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\/ pp collisions / e*e collisions

N,

to address the open questions in particle physics

p €
p e
p-p collisions e*e collisions

Proton is compound object e*/e are point-like
- Initial state unknown - |Initial state well defined (Vs / opt: polarisation)
—> Limits achievable precision - High-precision measurements
High rates of QCD backgrounds Cleaner experimental environment
- Complex triggering schemes - Less / no need for triggers
- High levels of radiation - Lower radiation levels
High cross-sections for colored-states Superior sensitivity for electro-weak states
Very high-energy circular pp colliders feasible | High energies (>~350 GeV) require linear collider
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Y pp collisions / e*e collisions
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* Interesting pp events need to be found qoeBlllibe o o vy L
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within a huge number of collisions

collision energy Vs [GeV]

* e*e events are more “clean”
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N high-energy pp collider studies
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High-Energy LHC (HE-LHC): CERN Future Circular Collider (FCC-hh): CERN
pp Vs ~27 TeV FCC-ee; FCC-hh Vs ~100 TeV
Circumference: 27 km Circumference: 97.75 km

Super proton proton Collider
(SppC), China

CEPC; SPPC Vs >70 TeV
Circumference: 100 km

Google earth
C
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Compact Linear Colllder (CLIC) »’
¢ W 380 GeV-11.4 km (CLIC380)

IS 1.5 TeV - 29.0 km (CLIC1500) ;,. 8

Compact Linear Colllder (CLIC): CERN
| e*e;, Vs: 380 GeV, 1.5 TeV, 3 TeV
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International Linear Collider (ILC):
| Japan (Kitakami)
e*e’, Vs: 250 — 500 GeV (1 TeV)
Length: 17 km, 31 km (50 km)

Schematic of an
. 80 - 100 km
¢ long tunnel

Future Circular Collider (FCC-ee): CERN
e*e’, Vs: 90 - 365 GeV; FCC-hh pp
Circumference: 97.75 km

(CEPC), China
; 8 ce, Vs: 90-240 GeV; SPPC pp,
Circumference: 100 km




\/ luminosity performance e*e” colliders
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g 102 b —— ILC i Linear colliders:
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9 i FCC-ee (2 IPs) 1 * Luminosity rlse.s with energy |
— i i * Beam polarisation at all energies
] —— CEPC (2 IPs)
10 3 1  Circular colliders:
N 1 * Huge luminosity at lower energies
I ] * Luminosity decreases with energy
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Note: Peak luminosity at LEP2 (209 GeV) was ~10%? cms™

Disclaimer: this plot is for illustrative purposes only; it may not have the latest performance numbers
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linear ete-

Linssen, Vulcano workshop 2018



CLIC physics scope and staging scenario &b

The CLIC program builds on energy stages:

* 380 GeV (350 GeV), 600 fb!:
e 15TeV, 1.5ab?:
e 3TeV,3ab:

precision Higgs and top physics
BSM searches, precision Higgs, ttH, HH, top physics
BSM searches, precision Higgs, HH, top physics

BSM searches: direct (up to ~1.5 TeV), indirect (>> TeV scales)

4000 | Integrated luminosity
[ | — Total
C [= 1% peak
3000 -
1.5 TeV

1000 |

Integrated luminosity [fb ]
=

- 380 GeV

0
0

5

10 15

Integrated luminosity including commissioning
with beam and stops for energy upgrades

CERN-2016-004

Year

Stage | /s (GeV) | Z. . (fb ')
| 380 500

350 — 100
2 1500 1500
3 3000 3000

Dedicated to top mass threshold scan

Staging scenario can be adapted, e.g. to new results from (HL-)LHC
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8


https://cds.cern.ch/record/2210892?ln=en

\/ CLIC accelerator parameters

NS/

Parameter 380GeV | 1.5TeV 3 TeV

Luminosity &£ (10**cm2sec?) 1.5 3.7 5.9

£ above 99% of Vs (103*cm2sec?) 0.9 1.4 2.0

Accelerator gradient (MV/m) 72 72/100 72/100

Site length (km) 114 29 50

Repetition frequency (Hz) 50 50 50 Drives timing
Bunch separation (ns) 0.5 0.5 0.5 7 requirements
Number of bunches per train 352 312 312 for CLIC detector
Beam size at IP crx/csy (nm) 150/2.9 ~60/1.5 ~40/1

> Very small beam

Beam size at IP g, (um) 70 44 44

Crossing angle 20 mrad, electron polarization +80%

Very low duty cycle

Allows for: CLIC -
Triggerless readout
Power pulsing

1 train = 312 bunches, 0.5 ns apart
- not to scale -

CERN-2016-004
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https://cds.cern.ch/record/2210892?ln=en

\/ Beam-induced background at CLIC &

N/

Beam-beam background at IP:
= Small beams => very high E-fields
\5\f"ﬂ/1/\01

@ @ <> * Beamstrahlung o .
Simplified picture:

e *e Pairs

W ¢ Pair-background ————> Design issue (small cell sizes)
Beamstrahlung . .
*High occupancies
Y/Y*. q Impacts on the physics
> ¢*yytohadrons > Needs suppression in data
*Energy deposits
/Y q N 10 tkclicds” " T "380Gev,L*=6m f—
— ——eet
[} ——
p i by :
= st &
Beamstrahlung & important energy losses £10° E
right at the interaction point 10 ]
Most physics processes are studied well above 10° .
production threshold => profit from full spectrum . . ,
0O 02 04 06 08 1
. N : X =8/ {Snom
Luminosity spectrum can be measured in situ using
large-angle Bhabha scattering events, ﬁ/\/g 380 GeV 3 TeV
to 5% accuracy at 3 TeV > 0.99 58% 36%
Eur.Phys.). C74 (2014) no.4, 2833 > 0.90 87% 57%
> 0.80 96% 69%

> 0.70 98.7% 76.8%

> 0.50 99.96% 88.6%
Linssen, Vulcano workshop 2018



http://link.springer.com/article/10.1140/epjc/s10052-014-2833-3

\/ CLIC detector model

N/

return yoke (Fe)
with muon-ID
detectors

superconducting
solenoid, 4 Tesla

fine grained (PFA)
calorimetry, 1 + 7.5 A, ‘ ‘ ‘ ’ ‘ ’ end-coils for
Si-W ECAL, Sc-FE HCAL field Shaping

:—I?ﬁu

|
|11 —! : !
L : forward region with
compact forward

calorimeters

silicon tracker,
(large pixels)

Final beam

focusing is outside low-mass

the detector vertex detector,
< 11.4 m > ~25 um pixels

CLICdp-Note-2017-001 Linssen, Vulcano workshop 2018 11



https://cds.cern.ch/record/2254048

ete > ttH  WbWbH > qgb tvb bb

CLIC 1.4 TeV

T,
]
.

same event before cuts on

beam-induced background _ _ S
Highly granular calorimetry + precise hit timing

7
Very effective in suppressing backgrounds
for fully reconstructed particles

2

General trend for e*e” and pp options
(e.g. CMS endcap calorimetry for HL-LHC)
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circular ete-
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N/

Y FCC-ee physics and staging scenario ((FE5))

Energy stages Vs = 91 GeV Z, 160 GeV W, 240 GeV Higgs, 365 GeV top quark
Mz, My, My, $in?0,&%, Ry, agep(my), a(m; myy), Higgs and top quark couplings
= Very high precision measurements of electroweak parameters

= Exploration of very high energy scale (>> TeV) via precision measurements
= Search for (very) weakly coupled particles

luminosity/IP | total luminosity (2 IPs)/ yr | physics goal | run time

[103% cm™2s71] [years]
Z first 2 years 100 26 ab/year 150 abt 4
Z later 200 52 ab!/year
W 25 7 abl/year 10 ab1! 1
H 7.0 1.8 ab!/year 5ab1 3

machine modification for RF installation & rearrangement: 1 year

top 1st year (350 GeV) | 0.8 0.2 ab/year 0.2 ab* 1

top later (365 GeV) 1.4 0.36 ab!/year 1.5 ab? 4

total program duration: 14 years - including machine modifications

phase 1 (Z, W, H): 8 years, phase 2 (top): 6 years P.Janot, Acad.Training, Oct 2017
M. Benedikt, FCC week 2018
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https://indico.cern.ch/event/656491/contributions/2932205/
https://indico.cern.ch/event/666889/

@)

FCC-ee accelerator parameters ((FE5))

Z wW H (ZH) ttbar
beam energy [GeV] 45.6 80 120 182.5
SR energy loss / turn (GeV) 0.036 0.34 1.72 9.21
SR total power [MW] 100 100 100 100
energy spread (SR / BS) [%] 0.038 /0.132 | 0.066 /0.153 | 0.099/0.151 0.15/0.20
bunch length (SR / BS) [mm] 35/12.1 3.3/7.65 3.15/4.9 25/33
bunch intensity [10] 1.7 1.5 1.5 2.3
no. of bunches /beam ﬂ@k 2000 393 48
Bunch crossing separation (ns) ( 20 ) 160 830 8300
luminosity [1034 cm2s] per IP kzoy >25 >7 >1.4

Beam transverse polarisation => beam energy can be measured to very high accuracy (~50 keV)

At Z-peak very high luminosities and high cross section
—> Statistical accuracies at 10~ level (e.g. cross sections, asymmetries)
= This drives the detector performance

= This also drives requirement on data rates
—> Triggerless readout likely still possible

Linssen, Vulcano workshop 2018 15



\/ FCC-ee interaction region

N/

(D)

Designed to take background particles from Beamstrahlung and Synchrotron radiation into account

[ \

10

Note different
X/z scales !

2 cm thick

Central beam
pipe +/-12.5 cm
inZ.r=15mm

central detector down to 150 mrad (0 £8.6 deg)
Qc1
HOM Abs

»,

A‘

LumiCal
50-100 mrad Qc1
from exiting

\
cm | N D <

/a"“' ] o
\t\coﬂ"‘“% ©® .

Crossing angle 30 mrad

\
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CLD detector for FCC-ee (FED))

CLD is derived from the CLIC detector model
Adapted to FCC-ee conditions

Detector solenoidal field L 2 T (4 T for CLIC)

Outer tracker radius T 2.15m (1.5 m for CLIC)
Beam pipe radius | 15 mm (29 mm for CLIC)

Inner vertex radius | 17 mm (31 mm for CLIC)

Max collision energy | 365 GeV (3 TeV for CLIC)
Hadronic calorimeter depth | 5.5 A, (7.5 A, for CLIC)
Layout respects the +150 mrad cone for detector

Constraint from FCC-ee continuous operation
Power pulsing not possible
Increased tracker “mass” in simulation model

Linssen, Vulcano workshop 2018



\/ “IDEA” concept for FCC-ee (FEo)

X/

IDEA “International Detector for Electron-positron Accelerator”
* Vertex detector, MAPS, R,.=15mm, 4-7 layers

* Ultra-light drift chamber with PID, 4 m long, R 30-200 cm

* OQuter silicon layer

* Thin superconducting solenoid 2T, R=2.1m

* Pre-shower 1-2X,

* Dual read-out calorimetry, 2m deep R
* Instrumented return yoke

Optionally solenoid outside/inside 10 m | Dual Readout Calorimeter

calorimeter: |

a. Classical 2T solenoid around the
calorimeter, 7.2m bore, 8m long

b. Ultra light 2T solenoid around tracker,
4.2m bore, 6m long

Tracker

Instrumented iron yoke (muon ID)

Coil and cryostat 55 CM
Double Readout Calorimeter

Double Readout Calorimeter

Coil and cryostat 40 cm (?)

A 4

Linssen, Vulcano workshop 2018 18



circular pp

Linssen, Vulcano workshop 2018
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FCC-hh, HE-LHC, (HL)-LHC parameters g@)

M. Benedikt, CAS, Ziirich, 2018

parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
circumference [km] 98 27 27
#IP 2 main & 2 2&2 2&2
beam current [A] 0.5 1.1 (1.1) 0.58
bunch intensity [10"1] 1 1 2.2 (2.2) 1.15
bunch spacing [ns] 25 25 25 25
luminosity/IP [1034 cm-2s-1] 5 30 28 (5) 1
peak #events/bunch crossing 170 @ 800 (132) 27
stored energy/beam [GJ] 8.4 1.3 (0.7) 0.36
synchrotron rad. [W/m/beam] 28 4.6 (0.33) 0.17

FCC-hh and HE-LHC have similar detector requirements (resolution and radiation hardness) Il

Linssen, Vulcano workshop 2018
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https://indico.cern.ch/event/643268/
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FCC-hh physics scope

Total cross section and Minimum Bias
multiplicity => modest increase from
LHC to FCC-hh.

The cross section for interesting
processes => significant increase !

- Interesting stuff is sticking out
more !

Going from pileup of ~140 at HL-LHC to
pileup of 1000 at FCC-hh reduces this
possible advantage (e.g. triggering)

The Higgs is still a key benchmark for the FCC-hh detector,
= Highly forward boosted features (100 TeV, 125 GeV Higgs)

Many other physics goals: Higgs self-coupling (4), precision SM, heavy resonances, SUSY, etc.

Muon detection upton =4 (6 = 2°)

‘general’ purpose detectors with very large n acceptance and extreme granularity
Calorimetry up ton =6 (6 = 0.5°)

GED))

/10T 120 'SUIUIBI[pedy J9[8ard M


https://indico.cern.ch/event/666890/

FCC-hh reference detector for the CDR ((FES))

* 4T 10m solenoid

* Forward solenoids

* Silicon tracker

* Barrel ECAL LAr

e Barrel HCAL Fe/Sci

* Endcap HCAL/ECAL LAr
* Forward HCAL/ECAL LAr

=
-
-

20004
: =1.2 1=1.9 2
oo | || | | b
= Z'_i'_'_i'_f_l -------------------------- ) N el
O_El-L-l"tJ”l" = JI lL ____________ i_ _______________ |___-__-_--____--i_-----__--——__-T _______________
0 2000 4000 6000 8000 10000 12000 14000 16000
Central Intermediate Forward
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Y Comparison to ATLAS and CMS  ((FES))

Precision chambers

MDT, i
{ ) Barrel toroid ‘ 12m

Trigger chambers coil
(RPC) I
yo[m]
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* Compared to ATLAS / CMS, the forward calorimeters are moved far out in order to reach larger n, to
reduce radiation load and increase granularity.

* Forward solenoid adds about 1 unit of n to tracking acceptance.

* Alarge shielding (brown) stops neutrons from escaping to cavern and muon system

W. Riegler, Acad.Training, Oct 2017
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https://indico.cern.ch/event/666890/

physics potential
=>
a few selected plots

Linssen, Vulcano workshop 2018
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\/ Higgs physics at 100 TeV pp

N/

o(13 TeV) o(100 TeV)  /0(100)/0(13N
e High production rates => high ogH (NLO) 49 pb 303 pb 16
accuracy on rare decay modes
. VBF (N2LO) 3.8 pb 69 pb 16
e =>|nformation complementary
to lepton colliders VH (N2LO) 2.3 pb 27 pb 1
ttH (N2LO) 0.5 pb 34 pb 55 /
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
AN L LR LN LN UL LN IR L LEN RSN RS RANLER] EEESY REARY ERRLNLAERY LA RED RERS!
i Vs = 100 TeV — stat + syst (cons.) i \s =100 TeV - stat + syst (cons.)
10°E stat + syst (optim.) 3 - ) stat + syst (optim.) |
F L=30 ab’ ] L =30 ab’
E = stat. only : 10 E_ - stat. only —E
10 - )

LR |

d (BR(H — uw) / BR(H — uuuw) ) (%)
8 (BR(H— yy) / BR(H — eeuy) ) (%)

T IIIIIII‘
1 llllllll

C BRH — uu) A . BR(H — yy)

= i 101:_ _:
1 BR(H — uuuu) - BR(H — eeuu) 1
107 E B ]
v b b b by b b e Ly |9 Bl b b by b beva b by e

50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800 900 1000

p:‘mi“ [GeV] p:.min [GeV]

Statistical errors at 1% level in reach
Michele Selvaggi, FCC week 2018
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https://indico.cern.ch/event/656491/contributions/2940766/

q Double Higgs production at 100 TeV pp

gluon fusion:

-2AInL

ty - t P
g9 0000 +— ---h AHHR < h
(100 TeV) / o(14TeV) = 40
assuming QCD can be measured from sidebands
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
e e e a — 1
16F - £ 16 —
L - = stat. only ] g [ Vs=100TeVv = all bkg x 1 ]
3 Vs = 100 TeV —1% E o 1al —— allbkg x 0.5 .
L=30ab" — 0fS=b MH=1% ] [ L=30ab” — alibkg x 2 1
12f - 12F .
10: HH— bbyy 10f HH— bbyy 1
8f 8f-
6f 6f
4: .............................................. 4:5 ____________________________________________
2f 2F
TN, NP AT ST W
Qs o8 oss 1 105 14 0015 ! - Tos 1
K, = by fhgy K, = Aoy /A

nominal background yields:

varying (0.5x-2x) background yields:

obs’ “"SM

| ®Ka(stat) ~ 3-5%
Or(stat) = 2-3%
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Giacomo Ortona, FCC week 2018

26


https://indico.cern.ch/event/656491/contributions/2925419/

Direct SUSY and DM searches at 100 TeV (CFES)

o o T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
AH — WW 95% CL Limits e s
O - BB — 14; i e wino Collider Limits
e Oa
P ’ @] 100 TeV
A B 14 TeV, 3ab” Qs W 14Tev
WW — BB

5 o Discovery

N mixed (B/H)
'Ii'lf' ttgi W 100 TeV, 3 ab iy
g B 100 TeV, 30 ab™ SRR
721 X:) gluino coan.
qq" — ax, %,
§- . ﬁ%?ti%? stop coan.
gg — qc‘ai’chﬁs'c? squark coan.
& — 9o, X, o L
0 5 10 15 20 25 0 1 2 3 4 5 6
Mass scale [TeV] m. [TeV]
Mass reach typically increased
by 5-7 compared to HL-LHC
arXiv:1606.00947
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\/ combined CLIC Higgs coupling results

Model-independent Model-dependent

(

CLICdp o 350 GeV
model dependent O+ 1.4TeV

e +3TeV

CLICdp o 350 GeV
model independent o+1.4TeV

e +3TeV

Ny
J7

coupling relative to SM
coupling relative to SM

| i
2 " u zy| H . t ! |
LN
N~ B _
S H
o0
o
= £ = N 0.9 [~ Zy _
=
=
©
Higgs width is a free parameter, LHC-like fit, assuming SM decays only.
allows for additional non-SM decays Fit to deviations from SM BR’s

Full CLIC program, ~5 yrs of running at each stage (plots assume 80% e polarisation above 1 TeV):
* Model-independent: down to £1% for most couplings

* Model-dependent: £1% down to + few %o for most couplings

e Accuracy on Higgs width: £3.5% (M), £0.3% (MD, derived)
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https://arxiv.org/abs/1608.07538

\/ combined CLIC Higgs coupling results

N/

indicative comparison with HL-LHC capabilities
Model-independent Model-dependent

CLICdp o 350 GeV
model independent o+1.4TeV

e +3TeV

11k CLICdp o 350 GeV |
model dependent 0O+ 1.4TeV

e +3TeV

-t
N

coupling relative to SM
- ! |
coupling relative to SM

5%

arXiv:1608.07538

sl 1V &)

e*e” colliders can perform LHC-like fit, assuming SM decays only.
Fit to deviations from SM BR’s

-~

model-independent measurements

() Accuracy significantly better than HL-LHC
("% Accuracy comparable to HL-LHC

Linssen, Vulcano workshop 2018 29


https://arxiv.org/abs/1608.07538

Y FCC-ee Higgs measurements e*te- ((FES))

N/

Results based on PAPAS simulation
Parametrised method, using input from full simulation, includes Particle Flow aspects
Using CMS detector (earlier study) and FCC-ee CLD detector (recent)

Higgs coupling accuracies
from Higgsstrahlung (HZ) process

9,00%
5 ab? at 240 GeV
8,00%
2 7,00%
5
g  600% = CMS (0.5/ab) -
5 &
©  500% i CLD (0.5/ab) ~
o £
5 4,00% - 1 o= CLD (5/ab) Z
Tg :
S 3,00% —
=2
©
& 2,00% -
1,00% - 5;5'%'0 5680 90 100 110 120 130 140 1_so
. my, (GeV)
0,00% - ‘
X lIbb qub nunubb lltautau qqtautau

Colin Bernet, FCC week 2018
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https://indico.cern.ch/event/656491/contributions/2939139/

BSIVI potential of Higgs physics + ete” & W*W-

Effective field theory

Standard Model

N\

L Ci Dimension-6
p— e L I0N-
SMEFT + E @2
7

operators

Scale of new
decoupled physics

* Model-independent framework for probing indirect signs of new physics
=> useful for comparison of future collider options

* Input to the fits: Higgs production through HZ and WW fusion, e*e" & ttH, e*e” => W*W-

Linssen, Vulcano workshop 2018 31



Complementarity between collider options

12-parameter fits on Higgs physics basis
(For e*e™: Higgs production through HZ and WW fusion, e*e" & ttH, e*e” & W*W)

- W LHC 300/fb Higgs + LEP e'e ->WW B CERC 240GeV (5/ab) + 350GeV (200/fb) 7

. M LHC 3000/fb Higgs + LEP e*e"»WW B FCCG+tee 240GeV (10/ab) + 350GeV (2.6/ab) ]

1 light shade: e*e collider only HILC | 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) B

= solid shade: combined with HL-LHC W CLIC| 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab) E

- blue line: individual constraints i

- red star: assuming zero aTGCs g

-1 |

L §

S X .

o - -

5 107 i

1073 =
107

6z €z Cm €y Czy Cgg oyy Oy, Oy, Oy, Oy, Az

 Many EFT parameters can be measured significantly better with e*e” than with pp
* H-=cc only accessible at lepton colliders

arXiv:1704.02333
See also JHEP 1705, 096 (2017)
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https://arxiv.org/abs/1704.02333
https://arxiv.org/abs/1701.04804

\/ e*e top quark physics examples

- '_‘07 ] T T T T T T T T T T
e+ t ThrEShOId scan :a - ff threshold - NNNLO Beneke et al.
c 0.6 [ ISR + CLIC Luminosity Spectrum
. ~100 fb! around 350 GeV = [ — defauit - m{* 171.5 GeV., I', 1.37 GeV
ZIY L 8 05E m, variations + 0.2 GeV
1S mass precision ~50 MeV & ©- [ T, variations + 0.15 GeV =
. w L I 2
Dominated by theory scale NNNLO S04 -
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CERN-2012-007

ete results of SUSY benchmarks

Table 8: Summary table of the CLIC SUSY benchmark analyses results obtained with full-detector
simulations with background overlaid. All studies are performed at a center-of-mass energy of 3 TeV

(1.4 TeV) and for an integrated luminosity of 2 ab~' (1.5 ab™") [21, 22, 23, 24, 25, 26, 27].
NG Process Decay mode SUSY Measured Generator Stat.
(TeV) model quantity value (GeV) uncertainty
7 mass 1010.8 0.6%
ok e +,, —~0~0
Hrhr =R X1X1 7 mass 340.3 1.9%
7 mass 1010.8 0.3%
3.0 Sleptons 38 sete—700 |
4 KR TEE Xiki Fomass 3403 1.0%
T ¥ | e — ¢ mass 1097.2 0.4%
VeVe 2 ixieTe WIW ¥Emass 6432 0.6%
30 Chagino XXy =X WW- i Xi mass 643.2 1.1%
: Neutralino  %oxs —h/Z°h/Z°7% %5 mass 643.1 1.5%
30  Squarks dgdg — qIXAS I qg mass 11237 0.52%
: HOA® —; bbbb H°/A% mass 902.4/902.6 0.3%
30 HeavyHiges pup- _,iphi : H*mass 9063 0.3%
i 00 ¢ mass 560.8 0.1%
2 g Sl Pmass 3578 0.1%
7 mass 558.1 0.1%
1.4 Sleptons ada= _yata—als0 111
. RER 7 E € Xiki ;“a) mass 357.1 0.1%
P e ¢ mass 644.3 2.5%
Ve F S ENCW ifmass 4876 27%
1.4 Stau LR s i 11 T, mass 517 2.0%
14 Chargino UA = TTWIW - - ¥+ mass 487 0.2%
' Neutralino  %5xs — h/Z%h/Z°% % X5 mass 487 0.1%

Large part of the SUSY spectrum measured at <1% level

Linssen, Vulcano workshop 2018
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https://cds.cern.ch/record/1500095

e*te 9 Hvv = bbvv
CLIC 1.4 TeV

H - bb (58% BR): selection efficiency ~40% (1.4 TeV), ~50% (380 GeV)

Linssen, Vulcano workshop 2018
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\/ heavy electroweak states (1)

N/
There is potential for a direct discovery at o1 ;qd\'/gai"ée%\-/'c Ll
CLIC even without a signal at the HL-LHC | "

Example: chargino + neutralino
production and decay to W/Z

CMS Simulation \1s=14TeV
700

; _ \\“
8 E Expected 50 l%isﬁovery
=~ 600 Br, —2%)=100% =
E'OXF e — Phasé |, <PU>=0, L=300fb" :
500 e —— Rilase |, <PU>=0, L=3000 fb" Z
L PP XX, ——"Phase Il Conf3, <PU>=140, L=3000 b" = 5
wo- %-zd \ 9 ./f
- P2 X2 .. -%——___ %
ok ¥ CMS-PAS-
E ~ FTR-13-014
200'—_ Q“““ 7 Xit o ﬁ{;— -’ X?
1005 W (similar projection:
?0‘-:0 L 260 360 40|0 ;‘60 660 '7'60 860 90'0 10‘00 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE ATL_PHYS_
R PUB-2014-010)
o,
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\/ heavy electroweak states (2)

N/

There is potential for a direct discovery at
CLIC even without a signal at the HL-LHC

Indicative CLIC reach

Example: stau pair production at s = 3 TeV

T
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\/ FCC-ee electroweak physics

N/

EWK

> Integrated luminosity goals for Z and W physics

» |150 ab~' around the Z pole [~ 25 ab-1 at 88 and 94 GeV,
100 ab-1 at 91 GeV)

> [10 ab~' around the WW threshold|(161 GeV with +few GeV
scan)

> runs at 240 and at 350-365 GeV very important for WW
physics as well

> |FCC-ee program will bring improvement of 1

to 2 orders of magnitude in precision of EWPO

» New at this collaboration meeting:

» Direct M(W) reconstruction in the 4-jet channel to be used
above the WW threshold region. AM(W)=0.5MeV (stat) with
5ab™ at \/s=240 GeV

» Study of TGC (leptonic mode only) shows a precision
achievable of O(1073)!

Linssen, Vulcano workshop 2018

precision

AM,, (stat) summary with data at different E,

S 2.5f
|

2t

A MW stat [M

15|
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0.5}

¥ Raw dijet mass

¥ 4C kinematic rescaling

¥ 4C kinematic Fit

v

¥
v

AM, .. /8ab" @ 1626 GeV
AM, .. /5ab" @240 GeV

AM,, /1.7 ab" @ 365 GeV

Vs [GeV)

precision reach of aTGCs at FCC-ee (68% CL)

0.0015F
0.00101
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dark shade: individual fit

691‘2

&k,

A

Patrizia Azzi, FCC week 2018
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N/

electroweak couplings to top at high Vs

Studied at generator level in a dimension-6 operator approach (instead of Form Factor approach)

102

101

100

101

102

| 1

| 1

ete”™ —tt, LO

(P.+,P,-) = (0%, —80%)

llllllllllll]llll
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200

10
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_C%
~A
+Clq

~A
-Cc4

—C 4
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~A
+C5,

1400 3000

V5 [GeV]

\

J

Four-fermion operators:
Sensitivity rises

steeply with E

- best measured

at very high energy

Vertex operators:
Sensitivity flat in E
- best measured
at 380 GeV stage
(most tt events)

Durieux, Perello, Vos,
Zhang to be published

=> Full detector simulation studies of tt production at 1.4 TeV, 3 TeV are ongoing

Linssen, Vulcano workshop 2018
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\/ CLIC BSM discovery reach

N/

New particle / phenomenon Unit CLIC reach
Sleptons, charginos, neutralinos, sneutrinos TeV =1.5 TeV

Z’ (SM couplings) TeV 20

2 extra dimensions M, TeV 20-30
Triple Gauge Coupling (95%) (A, coupling) 0.0001
Vector boson scattering AF TeV# 5

U contact scale TeV 60

Higgs composite scale TeV 70

Electron size (test of QED extension) cm 3.1x 1018

CLIC discovery reach for BSM phenomena, studied for 2 ab™ at 3 TeV. Depending on the
exact models used, quoted values generally extend significantly beyond the HL-LHC reach.
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Higgs Global Fit: Effect of Theory Uncertaintie

Parameter Relative precision
350GeV  +14TeV  +3TeV decay mode theo. uncertainty
500tb™"  +1.5ab”"  +2ab” 77 51 %
Koz 0.6 % 0.4 % 0.3% "
- 1.1% 0.2 % 0.1% W 2l %
Mo 1.8 % 0.4 % 0.2% VY 2.8 %
Kot 5.8% 2.1% 7%  MD fit w/o
Kipe 3.9% 1.5% L1% o tainti 2y 6.8 %
Kt _ 14.1% 780 eory uncertainties ™ T
Rt - 4.1% 4.1%
Kitge 3.0% 1.5 % 1.1% cc 4.6 %
Kty — 5.6 % 3.1% -
Kiazy - 156%  9.1% 99 12 %6
0,
Gimaeived  14% 0.4 % 0.3% b 2.3 %
0,
_—— 0.6 % 0.5% 0.5% HH 241 &
Kww 1.2% 0.5% 0.5% e
Kb 26% 1.5% 1.4% * Uncertainties from
Kiice o SE S . LHCHXSWG, combined
B 4.2 % 2.1% 1.8 % MD fit with = g i
_ 0 1 o eory an arametric
Kitup e EERD theory uncertainties y P
Kt - 42% 4.1% k
(quark mass, as)
Kitge 5.1% 4.0 % 3.9% o .
Kiiyy - 5.9% 3.5% uncertainties, symmetrized
- 16.0 % 9.8 % .
i ’ ’ to preserve fit means
D derived  2-0% 1.1% 1.1%
=3 = S R S ST G I Sy e SO S N IR e e e S R = =
‘h g\’;\,’fcﬁgagsjc;”ﬁ';’;ggg 7 Frank Simon (fsimon@mpp.mpg.de) 23 . /




N CLIC layout at 380 GeV

. . 446 klystrons
| Drive Beam ' circumferences | | | 20 MW, 48 pis
delay loop 73 m :
CR1293 m drive beam accelerator
CR2439m

2.5 km
4 delay loop

time delay line

BeZ e BDS BDS BC2
1.9 km 1.9 km
TA e- main linac, 12 GHz, 72 MV/m, 3.5 km P e* main linac TA

\ -

< >
-€ >

11 km

decelerator, 4 sectors of 878 m

CR combinerring

TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

booster linac Main Beam
2.86to 9 GeV

e~ injector
2.86 GeV

e* injector
2.86 GeV
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BC2

s

540 klystrons
20 MW, 148 ps |

CLIC layout at 3 TeV
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i Compact Linear Collider (CLIC) .~
/ B 330 GeV - 11.4 km (CLIC380) / :
© [N 1.5 TeV - 29.0 km (CLIC1500)
z 3.0 TeV - 50.1 km (CLIC3000)
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\/ CLIC test facility CTF3

CTF3 successfully demonstrated:

v drive beam generation

v RF power extraction

v' two-beam acceleration up to a
gradient of 145 MeV/m

1 Ak |
T "
W N 3 s —
L . s - L'\ -
4
2 s main beam

2-beam acceleration module in CTF3
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N/

experimental conditions et*e

Linear Colliders

* Beam-induced background:
e Beamstrahlung (incoherent pairs and yy — hadrons)
* High occupancies in the detector => small readout cells needed
* Precise (ns-level) timing required at CLIC

* Low duty cycle ==
* Power pulsing of electronics possible
* Triggerless readout

* Beam crossing angle 14 mrad (ILC), 20 mrad (CLIC)

Circular Colliders
* Beam-induced background
e Beamstrahlung (incoherent pairs and yy — hadrons)
* Synchrotron radiation
* Circulating beams
* Maximum detector solenoid field of 2 T => need to increase tracker radius
* Complex magnet shielding schemes
* Beam focusing quadrupole closer to IP (~2.2m)
* No power pulsing
* High luminosity and many bunches at Z pole
* Moderate requirements on detector timing, high data rates
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\/ experimental conditions future pp colliders

Y

Experimental conditions for a ~100 TeV pp collider have much in common with
conditions as we know them from HL-LHC.

Challenge: preserve overall detector performance, despite huge pile up, high
energies, very forward-going physics and high radiation conditions

A few extra remarks:
e Compared to HL-LHC, radiation levels increase in proportion to the luminosity
e Particles (e.g. Higgs) have more forward boost:
e => precision tracking needed down n=4, 6=2° (n=2.5, 2.5° at LHC)
e => calorimetry down to n=6, 6=0.5°
e Aim for track resolution of 10-15% up to p; of 10 TeV
e =>central solenoid 4 T with inner radius 5 m, track hit resolution ~10 um
e Forward solenoids are needed to increase angular coverage

Pile up of 1000 events?
* FCC-hh average distance at z=0 between events is 170 um, 0.5 ps (1mm, 3 ps at HL-LHC)
* For tracks at n>1.7, multiple scattering effect due to 0.8 mm Be beam pipe is larger

than average distance between two interaction vertices ! \erato(
* Fine grained calorimetry required to help resolving pile up ; as\aaccespac'\f\%
* Excellent time (few ps) resolution required ‘oe“: “S\O\)(\C‘“
\ ()
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