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FCC-ee / CEPC
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«  Maximum Ecm ~ 350 GeV (limited by synchrotron radiation)
- Very high luminosity at low energy (Z>W > H > t)
- Benefits:

- Clean environment , allow for multiple experiments
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FCC-ee / CEPC
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Working point Z, years 1-2 Z, later ww HZ tt threshold 365 GeV
Lumi/IP (1034 cm2s) 100 200 31 7.5 0.85 1.5
Lumi/year (2 IP) 26 ab* 52 ab 8.1ab™* 1.95 ab™? 0.22 ab™ 0.39 ab*
Physics goal 150 10 5 0.2 1.5
Run time (year) 2 2 1 3 1 4
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Detector for flavour tagging (IDEA - FCCee)

«  To extract the most:

- electron/tau final state (low mass tracker)

- excellent jet energy resolution
- excellent jet flavour tagging capabilities

> Impact parameter resolution
* Low material budget tracker (minimise multiple

scattering)
* 2 Pm resolution (CMS/ATLAS ~ 20 pm)

*  Small beam-pipe 1.5 cm -- investigating | cm

> PID capabilities
- dEdx (Si tracker) -- Cluster counting (Drift)

- Time of flight -- timing layer

Instrumented return yoke

Double Readout Calorimeter
2T coil

Ultra-light Tracker

MAPS
\ LumiCal

Pre-shower counters

Do (um)

10

Track angle 90 deg.
—— IDEA

—CLD

P (GeV)
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Jet Flavour (b,c)

displaced

lepton

eavy-flavour
jet

Detector constraints:

Need pixel/tracking detectors

* Good spatial resolution
* As little material as possible
* Precise track alignment

Large lifetime
b (c) lifetime ~ps (~0.1ps)
b (c) decay length: ~5 (2-3) mm for
~50 GeV boost

Displaced vertices/tracks

Large impact parameters
Tertiary vertices when B hadron
decays to C hadron

Large track multiplicity
~5 (~2) charged tracks/decay

Non-isolated e/J
~20 (10)% in B (C) decays



Jet Flavour tagging (strange)

S
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Leptons

CSB Leptons

CSB

Strange pr = 45 GeV Down pr = 45GeV

[Bedeschi, Gouskos, MS , in prep.]

14 )
Detector constraints: g t ot
@ 12 L = = combined
Need power pixel/tracking '-‘
detectors ° 1
* good spatial resolution S,
. . Y mwy
* timing detectors “e.
* charged energy loss .
‘0
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10%
Momentum [GeV/c?]
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- Large Kaon content

> Charged Kaon as track:

= K/pi separation
TOF
dEdx/dNdx

> Neutral Kaons:
" Ks — AT
Displaced 2 track vertex
4 photons

IDEA detector:

90% He / 10 % Isobutane
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35 40 45 50
Momentum [GeV/c?]



Jet flavour tagging (b,c,s)

£(BKG)

[Bedeschi, Gouskos, MS , in

prep.]
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- Clean experimental conditions can
drastically improve top identification
capabilities

| order of magnitude improvement in
background rejection for b/c tagging
* Strange tagging



Linear ILC/CLIC cLIC
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» Can reach high energies
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Tops at linear colliders

Jet clustering “Valencia Linear Collider” (VLC)

YY—hadrons background (isolated ,
energetic, foward)
beta exponent additional parameter which
allows for tuning algorithm
governs likelihood of clustering
background
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High energy hadron machines
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100 TeV
VLHC

33 TeV
HE LHC

8 TeV 14 TeV
LHC LHC

total...s

o [nb]

Among all SM “backgrounds” , ttbar

production gains the most in rate
@100 TeV

In addition, threshold production
occurs more forward
— crucial to instrument the forward
region

many tops @FCC-hh ?

[ 1503.03347 ]

Cross section at pp, /s = 100 TeV
pr>1TeV | pr >5TeV | pr > 10 TeV
Process
(pb) (fb) (ab)
pp — it 12 2.8 24
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n
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Machine specs and detector requirements

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 £ x 1034 cm 25! 1 5 25 30 ]
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [L ab~1 0.3 3 10 30
Cinel mbarn 85 85 91 108
Otot mbarn 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
_peak pp collision rate GHz 0.85 4.25 22.8 32.4 -
[geak av. PU events/BC 27 135 721 997
Ims luminous region o, mm___ |45 | o7 57 4
line PU density mm ! 0.2 0.9 5 8.1
time PU density ps ° 0.1 0.28 151 2.43
dNch/dn|p=0 7 7 8 9.6
charged tracks per collision N, 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/c 0.6 0.6 0.7 0.76
Number of pp collisions 10" 2.6 26 91 324
Charged part. flux at 2.5 cm est.(FLUKA) GHzcm ™2 0.1 0.7 2.7 8.4 (12)
1 MeV-neq fluence at 2.5 cm est.(FLUKA) | 10"°cm™ | 0.4 3.9 16.8 | 84.3 (60)
Total ionising dose at 2.5 cm est.(FLUKA) MGy 1.3 13 54 270 (400)
dE/d77|,7:5 GeV 316 316 427 765
dP/dn|n:5 kW 0.04 0.2 1.0 4.0

lumi & pile-up

— x6 HL-LHC

LHC: 30 PU events/bc
HL-LHC: 140 PU events/bc
FCC-hh: 1000 PU events/bc

but also x10 integrated

luminosity w.r.t to HL-LHC

High granularity and precision timing needed to reduce occupancy levels and

for pile-up rejection

15



Tops at hadron colliders

background
levels

‘.0’ FCC-ee / CEPC

log ( E/ mop)



Tops at threshold hadron colliders
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Experimental challenges: pile-up

- relative impact of PU is large
* jet energy resolution and scale
- HF-tagging capabilities

+ PU subtraction techniques
- charged hadron subtraction

» timing information (5-10 ps resolution)
* residual:

« area-subtraction
«  PUPPI reconstruction
- advanced graph based-ML

ROC curve, npy =80

1810.07988

True positive rate

0.80 |
0.75F

0.70

pr + CHS, auc=92.3%

—-== PUPPI weight + CHS, auc=93.9% ]

—— Fully connected + CHS, auc=94.8% 1
GRU + CHS, auc=94.8% ]

—— GGNN + CHS, auc=96.1% ]

0.2 0.3 0.4 0.5
False positive rate

Effective pile-up

1912.09962
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http://arxiv.org/abs/arXiv:1912.09962
http://arxiv.org/abs/arXiv:1912.09962

Tops in the boosted regime
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Boosted tops

min. distance to resolve two 4 "

partons f“%< ___

[ARzZm/pT ]
32-2;""’U'"I""I""I""I""l""I""I""l' 50 R~10
é 2— ATLAS Preliminary - Simulation
> 12: Pythia Z t, t - Wb 8200
141 50 Top “jets” can be identified by means of
o jet mass
0.8} 100 - Substructure
o Trade-off between large-R and small-R
02} small-R = suppress PU/FSR
%100 200 300 400 500 600 700 800 900 contribution
top Py [GeV] large-R — contain top decay product
ex for top: 0 CMS:
p, = 200GeV — R~2 Tracking — AR ~ 0.002
p,= 1TeV — R~04 ECAL — AR~0.02
p.= 10TeV — R~0.05 HCAL  — AR~01
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Boosted tops (tracking)

Track- based jet Mass

| FCC detector, {s= 100 TeV

== top jet
ParticleFlowJets .
== gluon jet
- anti-k; (WTA),R=4m,/p
0.1 75Tev< p':'< 10.0 TeV = uds jet

0.05

=
<27

O r | | | |
0 200 400

jet

600

M charged pjft / D -Ic-:harged [GeV /CQ]

m e
H -
3 e e 120 GeV < m < 250 GeV
— anti-k; (WTA), I=l=4m'/pT
% 1 - 50TeV<p <7.5TeV
..T‘ : ----------------------- s
R e ——
E 1 ’¢¢:: ---------------
w 107 B~
E ;
S 4
3
1072 e
""" 1,/ T, (calo)
— Dj (trk)
S wesss D3 (CaIO)
1 0_3 l l : . L L L | 1 1 | 1 1 Il |

0.4

0.6 0.8
top efficiency

Rd.c. ~

Larkoski, Maltoni, MS [1503.03347]

increasing pr

Mtop
pr

Track based

8 O 15 — FCC detector, {s =100 TeV
‘-0: ParticleFlowJets
: antik; WTA), R=4m /pf"
7.5TeV <pl <10.0 Tev
0.1
0.05

== top jet

== gluon jet

== uds jet

O L L )
0O 02 04 06 038

T,/ T,

Hadronic Top-tagging can be performed up
to multi-TeV energies with:

tracking information
Variable (shrinking) cone

should be regarded as minimal performance

1
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High pt b-tagging

» Change in paradigm: heavy flavour tagging
- multi-TeV b-Hadrons decay outside the pixel volume (pt(b) =2 TeV — yct = 50 cm)

*  Need to adapt identification algorithms for identifying multi-TeV tops

B-hadron

rA A

2*pixel pitch

Only 71% 5 TeV b-hadrons
decay < 5th layer.

e displaced vertices

Perez Codina, Roloff [CERN-ACC-2018-0023]

Tr (1(11t1()11(1l tagger vs hit multiplicity tagger

—
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1

B-tagging eff.
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arXiv:1701:06832

To be verified in
high pile-up
environment.



Boosted tops (dead-cone)

FSR In soft and collinear [Imit :

1 d%o os 1 H2
N —— F_

cdzdf2 — 7 7z (02 +62)2

Can the FS radiation pattern be exploited for top-

tagging!

the effect is small and difficult to disentangle

event fraction / bin

operates at similar angular scales R ~ m/pt as top

decay products

top decay products produce their own FSR

(much larger than top, because mq~ 0 !l')

Can possibly be observed at HL-LHC, but
log-enhanced at high energies relevant for FCC)

Maltoni, MS, Thaler [1606.03449]

0.04 -

0.03 [

0.02 |

0.01 [

Mot 3t T =s=ss= Pythia8 (ME corr. off)
[ |

1

.'a

L

—_ stable top

Vs=2TeV we Pythia8 (ME corr. on)

for the top can be pretty large angle




EVWK high energy showers

2—2 + PYTHIA weak FSR shower

-1 T 3000
Z oo =
gl-0:8 2500 g
Vo WZH . Full EWK splittings

0.6

0.5 1500 *

171 R S SRR SRR SRR SRS SN S S

0.3 1000

0.2 s00

0.1

F o

% 05 1 15 2 25 3 35 4 45 5
AR(W,2)

0

L

EWK showers are important at high energy:

» Tops can produce EWK showers (unlike gluon-

jets)

* j = jW can easily fake a top jet (~up to 10%)

Gauge bosons and scalar can also radiate (not

included in Pythia8):

- can affect boosted top, bottom (yukawa) and
vector identification performance (tH > bH >
jH)

Unlike QCD showers, EWK showers are directly

observable
24

252 + full EW FSR shower ] A—.— W

fraction of events

0 05 1 15 2 25 3

10*

10°

Che

n, Han and Tweedie [1611.00788]

d, -initiated shower, 10 TeV
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Muon collider: backgrounds

MAP collaboration

Proton Driver Front End Cooling Acceleration Collider Ring
m Coe
— 0 0 — D .
b ‘ | o S nggs Facto
58 & & @ |EREfElscE ® p 2
c o = = mmm g 2| @ = = o—
= = e 5 |F-Pc §S 2|10 20 g O S
e N0 Q O o O
s E 3 5 |82>® g8 2 o g5 o © —
§ © QSQ 2ls & 2 3= 2 2 Accelerators: HH
< S o o=@ & | Linacs, RLA or FFAG, RCS
> 5 ©
Acceleration to Collision

Short, intense proton
bunches to produce
hadronic showers

Muon are captured, bunched collision energy
and then cooled by
ionisation cooling in matter

Pions decay into muons
that can be captured

Direct top pair production:

14 TeV mu collider will produce tops with
similar boost as 100 TeV pp collider

|4 TeV mu collider will produce
similar # tops with pt ~ 5 TeV as the
FCC-hh

L/Ppgam [10%%em@s™ mw]

Jsp [TeV

events

500

200 +

100

50}

20

uuuuuuuuuuuuuuu

| CLIC —— | | X
- MuColl -3¢ ~

Lo
-
-
.
-
-
e
-
-
-
-

b - ———— -

108
107

10°
10°
10*

1021

m

7

10°

W~ — h ]
WIW~— — ¢t

00 5 hZ
- S tih ]

-

5 10 15 20 2 30

5)
Jsy (Tev] 25



Muon collider - challenges

700

. no time cut
................. Muoncolllder.

600

hit density [cm?]

8
.
|
i 8
,

'}

) L : 1 EREEERRhs
00 10 20 30 40 50 Tracks E > 50 MeV

layer

charged fluence: 400-700 (cm-2/ BX)

At threshold (or low energy) top reconstruction will suffer from similar limitations as the
FCC-hh (large PU — large Beam induced background)
- Despite some conceptual differences (directionality, energy ... )

* In the boosted regime most FCC-hh considerations apply as well:
* If anything, cleaner events (no ISR, no UE, no colour connection between initial and
final state)
- much lower levels of physics backgrounds (QCD):
- Top tagging will be required to perform optimally with less purity
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Tops at future colliders

background
levels
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Key takeaways - low energy FCC-ee

exp. background
levels

maximize reconstruction efficiency
low background —_— of all possible decay modes

low energy tops

low statistics low mass detectors

log ( E/ mop)
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Key takeaways
low energy tops

high background
high statistics

“Il..

background

levels Yo

3
FCC-hh *,

L 4
!
N
]
|
|
.

2

@ FCC-ee / CEPC

*

maximize purity
PU rejection

p-Col

|og ( E/ mtop)
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Tops at future colliders

background
levels

ILC
‘.0' FCC-ee / CEPC

R .
’0 ...a‘ >

boosted tops
low statistics

'

high detector granularity
exploit higher order patterns

log ( E/ mop)
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Discussion

We should come up with software / detector specifications derived from the maximisation of the
physics potential of key measurements (not always easy ..)

Low energy / precision (FCC-ee / CEPC /ILC / CLIC)
Impact of flavour tagging on top related measurements
b-tagging
c-tagging for FCNCs
s-tagging for Vs

Experimental background rejection
Pile-up (FCC-hh), BIB (mu-Col)
requirements for detectors

Are “NLO” (QCD/EWK) effects expected to be play a role in boosted top tagging ?

31
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Possible future colliders: FCC-hh

Circumference = 100 km

Need dipoles that generate B =

8 GJ kinetic energy per beam
Airbus A380 at 720 km/h

2000 kg TNT
0O(20) times LHC

16T

—————

Luminosity L [1034cm2s1]
Background events/bx
Bunch distance At [ns]
Bunch charge N [10%]
Fract. of ring filled ng, [%]
Norm. emitt. [um]

Max € for 2 IPs

IP beta-function B [m]

IP beam size o [um]

RMS bunch length o, [cm]
Crossing angle [c[]]

Turn-around time [h]

5 20-30
170 (34) <1020 (204)
25 (5)

1(0.2)

80
2.2(0.44)

0.01 0.03
(0.02)

1.1 0.3
6.8 (3) 3.5(1.6)
8
12 Crab. Cawv.

5 4

T

J “ B-coll

A

msm L DS
= L_sep
Exp = | arc
nj. + Exp InJ + Exp.
1.4 Km

«— 28km — extractlonll D

1 4 km
RF O- coII
N

h\ ——-”

In its high luminosity phase, FCC-hh produces
1000 PU interactions per bunch crossing
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Future hadron colliders

Within the FCC collaboration (CERN as host

lab), 5 main accelerator facilities have been
studied:

pp-collider (FCC-hh)
defines infrastructure requirements

|6 T = 100 TeV in 100 km tunnel

ee-collider (FCC-ee):
as a (potential) first step

8

. Schematic of an
80 -100 km

‘ long tunnel

...- -“

Ja.az

ep collider (FCC-eh)

HE-LHC :
27 TeV (16T magnets in LHC tunnel)

Low E FCC-hh
|00 km - 6T - 37 TeV CERN-FCC-PHYS-2019-0001

CDRs and European Strategy documents have been made public in Jan. 2019
https://fcc-cdr.web.cern.ch/ 34
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Machine specs and detector requirements

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 £ x 1034 cm 25! 1 5 25 30 ]
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [L ab~1 0.3 3 10 30
Cinel mbarn 85 85 91 108
Otot mbarn 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
_peak pp collision rate GHz 0.85 4.25 22.8 32.4 -
[geak av. PU events/BC 27 135 721 997
Ims luminous region o, mm___ |45 | o7 57 4
line PU density mm ! 0.2 0.9 5 8.1
time PU density ps ° 0.1 0.28 151 2.43
dNch/dn|p=0 7 7 8 9.6
charged tracks per collision N, 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/c 0.6 0.6 0.7 0.76
Number of pp collisions 10" 2.6 26 91 324
Charged part. flux at 2.5 cm est.(FLUKA) GHzcm ™2 0.1 0.7 2.7 8.4 (12)
1 MeV-neq fluence at 2.5 cm est.(FLUKA) | 10"°cm™ | 0.4 3.9 16.8 | 84.3 (60)
Total ionising dose at 2.5 cm est.(FLUKA) MGy 1.3 13 54 270 (400)
dE/d77|,7:5 GeV 316 316 427 765
dP/dn|n:5 kW 0.04 0.2 1.0 4.0

lumi & pile-up

— x6 HL-LHC

LHC: 30 PU events/bc
HL-LHC: 140 PU events/bc
FCC-hh: 1000 PU events/bc

but also x10 integrated

luminosity w.r.t to HL-LHC

High granularity and precision timing needed to reduce occupancy levels and

for pile-up rejection
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For more details see L.Wang lectures at IAS ‘17

Reach at high energies (l)

To compute reach, we assume we need to observe
given number of events:

LHC parton luminosity distributions

1010 M | L L | AL |
10° E MSTW2008NLO

10tk Vs = 14, 40, 60, 80, 100 TeV
N=0o% ;

dimensional analysis 10°

O~ Lparton (T) * Opartonic g 10

\ ~ o 10

|/ M2 Z 10
3

|/t 2
assumes mostly 10"
T=X1X2=M2/s produce at threshold 10?

WJSl2012

0.1 1 10
Z :integrated luminosity T M, (TeVT

Lparton : parton luminosity
ax2 a6
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https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy
https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy

(SM) Physics processes @high energy

+ Total pp cross-section and Minimum

Uy up oam
L o — ; g 10° bias multiplicity show a modest

e ————_ e increase from 14 TeV to 100 TeV

— Levels of pile-up will scale basically
as the instantaneous luminosity.

* Inclusive cross-section for relevant
processes (single and HH) show a
significant increase.

| - ; ; 10 « x 20-50 increase
10_5 Lot | : , , MCFM + Higgs Europesn Stratedy 10_5

10 Js [TeV] 102

— interesting physics sticks out more !
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The FCC-hh detector

Tracker: 0 ;/pt ~ 20%

at 10 TeV (1.5m radius) Central Magnet +

Fwd solenoids

Barrel ECAL: LAr/Pb

O/E ~10%/~/E ® 0.7 %

30 Xo
lat. segm: AnAd= 0.01
long. segm: 8 layers

o —

- — -
- —

- —
— —

Fwd ECAL: LAr/Cu ||Fwd HCAL: LAr/Cu ki A bt
G./E ~30%/VE ® | % G/E ~100%/VE ® 10 % - ECAL °HCAL) ’

+
:atr.\ Sesg: ;nA'QIAad):sO.OI :Ztr; Sesg: ;nA'QIAad)e:sO.OS lat. segm: AnAd= 0.025
ong.segm: 6 lay §-Segm. © 1ay long. segm: 10 layers
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100 TeV machine parameters

Table S.1: Key FCC-hh baseline parameters compared to LHC and HL-LHC parameters.

LHC HL-LHC FCC-hh
Initial Nominal

Physics performance and beam parameters
Peak luminosity1 [1034 cm_QS_l] 1.0 5.0 5.0 < 30.0
Optimum average integrated luminosity / day [(fb~ '] |0.47 2.8 2.2 8
Assumed turnaround time [h] 5 4
Target turnaround time [h] 2 2
Peak number of inelastic events / crossing 27 135 levelled | 171 1026
Total / inelastic cross section o proton [mbarn]| 111785 153/ 108
Luminous region RMS length [cm)] 5.7 5.7
Distance IP to first quadrupole, L™ [m] 23 40 40
Beam parameters
Number of bunches n 2808 10400
Bunch spacing [ns] 25 25 25
Bunch population N [10"] 1.15 2.2 1.0
Nominal transverse normalised emittance [um] 3.75 2.5 2.2 2.2
Number of IPs contributing to AQ 3 2 242 2
Maximum total b-b tune shift AQ 0.01 0.015 0.011 0.03
Beam current [A] 0.584 1.12 0.5
RMS bunch length” [cm] 7.55 8
IP beta function [m] 0.55 0.15 (min) 1.1 0.3
RMS IP spot size [um] 16.7 7.1 (min) 6.8 3.5
Full crossing angle [urad] 285 590 104 200°

" For the nominal parameters, the peak luminosity is reached during the run.
% The HL-LHC assumes a different longitudinal distribution; the equivalent Gaussian is 9 cm.
® The crossing angle will be compensated using the crab crossing scheme.
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An FCC-hh detector

+  Must be able to cope with:
* very large dynamic range of signatures (E = 20 GeV -20 TeV)
* hostile environment (lk pile-up and up to 108 cm-2 MeV neq fluence)

 Characteristics:
* large acceptance (for low pt physics)
+ extreme granularity (for high ptand pile-up rejection)
- timing capabilities
- radiation hardness

10r
i vdl nt
9 L
/|
8+ Bar7( Muon System /
A .
Main Solenoid |

4

n=2.0

Outer E'dcap \ 4
Muon System

Radiation Shield n=2.5

ner Endcap
uon Syste

2 — Forward Solenoid

2 EMCAL Barrel (EMB HCAL Endcap

ACAL Endcar

S O
w
w

1 Central Tracker - _— Forward Tracker
———
6

EN

EMCAL Forward (EMF)
HCAL Forward (HF)

0 T I < W
110 ) S ——

z[m]
7 8 9 07 11 12 13 14 156 1 6

[}
-t
~

18 19

N
o
N
-

2 23 24 25 2



Towards defining the FCChh detector

Physics constraints

»  The boosted regime:
— measure b-jets, taus from multi-TeV resonances

Long-lived particles live longer:

ex: 5 TeV b-Hadron travels 50 cm before decaying
5TeV tau lepton travels 10 cm before decaying

— extend pixel detector further!?
- useful also for exotic topologies
(disappearing tracks and generic BSM
Long-lived charged particles)
 number of channels over large area can get too high

B-hadron

A A
— re-think reconstruction algorithms: 2*pixel pitch

* hard to reconstruct displaced vertices

- Cpe el _— Only 71% 5 TeV b-had
- exploit hit multiplicity discontinuity nly 71% 5 Te adrons

decay < 5th layer.

e displaced vertices
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An FCC-hh detector that can do the job

30 2.5 20 1.0 0.0 10 2.0 25 3.0
E1600F—Fomas °e“‘.‘2'................,. —
= H00E Tl Tracker
1200E- i | (| 11 3.5
1000 e | 1] | 15 -6 < n < 6 coverage
800~ 1t 1 [ ] 11 2 .
S00E” lm::"—" T AT jg . pixel : O ~10Pm, 0z ~15-30um, X/Xo(layer) ~ 0.5-1.5%
00E- i F L B . outer : Orp ~|0m, 0z ~30-100um, X/Xo(layer) ~ 1.5-3%
— . ! ek LT - S S e e T
0 -15000 -10000 -5000 0 5000 10000 15000 6.0
z [mm]
Calorimeters

ECAL: LArg, 30Xo, 1.6 A\, r = |.7-2.7 m (barrel)
HCAL: Fe/Sci ,9 A, r =2.8 - 4.8 m (barrel)

: central R=5L =10 m,B =4T
. forward R =3m,L=3m,B =4T

. Two stations separated by [-2 m

Muon spectrometer —— .
' 50 um pos., 70pirad angular —-—
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— -3.0 2.5 -2.0 1.0 0.0 1.0 2.0 2.5 3.0
A \ \ Ll LL L.l I L L L L -

T I g,] 600 ;_ Forward > > \Ce;urgl‘ ) :j' . .
I"aC (e I" 1400~ -
1200 i | ] 35
1000E- e L
S0 el — T TTTT L 40
. = 1T e I8 i i
- Binary readout ooE “"". .- S (5.0
- = =AM — [55
|6 billions readout channels, x(3-10) phase Il T T TR T pm = e SRV
detectors) 2 mml
- Radiation hardness is an issue for innermost - Tilted geometry with inclined modules:
layers - minimize effect of Multiple scattering (low material)
* helps with pattern recognition
tkLayout
FCC-hh Simulation
Q@ o2sfF " T T T T T T
g C H — u*u — FCC ]
A il n=3.0 QC’ C = CMS-Phase Il ’
- 3 02- .
T 40 g “
i . E 0.15-
16 z[m] <E> h:
6pr/pr: FWD solenoid (solid) [ [ 01:
10 , , , , , i
; P p, =10 TeV/c Delphes E
— ‘ ‘ ‘ pT =1TeV/c # 0'05_
= p, =100 GeV/c [
= Py f ;OGG\eI\/I/C 95 120 125 130 135
P, = ev/c m, . [GeV/c?]
P, = 1 GeV/c
; _ low pt muons — resolution
T T dashed lines show the dominated b)’ MS

Dipole improves épr/pr by: %25 x5 x18
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Calorimeters

li([lli(l %11"‘_’,()11 ;]I )S( )]'l )€1 reau l( N1t ; — Fcc.’zh Sllmllllaltl?rll I(|Geant4)l

’-// %{////%{///\//// 0.12F Al I T T T T T
1st layer ' / ' . ,

_l T T I T 1T
| electrons 0'08_ Vs =100 TeV
(1 pler)

resampler // ' f : Inl ) 0 : . B Hﬁy')/ N
no Pb 2 ‘,: 0.1_— + (W=0 S.VZE% ®0.15% @ 0.31EGeV 7 B p;>30 GeV i
) . B B (W=200 10.0% g 0,519 @ 0:65 GeV - c -
/ Full Sim -083§. 2 E OO S (=200 | = 1.9%+0.03% ]

rvaat ot — . A . = / %z % + 9
cryostat E i + =100 10‘/_9% ©0.52% © 1_31EGev_ | ~+(uy=1000 ,ﬁ = 2.29% + 0.06%]
: § ﬁ 06 E - 0.04 ] —

FCC-hh Simulation (Geant4)

/ <EISC>

O

Events /0.5 GeV
Q

o

o

:' r + (] T
. 5 - 0.02f +u i .
_ = +
iy //////////55};)/‘// 0.02 I e ¢ =:+
___ : __ -y . . tﬁ':.. %o T ]
| | o C 52 ﬂj’ R PR .'P..+ A
0™ P16 118 120 122 124 %2é'52é'%30%

m,, [GeV]

- ECAL: LAr + Pb technology driven by radiation hardness
- HCAL:

+  Organic scintillator + Steel, R/O with WLS fiber + SiPM

Delphes

FCC-hh Simulation (Delphes)
T T T 9

* LAr in the forward (Dose > |10 MGy) = geft T T T T

§ 145_ f:;:zbrjv —h(m::::);Z:QGeV
125— ‘

. 3 HH— bbyy

Design goals: " ;
8[ .
of f
- High longitudinal (7+10 layers) + transverse P SN NS /4 X
segmentation (x4 CMS and ATLAS) 2Nt :

- Particle-flow compliant L

- standalone PU rejection m(YY) resolution
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opT/pT (o/o)

pen & paper

_—

W.Riegler
formulae

+ x(m)

o./p = 10%
@20 TeV

)
« pT =4 GeV muons enter the muon system
« pT =5.5 GeV leave coil at 45 degrees

- Standalone muon measurement with angle of track
exiting the coil

 Target muon resolution can be easily achieved with 50
Mm position resolution (combining with tracker)

*  Good standalone resolution below |n| < 2.5

P, (GeVlc)

Int. Luminosity [ab™]

-
o
o

—_
o
”
TT

Delphes

FCC-hh Simulation (Delphes)
:Illlllllllllllllllllllllllllllllllllll:

" Vs=100TeV
i Z'sgy — ww

—FCC
—CMS
— CMSx2
i 5 o discovery

llllllllllllllllllll
26 28 30 32 34

lllllllllllllllllll
36 38 40 42 44

Mass [TeV]
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High level objects

« Jets

Jet mis-id probability

MVA/DeepTau

10°

101

10~

|
- N W s W

hard to compare: no PFlow in full sim, but calo only OK (with simplistic clustering
ECAL+HCAL clustering)

'b\/a 30 = jets,00<Inl<15
m . Delphes , ..
> [
K= 20 } m pflow
- e
9 B [
= - e
o 10 - e
o ] e
:/ ‘... L)
B [ J
o [ mpnupapensassssitansaasnna
10° 10° 10*
E [GeV]

CMS Simulation Preliminary

-4 MVA vs. jets (JINST 13 (2018) P10005)
-4 MVA (updated decay modes)
—— DeepTau vs. jets

2017 (13 TeV)

ey
pr<100 GeV gy

0.3 0?4 OTS 0v6 0.7 0T8 0.9 1.0
Tau ID efficiency

Heavy flavour tagging:

no full-sim
implementation

guided from LHC
performance, but slightly
improved motivated by
more granular tracker
and calorimeters

misid. probability

IIIIIIII T IIIIIIII T L
0.25 FCC-hh simulation (Geantd)
B=0T, (W)=0
QCDjets @ 0<In|<0.5
0.2 - topo-cluster 4-2-0 ]
B anti-k,, R=0.4 i
0.15F s
o> %g16% 0100V
¢ Py T
0.1 -
0.05F s
- EMB+HB
O— Illll 1 1 IIIlIII 1 1 IIIIIII ]
3
10 10 10*
gen
p; [GeV]
419 fb™ (13 TeV, 2017)
1 S ]SS S SRS S | SRR | SRR SRR« |
| it event : e
AKdjets (p.>-30-GeV) -
—1 || —@— DeepJet
107 ) g peepcsv
[_. | —&— DeepJet with SF applied
o —&— DeepCSV with SF applied !
[ — udsg
10_2 o A- ' udsg with SF applied [:::::
B peaamm—
10°°

07 08 09 1
b jet efficiency
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Material budget

50

Number of A

40

30

20

10

Figure 7.10: Material budget of the different sub-systems. The calorimetry provides > 10.5 A nuclear
interaction lengths to maximise shower containment and the total detector material represents between

FCC-hh Simulation (Geant4)

FCC-hh Simulation (Geant4)

TT[rrrr[rrrr[rrrorprrr

LI

. Beampipe
I Tracker

B cryostat
Il LArECAL

B LAr HCAL
[ Tile HCAL
. support
[l shielding

. solenoid

180 and 280 X, radiation lengths.

rrrr[rrrr[yrrrr|prrror ot

& LRI B B B SR IR
5 .Beampipe
3 [l Tracker

§ B cryostat

[l LAr ECAL
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IIIIIIIIIIIIIIIIII

Illllllllllllllllll

IllllIIlIIlIIIIIlII

100

o1.2

X/X

0.8

Material budget X/Xo:

B Flat layout: BP+BRL+EC
— Flat layout: BP+BRL
----------- Tilted layout: BP+BRL+EC

Tilted layout: BP+BRL
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Machine and detector requirements

t (ns)

0.6

0.4

0.2

-0.2

0.4

lumi & pile-up

LHC: 30 PU events/bc
HL-LHC: 140 PU events/bc
FCC-hh;: 1000 PU events/bc

Timing helps in identifying PU vertices

CMS Simulation

—6— 4D Reconstruction Vertices

—— 4D Tracks

Simulated Vertices
3D Reconstructed Vertices

Illllllllllllll




Jet Pile-Up identification

- With 200-1000PU, will get huge amount of fake-jets from PU combinatorics
* need both longitudinal/lateral segmentation for PU identification

- Simplistic observables show possible handles, pessimistic.. (in reality tracking will help a lot)

longitudinal lateral (ECAL) lateral (HCAL)

0 5 Fcc-hh s’-mu,ation Fcc-hh SimUIation A FTrTTT | TTTT I TTTT I TTTT | TTTT | TT flclcl-lflll”l f’l’T’llI”Ialtllg’I1 ™
A . _| T TT | T TT | 17T | T : | T TT | T TT | T TT | T TT I T TT |_ /\ IIII||||||IIII|||II|IIII|IIII|||II|IIII|IIII|IIII 0-09__ H —_
C : . . L . i . — Drompt jet 7]
I o : = prompt jet 3 o - — prompt jet ] o - et ‘ _ 3
Wwi" 0.45F- Py > 100 GeV i —— pileupijet (200PU) — 5 2T p¥'> 100 Gev —— pile-up jet (200PU) - © ot P77 100 Gev D —
~ C : ==-= pile-up jet (1000PU) 1 ~ i - - - - pile-up jet (1000PU) " m === pile-up jet (1000PU) 4
.:% 0.4 . 7 W o0.12— — - 007:_ E
Uur C : . © . ] v O7F .
v oasE = ECAL : HCAL 1 Vv B i = .
E E E 0.1_— 7] 006__ -]
0.3 - - ECAL - - ]
0.25[ = ! : : :
E E i - 0.04 T u
0.2 = 0.06H] = ] .
0 155— _E i ] 0.03H4 -
N . 0.041~ n i ]
0.1 3 ] ] 0.024 =
0.05E] = 0021 g 0.01F =
Oéb|||||||||||||i||||| Y ] 0_- I ™ i 0_ " :

0 2 4 6 8 10 12 14 16 18 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
layer number R R
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Jet substructure

normalized event rate

Low top pt High top pr

w boost
B —

b AR = 2m/pT

FCC-hh Simulation FCC-hh Simulation
[T I 1 I 1 1 T I T I I I 1 1 IZ }etl T I I I 1 T ] 9 _I | L I rrri I LI | rrri I L I LI | IZI Iiétl rrri I LI | | I_
. — — m | . — ]
[ p*'> 500 GeV Wit ] £ 014 et 500 Gev Wit )
0.1 --== QCD jet - o R ===+ QCD jet -
i i O>J 0.12_— ]
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0.08/— — 8 oL -
i i © N i
_ ; I .
0.06 — S 008~ =i
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Low top pr High top pt

Jet substructure

w boost
B —

b AR = 2m/pT

FCC-hh Simulation FCC-hh Simulation

m B I I 1 I 1 1 T I T T I I 1 1 1 l 1 T I | 1 1 1 | m 0-14 ._Il L I LI I LI | rrri I LI I LI | T I. I | LI I LI | T I_I'
© . — 7 et ] S L — 7 jet -
= 012 pkts 1000 Gev — W jet i = - p¥'> 1000 GeV — W et -
o - -=== QCD jet . S o0.12 -=== QCD jet _
> B i = B ]
® 0.1 — ) . ]
kst [ ] kst i i
.ﬁ‘ : [ ] : _N 0-1 __ F __
© 0.08— . e = © - o
s ¥ ] € o008 .
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0.06(— — . ]
B i 0.06 1~ p
0.04- - 0.04 -
0.02— — 0.02 - _]
ok ok L
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- Performance good up to | TeV, with Calorimeter standalone, and without B field!
* Far from having explored everything possible:

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

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



Beam induced background

 High energy Muon collider specs are not known
yet, can only extrapolate from low energy:

- Beam-induced background:

* For 0.75 TeV beams, N = 2el2 muons/
bunch — 4e5 muon decays/m f _

- For 7.5 TeV beams — 4e4 muon decays/m |
+  But x10 more energetic, more forward

+ Conservatively assume ~ similar energy
deposited in detector (will be distributed
differently however)

- MARS15 | —— neutrons

—_
o
~
TIT

— ch. hadrons

—_
o

o
T T

* vs. pile-up at hadron collider:

Number ot particles per bunch crossing
o
o

-y
o
'y
TTTT

- ~ diffuse low energy deposit in detector
* # not pointing towards beamspot, much wider
time profile
- more handles

—_

o
w

TT

2
¥

1
0 0.5 1 1.5 2 2.5 3
momentum [GeV/c]
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Occupancy

@first pixel ~ 2 cm from beam-pipe FCC-hh

. no time cut
................. MuonCOIIIder.

500 ..................................................................................................................................................................................

700

600

hit density [cm™]

400

300

200

100

00 10 20 30 40 50

layer

charged fluence: 400-700 (cm-2/ BX)

Barrel layer: 1 2 3 4 5 6
Average radius [mm] 25 60 100 150 260 380
Maximum fluence em 7] 7 3281 797 351 169 68 3.3
Module occupancy [%] 1.63 0.39 0.18 010 028  0.15

charged fluence: 330 (cm-2/ BX)

CMS Phase-2 Simulation {t, PU 200, Vs = 14 TeV
>
(8]
C
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Q
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S
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o S o g i
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— D le-dist o
=== Double-dis
== Double-di
TBPX =o= Double-i X
Layer 1 == Double-dis == Double-disc
=e= Layer2 =@ Double-dis =@= Double-disc 10
== Layer 3 Double-dis: =®= Double-disc 11
10°° = Layer 4 == Double-dis Double-disc
i i A | | |
-4 -3 -2 -1 0 1 3 4
n

At MuonCollider can afford low power pixel sensors thanks to low BX rate (70

kHz) e.g MAPs (30 pm x 30 pm):

— occupancy: 0.6% (700 / (lcm?2/ 30 pm?2)) ~ 2x HL-LHC or 0.5x FCC-hh

Definitely challenging, but not impossible ...
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Data rates

LHC Phase ll ;

Raw Event size ~ 5 Mb
ATLAS/CMS calorimeters/muons readout @40MHz and sent via optical fibres to Level |
trigger outside the cavern to create LI trigger decisions (25 Tb/s)

Full detector readout at @ |IMHz ~ 5 Tb/s (@40MHz ~ 200 Tb/s)

FCC-hh:

Raw Event size ~ 25 Mb
At FCC-hh Calo+Muon would correspond to 250 Tb/s (seems feasible)
However full detector would correspond to [-2 Pb/s

Seems hardly feasible (30 yrs from now)

At MuonCollider, we collide at much lower rate ~ 10-20 Us bunch crossing (@ 50
kHz)

Assuming similar event size as FCC-hh — | Tb/s, we can probably read full detector
without triggering
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