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The FCC-hh machine

FCC-hh is currently the stage 2 of the FCC integrated programme (now 2065+)
It can be operated also in lon-mode

Operations can happen concurrently with eh an ERL that provides an electron beam (-~ 60 GeV)
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https://arxiv.org/pdf/2203.07804.pdf
https://arxiv.org/pdf/2203.07804.pdf

| Outline

The FCC-hh clearly has an enormous potential - 100 TeV c.o.m. energy, huge (+30/ab) datasets
A detector at the FCC will have to operate in challenging conditions, i.e. high (~1K) pile-up

Extreme granularity, excellent energy-momentum resolution beyond the LHC detectors, together
with novel algorithms will be needed to achieve optimal object reconstruction and identification

The physics programme depends substantially on experimental conditions and crucially on
detector developments - | will use a few highlights of the physics goals to illustrate this

Lot of material available and used for this talk
FCC Volume 1, FCC-hh, published in EPJ ST 228, 4 (2019) 755-1107

Physics studies from older or newer documents e.g.: https://arxiv.org/pdf/1606.00947.pdf, CERN-ACC-2018 -0056.pdf, Eur. Phys. J. C
(2019) 79:569 from M.Mangano et al. for benchmark comparisons, CERN-FCC-PHYS-2020-0004, Eur. Phys. J. C 80, 1030 (2020)
European Strategy Briefing book: https://arxiv.org/abs/1910.11775

Detector studies from ECFA Roadmap https://indico.cern.ch/e/ECFADetectorRDRoadmap
Presentations from Phil Allport, Martin Aleksa and other published documents in http://cds.cern.ch/record/2784893/files/

Disclaimer: selected topics + not yet considering in full
recent results from Snowmass
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https://cds.cern.ch/record/2651294?ln=en
https://arxiv.org/pdf/1606.00947.pdf
https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08595-3
https://arxiv.org/abs/1910.11775
https://indico.cern.ch/e/ECFADetectorRDRoadmap
https://indico.lip.pt/event/1084/
https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf
http://cds.cern.ch/record/2784893/files/

Physics potential of FCC-hh: Higgs physms

Di-higgs
Higgs@FC WG September 2019
di-Higgs single-Higgs

HL LHC HL-LHC
50%

Higgs self-coupling and nature of EWSB will remain
unknown even after HL-LHC (which will get to a O(50%)
precision) and FCC-ee (indirect only).

.FCC ee/eh/hh .FCC ee/eh/hh
25%
LE-FCC ‘ LE-FCC
. 15% n.a.

. . Rt . . FCC-eefeh/hh T S B O™
Di-Higgs: feasibility studies employed several final states T NS
FoC-ce under HH thresho N | |:| ;;:?_eem
Updates after ESPPUZO -ind-icates an eXpeCted prec-is-ion On . AN\ INNNNANNNANNAN .ILC‘MB """""""" ?Ii;/:u:ez‘“ .....
. . . . IL 10% ~36%
the self-coupling depending on systematics assumptions: Al M L e D
under HH threshold |:| ILEzsn
CEPC e B2 A9%

5/{)\ = 34— 78% at 68% CL ............................................................................................................. — g%:(‘é;;;; .........

another team

Higgs
very consistent, PT can probe new

Mo N .............. .......................... physics affecting Higgs
: ; dynamics up to scales of
several TeV.
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< | {s=100TeV Combined |
Al 10— '\ m— bb ] % i ii
! | L=30ab? . bbw | FCC-hh Simulation (Delphes)
I ThTh+bbThTI ] T T T[T T[T T[T T [TT T [T T T T [T [ TTTT 7777
E — bbZZ(4l) = E =100 TeV — stat. + syst. + lumi
new result 81— : bbb — P . 0 . — stat. + syst.
presented for X i But also: differential GHiggs p L0 —— stat. only
Snowmass by ol o measurements up to high
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|
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Eur. Phys. J. C 80, 1030 (2020) S o
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08595-3
https://arxiv.org/pdf/2203.08042.pdf

Physics potential of FCC-hh: high mass new particles

Evidence for the existence of heavier particles from flavour observables or 10°
precision EW/Higgs measurements will require direct probes - FCC-hh is the
only machine that can achieve that within the current technological landscape

FCC simulation

—
<

a0

Increase in c.o.m energy - discovery reach @ high mass ~ 7 times larger than
at the (HL-) LHC

High statistics is crucial - define the needed dataset for discovery

A )
<2 Q

2

Int. Luminosity [fb™]

Searches for SUSY particles

-—h
o

Searches for heavy resonances L —ob

— FCC-hh / HE-LHC Simulation (Delphes)
950/0 CL L|m|ts Q* = ji L I T T T T T | T T 1 ey
14 TeV, 0.3 ab‘1 /s =100 Tev - Integrated luminosity vforsus mass for a5 o discovery
- Vs =27 Tev L
B 14 TeV, 3 ab Zie, 0 5 & Discovery 5 10 15 20 25 30 35 40 45 50
5 o Discovery fs = 100 Tev I 1 ab” Mass [TeV]
A Vs =27 Tev 2.5ab’
1100 TeV, 3 ab L — 18 agj
s = e a
fe =100V o 100 ab”
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I G 2 W W
20,20 s = 100 Tev Il
65—tttz fs=2770v
&% — o Ly —1T 30 ab™" used as target
0 e worav -
6o — e, LT =21 Tew
9 5 10 15 20 25 Ly = TT
{s =100 TeV -
MaSS Scale [TeV] vg=27 Tev 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Mass scale [TeV]
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Physics potential of FCC-hh: dark matter

FCC-hh will be the first collider capable of producing weakly-interacting particles with masses up to
a few TeV, hence complementary to direct DM experiments

SUSY and general WIMP DM models foresee a DM candidate with thermal relic mass in the 2-3 TeV
region (Wino, triplets under SU(2)) or in the 1-1.2 TeV region (Higgsino, doublets under SU(2))
both reachable i.e. exploiting disappearing track analyses

Searches for SUSY particles (EWK)

dark matter wino/higgsino models

A - ww 95% CL Limits FrErrrr— R R Pure Higgsino |  [secrbredbeecior Propeion | " Pure Wino
~ e FCC-hh 1 = indirectDetecon |1
HH — BB .. 14 TeV, 0.3 ab'1 LE_FCC 1 FCC_hh I
WW g ﬁﬁ -1 FCC-eh LE-FCC |
WW N ’B’B’ - - 14 TeV, 3 ab TE-LhG I FCC-eh |
- N 5 o Discovery e 1 | 20 DisappearingTracks | = ! 20 D o Track
lRIR — LLCP 100 TeV. 3 ab-1 CLIC3000 ]  Kinematic Limit: V's /2 | g{%@g,,,,,,,,,,,,,,,,,,,,,,,,,I,I, ******** ’*_JS*E{Rpjeir_lfng"[%C* ° ]
s ’ CLIC1500 1 20, Indirect Reach L Kinematic Limit: Vsi2 ]
Il — LLCP - - 100 TeV. 30 ab'1 I ClCro00 1 20, Indirect Reach
T - 5% : [ Tc——
5t [ [ e — = w—
aa* — o, [ N T — '
55— 11500 3 Thermal | mpean!"‘aleg» ] Thermal P—--
9 >O<1 Xg 0.1 02 0.5 1 2 5 0.1 05 1 5 10
89 — qay,aax, | K Bl M, [TeV] M, [TeV]
&0 — o, oix, [l ]
0 5 10 15 20 25 Also relevant: monojet, mono-X and soft lepton searches (e.g.
Mass scale [TeV] for higgsino-like semi-compressed scenarios)
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Production rates and conditions

Cross sections for interesting processes increase substantially, but it comes at a price!

Challenge for triggering and reconstruction

8 TeV
LHC

14 TeV
LHC

33 TeV

HE LHC 100 TeV FCC-hh

G [nb]

-----
-t

30 1034cm2st

. .
' llClev Hio:fs Eu;o pean %qul{-iy

02
\s[TeV] 1
7 FCC-hh: Detector Challenges.

Rates for

L

Parameter Unit LHC |[HL-LHC |HE-LHC |FCC-hh
Eem TeV 14 14 27 100
Circumference km 26.7 |26.7 26.7 97.8
Peak £, nominal (ultimate) [10**em™2s™" |1 (2) |5 (7.5) 16 30
Bunch spacing ns 25 25 25 25
Number of bunches 2808 |2760 2808 10600
Goal [ L ab™! 03 |3 10 30
Tine1[340] mb 80 |80 86 103
ot [340] mb 108 108 120 150
BC rate MHz 31.6 (31.0 31.6 32.5
Peak pp collision rate GHz 0.8 |4 14 31
Peak av. PU events/BC, nom- 25 130 (200) (435 950
inal (ultimate) (50)
Total number of pp collisions [10'° 2.6 |26 91 324
Charged part. flux at 2.5cm, (GHzcm 2 0.1 (0.7 2.7 8.4 (10)
1MeV-neq fluence at 2.5cm, [10'® cm 2 04 (3.9 16.8 84.3 (60)
est. (FLUKA)
Total ionising dose at 2.5cm, MGy 1.3 |13 54 270 (300)
est. (FLUKA)
dE/dn|,=s [340)] GeV 316 (316 427 765
dP/dn|n—s 0.04 |0.2 1.0 4.0

kW
almost 1000 pile-up unprecedented

10 GHz/cm? charged particles
Up to 10" cm2 1 MeV-n.eq. fluence for 30 ab™*

FCC Workshop @ Rome

particle flux and
radiation levels

22/3/22



Kinematic coverage and geometrical acceptance

Kinematics of a 100 TeV FCC . . .
Pty ol s 201 Processes occurring at a given Q% = My will be
T IIIIIIIl T IIIIIIII T IIIIIIT] T IIIIIIT] T IIIIIIII T IIIIIIII T Illlllll T T TTTI T IIIIIIII T TTTTIT . .
10° &= CERN-FCC-PHYS-2020-0004 produced on average from collisions that are more
i 20 TeV 2/ asymmetric at 100 TeV compared to 14 TeV -
10° - FCC 100 TeVv St particles will be produced more forward
= 2 TeV squarks s SA——
~ F LHC 14 TeV S ] : :
Sl E Example for ggF and VBF Higgs production
© E I S A 3 highest lepton pseudo-rapidity maximum jet pseudo-rapidity
x - R -
= 102 1655 0P A 7 sand FCC-hh Simulation FCC-hh Simulation
; . Wz o~ - - § 0 08:— p,>3 GeV — 100 TeV —é ? 0.1:— P> 25 GeV — 100 TeV —:
DY, low-pt jets / ",\/f/" ] § 007k —- 13 TeV E § --13TeV
10 = /I‘f“/’ = % . % 0.08- -
E y=-8 ‘\,\j,‘/ y=-4 -~ S y=0 S y=4 . y=8, 3 g 0_052_ o, 3 E 0.06:— At ' b
1 l 1 IIIIII| 11 IIIIII| 11 IIIIL|J 11 IIIIL|J 11 IIIIII| 1 1 IIIIII| 11 IIIIII| | IIIIII| | IIIIII| 11 111l 004:— |- _I gg d H e d 4 = i ':I VBF nggs 1
10" 10°  10° 107  10° 19‘5 10*  10° 102 10" 0_035_ " ' _ 0.04 Fcc
0.02_— ' —- 002'_ _-
[Parameter [Unit [LHC [HL-LHC [HE-LHC [FCC-hh | oo ] E - _
o rifi TS A TS R A - TP W . NI TS N A I AN S A 901 R |
90% bb p5. > 30 GeV/c [341] |[n] < 3 I3 33 45 L I R R R R L T
VBF jet peak [341] In| 34 |34 3.7 44 ! HL-LHC
90% VBF jets [341] In| < 45 |45 5.0 6.0
90% H — 4l [341) In| < 3.8 (3.8 4.1 4.8

- Set stringent requirements on detector
acceptance
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Kinematic coverage and geometrical acceptance

Kinematics of a 100 TeV FCC . . .
Pty . o, s Processes occurring at a given Q? = My will be
T IIIIIIIl T IIIIIIII T IIIIIIII T IIIIIIT] T IIIIIIII T IIIIIIII T Illlllll T T TTTI T IIIIIIII T TTTTIT . .
10° &= CERN-FCC-PHYS-2020-0004 produced on average from collisions that are more
i 20 TeV 7 asymmetric at 100 TeV compared to 14 TeV >
100 - FCC 100 TeVv e particles will be produced more forward
= 2 TeV squarks s SA——
= I LHC 14 TeV P ] Assuming that forward detectors can operate in extreme
10° = e e . . ..
3 E = environment, this could be an advantage for Missing Ey
; - Higgs, top . ] resolution (better coverage in eta)
107 - et : —
= Wz ot 3 . FCC-hh Simulation
DY, low-pt jets e 7 = W T T T T T T T T
PR £ " p}'>50 Gev —mMml<4
3 A A i —mi<s 3
- y=8, tCy=a.  Sy=0.  Sy=a.  y=8/ 7 “X o womi<6 1 Missing Er is fundamental
1 11 ||||||| 11 ||||||| 11 ||||||| 11 IIIILIJ 1| ||||||| 11 ||||||| 11 ||||||| 11 ||||||| 11 ||||||| NI é, L i k QCD events ] for Dark Matter SearCheS
10 10°  10° 107 10°  19° 10*  10°  10% 10" o 107 in mono-X final states
C )
107 SUSY particles and more
|Parameter [Unit [LHC [HL-LHC [HE-LHC [FCC-hh | 10’3%
90% bb p > 30 GeV/c [341] |[n] < 3 I3 3.3 45 o E
VBF jet peak [341] In| 34 |34 3.7 44 10 .
90% VBF jets [341] In| < 45 |45 5.0 6.0 B T A I I D I e U
90% H — 4l [341] In| < 3.8 [3.8 4.1 4.8 0 20 40 60 80 100 1égiss(149)
T (min

Probability of reconstructing E;™ss greater than E;miss (min)
in di-jet QCD events
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A possible layout of a detector for the FCC-hh

FCC-hh CDR Main solenoid ECAL

~9m

l Forward Solenoid

o el
q

Muon

absorber
disks
e |

7 \\\\

Beam Tube

_'l

‘ Tracker

Radiation shield ~Yacuum vessel

= Conceptual designs so far based on current detectors. In this case, 4-T main solenoid and forward solenoids

= As for CMS, central tracker and calorimeters placed in the bore of the main solenoid.

Used in default DELPHES simulations

= Assume cavern length of 66 m
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https://link.springer.com/article/10.1140/epjst/e2019-900087-0

A possible layout of a detector for the FCC-hh (2)

Various options are explored - aim of CDR was to prove that with known detector
techniques the primary physics goals could be met and study potential limitations

More on feasibility studies planned for 2025 (as highlighted in Michael talk yesterday)

y[m]
101
n=0.5 n=1.0 n=1.5

9,

8 Barre
e Forward detectors up
' Muon Systern to eta ~ 6 (and forward

Muon System
solenoid needed)

Radiation Shield n=2.5
4
3 A g ™ “ . . .

EMCAL Barrel (EMB) 5 b= - Radiation shield needed
— 22 e sl s T i to cope with high fluxes
1 Contral Tracker E ! 2 2 1 ” and connect endcap and

— = - Bl s in = forward calorimeter
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 262[m]
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1 MeV Neutron Equivalent Fluence for 30ab-!

OVERALL: Radiation levels beyond current capabilities for detector technologies
Generally ~10-30 times worse than HL-LHC BUT much bigger for fwd calo and innermost tracking layers

Technologies used for the HL-LHC detectors are only applicable for r > 30 - 40 cm

4 TSL i ARty BT ~¢ - I

’
Ry A
A '

1600 el
1400

i 1200
Barrel calorimeter:
EM-calo: 4 10'° cm™ E"' 000
_ . 14 -2
HAD-calo: 4 10* cm O, 800

End-cap calorimeter: SN ol
EM-calo: 2.5 10 cm™ O _-’.‘h._.. N
HAD-calo: 1.5 106 cm™ uie ~ea Alaec— o "
' I’IH ;
=Tt i |

1 MeV neutron equivalent fluence [cm'2]

M
00 1500 2000

0 500 3000 3500 4000
z [cm]
Central tracker: Calorimeter gap: Forward calorimeters:
* first IB layer (2.5 cm ): ~5-6 10" cm? || from 106 cm2 to 10 cm?2 ~5 108 cm™ for both the EM
* external part: ~¥5 10*> cm™ and the HAD-calo

Martin Aleksa overview, 2021

12 FCC-hh: Detector Challenges. FCC Workshop @ Rome 22/3/22



https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf

Total Ionizing Dose for 30ab!

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

1600 - | ‘ | | | ' it
1400 TN S ’i" | :
1200 - G 4 s | A
e 9 IRe Bl
E‘ 800 — - T i A i o : ;;" | ", .: i: | | -
600 . ;- | A : ' j L‘ U ",‘{ N ,,‘:}.‘;" .1‘ ’\ 1 Hi
400 - 3 | i " ‘ ”‘,'\‘ g -
200 il
0 | 1
0 500 1000 1500 2000 2500 3000 3500 4000

z[cm]
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https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf

FCC-hh magnet system

Designed to provide an axial magnetic field of 4 T in the tracker volume:
Comprising of a central solenoid and two forward solenoids.

More complex alternatives: two dipoles with a magnetic field of about 4 Tm in both forward regions
cold mass + cryostat around 2000 tons. Stored magnetic energy

FCC-hh: ~13 GJ,

ATLAS Magnet System 2.7 GJ

CMS Magnet System 1.6 GJ

Proposed conductors for the solenoids
are Al stabilised Nb-Ti/Cu Rutherford

g [ cables following the experience with
R ’ v | ATLAS and CMS

Forward Solenoid

Vertlical position Yin m

Cryogenic plant: 20 K helium gas at 20
bar pressure to the cavern; magnets
cooling based on a thermosiphon that
circulates helium through the cold
masses.

Axial position Zin m

Magnetic fieldmap for a central solenoid of 4T
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A global challenge: the tracking detector

Forward coverage and pile-up have huge impact on the tracking system

Two proposed layouts, central (|n|<2.5) + forward (|n| up to 6)

Flat geometry
Tilted geometry - 50% less material budget
to be compromised with high rad deposits

Tilted layout Flat layout
390m? of silicon 430m? of silicon
_. 30 2.5 -2.0 1.0 0.0 1.0 2.0 2.5 3.0
£ N Y P, L :
E 1 600 :_ Forward Central ; .
L1400;— mm“....-..?;..
1200E- e |1 | 3.5
1000~ e £
8001 it F |12 | 40
288 =3 il WL LLST L L L] LT He
— L I I e s
- |'£" al e (50
0=735000  =10000  -5000 0 5000 1000015000 0-0
Zz [mm]

Fig. 7.11. Tracker layout using the so called “tilted geometry” (left) and “flat geometry”
(right).

Detector options considered so far:
hybrid (either macro-pixel + strip) solutions;
CMOS monolithic active pixel sensor (MAPS)
options (also to achieve low material).

Survival can be achieved with HL-LHC hybrid
pixels but needs more work.

BUT: ~300 MGy for micro-electronics and
integrated fluence for the sensors of ~ 1018 1 MeV
Neg/CM? at r=2.5cm

- no current technology can really work
under these conditions
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A global challenge: the tracking detector

Forward coverage and pile-up have huge impact on the tracking system

Two proposed layouts, central (|n|<2.5) + forward (|n| up to 6)

Vertex Reconstruction

Flat geometry g 10—
. . ! - pT=1GeV/c, no timing
Tilted geometry - 50% less material budget B 10°f —— oozt
to be compromised with high rad deposits 2 {02 o ot ot
O = | | CMS Ph2: PU=140, nr=1GeV/c, no timing |
Q2 H ®  CMSPh2 PU=140, p =1GeVec, 3t=25ps |
Tllted |ay0ut Flat |ay0ut ‘-luj 10 ? ...................... DR st TR AN L s s W WAL b S A
390m? of silicon 430m? of silicon ’ R D i ot =l el
_ 30 25 20 100010 20 25 3.0 L I e SO _—
E — Forward > ) ée;ﬂr\alI . :"I —— - = : onls i
§.1 600:— """" PR _____“ 10_2 R ,.---1:"| i L
= 1400 o 0 1 2 3 4 5 6
= Eff. pile-up = 1: Indication for unambiguous 11
1200E ([ S 3.5
1000:_ 11 L oS primary vertex identification
= [ g R 22 . . . .
8005— i 2| lao For pile-up suppression: 4D-tracking (with <25 ps
S e Yl LS L LT e timing via Low-Gain Avalanche Detector or with
400E- “Hn'm" W12l LT . 3D Pixel sensors, or other technologies) as
208; menenann NEZINREIE | —] éSSO opposed to just timing layers (such as LHC high
- 15000 -10000 - 5000 0 5000 10000 15000 | granu[arity timing detectors),
Zz [mm]

Fig. 7.11. Tracker layout using the so called “tilted geometry” (left) and “flat geometry”

(right).
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A global challenge: the tracking detector

Forward coverage and pile-up have huge impact on the tracking system

Two proposed layouts, central (|n|<2.5) + forward (|n| up to 6)
Tracking resolution

5
10 Solenoid + Fwd Solenoid (solid) vs. Dipole (dashed):
.= 10TeV/c
p— D 1TeVic
e— 100GeV/c
p— P 10GeV/c
p.=2GeV/c
--------- Qs [Pl S 10TeV/c in Gluckstern approx.
R s 2GeV/c in Multiple-scattering limit
--------- 9 p_=1TeV/c FCC SW + Riemann fit : A

Flat geometry -

Tilted geometry - 50% less material budget o

to be compromised with high rad deposits ?f
2®)

—
o
w
I T TTTI T TTO00 T T TTT

Momentum resolution dominated by multiple scattering up to 250 GeV »
- need low material tracker (e.g. MAPS)! 10

AAAAAAAAAAAAAAAAAAAAA E&.,“,.L.,“H...A.,A.,“.E‘.4.A.,A.“.4.A.,A.H.A.A.E.“,A.A.“,H“.“.A.,““?.A.,“H.A.A.,“,.....A,,;,A.“.A.,““.;;j’,u...é

§o1.2: Vo oo X : . < 0,45 10 hits' material budgeti/n,: |
1| = Fat layout: BP+BRL+EC < _ | EEEE Fatlayout: BP+BRL+EC
i Flat layout: BP+BRL | 0-355" E=== Flat layout: BP+BRL i T —— : : E
........... Tilted layout: BP+BRL+EC | g | e Tilted layout: BP+BRL+EC | = | I S R S B T
0-8,_’ ..................... TiIt:d |:§23t; BP+BRL 0 3; ----------------- Tilted layout: BP+BRL 10 0 1 2 3 4 5 6
i ’ 0-25; Assuming an r-phi resolution of 7.5-9.5um per detector layer n
0.6 S 5 - _—
- 0.2
0.4 0.15} opt/pt £ 10% for
0.0 X Py <10 GeV/candn < 5.8
' 005 <1TeV/candn < 4.0
% - 6 op+1/pt = 20% for 10 TeV/cup ton ~ 2
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An example: Relevance of tracking for DM searches

Disappearing track analyses relies on the HL-LHC/HE-LHC/FCC-hh TP —
reconstruction of short tracks from . .

charged NP (in SUSY, chargino)

The FCC-hh could provide the ultimate
reach for an entire class of DM candidates

———
Jp——— -

5
-
sie

i p—
:

Results at HL-LHC based on strong 4 '\
reduction of fakes background 1N

Assumptions on tracking capability and
background are crucial

(LESLO TI8L:AIXIE JO |} UOL}ISS)

HOgsNo Mass my; [GeV]

Band indicates different QCD models of pile-up simulation

20 FC'C-h'h,3/§=1OOTeV,'30|ab;1 _ —— 20 FC'C-hh,I\/ET1(?0‘I"eV:30Iab"1' I
O 3 18 o gt -0 3
Transverse charged track length must be 160 E 16 SIS Detauh (hiayer il <> 500 3
. 0 o0 . . o e r ] C R Alternative (5-layer pixel), <u> =500
in specific ranges to retain sensitivity g 14~ - % 14 - ;
O l ] O C =
12<d<30cm é :if ] "é :lliz > Higgsino -
@FCC: pr track in 1-1.4 TeV range > of E _— 5-layer pixel needed
2 6 - Wino E : ) 3 for Higgsino!
: : . B 4 o e - RIS
Choice of layout in terms of N pixel layers |- s o i E 2F s,
has crucial implication for discovery reach 0b i e L 0 b b
a) Chargino mass [GeV] b) Chargino mass [GeV]
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https://arxiv:1812.07831

b-tagging requirements: resonances

Capability of efficiently identify b-jets is fundamental, and closely depending on tracking

Various scenarios compared in the context of a search for Z’ into a top pair:

1,2 and 3 corresponding to reduction in efficiency respectively by a factor 25%, 33% and 50% of the
nominal efficiency

Nominal assumptions: B-tag Efficiency (1 — pt [TeV]/15)-85%

mis-identification efficiency: Light (b-tag) Charm (b-tag) QCD (z-tag)
(1 — pr [TeV]/15)-1% (1 — pr [TeV]/15)-5% (8/9 — pt [TeV]/30)-1%
s e e s e e e e . FCC-hh Simulation (Delphes)
g 3105/
Y /«/’,;/J/ y > [ Vs=100Tev
"l-d;, 10- ‘/u/g‘% /@/ éws_ Ly it / /
- o e Pl 3 ; / ;
c 2 2. E r . . -
g 0/'3‘ J{f / I / ................................. — Degrad]ng the performance by 50% increases
— / /4’ o 30ab . .
D102 4 / 10 4 4 . the needed lumi for a discovery by more than
s o Yo/ 4ammn | an order of magnitude regardless the mass
< s +pT§q;=gIe: Hit-based /4 e
-=- = e\ it-base 3 — nominal
L_lL 10—3 W . _._z:(:)= 500 GeV. 10 i,// — scenariot E
- =~ p(q)= 500 GeV Hit-based | — Soenario? ] Eur. Phys. J. C (2019) 79:569
04 05 06 0.7 08 09 1 [ Soiscovery . . ]
b) b-tagging eff. 10 15 20 25 3&%8 [Te\zs
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High prtracking and muons: resonances

Good reconstruction efficiency and resolution for high p; objects is fundamental.

In the case of muons, accurate measurements of the momentum require excellent spatial resolution
and precise alighment of the tracking plus muon systems.

Use SSM Z-prime into pp as benchmark: .V Assumel95taetficien e dIees

FCC-hh lat Delph - . -
S i ik s SRS ...I...,...ff‘f?,'.’f'.?"’.".”?""’f .(‘.’ef’?"‘.’s) « Muon and tracking assumptions
o —_—m, = Ke) - ; ; 3
% 10 15 =100 Tev R > [ s-100Tev | : used for DELPHES:
o P Bl - Ziy - p'u = - A\ A
< L=30ab 8 [ Zigem — MM i
% 10° Z,SSM - ,U+,U- % : FCC-hh
: 310 7
10* For comparison: £ F : : B, (T) 4
; HL-LHC reach @ 6.4 TeV e £y ;} el o 0
10° - | - : € 0.95
10 : ...... ..... ....... . .............. 2 5ab1: a(n,qb)(mrad) 1
1 : Nl S E o (pr)/pr = 5% (muons)  pr = 15 TeV
107 i : 5 odis?:overf : : ; ) . . 0
5 10 15 20 25 30 35 A P PP S P PSP S I P O If muon resolution is degraded to 40%
26 28 30 32 34 36 38 40 42 44 . . .
my [TeV] Mass [TeV] (straightforward projections of current
Eur. Phys. J. C (2019) 79:569 CMS), 2-3 TeV difference in reach
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Calorimetry: ECAL and HCAL https: //arxiv.org/abs/1912.09962

particle flux

Optimized for particle flow: high longitudinal and

transversal granularity crucial L | ‘\ \““

Issues include unprecedented doses, massive size and huge i

transverse granularity (n x ¢) # layers resolution
tracker 0.001 12 0.5% (k) * 1%
ECAL 0.01 8 VE®0.3%
HCAL 0.025 10 0% 63% Pile-up might degrade performance considerably
, _ _ —> Efficient in-time pile-up suppression will be crucial
Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |17| ~ 0. (using the tracker and tlmmg informa tion)

FCC-hh Simulation (Geantd) FCC-hh Simulation (Geant4)

1 1 -~ =3 T T T T TT T :' T T T rrrr I I:
LAr ECAL, Pb absorbers (but several options considered) m S o e 7w ool :
:“’ : O _ 17.0% g 0.231 GeV : “-Jg 0.01 3
Electromagnetic calorimeter barrel 0.07|~ + w=0 ?s - T" ® % ©0.98% ] r
E a u of fF " . = LR —
iquid argon absorber  readon 0.06 % 17.9% ¢, 0249 GeV g g gper] E
/////7/////////\:/ . i u W=140  F=TER 0 009 2 001 2 E
0.05 5 \ ! ()=1000 % _ 17.:% ©0.808 GeV o 0_96%—5 0,02 ;_ : _i
0.04f E -0.03f- 1
o.oaf —: _0‘045_ * Non-linearity for E > 300GeV due to multiple
E 3 E particles traversing single pixel = corrections
0.02f- -0.05/-  necessary
0 015— i R Y
ey, = e - Resolution - . Linearity
wl P e o Y ST T V| L P S S R R B P gy gy | " M S S R S
ZOOM 0 102 10° 10? 10°
E[GeV] E [GeV]
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https://arxiv.org/abs/1912.09962

Calorimetry; ECAIL and HCAL https: //arxiv.org/abs/1912.09962

Issues include unprecedented doses, massive size and huge i
particle flux e alviselva sl e 1Y

Optimized for particle flow: high longitudinal and
transversal granularity crucial

-

transverse granularity (n x ¢) # layers resolution
tracker 0.001 12 0.5% (k) * 1%
ECAL 0.01 8 %0@0.3%
HCAL 0.025 10 % 3%
Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |17| ~ 0. = e

Forward CAL (E+H) o O18F  FCC-hh simulation (Geantd)
Tile Barrel HCAL — b B T s | E
o 0.14 —— Benchmark 48%/\E @ 2.2% -
° ) 4 z
Barrel HCAL: . o 10 o C— 3
» ATLAS type TileCal optimized for s k 01E L
particle flow with higher granularity st | /2] 0.08 =
» combined pion resolution can be o | | 0.06 - .
improved with NN calibration : H‘ 004 £ E
Endcap and Forward HCAL: : i A I o
» Radiation hardness major challenge 102 10° 10*
TN ] ! o E [GeV]

it
—argc
” || WEOI clyostat
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https://arxiv.org/abs/1912.09962

Di-higgs: impact of e/y resolutions

-2AInL

BEARERERRRDS>s

For di-higgs studies but also rare decay processes (e.g. Zy), maximizing the performance requires
minimizing the impact of multiple-scattering - i.e. minimizing material budget

For the HH — bbyy decay mode, excellent energy photon resolution is heeded in the E = 50 - 100 GeV
energy range - stringent requirements for ECAL (stochastic ~ 10%, and noise term < 1.5 GeV with pile-up)

Eur. Phys. J. C 80, 1030 (2020) transverse granularity (n x ¢) # layers resolution
10 FCC-hh Simulation (Delphes) . o . 0.5 ( , ) .
L W U I I I AR N _ _ o . tracker g .o@m},}*o
00Ty - 8,,=3.8 1QA> depending ~
O\ L -30ab7 e s oy on assumptions for ECAL 0.01 8 VR §0.3%
. —scenar!o stat+sysi . .
i — sconato l Glatsys) systematics and resolution HCAL - - % & 3%

Scenario | — target detector
performance

Scenario lll — pessimistic detector
performance, assuming extrapolated
HL-LHC performance using present-

%

.
.
~e.
...
-
~a.
LI
.
.
- .
- Sea
1 1] | L1 | | L1 1 | L1 1 | 1 1

day algorithms
>
. O]
8.8I I E).EI35I = I().|9I = 6.95 1 1.05I = I1I.1 1.!15 ;(1.2 ShOUld aCh]eve 1% yy g
» £
parameterisation scenario I  scenario II  scenario III Pi[e-up could degrade (@
v ID eff. 90 90 90 this considerably
jet — v eff. 0.1 0.2 0.4 >
M~ resolution [GeV]| 1.2 1.8 2.9
)
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Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at || ~ 0.

FCC-hh Simulation (Geant4)
; T N TTT N TTT N TTT N TTT N TTT N TTT N 1T N TTT I L
098 Vs =100 Tev

L H-ry

L p;>30GeV

006~ 4(=0 1
[ uy=200

+@=1000 [ 4¥5,

Om = 1.32% £ 0.01%

Om = 2.29% + 0.06%

0.04 |~ —
[ +
0.02 - + -
| +
+"'+ ® ++
[ e ‘.. [ ] o+
"::3000'. % e " g
Or:ll Lo baa b boa ba i by Pﬂﬂ_L:EHHQ*
116 118 120 122 124 126 128 130 132 134
S 22/3/22


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08595-3

Searches for NP: high p jets and boosted objects

For di-jet resonances, HCAL constant term has huge impact transverse granularity (1) x ¢) #layers  resolution
on the luminosity needed to get the same reach. Furthermore: tracker 0.001 2 0.5% () 1%
* Need full shower containment (ECAL+HCAL ~ 98% ideally) .. oo . % .03%
« Large HCAL depth (~ 12 Xint) ' i
HCAL [ 0.025 ] 10 B 3%
FCC-hh Simulation (Delphes)
70T AN AR RARRN RN RRARN RARRE R RARM N> Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at 1| ~
- (s =100 TeV o . . .
60— Z'gy i Heavy particles can decay into highly boosted top/W/Z

lllIl

- collimated jets - @ 10 TeV, R = 0.02 for W boson!

» Particle flow exploit complementarity of tracking and calo

» reconstruction of jet substructure variables also benefit from small
cell sizes of the hadronic calorimeters

50

Int. Luminosity [ab™]

40

IIIIIIIIIIIII

30 o c10°F -
1 2 Z>tt>2 jets
: _ ] 3 C
. 1 N
20 w5 fE = 8% — AN
—Oe/E = 6% ] B https://arxiv.ora/pdf/1901.11146.pdf
C — o /E = 9% i ® F ttps://arxiv.org/p 01. 6.p
- . ; 5 : —6/E =12% . 8
10 ? s . . ey § /E ...... TS% .......... _— o -
N : 50 dlscovery : : l ] 10 g_— 20x20 cm? HCAL
llllllllllIllllllllllllllllllIllllIllIlIIllllllll E 5>(5cm2HCAL
15 155 16 165 17 175 18 185 19 195 20 L
. Xlem’HCAL Leveit e e :
Mass [TeV] b1 02 03 04 05 06 07 08 08 1

signal efficiency

Eur. Phys. J. C (2019) 79:569 (b) M(Z') = 10 TeV
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https://arxiv.org/pdf/1901.11146.pdf

FCC-hh muon system

50 With 50 um position resolution and 70 prad angular resolution
. 10GeVic : | . we find (n=0):
R 100 GeV/c
- ——200GeV/c 4 <10% standalone momentum resolution up to 4 TeV/c
40 _.590..GeV/C....§..... e o :
- eV | | : <10% combined momentum resolution up to 20 TeV/c
. — 10 TeVic H
ol ® simulation 100 GeVic Resolution deteriorates considerably at high eta
S i 5 Standalone muon performance not relevant, the task of muon
e | | | i system is triggering and muon identification
SR, ) E—— S i f (P . . . . .
. Muon rate dominated by ¢ and b decays: isolation is crucial for
[ triggering W, Z, t!
10 __ ............................................................................................................................
T_ i i i i | "HL-LHC muon system gas
% 0.5 1 15 2 2.5 detector technology will
i work for most of the FCC

detector area
Muon detection in forward region:

Expected rates up to 500kHz for r > 1m

Muon barrel: Rates of up to
25 FCC-hh: Detector Challenges. FCC Workshop @ Rome ~500Hz/cm? expected 22




Trigger and DAQ for a FCC-hh detector

Calorimetry and muon system at 40 MHz will result in 200-300 TByte/s

For ATLAS Phase Il, digitized at 40 MHz and sent outside the cavern at 25 Tbyte/s for L1 Trigger
- 10 times size foreseen at HL-LHC: Seems feasible but more studies required

Tracker would produce 1-2 PB/s, using zero-suppression would produce about 800TByte/s.

Not clear if this will be possible, otherwise needs reduction

Can the L1 Calo+Muon Trigger have enough selectivity to allow readout of the tracker at a
reasonable rate of e.g. 1MHz?

Difficult: 400kHz of W’s and 100MHz of jets (pT > 50GeV)

un-triggered readout of the detector at 40MHz would result in 1000-1500TByte/s over optical links to
the underground service cavern and/or a HLT computing farm on the surface.

|ldeally one would need offline performance of today transferred online (e.g. j/y discrimination)
Difficulties:

Huge amounts of data produced (relevant for streaming and triggering itself)
Need high-bandwidth, low power, radiation hard data links

New technologies are needed: i.e. CMOS with integrated photonics (Silicon Photonics)
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Requirements for an FCC-hh detector

FCC-hh CDR Main solenoid ECAL _ .
Central Magnet: (barrel) o - ‘ Forward Solenoid | 9m
B=4T, 5m radius
Muon 10% 60.3% 2B ®3% Uk ) :
absorber ,. ik
disks M
wils Forward detectors
up ton=6
- 47 m \\\“
, \ .\\ — AT
" r‘_ ." o\ — ~'—"— i A Ve
\" ‘ ‘ ‘ ‘ ol » o (pt)/ pr (tracks) 0.02 - pr (TeV/c)

Beam Tube

N ) T

o (pt)/pT = 5% (muons) pr = 15 TeV

‘ Tracker | Tracker: 0,1/p1=10-20% at
Radiation shield Vacuum vessel 10TeV (1.5m radius)

= High granularity of tracker and calorimeters, high efficiency for vertex reco, b-tag, t-tag, particles ID, low calo
constant term and high resolution - achieve all this with pile-up of 100 (timing) and radiation hardness detectors
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https://link.springer.com/article/10.1140/epjst/e2019-900087-0

Summary of the Challenges and R&D needed (in 1 slide)

Magnet system: Disclaimer: In no way exhaustive list of challenges

C: Stored energy orders of magnitude larger than ATLAS/CMS R&D activities covered within Detector R&D ECFA
C: Low material cryostats

R&D needed: conductor, powering, protection, ultra-thin and radiation transparent solenoids
Pile-up and vertexing:
C: <u>=1000, challenging for reconstruction and triggering
R&D needed: trackers will need to use position resolution and timing information (e.g. ultra-thin LGAD)
R&D needed: low material detectors (e.g. monolithic designs with integrated sensors and readouts)
Forward coverage and radiation hardness:
C: forward coverage requires fwd tracking and calorimeters, huge doses for all (c+f) regions within r > 30-40 cm
R&D needed (tracking): Ultra-radiation hard sensors and read-out chip
R&D needed (calo): Noble liquid calorimetry, Scintillator based calorimetry or Si-based calorimetry
Granularity:
C: super busy environment challenging for b-tagging, tau-tagging, boosted jets etc
R&D needed (e.g. calo): achieve lateral cell sizes of <2cm, use imaging calorimetry (e.g. NN)
Stability, Data rates, Triggering etc.. - all need dedicated R&D
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Summary

FCC-hh / HE-LHC Simulation (Delphes) ___ 1.0} |
Qo[ T TT T TTT T T T 08}
° . Vs =100 TeV 8z
The potential of the FCC-hh is enormous: p - oo
Ly, > tt 5 o Discovery “F
. . . . . 2= 100 ey - ab A= et
New possible heavy particles could be directly discovered if - %.55:abp1’1 e 7
they have masses up to 20-40 TeV e __ b e
GRS SWwW liggs@FC WG September 2019
Huge potential also from indirect searches iy 5
L'y = 1T
Highest reach in sensitivity also for di-higgs studies, dark fo- ey B
matter searches and more P —
Vs=27Tev| | | L L T
. . 0 10 20 30 40 50
E.g. can conclusively test the hypothesis of thermal DM Mass scale [TeV]

0 50 "
68% CL bOUNGS ON K3 [%] 3 e comor cormmesn 70

Extreme granularity, excellent energy-momentum resolution beyond the LHC detectors, together with novel
algorithms will be needed to achieve optimal object reconstruction and identification

Comparative studies considering different hypotheses for detector performance have been made using some searches
as benchmarks - more should/could be done for interesting and challenging scenarios

Developments on theoretical calculations, modeling of backgrounds, PDFs, studies of synergies of the ee/eh/hh programmes and
continuous collaborations between theorists and experimentalists are fundamental and should be pushed further

Finding technologies that function adequately given the extreme conditions and requirements is a challenge — at
least 20 years should be anticipated for most demanding technology aspects, also profiting from R&D for HL-LHC
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Parameters and cross-sections

Parameters

|Parameter [Unit [LHC |[HL-LHC |HE-LHC |FCC-hh |
bb cross-section mb 0.5 0.5 1 2.5
bb rate MHz 5 25 250 750
Parameter Unit LHC HL-LHC HE-LHC FCC-hh bb p% > 30GeV/c cross- |ub 1.6 |[1.6 4.3 28
Fem TeV 14 14 27 100 section
Circumference km 26.7 [26.7 26.7 97.8 bb p} = 0 e MHz 0.02-10.08 ! 8
Peak £, nominal (ultimate) [10**cm™2s™! |1 (2) |5 (7.5) 16 30 Jets pr > 50GeV/e cross- |ub 2L 50 300
. section [340]
Bunch spacing ns 25 |25 25 25 Jets pi* > 50 GeV/c rate  |MHz 0.2 |11 14 90
Number of bunches 2808 2760 2808 10600 WT + W~ cross-section [12] |ub 02 102 04 13
Goal [ L ab™! 03 |3 10 30 W* + W™ rate kHz 2 |10 100 390
Tine1[340] mb 80 80 86 103 WT—l + v cross-section [12] |nb 12 |12 23 7
Ctot [340] mb 108 108 120 150 Wt—>l + v rate . kHz 0.12 0.6 5.8 23
BCrate MH 31.6 [31.0 31.6 32.5 A et A o e o
Peak PP collision rate GHz 0.8 4 14 31 7, cross-section [12] nb 60 60 100 400
Peak av. PU events/BC, nom- 25 130 (200) |435 950 7 rate kHz 0.6 |3 25 120
inal (ultimate) (50) Z — 1l cross-section [12] nb 2 2 4 14
Z — Il rate kHz 0.02 0.1 1 4.2
t-t cross-section [12] nb 1 1 4 35
t-t rate kHz 0.01 1]0.05 1 11
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ECFA Roadmap Organisation

Restricted ECFA

Plenary ECFA
Regular reports & final document

Approval of final document

Publication

( )
Advisory Panel with
other disciplines
e.g. APPEC, NuPECC,
LEAPS, LENS, Space, ...

. J

TFH7
Electronics & On-
detector
Processing
Dave Newdold n-n--
Frooos Vasey

[ Consultation with the particle physics community & other disciplines with technology overlap
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Examples of prospects relying on MET: top squarks

Analyses for large and medium AM (stop, N1): ETMiss could be as high as 5-10 TeV

c R a R B R e o o n e S A ';‘9000;“‘\“‘\“‘ T T
§ 10° ;jcc-hh Simulation (Delphes) L é 8 8000i FCC Simulation — Nominal
t ..9 E Vs=100TeV, 30 ab iz E — . E {s =100 TeV, 30 ab™ = Conservative ]
g 10% - Rare 3 EIX 7000 =
) : ; § g
! j 0 Lﬁ 103 = —_ m(f,in)=(5.5,3.0) TeV? 6000 3
- \ = —— m(t) )=(9.0,0.5) Te' 3 E E 1 1
- | e Grentatel | 50001 I Discovery potential at 30/ab
3 ot K
Pl 0 i ] 000 P .\ up to 8 TeV
t X1 10 E E C ‘,‘.“:"-'---“' “...c“' .
p 1 ;7 _|_|_|_é 3000? _““.:: ‘._._-_-_'_-_-_-_'.'.\
, 1 E d 2000 r “‘:::’:,00
107'e = o
¢ (LL=lost lepton bkg) E 1000E
(-3 IS IO I I N DWW W s 3
053 4 5 & 7 8 9 10 O*/”T\H‘\H‘m”m”m
p™ss [TeV] 0 2000 4000 6000 8000 10000
T m; [GeV]

Monojet analyses (jet+MET) sensitive to compressed scenarios, small AM = Mo, - Migp :

s T with ColliderReachTool:

inﬁfgﬁ-,/&‘ 3 AM ~ 2 - 10 GeV HL-LHC = 0.95 TeV; [confirmed exp.]
et 1 ——| HE-LHC > 2 TeV;,
3 Results for FCC-hh are projections | FCC-hh > 5 TeV

===== Expected limit (+10,_)

ATLAS monojet 13 TeV, 36.1 fb”' —:

sl i - recoil-jet pt thresholds can be adjusted

s Lot o d - JHEP 09 (2018) 050 . ,
SR R /N - Depends on capability of reconstructing
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http://collider-reach.web.cern.ch/collider-reach/
https://link.springer.com/article/10.1007/JHEP09(2018)050

SUSY searches: lepton pT resolution

Low momentum objects are fundamental for several SM and BSM processes

Precision measurements: e.g. Higgs in 4 leptons (one of them very soft, pT ~ 5 GeV)

x2° Xi*
Searches: electro-weakly produced SUSY particles:  y* 1% = NSLP. m(x*;) = m(y%) o R
XOWE(*
in compressed models, W and Z might be off-shell
x1° —
Estimate probability of having pT(l) above a threshold
Higgsino-like EWK processes
FCC-hh Simulation S LT T T T T T T T T T T ]
= L .. L e s s ey (o)) - HL-LHC 3/ab, 14 TeV (soft-lepton A) === HL-LHC monojet -
£ o 14-_ o . N (5 | e HL-LHC 3/ab, 14 TeV (soft-lepton B) — ]
i‘ ' C pp —>)’C~2 )’Z; —Am(—ioxo) 20 GeV: : _:T:T:T:T Egé-_':r?(LSéE_IEH%7a'LTJ\:O()(S.()"f;-S|22I1i(:]Z)B) *@fLHeC monojet-like (proj)
~~ - m(??i)=m(5fj)=7-5 TeV —Am(’;{ ;”() 10 Gev_— . o e LG, 0.5;ab ?HE-LHCmonojet
= e amp-scev | PT Min must be kept as low B gl O [FoConsy o ) g —
oG o o, | 8 possible R e LG Sap = reommong 3
i X, X, ] 7 D I A _-
0.8 . | z g &z p i
Y 1 Target: ~ 4 GeV for electrons Z Z o, /“’4’/,/.//,/’7 ’ .
06 i, ] ~ 6-7 GeV for muons S Z 225 . .
§ < 7% 4 S g
0.4 _ 10 E / ///‘//4//‘//////_’///4 £ —
' _2 / & 2 -
0.2 7 ‘/E/ :é .
: 1 z T
0_' I 'T.T'F'IHL-I-Ll Tt | /_ /?//.// £ ]
0 2 4 6 8 10 12 1p4m‘" . L. L/ 2 CLIC: extrapolated below 5 GeV 2 —
T Needed assumptlon for Val]d]ty Of é Monojet reach in A m(NLSP,LSP) not d|spl§yed
CERN-FCC-PHYS-2020-0004 projections for higgsino-like models | 1 W

200 400 600 800 1000 1200 1400
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Long lived particles: a challenge

displaced
----- neutral : Il BSM
= Charged HScP dilepton H lepton
Several new physics models —— any charge M auark
predict existence of long-lived M anything
pal’tiCleSI disappearing displaced
) track . lepton
Small couplings &otonl 3}
.y E.g. @ HL-LHC '
Small mass-splittings Q5
Phenomenology dependson e :.. ~~~~~ /
lifetime and decays (hadrons,
charged leptons, neutrals) isplaced = isplaced
dijet . ’:‘ photon
displaced ; displaced
vertex conversion

Detailed studies are very difficult without a proper detector layout - even HL-LHC projections
need ‘assumptions’ e.g. on the capability of reducing the background to zero.
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