCC hh, Vs= - 100 TeV, 30 ab‘

Disappearing tracks:
e - T |
X —7T X
x*and x° degenerate
- only 160MeV mass
splitting (3 TeV Wino)

- 0.2ns lifetime
(60mm)

Discovery significance

wino
higgsino
mixed (B/H)
mixed (EIJV)

gluino coan

: T T U T
18 :— =
16— —
14F =
12 -
- 1=0.2ns ]
10 —]
o (60mm) E
- Wino ]
6 -
4 - Default layout, <4>=200  : E
C Alternative layout, <u> =200 ]

2 ‘_ Default layout, <u> = 500 7
C Alternative layout, <u> = 500 ]
ot ' .

PR E R N T R R |
3500: 4000
Chargino mass [GeV]

PR 1 1
2500 3000
Collidor Limits

B 100 Tev
Wl 14 Tev

stop coan ]

squark coan
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Discovery significance

20
18
16
14
12
10

o N MO

FCC-hh, \F 100 TeV, 30 ab1

Default layout, <u> = 200
Alternative layout, <u> =200
Default layout, <u> = 500
Alternative layout, <u> = 500

Higgsino

1=0.023ns

PR B P

1200 1400
Chargino mass [GeV]
https://cds.cern.ch/record/2642474

P PR
800 1000

. If DM isa WIMP, then upper limit on Mpy, of 110TeV (unitarity bound)

Observed relic abundance of DM = 1TeV (Higgsino-like), 3TeV (Wino-like)
— Disappearing tracks analysis shows discovery potential beyond upper limits of Mpy,

. In a similar way FCC-hh can explore conclusively EW charged WIMP models
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Yes/No Answers: 15t Order EW Phase Transition

arXiv:1605.06123 arXiv:1608.06619
oy o Real Scalar Singlet Model
| . 100 TeV, 30/ab = = T}
. 100 TeV, 3/ab = I t
100¢ = __ 14TeV,3/ab — | o — euren
B U§> ’ HL-LHC
N
10 &
> 5| — 0.010
(o))
=
' a =
1 V_\____/\\ 3 0.001 R
L m
o (@) £
N 09
0.1 r [ < g0t = =
"""""""""" 05 1.0 15 2.0 25

hhh coupling: Az/Azsm

e Strong 1%t order EWPT required to induce matter-antimatter asymmetry at EW scale.
* Example: BSM scenarios with additional Higgs singlet m, decaying into SM Higgs pairs
* = FCC-hh would enable direct discovery over full possible mass range of m, (< 900GeV)

* - Indirect: 7% precision on triple-Higgs coupling will reduce number of possible BSM
models = important redundancy
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BR (H=2>inv) in H+X Prod. at Large p(H)

Example:
[ ]
; _lllll 1 1 lllllll I 1 llll”l I 1 lllllll I 1 Illllll 1 I |l|l”| 1 1 llllli_t
P ]l
1T | s P.Harris & K.Hahn
I 10 E_ e —E
CE B - o -
o i ‘ =
2 - \.\ _g
107°E O 3
= O =
- --e- default -, . ]
3 | e default no exp. sys ‘ i
107 F SMH>4v  *. E
- 1% unc. = -
_ 1% UNC NO exp sys. ' W
4|
10 = —— BR(H— ZZ— vvvwv) j
;lllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 llllllI
= 3
107 1 10 10 10 10°

https://cds.cern.ch/record/2642471
Workshop
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Luminosity (fb

05
)

Leading background
from W/Z+jets

Constrain background
pr spectrum from
Z—>vv to the % level
using NNLO QCD/EW
to relate to measured
Z—>ee, W and y spectra

Sensitivity of 2x104!

- Implications on
dark matter searches!
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Ground Work for Precision at 100 TeV
PDF determination at FCC-eh

parton-parton luminosities (/s = 100 TeV)

2
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Uniqueness of FCC-hh Higgs Physics Potential

* Huge Higgs Production Rates:

— Access (very) rare decay modes

— Push to %-level Higgs self-coupling measurement

— New opportunities to reduce systematic uncertainties (TH & EXP) and push precision
* Large Dynamic Range for H Production (in p;", m(H+X), ...):

— New opportunities for reduction of systematic uncertainties (TH and EXP)

— Different hierarchy of production processes

— Develop indirect sensitivity to BSM effects at large Q?, complementary to that
emerging from precision studies (e.g. decay BRs) at Q*m,,

* High Energy Reach:

— Direct probes of BSM extensions of Higgs sector

SUSY Higgses

Higgs decays of heavy resonances

Higgs probes of the nature of EW phase transition (strong 15t order? crossover?)
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FCC-hh: Beam and Luminosity Evolution

During the beams are in collision the instantaneous value of the luminosity will change:
2
_ A Nb (t)
Ve(t)ey(t)

The beam evolution with time is obtained by solving a system of four differential
equations (dominant effects only shown here, more included in simulations):

L(t)

—dNb sz Intensity
— _Uc,totA
dt E;EEy
dem ( ) Hor. Emittance
— € a{IBS,;I: — al‘ad,a:
dt
de, |
y |
N Ey(aIBS,y — arad,y) Ver. Emittance
dt
do 1
1 — 50-3((]{1]38,8 — arad,s) Bunch Length

with
A= frevkb/(47T/8*)

: revolution freq.
: no. bunches/beam
: B-function at IP

ks
}8*
Nb

€
Ts

O¢tot :
QIBSs -
Olrad :

: no. particles/bunch
: geom. emittances
: bunch length

total cross-section
IBS growth rate
rad. damping rate
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Effects on the Emittance — A New Regime

Intra-Beam Scattering (I1BS)

(Synchrotron) Radiation Damping

Multiple small-angle Coulomb scattering within a A charged particle radiates energy, when it is

charged particle beam.

Emittance Growth

Growth rate dynamically changing with

accelerated, i.e. bend on its circular orbit.

Emittance Shrinkage

Damping rate is constant for a given energy:

3
T 8 N, b E Ca
&rps X — Vyrqd X —C
7Y E;L‘Eyo-so-p Po riNng
o Eiec/CE 73
IBS is weak for initial beam parameters, but increases rad FCC - Brcc/wrFec L
with decreasing emittance . Qirad, LHC EI?:HC/OI%HC 42

22

Fast emittance decrease at the beginning of the fill,
until IBS becomes strong enough to counteract the radiation damping.

J. Jowett, M. Schaumann,
FCC Week Washington 2015
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Beam and Luminosity Evolution

! ! ! ! ! ! 2.0 —— Horizontal
0.8 i i i i i i — Vertical
| | | | | | _
20.6 =1-°
=0.4 E :
o
0.2 = 0.5
0.0/ : § ! b 1 - o ;
ot 2z s 4 5 6 7 0-96 1 2 3 i 5 G 7
ime [h] Time [h]
35
_ _ 10 \ ; \ — X.Buffat, D.S..
Developed model including most relevant effects 25 | | |
* Improvement with more detail planned —5 0 Ultimate example, 25ns,
K7 no luminosity levelling
1 : - : £1.5 8fb/da |
—> Reach 8fb1/day with ultimate for 25ns spacing S, y
— 5ab per 5 year run 1.0 | |
— Turn-around time
0.5 _ \
= Beam is burned quickly 0.0

0 1 2 3 1 5 6 7
Time [h]
D. Schulte, FCC Week Berlin 2017

= A reason to have enough charge stored
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Pile-Up, Number of pp Collisions per BunchCrossing

LHC (2x103*cm2s1): <u> =60

HL-LHC: <p> =140

FCC-hh: <p> = 1000

Small time differences between the individual collisions in

one BC allow identification with detectors having order 10-
20ps time resolution.

-~ - 600=ATLAZ P SIMUIRHGR PGIMINALY s v e v
LHC BunCh cross'ng r HGTD-Si Truth vertex with no track

w
[=% E y
. : .: 500 EZ7ee eveni, <u> ——— Truth vertex with tracks in the HGTD
1ns Clip

041ns i -0.12ns 300

4002 Nominal beamspol e
e 6 00n8 200
== 5ns T S \

0-1ins = A o
Qo Chsns 0'one
(define to be =0} —B00E iy
. : 4005580 =60 40 20 0 20 40 80 80 100

z[mm]
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Total lonizing Dose for 30ab1

Dose of 300 MGy (30 Grad) in the first tracker layers.
< 10 kGy in HCAL barrel and extended barrel.

1600 -

1400

1200 -~
1000

| [

800

R[cm]

600
400 §

200 ===

—
A

— |y

o -kl.

11 Ln.u.n.... ._.-
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Magnetic Field

20

15+
10+
10 |
15

Axial position z [m]

New reference design with three solenoids
— 4Tin10 m free bore
— 60 MN net force on forward solenoids handled by axial tie rods
— No shielding solenoid anymore (cost! smaller shaft!)

—  Forward solenoids instead of forward dipoles = rotational
symmetry important for performance physics

* Solenoids extend high precision tracking by one unit of n

— 107
E Bllg
< 4 3B 1 directi
EETE Axial direction
g 35 W
= 3 g
‘© 25 5 ..
8 53 107
Q. 1.5 L’; Radial direction
‘© B
:'6 1 o 107
© 0.5
o
& 107 LN
20 50 100 200 500

Distance to IP [m]
Result:
—  Much simplified
configuration
— Stored energy: 13.8 GJ
— Lowest degree of

complexity from a cold-
mass perspective

—  But: with significant stray
field
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Radiation Levels Simulation

Shielding around the forward calo:
* 1m of steel

* 5cm of lithiated polyethylene
* 1cmoflead

Central & forward solenoid

Hadronic extended barrel calorimeter

Shielding in front of the |Conical shielding:

forward calo: 5 cm of » 1m thick cast iron shielding
lithiated polyethylene |+ 5cm oflithiated polyethylene
between 2 mm thick * 1cmof lead L* = 45 m, the TAS

aluminum covers absorber is put from 4o m
to 43 m behind a 2 m thick
concrete wall

mmn - ﬁ = —
i -

]

Cast iron shielding
layer to protect muon

chambers

Cylindrical shielding:
* amthick castiron shielding

* 5cmoflithiated polyethylene
* 1cmoflead

EM calorimeter [©

Forward calorimeter

e e g}

EEE— -

non-elastic proton-proton cross section at 100 TeV of 108 mbarn {*‘\ G iy s
fluence rates [cms] for an instantaneous luminosity of 30 1034 cm2s? End- ~Cap muaon chambers J

Normalization Forward muon chambers
1 MeV neutron equivalent fluence [cm2] and dose [MGy] for an integrated '£30011400/1500[16001700[1800[1300/2000/2100[2200 2300|2408
luminosity of 30 ab?
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Radlatlon Comparlson to ATLAS & CMS

2.7

ol o RD ||

3.0 —

2.5 =

[rx]s

October 2, 2024

AN AN AN SS IS oS @I 8I VI a[ el bI €I SI II OI
Workshop

The forward calorimeters are a very
large source of radiation (diffuse
neutron source).

In ATLAS the forward calorimeter is
inside the endcap calorimeter, in CMS
the forward calorimeter is enclosed by
the return Yoke.

For the FCC, the forward calorimeter is
moved far out in order to reduce the
radiation load and increase granularity.

- A shielding arrangement is needed
to stop the neutrons to escaping into
the cavern hall and the muon system.
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Magnetic Field, Tracking

—_ 3.0 -2.5 -2.0 -1.0 0.0 1.0 2.0 3.0
€ \ NN W TP TR / .
.E, 1600 = Forward Central _‘-
h1400;— [rm— ____ )
1200~ e - 3.5 £
12885_ = 5
e 11 ] g
600 TS -3 L] LA 4.0 g
400E- worrHE) L h0
.5 [eiiiins
= 15000 -10000 - 5000 0 . 5000 10(‘)00 15(I)OZO[mmB]'O
3 1 05 Solenoid + Fwd Solenoid (solid) vs. Dipole (dashed): =
S =
- 4 _— pTi eVic 0
2178 — e &p./pr < 10% for
[7e) g pT=2 eV/c )
O e = Do, * <10GeV/candn<5.8
1025 0 p,=1TeV/c FCC SW + Riemann fit : i - o < 1 TeV/c and < 4 0
E_ o s ,-I/. ﬂ': & - n - °
10¢ | e 6p;/p; = 20% for 10 TeV/c and
— i 0.0
1 yi- g ut - .
:gﬁ . : i n
-1l . P | P . =
197 1 2 3 4 5 6

BinT

20
Axial position Zin m

Forward solenoid adds
about 1 unit of n to full
lever arm acceptance (right
field map).

Option using forward
dipoles (left field map) also
studied
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Calorimetry

Reference Detector
semmentation not st onimiee.INVSPIrEd by ATLAS calorimetry with
\ results in - 25 Ml ey callent conventional calorimetry
| and in addition high granularity to
H optimize for Particle Flow
techniques, pile-up rejection,
boosted objects....
* ECAL, Hadronic EndCap and Forward
Calo:
« LAr/Pb(Cu)
* HCAL Barrel and Extended Barrel:

FCC-hh detector

HCal barrel/extended barrel

An 0.025, A@ 0.025, 10/8 layers

ECal barrel
An = 0.01, Ag = 0.009

~6 layers
goal (‘7L = L\'l;/, ®0.7%
Endcaps ECal
An = 0.01, A = 0.01, ~6 layers

goal % = 19% & 0.7% Forward HCal » Scintillating tiles / Fe(+Pb) with
= ? vE ’ An = 0.05, A = 0.05, ~6 layers .
Forward ECal - S|PM
TGRS A An = 0.05, Ap = 0.05, ~6 layers goal “/v] = %7 @® 10% . .
An=0.025, Ap =0.025, ~6layers Ty Other options considered for ECAL
goal % = (OTRN% ¢ 33, i * Digital Si /W

* Analog Si/ W (not yet studied,
but will profit from CMS HGCal
TDR)
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Electromagnetic Calorimeter (ECAL)

Electromagnetic calorimeter barrel

I ) / \ e 2 mm absorber plates
s "\‘ e / inclined by 50° angle;
oy —————
" e LAr gap increases with
/1 radius:
S, /,, Y 1.15 mm-3.09 mm;

CIVO! /1)

e 8 longitudinal layers
. /// / (first one without lead as

a presampler);

e An = 0.01 (0.0025 in 2nd
o5 & layer);

L0y o A = 0.009;

Performance & radiation considerations = LAr ECAL (Pb absorbers)

Detector with larger longitudinal and transversal granularity compared to ATLAS

—  Optimized for particle flow

0 /€

FCC-hh Simulation (Geantd) _ S— F‘f‘-‘-ﬁ']’ S""'"’ﬂ"'ﬂn (Gfﬂm‘l’)
0121~ olectrons ' ] § g 08__ Vs =100 TeV Y 7
r o Inl=0 S | Hoyry .\
¢ 1Gev-] 8 y
01: & (=0 d,z 50.15% @ 03 p(L\/ g p;>30 GeV \ A
[ VE & 006 4w=0 #
008l (W=200 ] [ #w=200 | J\
§ D L 4@ =1000 /J*; 6 %8 2.20%1 0,069
[ + (W=1000 31 0V " h
006 € 1 oo / %
004T X ‘ \
04 g L
[ . 002 | \ ¥ -
Is \ L ‘a f ° +
0.021~ g \ - § #* ° %
A S | i b
[ ‘H{ttm 3 Geovese o
g e 7 1818 20 122 o4 128 128 30 192 134
Ejen [GeV] m, [GeV]
FCC-hh Simulation (Delphes)
o _I TT I TAET I TTTT | TTTT ‘ TTTT | TTTT ‘ TTTT I TTTT | TTTT | TT \_
S 85 A 1.3 GeV e
< C — Am, =13 Ge ]
+ \Vs=100TeV m E
§ p ¥ —— Am, =29 GeV ]
U —30abt =

12

— ~8longitudinal layers, fine lateral granularity (An x A¢ = 0.01 x 0.01), ~2.5M channels 10
Possible only with straight multilayer electrodes g
— Proposal: Inclined plates of absorber (Pb) + active material (LAr) + multilayer readout
electrodes (PCB) 6
Required energy resolution achieved 4
—  Sampling term < 10%/VE, only =300 MeV electronics noise despite multilayer electrodes 2

— Impact of in-time pile-up at <pu>= 1000 of = 1.3GeV pile-up noise
—  —Efficient in-time pile-up suppression will be crucial (using the tracker)
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Barrel ECAL — Other Options

NWELL sue NMOS
DIODE CONN TRANSISTOR

PMOS WELL
TRANSISTOR CONN

e, @ @ W w

Other options considered for ECAL Barrel:

— Digital Si/W DECal (MAPS):
* 18um epitaxial thickness, on a substrate of N N\
300 N/ e EPITAXIAL LAYER
um.
SUBSTRATE
e 50x50 um? pitch pixels are summed into 5x5 mm? PARTICLE
* 2.1 mm thick tungsten absorber is located directly
after the two silicon layers, followed by a 3 mm air
gap (space foreseen for services, cooling,...) BRSO s et i, SOOI il i
w” 0.08% electrons =0 : W 0~°2? E
* Threshold at 60, ;.. = 480e” ST S SRR > 02518 aoam] 4 oot i
* MIP signal in 18um Si: 1400e- m'\ R e 00‘:? pRS ra & ;
* Non-linearity for E > 300GeV due to multiple 008k \k oion F-Tfetionsnt  ppf
particles traversing single pixel = corrections °'°4§ i ] :
0.03F 0.04}~ -
necessary ot e E
— ion: i/W: Wi ' i g . L : .
Option: Analog Si/W: Will profit from experience oo Resolution . L Linearity :
of CMS HGCal o e T T e T e
E [GeV] E [GeV]

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



Hadronic Calorimeter Barrel (

Barrel HCAL:
ATLAS type

~ Wavelength Shifting Fiber /~

-y 0.15
— Scintillator tiles — steel , scintilator |/
. . . i I -2 '/Sleel 0.1
Higher granularity than ATLAS 4 N
— AnxAd = 0.025 x 0.025 g . | 0,08
— 10 instead of 3 longitudinal ~| 2l
layers l 0
— Steel —> stainless Steel
absorber (Calorimeters inside g
magnetic field) g e
. Sourcetubes
* SiPM readout > faster, less o
noise, less space e/h ratio very close to 1
* Total of 0.3M channels achieved using steel

absorbers and lead
spacers (high Z material)
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FCC-hh simulation (Geant4)
n @ n=0.36, benchmark method

—m— B=0T % ® 1.7%

—a— B=AT 4:‘; @ 2.2% N

EMB+HB
|

skl

10? 10° 10*
E_  [GeV]

true

—=5000 T
E 1000 E g
— F — ECALB
£3000
N =
52000
>1000
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-2000
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Muon System

p=3.9GeV enters muon system

far~) 2 - e, . -
p,=5.5GeV leaves coil at 45 degrees 20 10 i With 50um position resolution and
o 70urad angular resolution we find
bn.'_ (r|=0):
_______ <10% standalone momentum
resolution up to 4TeV/c
<10% combined momentum
resolution up to 20TeV/c
10
7N/ “r‘,'.'4§ R
: x(m) o RN
e N\
g 160 AT _E ................
140 0 i - Hcal, active _:
120 i_ Tl g ] ' Ecal, active _: 1
] EcalCryos(al,LAr E
100 - Ecal Cryostat, Al _: i :
80 = Dwacker _: 104 .
60 F material assufned : 5 EV/
40F for multiple - : P, (GeVio)
sl scattering 3 4TeV/c 20TeV/c
Og os 3 35 e Rates of up to ~500Hz/cm?
4 expected in muon barrel
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Reading Out Such a Detector - Trigger/DAQ

+ Example ATLAS: e g

i

— ATLAS Phase Il calorimetry will be
digitized at 40MHz and sent via optical
fibers to L1 electronics outside the
cavern at 25TByte/s to create the L1
Trigger.

— Muon system will also be read outat « FCC-hh trigger strategy question:
40MHz to produce a L1 Trigger.

— Can the L1 Calo+Muon Trigger have enough
* FCC-hh detector: selectivity to allow readout of the tracker at

. a reasonable rate of e.g. 1MHz?
— calorimetry and muon system at

40MHz will result in 200-300 TByte/s, — Or:un-triggered readout of the detector at
which seems feasible. 40MHz would result in 1000-1500TByte/s

_ over optical links to the underground service
i(r)(l)\:l:iEégii%%litS%Bﬁquey’E;jgker would cavern and/or a HLT computing farm on the

surface.
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FCC-hh Physics Program (Examples)
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SM Higgs: Event Rates at 100TeV

24 x 10°

180 170

21x10° 46 x 108 3.3x 108 9.6 x 108 3.6 x 107

100

T T | T T T T | T T T T | T T T
N=0(Pru>Prmin) X 30 ab™’

108 |
Solid: gg—>H i

1 million! Dashes: ttH
108 sfremsnnragnined S et : llp

% Dotdash: WH

110 530 390 10t —

102 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1

N100 = O100Tev X 30ab! 1000 2000 3000 4000 5000

Ni4 = Opgrey X 3ab™

Large statistics!

pT,min (GeV)

Large kinematic range of Higgs production

Hierarchy of production channels changes at
large p+(H):

FCC-hh — The ultimate Higgs Factory! =~ — °{tt)>oles=H) above 800 Gev

— o(VBF) > o(gg—>H) above 1800 GeV
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Example: Higgs Couplings

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
J\‘I\Illll\I‘\I\IIIII\|\\l\ll\ll‘\l\lllll\l\\ll ;\? i_llIllIIIIIIIIllfllIIIIIIIIVIIIIIII‘IIIIIIIII'_
i s =100 TeV — stat + syst (cons.) = (5 = 100 ToV — stat. +syst +lumi
r — stat + syst (optim.) | = i ~— stat. + syst.

L =30 ab™ w L=30 ab™
10 — stat. only 10 — stat. only

IR
T
I V|

Lol

Delphes simulation of
realistic detector including
systematic uncertainties

T
1

8 (BR(H — yy) / BR(H — eeup) ) (%)

AN R R

Lol

T\ T T[]
Ll

BRH — yy)

H -
BR(H — eeuu) HA

10

Ll

-1
107 =
IllJlllllIlllJIllllIllllllllllll]lllllllllll—

llllll|IILIJLIIII|IllIlllllIlllJLlJIIIIILllLlI

100 200 300 400 500 600 700 800 900 1000 50 100 150 200 250 300 350 400 H450[c55310
Pz . e
T.min

"o [GeV
*  Per-cent level measuremeprﬁ‘%[ of]ratios of branching ratios
— Model independent sensitivity to BSM
* Ratios of BR: Well defined fiducial region - remove production and modeling systematics
* Normalise to BR (4 leptons) from FCC-ee (known at the few per-mille, see before)
* High p; region: Reduced systematics (e.g. from pile-up, from background)
* > Absolute sub-% measurements for rare decays -> Precision on Higgs couplings in the sub-% range

Frr oo
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Precision Higgs Measurements

Observable Parameter | Precision (stat) | Precision (stat+syst)
p = o(H)xBH— vY) o/ 0.1% 1.05%
= o(H)x B(H—pup) op/ 0.28% 0.69%
p = o(H)xB(H— 4p) op/ 0.18% 1.56%
p = o(H)xB(H— yup) op/ 0.55% 1.26%
11 = o(HH)x B(H—yy)B(H—bb) SA/A 5%
* R = B(H—pp)/B(H—4p) OR/R 0.33% 1.3%
* R =BMH-yYy)/BH— 2e2p) OR/R 0.17% 0.8%
* R =BMH-yYy)/BH— 2p) dR/R 0.29% 1.38%
* R = B(H—-ppy)/B(H—pp) OR/R 0.58% 1.82%
** R = g(ttH)x B(H— bb)/o(ttZ)x B(Z— bb) SR/R 1.05% 1.9%
B(H-» invisible) BG9S%CL | 1x 10" G5 x 10

* Measurements of ratios of BRs, combined with the absolute measurement of the
HZZ coupling at FCC-ee, will yield absolute coupling measurements in FCC-hh

** Will use results from FCC-ee: BR(H—=2>bb), ttZ EW coupling

October 2, 2024 Workshop on HL-LHC and Hadron Colliders — M. Aleksa (CERN



Higgs Self Coupling

D iasi2 L Mgyt L L jagi6 .
VH) = MEHE+ M M
L T J |\ Y J
SM BSM
A
'1 1 1 ‘
2 1712 3 4
= S MpH" + g\/3>\HMHH + A H
\ J
Y
_-h
. . . . . o) .-l %
YVhy is Higgs self coupling interesting? b Sk, , study di-Higgs doCaVs

Study shape of Higgs potential

16

12

10

14f

FCC-hh Simulation (Delphes)
O O T O T T T

stat. only
— 8/S=1%
—— 3/S=8H=1%

Vs = 100 TeV

L=30ab’

HH— bbyy

K, = A /2

obs *'SM

«  Study EW phase transition = cosmological implications SM: I ”:Zb}l@'h

«  Impact on vacuum stability e ’ N

*  Self-coupling sensitive to new physics BSM: "It Zzg@?{‘::/h ’ Z@@::""
HH->bbyy is the golden channel for di-Higgs meas. in FCC-hh: ’ Y e "

- Important input for detector requirements bbyy | bbZZ*[—4/4] | bbWW*[—2jév] | 4b+jet
- ECAL performance, b-tagging, ... dky | 6.5% 14% 40% 30%
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Exploratlon Potential: Direct Mass Reach

- 60 T T T :g‘ v|}||y|[r|vx]||||]y|17|]|rOx|]u| €106:rr[zvv]xrrlrvll\mnvvn]vv]lrru/nz
g - FCC simulation i = FCC simulation ;
g 50 = E A \/g =100TeV tessee 95%CL oxp. Smit FCC nom. | '§ \/_ 100TeV g

L 51 ) 4 2 L i : : J
S i JLdt = 30ab™' o [re— E .o Zot |
i 2 3E E
> 40| ® E : ]
@ 104k o T T S . .
o J
S
=] 4 ]
S 30 10 E E
e 5
S 107"
3 20|
E 10° —
a 105 E E
(1]
E 10 —~Tq2
£ L |
% . 251l FCC T Inltegralled Iunlnnosity versus malss forias o di Y
> ! 107 E; 1 L | | | | - ST AV R S A S e
o 0 | | | | | | 111 L1 (ol 1 P R 9 T PRY 40 ol [0 T Y P 5 ot 1o 1 T 1 (o | 10 12 14 16 18 20 22 24 26 28 30

1 2 2 4 4
0 1 2 3 4 5 6 7 8 S 0 5 %0 % 0 MaSS [TeVS]O

TC2: Leptophobic 2 V™"

system mass [TeV] for 14.00 TeV, 3000.00 fb!

e Mass reach of FCC-hh about 5-6 x HL-LHC

* Delphes simulation of realistic detector including systematic uncertainties
- Demonstrate that we can fully exploit this potential
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Exploration Potential: SUSY Reach at 100 TeV

October 2, 2024

59 — o, 9%, [

~~

0 10 15 20 25

Workshop

aq — q'@ﬁ?qi? R

95% CL Limits
14 TeV, 0.3 ab™
Bl 14 TeVv,3 ab™

5 o Discovery
7 100 TeV, 3 ab™
B 100 TeV, 30 ab™

Mass scale [TeV]
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