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The big questions

* What is the origin of Dark Matter / Energy ?

* What is the origin of matter/anti-matter asymmetry !

* What is the origin on neutrino masses — the flavour puzzle ?
* What is the origin of the Electro-weak symmetry breaking ?

* What is the solution to hierarchy problem ?

The Standard Model does not provide answers to these questions

There is new physics out there (beyond the Standard Model)



Collider or not collider?

* No single experiment can:

* explore all directions at once
* guarantee discovery

* Design projects that can deliver:

* precision

* (inclusive) sensitivity to new as many as possible
scenarios of new physics

* clear yes/no answers to concrete scenarios



The RHiggs particle

is new physics ...

from Arkani Hamed
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elementary scalar ! self-interacting?

“let’s put it under a microscope”



Why studying the Higgs properties

After Higgs discovery, still many open questions:
+ Is the Higgs composite or fundamental?
* |s there more than | Higgs
+  Does it generate light fermion masses? What about neutrino masses!?
+  does it couple to dark matter?

. . ATLAS [11] — | HLL o ogh
+ nature of the Higgs potential K| —— Miaesmi T ] 7L > 0.983
- and its relation to the EWPT g | 4o ST — 171 0987
HL-LHC [14] A HL L 0 oo
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ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
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Need to go beyond the LHC precision measurements



Long term strategy

Case made by the European Strategy, updated by CERN Council in 2020

| “An electron-positron Higgs factory is the highest priority collider”

', “For the longer term, the European Particle Physics community has the
| ambition to operate a proton-proton collider at the highest achievable
| energies.”’

 HL-LHC will collect data until ~ 2040,
* big physics projects take ~20 yrs time to plan and build

NOW is the right time top start defining the future of HEP.



The FCC
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Within the FCC collaboration (CERN as host
lab), 5 main accelerator facilities have been

studied:

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

pp-collider (FCC-hh)
defines infrastructure requirements
|16 T = 100 TeV in 100 km tunne

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/



https://fcc-cdr.web.cern.ch/
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Future e+e- machines

PA (IP)
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. FCC-hh/
134m 10.6m  Bgoster

e- source
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03m e- bunch e+ source
FCC-ee compressor positron 2km
main linac
11 km
{ 1 central region
. A ; = y 1 i 5km
PJ (RF)| | f ] . PD electron
- /-=roem main linac
11 km
\ 2 km
sgri(s) 500 GeV 1 TeV
pp— Lumi 4 ab- 8 ab-

LTB: Linac to Booster
BTC: Booster to Collider Ring

CEPC

 Can reach high energies
e S Srcoon VS SN\ * High lumi at high energies (ttH, HH,H ...)

P4 Rapid Cycling Synchrotron, p-RSC IP3

+ Maximum Ecm ~ 350 GeV (limited by synchrotron radiation)
 Very high luminosity at low energy (Z>W > H > t)
- Allows multiple experiments

Parameter |z | W _| H | t
240 350

CLIC 3 TeV

Jura Mountains

Cm E [GeV] 91.2 160
FCC-ee

L [10%* cm2sY] 200 28 8.5 1.8
Years op. 4 2 3 5
Int.L/2IP [ab?] 150 10 5 15

CEPC sqgrt(s) 1.5 TeV 3 TeV
L [10%** cm2s?) 32 10 3
Years op. 2 1 7 Lumi 2.5 ab -1 5ab -1

Int.L/ 2 IP [ab?] 16 2.6 5.6
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e+e- collisions pp collisions
e+/e- are point-like Proton is compound object
= Initial state well defined (E, p), polarisation - Initial state not known event-by-event
- High-precision measurements - Limits achievable precision
Clean experimental environment High rates of QCD backgrounds
-2 (Almost) Trigger-less readout 2> Complex triggering schemes
- Low radiation levels - High levels of radiation
Superior sensitivity for electro-weak states High cross-sections for colored-states
- Circular e+e- colliders can deliver very large High-energy circular pp colliders feasible.
luminosities R&D on high field magnets needed.

- Linear collider can reach higher energies (>1TeV)

1 QEATLAS
EXPERIMENT

http://atlas.ch From

Higgs decay

Other
particles

From
Higgs decay

(ATLAS: H > ZZ* > ppee candidate)




Future e+e- machines cross sections
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Linear or circular ?
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Carbon footprint/energy consumption

Circular colli

ders have a:

- much larger instantaneous luminosity
- operate several detectors

Circular is at CERN:

where electricity is already almost carbon-free (and will be even more so in 2048)

Energy consumption (per Higgs) arXiv:2208.10466

17.51
15.0 1
12.5 1

§ 10.0 1

s

7.5

5.0

2.5

Carbon footprint (per Higgs)

2 |Ps

Energy consumption / Higgs with 2IP
Circular ~ Linear / 5

(independently of the location
or the starting time of the collider)

CLIC ILC C3 CEPC FCC

2 1Ps

Carbon footprint / Higgs with 2IP
FCC-ee~CLIC/5~ILC/50

()]

(if opergting today)

t CO, eq.
=

CLIC ILC C3 CEPC FCC

Energy consumption / Higgs with 41P
Circular ~ Linear /10

Carbon footprint / Higgs with 41P
FCC-ee~CLIC/10~ILC /100

12



Timeline of the integrated FCC project

now 2045 2070

FCC-hh,
~ 25 years operation

.................... | Fccee |
~ 15 years operation
Feasibility Study ESPP

10 years

FCC-ee dismantling, CE
& infrastructure
adaptations FCC-hh_

Tunnel, site and technical
infrastructure construction

Geological investigations, infrastructure
detailed design and tendering preparation

FCC-ee accelerator and detector R&D and technical FCC-ee accelerator and detector
design construction, installation, commissioning

High-field magnet
industrialization and
series production

Long model magnets,

Superconducting magnets R&D prototypes, pre-series

FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector

construction, installation, commissioning

O Feasibility Study: 2021-2025

QO If project approved before end of
decade > construction can start
beginning 2030s

O FCC-ee operation ~2045-2060

O FCC-hh operation 2070-2090++ | FiGianoftti

and technical design

Now is perfect time to join the effort and contribute to the feasibility study



FCC-ee

15 (207?) years of operations

Unprecedented luminosity

Z pole ? H pole ? WWwW ZH ttbar
| \s [GeV] 88-91-94 125 157 - 161 240 350 - 365 . 1OOK Z bOSOﬂS / Second
Lumi / IP 182 80 19.4 7.3 1.33 - LEP dataset in 1 minutes
[10* cm? s7]
- 10k W boson / hour
Int. lumi / 87 38 9.3 3.5 0.65 . :
A o Ty 2k Higgs bosons / day
- 3k tops / day
yoars 4 5 2 3 5
s 8 Tera 8 K 300 M 2M 2 M
Z ww ZH tt
— 10°¢ v —v v l —v 3
7)) = ® FCC-ee (2IPs) (~CEPC50MW)
o L e FCC-ee(4IPs)(Lumix1.7) -
g ~ [ ILC (TDR, upgrades) (~C3) ]
< B . CLIC (CDR, 2022) .
(ep) .
O 10° —
> - .
= B 5
o L |
£
£ 10 = =]
= = =
— - -
— it (350 Gev) |
i t (365 GR) ]
ILC CLIC A (380 GeV)
! E_ | | | (25°GeV)l | | | —E
100 150 200 250 300 350 400



Detector requirements - machine

e Requirements for Higgs and above have been studied to some extent by LC:
o  have to be revised by FCC-ee
o  we want a detector that is able to withstand a large dynamic range:
m inenergy (Vs = 90 - 365 GeV)
m inluminosity (L = 10** - 10°% cm?%s)

e most of the machine induced limitations are imposed by the Z pole run: O ©
o large collision rates ~ 33 MHz and continuous beams
m  Nno power pulsing possible
o large event rates ~ 100 kHz
m fast detector response / triggerless design challenging (but

Beamstrahlung

. 200 TS SRARAAAR T T IS I
I'ewal'dlng) i ~-\_\ LumiCal LumiCal /."‘
m  high occupancy in the inner layers/forward region (Bhabha et S— y e
scattering/yy hadrons) ool ‘ 2=4-9cm ’ |
o  beamstrahlung . h

e complex MDI: last focusing quadrupole is ~ 2.2m from the IP
o  magnetic field limited to B = 2T at the Z peak (to avoid disrupting

vertical emittance/inst. Lumi via SR)

[ limits the achievable track momentum resolution !
o  “anti”"-solenoid 100 « ]
m limits the acceptance to ~ 100 mrad P A1 LT yica Lmcal | QCT
r Compensating AN 4
L solenoid 1
<200 I AN [ [ [ h LS
-3 -2 -1 0 1 2 3

m



Detector concepts

CLD

Scintillator-iron HCAL

+—— 106m ——
* Well established design
* |LC->CLIC detector-> CLD
*  Full Si vtx + tracker;
* CALICE-like calorimetry;
* Large coil, muon system

* Engineering still needed for operation with

continuous beam (no power pulsing)

* Cooling of Si-sensors & calorimeters

* Possible detector optimizations
* 0,/p, o¢/E

* PID(O(10 ps) timing and/or RICH)?
FCC-ee CDR: https://link.springer.com/article/10.1140/epjst/e2019-900045-4

| E
o~
L

IDEA

Instrumented return yoke

Double Readout Calorimeter
2T coil

Ultra-light Tracker

MAPS —
\ LumiCal

Pre-shower counters

v

< 13 m
A bit less established design

*  But still ¥15y history
Si vtx detector; ultra light drift chamber w
powerful PID; compact, light coil;
Monolithic dual readout calorimeter;

* Possibly augmented by crystal ECAL
Muon system
Very active community

* Prototype designs, test beam

campaigns, ...

Noble Liquid ECAL based

5

A

new

=z
-
o
3
a
o
>
°

10m/2

z(m)

12m/2

A design in its infancy

Si vtx det., ultra light drift chamber (or Si)

High granularity Noble Liquid ECAL as core
*  Pb/W+LAr (or denser W+LKr)

CALICE-like or TileCal-like HCAL;

Coil inside same cryostat as LAr, outside ECAL

Muon system.

Very active Noble Liquid R&D team

* Readout electrodes, feed-throughs,

electronics, light cryostat, ...
* Software & performance studies




Measurement landscape

- D - EWK a BSM \
/ Higgs \ / Flavor \ / QC \ feebly interacting particles

factory ‘boosted” B/D/t factory: most precise SM test
, Heavy Neutral Leptons
m,, O, I"H CKM matrix y (HNL) P
self-coupling CPV measurements m,, I_z ’ rinv
H— bb, cc, ss, gg Charged LFV
H—inv Lepton Universality sin26W , sz , R, R
ee—H 7 properties (lifetime, BRs..) Dark Photons Z
H—bs, .. AFBb’C , T pol.
B »>tv : : :
c Axion Like Particles (ALPs)
Top 2= DL 1N a
B -Krr . g
B K* v v r Exotic Higgs decays
Mtop, rtop, ttZ, FCNCs B H>@vv... mW’ W

U AN AN A >




Detector requirements - physics

Higgs
factory

s

track momentum
resolution (low X )

IP/vertex resolution for
flavor tagging

PID capabilities for flavor
tagging

jet energy/angular
resolution

aY#

Flavor \

“boosted” B/D/t factory:

track momentum
resolution (low X )

IP/vertex resolution
PID capabilities

Photon resolution, pi0
reconstruction

(stochastic and noise)
\ and PF /

. /

QCD - EWK

most precise SM test

acceptance/alignment
knowledge to 10 um

luminosity

vy

<

T

feebly interacting particles

Large decay volume

High radial segmentation
- tracker
- calorimetry
- muon

impact parameter
resolution for large
displacement

timing

triggerless

>




Tera £ - Electroweak precision observables

|0> x LEP events — | 00x reduction in stat

Observable present FCC-ee |FCC-ee Comment and
value + error| Stat. Syst. leading exp. error
my (keV) 91186700 £+ 2200 4 100 From Z line shape scan
Beam energy calibration
I'z (keV) 2495200 =+ 2300 4 25 From Z line shape scan
Beam energy calibration
sin“ A4y (x10°) 231480 + 160 2 2.4 from ALK at Z peak
Beam energy calibration
1/aqep(mz)(x107) 128952 + 14 3 small from Alf off peak
QED&EW errors dominate
R} (x107) 20767 + 25 0.06 | 0.2-1 | ratio of hadrons to leptons
acceptance for leptons
a,(myz) (x10%) 1196 + 30 0.1 |0.4-16 from R} above
Opad (x 103) (nb) 41541 + 37 0.1 4 peak hadronic cross section
luminosity measurement
N, (x10%) 2996 + 7 0.005 1 Z peak cross sections
Luminosity measurement
R, (x10°) 216290 + 660 0.3 < 60 ratio of bb to hadrons
stat. extrapol. from SLD
Apg.0 (x104) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge
AR (x10%) 1498 + 49 0.15 <2 7 polarization asymmetry
7 decay physics
7 lifetime (fs) 290.3 £ 0.5 0.001 0.04 radial alignment
7 mass (MeV) 1776.86 + 0.12 | 0.004 0.04 momentum scale
7 leptonic (uv,v,) B.R. (%) 17.38 +£ 0.04 | 0.0001 | 0.003 e/p/hadron separation
my (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan
Beam energy calibration
I'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan
Beam energy calibration
o (miyy)(x10%) 1170 + 420 3 small from R;"
N, (x10%) 2920 £ 50 0.8 small ratio of invis. to leptonic
in radiative Z returns
my,, (MeV/ c?) 172740 £ 500 17 small From tt threshold scan
QCD errors dominate
Iyop (MeV/ ) 1410 £+ 190 45 small From tt threshold scan
QCD errors dominate

Atop/ /\2,\; 1.2 + 0.3 0.10 small From tt threshold scan|
QCD errors dominate
ttZ couplings + 30% 0.5 — 1.5%| small From /s = 365 GeV run

— |Ox increase in NP scale reach

name of the game:
— bring down systematics down to

stat. level
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Tera Z flavour

With 5x10'2 Z, FCC-ee is of special relevance for b, c and tau physics

Production rate @Z pole an 10x more than the anticipated Belle Il statistics

. . -0 —0 - —
Particle production (10°) B° /B Bt /B~ BY/B, Ay/Ay, cc 7 /77F
Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Belle2
Attribute Y(4S) pp Z
All hadron species v o/ L .
High boost S/ *  Sensitivity to low momentum particles
Enormous production cross-section v . Exce”ent momentum resolution
Negligible trigger losses v v . E I | luti
Low backgrounds / J Xcellent Impact parameter resolution
Initial energy constraint v v

20



Tera Z flavour: Bs— U

)

C

£

Candidates / (5.0 MeV

cpt/pt
0.005 - Track angle 90 deg.
. ;_ - - :ggﬁ MS only
.00 z_ f gtg MS only
0.0035 E—
0.003 E—
0.0025 E—
0.002 f—
0.0015 |-
Total it 0.001F
120{ FCC-ee — Bl u'p 0.0005 _—/
Z" < bb Delphes simulation B = p'n  — l2|0 = 410 l '610 — 810 l ‘1(I)Ol
100 oD e

()

}  Simulated data

2250

(:_l-\ n | T T T T T ]
S . F LHCb Preliminary —e— pata .
v 40 9 fb! —— Total ~
\ E N BDT >0.5 P BFZ—»,uﬁu ]
~ 3(0) B —u'tu 2
' — Bloutu-y -
~ we===s BSh™h" -
w = —
L 20 X,—huv, —
E [ wemees B " utu ]
= : + =====+ Combinatorial 7
<= |[0F —
M MM
0 nsnsccz: eengnt - T\ I i3
- { 1 I 1 1 1 1 1 i
= o y mAr 5000 5500
2300 30l 2400 2450

m(p*p~) MeV/e

Bs— LM mass resolution driven by the tracking

Low mass tracker essential

6000

M- [MeV/e?]
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Tera Z flavour

— 250

e

\’ "/

&

Candidates / (0,030

e B_— K%zt important channel to study LFU in b—s transitions

o focusing on 3-prong 7 decays

e very rich signature with :
o 8 visible particles (1K, 71)

o 1 secondary vertex and tertiary vertices

e very complex analysis: many backgrounds and combinatorics

e B_— K'rt sensitivity driven by vertex resolution to make maximal

use of kinematic constraints

[nvariant B0 mass with sel solutions and natural number of event

3004 PV (3.0pm) & SV & TV (20.0pm, 3.0pm) SMEARED

Probability to identify a 7 = 0.80

By K"D.,D.(D, = Tv)

By - K*"D,D,(D, —» nawn")

By — K*"D.7viD, — 1v)

By — K*'D.D.(D, = na=n"z")

By K'"D:D,(D; » D~.D, 5 rv)
By — K*"D.D.(D, =+ tv, D, — wann")

SIg
sig + bkg's

2004

150

100 1

(0
4.6 48 5.0 5.2 54 5.6 5.8 6.0
m(K*[37].[37],) [GeV/c?]

I;ll u' I\'oi)

Precision of BF measurement as function of the resolution

0.7

0.6

0.5

50 observation
with 2 um
vertex resolution

-
~
-/.ll_]

(S
\
0.2

0.1

SV and TV longitudinal smearing : 20 pum :
e  SVand TV longitudinal smearing : 10 um ¢
SV and TV longitudinal smearing : 5 um o *
* IDEA
L]
.
o
L
.
]
...................... V. A AV
¢
A :
s ( i
___________ e e e e
.
.
1
0 2 1 6 8 IDEA

SV and TV transverse smearing in pm
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Tera Z - new physics |

2 European é(m\cgy

-3
o 10 \\

1074

(GeV™h)

ayy

PbPb, 5.52 TeV, 20 nb" -~ \
€l %

- No trigger requirements

107
» Displaced vertex reco for low LLP lifetime

TTTTI

10—6 FCC-hh,Z > ya

1077 SN 1987 . FCC-ce, ¢’ ¢ —>Ya ALPS

10-—8 vl 1 Ll 1 Lol ol - lllllll

1072 107! 1 10 10? 10° 10*
m, (GeV)

Electron coupling dominance: U?: l,'f,: U2 =1:0:0
) : AR

\v\\

2
-
<

l FUTURE Z factory

‘ CIRCULAR
COLLIDER

Ul

e+e- > Z> VN
N-> e- + {W+* 2ijj}

O =
S
4

DELPHI

5

e 11.Cs500, displaced vertex

e CEPC, displaced vertex

« = = « CEPC, Higgs BRs

s CEPC, mono Higgs

e CEPC, EWPO @ 20 |8|? = |0, + |0,/?
s FCC-ee, displaced vertex

= = = « FCC-ee, Higgs BRs

s FCC-ee, mono Higgs

ws FCC-ce, EWPO @ 20 |0)? 0. +10,/*

lllllll | l[

107! I 10 10°
my, (GeV)




WWV threshold

W mass and width

)
&
£ 1ol
©

FCCee W-pair threshold
— m,,=80.385 GeV T,=2.085 GeV
m,,=79.385-81.835 GeV, I',,=2.085 GeV
[(]m,=80.385 GeV, I',=1.085-3.085 GeV "',

PPLP

/////

//////

Tt T LLe

//////

740000
‘‘‘‘‘‘‘‘‘‘

syst. uncertainties on hadronic W decay modeling

170

/s (GeV)

Pbtag(C)

30x improvement

precision reach:
O(mw) ~ 0.5 MeV
o(f'w) ~ | MeV

w.rt LHC

1072

10

107

107

Vcb

10

© MH. Schune

precision reach:

5(Veo) ~ 1.4% — 0.12%

requires excellent flavour tagging

0.014

—0.012

0.01

0.008

0.006
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Flavor tagging

X/Xo (%) IDEA: Material vs. cos(6) FCC-ee Simulation (IDEA)

I Fos S s
I Vertex silicon % B el d e ¢ tagging
25 M Siicon wrap = LHC
pper O E 3
20, ge - ; , better: £ /7
C g L — Vs g (3 inner Iayer:s) ’ -
- - ILLELEY cVs g (4 inner Iayer;s) N
D B c vsiud (3 inner layers) ; |
- 102 e ved Ainneriaydrs) f g caied o
= = cvsb (3 inner layers) P . =
C meaan cvs b (4 inner Iayer;s) _‘,—':: :::: =
1073 L—— LUVad Dl UeA
) 0 0.2 0.4 06 0.8 1
0 01 02 03 04 05 06 07 08 09 1 ]et tagglng effICIenCy

cos(0)

Light tracker, first measurement layer close to IP:
» excellent b/c-tagging performance
* crucial to measure and to isolate clean H—bb/cc/gg
samples

25



Particle ID

time of flight [ps])

13000 -
S |
[ . -
12000 §
[ i -K
11000 - 5{
10000
9000
8000~
7000 PPN PRI PR PR PR PR PTTTE FUTTE PRTTY PPN

0 05 1 16 2 25 3 35 4 45 6§
Momentum [GeV/c?]

Particle Id for strange jet identification:

 ToF at low momenta

- dN/dX at high momenta
» Possible to measure strange Yukawa at FCC-ee !

15 20 25

§ ¥
W
g 1 . time of flight
& ’ dN/dx
: »
@ 12 » = = combined
L
.
10 "
¥
.
B
-
L -y
e
>
.
) )
) )
)
‘+
«
-
.,
A ' ' ““l A A A A A A A LML L) 'u
30 35 40 45 50 1 10 102
Momentum [GeV/c?] Momentum [GeV/c?]

FCC-ee Simulation (IDEA)

3 1 E T T T | T T T | T T T | T T T | T T T
T_Eé . e*e'—»%H,Hajjé ' ]
o) - j=udscbg §
o E ]

&
D - 3
= - staggingvs.ud -
3, B ‘
2 < Jee o -
10 E —— 1o PID E
B — dN/dx | ]
B &= dN/dx + t.0.f (5,=30 ps)_
f—— dN/dx + to.f (5,=3 ps)
. . . isves ideal PID:

10_3 ul 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0 0.2 0.4 0.6 0.8 1

jet tagging efficiency
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Top

Top mass and width

I T T T T l T T T T I
tt threshold - QQbar_Threshold NNNLO

— theory prediction - mfs 171.5 GeV
--- scale variations pu = 50 GeV - 350 GeV

Illlllllllllll

. o
oo
I|IIIIIIIIIIIlIIIlIIIIIII|I

O(m¢) ~ 10-20 MeV

20x improvement
w.r.t LHC

ttV 1.2
L (k% g,

Uncertainty

CP conserving CPV

q) = —ie {w @lﬁ) + 7@(/&)) + ;’—;;Lt (a+q)" (@(kﬁ) + 7k2))}

Top EWK couplings (ttZ)

- ILC, Vs=500 GeV, L=3200 fb™" (preliminary)

LEP+HL-LHC-S2
arxiv:1907.10619

FCC-ee, \s=365 GeV, L=2400 fb™'

—

T II]IIIIl

1072

arxiv:1503.01325
ete” — tt
10"
) t l
104
Fav

ttZ coupling required for
ttH/ttZ interpretation at the FCC-hh
requires excellent flavour tagging

I IIIIIII|

| |II1|II|




The FCC-ee as a Higgs factory

ete- = ZH largest event rate at Vs = 240 GeV
g B I I T T T I T T l ]
é 250:— —e*e‘—;HZ —:
8 L — WW S H §
2 200 —
) - ]
n “HI 150 =]
’ L A -
: 1002— ; e Y
e Z| s 4 \W(H
800 220 240. 1 l260l l 1280l l l300l 1 l320l 1(1340. 360 l)1380l l 1400 € A%

* (2) 106 e* e events with 5(10) ab-!
- target: per mille stat. limited precision
+ plus few 100k events at Vs=350-365 GeV
- of which 30% in WWV fusion channel (needed for [ H)
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Higgs @FCC-ee vs. HL-LHC?

production cross section uncertainties are typically much smaller that @pp
colliders (no PDFs, no luminosity uncertainty)

HL-LHC (%) FCC-ee
&H / Th (%) | SM (**) 1.3
OgHzz / QHzz (%) 1.5 0.17
Ogrww / gHww (%) 1.7 0.43
OgHbb / QHob (%) 3.7 0.61
OgHce / QHee (%) | ~70 1.21
OQHgg / QHgg (%) 2.5 (gg->H) 1.01
OgHtr / Qrrr (%) - 1.9 0.74
OQHuk / QHppu (%) 4.3 9.0
OQhyy / Qryy (%) 1.8 | 3.9
Need to Sght/ g (%) 3.4 | _
improve
OQHzy / QHzy (%) 9.8 | —
OQHHH / gHHH (%) 50 ~40 (indirect)
BRexo (95%CL) BRinv < 2.5% <1%

Caveat: cannot measure rare Higgs decays or production modes to high
precision (because lack of statistics)



Q

Higgs @ FCC-ee, Vs = 240 GeV

Higgs tagged by a Z, Higgs mass from Z recoil

C

m;, =s+m, —2\/E(E+ +E)

Events

20 122 1

Higgs recoil mass measurement — production cross section:

106 Higgs produced @ FCC-ee
rate ~ gz 2 = 0gz/gz ~ 0.1 %

Then measure ZH — ZZ/Z
rate ~gz4/Iw = OlH/TH ~ | %

Then measure ZH — ZXX
rate ~gz2gx 2/ I'n = Ogxlgx ~ | %

provides absolute gz coupling in ete-

1400f
1200f
1000f
800f
600F
400f

200F

FCC-ee simulation
rTT 7 17TT1T T 17T TTT7TT7TTT

/s =

240 GeV, 5 ab

1

|III|||

Ill

R

24 126 128 130 132 134 136 138 140

Myee (GEV)

BUT limited statistics:

» for rare decay modes
* HH production
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What can Vs = 365 GeV bring !

;é\ B t 1 T : _
S 250 — — e*e' > HZ —
(&) : —
3 u ~—— WW — H _
w - : -
8 200— ; — Total —
O — / : ]
150 — ]
1/00 :— - oF v
— — \Wf
50 — : : — | H
: g H _ ----------
: e /w§\
- — 1 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I : -
800 220 @ 260 280 300 320 340 360 >380 400 |€ Vv

Vs (GeV)
WWV fusion added value

vwH — vvbb ~ gw? g,2 / 'H
vvbb / ( ZH(bb) ZH(WW) ~gz4/H =R
' precision at 1% o (ete — vrH, H — bb) o (e*e~ — ZH)
Then do vwH =2 vwWWW ~gw* [ ['H P & e 5 ZH, H = W) o (ete- — ZH,H — WW)
R/ vwWWW ~ gw [ gz*
gw precision to few permil

Running at the top does not simply add statistics
it exploits complementary production mode to improve constraints
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Mass

*  Why measure Higgs mass:
«  O(10 MeV) need for permil precision of gz and gw
*  O(I'H =4 MeV) can constrain electron Yukawa

+  Defines stringent detector constraints

FCCee simulation Vs =240 GeV, 10 ab ™" FCC-ee simuation /s = 240 GeV, 10 ab %
TT TTTT T |||||| TTTT |||‘ |

2
> 700 rr B TP e = “CF I}
= - ~ Muon final state Z( u'p )H % 1.8~ \ Combined muon and electron final states
& 00 4, —IDEA — W Statistical 8(m,) = 2.67 MeV
E L — IDEA perfect resolution 4 1.6 Statistical+systematic §(m ) = 3.28 MeV
c C il ] u
2 500~ ~IDEAST B 14l v
N i : —— IDEA CLD silicon tracker ] T
oo ] NEAN [/
L e E s
o O\ //
: -\ ] 0.8F
200/ . 0.6/ //
C i ] C
100 | : . "\ 0.4 :_
- : ] 0.2
L e et 11 | I | Ll [ [ ‘ [ [ = [~
?22 123 124 125 126 127 128 129 130 131 132 ol T T R IR L [T B
Recoil (GeV) 124.996 124.998 125 125.002 125.004

m,, (GeV)

e sensitivity dominated by the Z(pu) final state
o superior momentum resolution, driven by tracking
e track momentum resolution limits sensitivity if > beam energy spread
(BES = 0.182% at 240 GeV, i.e 222 MeV)
o multiple-scattering limit < BES
m for CLD ~ 30% above
e transparent tracker is key

M3 A?
sin? Oy = ( W> =

- M2)  1-Ar

Ar ~In(m,)
Ar~m?
Ar ~ new physics?

using pu channel

tracking Am Am_
system (MeV) (MeV)

stat.only stat + syst
IDEA 2T 3.49 4.27
Perfect 2.67 3.44
IDEA 3T 2.89 3.97
CLD 2T 4.56 5.32

~150 MeV

in ATLAS/CMS
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ZH inclusive cross-section

* Crucial is to measure HZZ coupling strength in
a model-independent way

* Unique to e+ e - colliders because of known
initial state, not possible at hadron colliders

o(ete™ = ZH,H — ZZ)*
o(ete > ZH)

FHO(

» Challenge to ensure model-independence
(“easy for Z(Il)’) — no preference to given final
state

* FCC-ee sensitivity prediction to ~ 0.15%
Example analysis in Z(ll)H(XX) final state:

Reach 0.6% (stat. only), combined muon and
electron channels

FCC-ee simulation

Vs =240 GeV, 10 ab™"

= “f | i |
S 18F.| — wu stat+Syst 8c) = 0.786 %
" : e*e” Stat +Syst. §(c) = 0.948 %
1.6 | = W' + % Stat +Syst. 5(c) = 0.609 %
1.4
1.2 5_ .....................................................................................................................................
s
0.6 E_ ....................................................................................................................................
0.4
0.2
: 1 1 l 1 1 1 1 L l 1 1 1 1
Qos 0.99 1.01 1.02
o(ZH—- I'T)/o,
FCC-ee simulation Vs = 240 GeV, 5 ab ™"
I I [ [ | I I [ | I I I | | I |
WW : ' ——
27 ———
Ty . : -
model independence
ag E ' —.—
T ——
Hu .
bb o
CcC ———t
Average avg + 0.1 ;O/o - 7
1 I | | 1 I 1 | 1 1 1 l 1 1 1 |
66 68 70 72 74
Qalantinn affirianmyvy 71 n+ta-\H  (0L)
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Higgs self-coupling at the FCC-ee

Infer self-coupling sensitivity from inclusive recoil mass cross-section
measurment

0.025;
0.020}

- Use Vs = 240 AND 365 GeV to |
resolve Ky, Kvy degeneracy ... b
0.010}

+ OKx ~ 25% with 4IP from global -

fit

0.000"




Electron Yukawa @ Vs = 125 GeV

take advantage of extreme luminosity at 125 GeV
s-channel production with beam mono-chromatisation at

Vs = 125 GeV
Requires prior knowledge of mn

ISR+FSR leads to 40% + with beam spread ~ ['H e b, g, 7~ e q ¢ b, "
another 45%

plus potentially uncertainty on the Higgs mass

o(s) [fo]

1.6
1.4

1.2

0.8
0.6
0.4

0.2

Significance e+e-—H, Vs=125GeV

IIIIIIIIIIlIIIIIIIIIIIIIIIlIIIIII

Born : = 30 3
arXiv:1509.02406 (2): with ISR ®
(2): 8y/s = 6 MeV é 20 .
ete-— H (3): 8v/s = 10 MeV §
S
7, 10
wo"” --------------

n W H»O®

1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 [

L L . . T ! 1 piiyi]
125.08 125.085 125.09 125.095 125.1 11 2 3 4567 10 20 30 100 %00
Vs (GeV) Lim (@ab)

can hope for ~ 20 with 5 years and 4 |Ps
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H—jj (di-lepton final state)

= Analysis channels

j=b,c,s,g

¢ Z(2LL)H: clean but smaller signal acceptance
¢ Z(=2vv)H: good compromise b/ signal acceptance and purity
¢ Z(=>hadrons)H: Largest signal acceptance, but.. jets [work in progress]

FCC-ee Simulation (Delphes)

% ll]‘l'l'flIIIIIIUTIIITIIUIITII]]U'l"'

O [ (5-=240Gev L=5ab" — lIH(ss)

& 5000}~ 26865 sig. (22091 bb/1210 cT/3554 gg/10 s5) lIH(cc) —

= [ 17026 bikg lIH(gg) g

@ X e'e = 2ZH = I' +X — lIH(bb)

g - Z(), m, lcosd i m .m_  E__ lep veto iiH(other) -

5 4000+ v L reeat” et i | Z/Y . _
- " Zz -

- ww

P20 122 124 126 128 130 132 134 136 138 140
mreco-l[Gev]

N=2 Durham kr exclusive clustering

4 free-floating signal strength fit

Z(=>LL)H channel

Z(=2>LL)H(=>cc) category
;; -
N 0 0 1 e zz _
2 Y - lIH(bb)
- L IIH(cc
£ 140— I1H gg‘
e [t IIH(sS)
w w2 L e lIH(other)
ook SIG:
- Double-side Crystal Ball
m—
- [same params/category]
60._
T - 1
z dLLLIT117s
............. HTTTY e .
20l ‘ ............111.I.I.I.r.n.u.u;iﬁ}iiiiiiiiii:.ﬁéélié%%ﬁ
o JALLLL*JJ;AA'LLL'('

0 126 128 130 \132 134 136 138 _ 140
m’CC()l[GeV]

BKG:
1%t order polynomial

Results @10 ab

Z(->LL)H(-=>qq) bb

S/ (%) 06 | 35 | 290 | 1.5
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H—jj (missing energy final state)

Events/ 1.20 GeV

j=b,c,s,g

SIG-vs-BKG discrimination 4 free-floating signal strength fit

- Different SIG and BKGs shapes in Myec & m;
- Bump huntin 2D

. _ . -1
e simultaneous fit in all categories Results @10 ab
m m.. Systematics:

IIIIIIINIITIITTITTT lllr?TclllllllllTTllTTl TT1 Wmﬂm JI'J_T_rm _I T - 5 (0.1)% BKG (SIG)
1015 .- . > . T TTTT BAAEBAREEE (TTT[TTT [T TTTTE
1ot IDEA, ee — Z(vv)H()) 8 10°F IDEA, e'e” — Z(vv)H(j) 1 * uncorrelated b/w processes

aE Vs =240.0GeV, L=5ab & 10 Vs =240.0GeV, L=5ab" 1 ) 0
el T Hss _ T 0% s ey F BKG: constrained to O(1)%
—— Hbb ZZ ® 12 . - .. . g

107E  — Heo — 5 L i — L - Limited MC statistics
10— Hgg . HWW " joE  — Hgg . HWW
10° Htt M HZZ 10°E Hrtt I HZz ﬁ;
108 P, <20GeV[cos(8,,)/<0.85 Bl qqH ; 10® - P, <20 GeV ;[cos(8,,)|<0.85 Il qqH 1 Z(QW)H(QQQ) bb

Sw/n(%) | 03 | 21 | 100 | 0.8
* I BRi>ss I <13
0 20 40 60 80 100 120 140 160 180 200 220 240 1070750 40 60 80 100 120 140 160 180 200 220 2
M. (GeV) M, (GeV,
N=2 Durham kr exclusive clustering
iout
m o €
o
strange Yukawa O(Ks) ~ 50% !!! Yo

most likely 30 within reach using the fully hadronic channel still ...
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H—jj (detector requirements)

Neutral Hadron resolution

Dual Readout ATLAS CMS

o
1

I
wm
L

£ 10

c

o

w15

0

2 _20

lE

" 25

=)
-30
-35

30% / VE 50% / VE 100% / \E

l l l

H—bb
H—gg
H— cc
— H =Dbb
— H - CC
H—
— H 2 ss ot
st ; e N ¢

1.00 125 150 175 200 225 250 275 3.00
Neutral Hadron energy resolution scale factor

H - s s relative precision loss (%)
o
o

j=b,c,s,g

PID

- dN/dx resolution
\—timing resolution (x 30ps)
\\\
\\
H-ss
1] 1] L] L] ﬁ: r\
2 4 6 8 10

scale factor

Hadronic resolution critical for all H—j
Powerful PID essential for strange Yukawa
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H—gluons

4 l | | I
Z(I'T)+H(gg)
35 R H — g8 ‘
Pythia8
3 t Herwig7 ——
+
o~
= 25 t; with mMDT
3 + + + +,t
g R
+
£ qst * e "
i : '|'+ + + ++
+ ++ ++
1 + 'h"-hi- +
e
1 s et
" . LH angularities ...
~ | | | e S

o —=

0 0.2 0.4 0.6 0.8

- with powerful gluon taggers:
- measure Higgs to gluon coupling
- exploit it as a gluon factory

- 100k extra clean gluon events

jet misid. probability

FCC-ee Simulation (IDEA)

Y
T

E e'e 52ZH,H —jj

[

—
-

[
=
N

T ' T T T I T T T ] T T T I

g tagging

j=u,d,s,c,b,g

=g vsud 3
—gVss ]
—gVvsc |
P N P L
0.2 0.4 0.6 0.8 1
jet tagging efficiency

40% H — ggforo.2% H — cc
0.01% H — bb

- study gluon radiation and jet properties
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Higgs at FCC-ee: to be studied ...

Higgs experimental programme widely covered, but still some key analyses missing/not started
Higgs width - Preliminary studies started, more person power needed

- all ZH(ZZ) final states to be studied 2,4,6 jets
- multi jet environment — 6 jets final state ZH(ZZ*), ZH(WW*) — challenging

Possibility to also exploit 365 GeV (ee = vvH)

Taus - Reconstruction/identification/tagging i ents
- jrem
- Coupling strength, angular, CP cor requ
C
.« aete
Rare (yy, uu, Zy, qq) < O“d\“g
a cor’®
N

Exotic (FCNCs H—bs, ... )

Angular analysis, differential measurements

NOW IS A PERFECT TIME TO JOIN AND MAKE AN IMPACT

~ 2 more years to complete the feasibility study
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Coupling measurements at ee vs hh

At pp colliders we can only measure:
Gprod BR(') = Gprod I_i / I_H

— we do not know the total width

In order to perform global fits, we have to make model-dependent assumptions

Instead, by performing measurements of ratios of BRs at hadron colliders:

BR(H—XX) / BRIH—=ZZ) ~ gx2 / g7 2
“~

from e+e-

We can “convert” relative measurements into absolute via gz thanks to e*e-
measurement

— synergy between lepton and hadron colliders
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Why measuring Higgs @ 100TeV?

- 100 TeV provides unique and complementary measurements to ee colliders:

Higgs self-coupling T .
- top Yukawa OMH / TH (%) SM 1.3
OgHzz / gHzz (%) 1.5 0.17
’ Higgs — invisible OgrHww / gHww (%) 1.7 0.43
. OgHbb / GHbb (%) 3.7 0.61
r'a.lte decays (BR(“H), BR(ZX)’ OQgHcc / GHee (%) ~70 1.21
ratios, ..) measurements will be 50Haq / Ghaa (%) 2.5 (gg->H) 1.01
statistically limited at FCC-ee OgHrr / hrr (%) 1.9 0.74
OHup / GHup (%) 4.3 9.0
OgHyy / Qryy (%) 1.8 3.9
Need to gt / Gr (%) 3.4 _
improve
OgHzy / QHzy (%) 9.8 —
OgHHH / gHHH (%) 50 40
BRexo (95%CL) BRinv < 2.5% <1%

Large rates for rare modes and HH production at FCC-hh

— complementary to e‘e-



Reach at high energies (lll)

For more details see L.Wang lectures at IAS ‘17

How does the rate of a given process (e.g. single Higgs production) scale from 14 TeV to 100 TeV

cross-section (\/s = |00 TeV)

cross-section (Vs

S

lllllll'u T T T Ty T
0 M
(OO

107

—
o
=)

—
o
2]

—
o
w

PDF luminosity ratio 100 TeV/ 14 TeV
R Q

14 TeV)

100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO

|00 TeV vs 14 TeV PDF luminosities,
NNPDF2.3 NNLO

M, [ Ge1V|]

H (threshold) H (pr> | TeV)

~Li /Ly = (s2/ s1)2 = (100 /14)2

o(100)/0(14)

ggH |5
HH 40
ttH 55
H (pT > | TeV) 400

Very large rate increase by increasing
center of mass energy

NB: this improvement only comes from

the cross-section (neglects integrated luminosity)
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https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy

Summary of Higgs direct measurements

Observable Parameter | Precision (stat.) | Precision (stat.+syst.+lumi.)
u=o(H) X B(H - yy) Su/u 0.1% 1.45%
nw=o(H)xB(H - pp) Su/u 0.28% 1.22%
uw=o(H) X B(H - 4p) Su/u 0.18% 1.85%
nw=o(H) x B(H - yup) Su/u 0.55% 1.61%
w=o(HH) X B(H - yy) B(H - bb) SA/A 5% 7.0%
R =B(H - pp)/B(H - 4p) SR/R 0.33% 1.3%
R = B(H - yy)/B(H - 2e2p) SR/R 0.17% 0.8%
R =B(H - yy)/B(H - 2p) SR/R 0.29% 1.38%
R = B(H - puy)/B(H - gp) SR/R 0.58% 1.82%
R = o(ttH) x B(H - bb)/a(ttZ) x B(Z—> bb) | SR/R 1.05% 1.9%
B(H - invisible) B@95%CL 1x104 2.5%104

OR/R HE-LHC | LE-FCC | FCC-hh

R = B(H—vyy)/B(H— 2e2u) 1.7% 1.5% 0.8%

R = B(H—=pp)/B(H—4y) 3.6% 2.9% 1.3%

R = B(H—ppy)/B(H—up) 8.4% 6% 1.8%

R = B(H—=yy)/B(H— 2u) 3.5 % 2.8% 1.4%

* Percent level precision on 0 x BR in most rare decay channels achievable only at 100 TeV

* Percent level precision on couplings if HZZ coupling known from FCC-ee (to 0.2%)



Summary direct Higgs couplings at the FCC

| HL-LHC FCC-ee FCC-hh
5+ / Th (%) SM 1.3 thd
OgHzz / gHzz (%) 1.5 0.17 tbd
Ognww / grww (%) 1.7 0.43 tbd
SGHbb / GHob (%) | 3.7 0.61 tbo
SGHee / GHec (%) | ~70 1.21 tbo
8QHgg / QHgg (%) = 2.5(gg->H) | 1.01 tbd
8Qhrr / G (%) 1.9 0.74 thd
SQHu / GHun (%) 4.3 9.0 0.65 ()
SQHyy / Qryy (%) 1.8 3.9 0.4 )
OgHtt / gHitt (%) 3.4 — 0.95 (™)
SQhzy / Orzy (%) | 9.8 - 0.91 ©)
SGHHH / GHHH (%) 50  ~30 (indirect) | 5

BRexo (95%CL) ©  BRiw<25% <1% " BRinv < 0.025%

* From BR ratios wrt B(H—4l) @ FCC-ee
** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee



Future of HEP

Tevatron
2TeV

27km tunnel

LHC
14TeV

X7

—)

FCC-hh
100TeV

M. Aleksa pECFA

The next step: 100km tunnel

e
Y

MEC'C;éé‘.‘“-
'100km _

s

n e
e = "
e /

- N 4

FCC-hh

.
¢ Sn
e ¥ \
—~eTe !
\.) '
\

The FCC design study is establishing the feasibility of an ambitious set of colliders
after LEP/LHC, at the cutting edge of knowledge and technology

Both FCC-ee and FCC-hh have outstanding physics cases
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Vertex detectors

ALICE Vertex detector development

ITS2: installed in 2021 ITS3: installation 2027/2028

Other Seloc O |
| (X/Xo)=0.35% | = L XXg) = 0.05% | T
—: 06
s 0s
SDA
E-3

ZO]
< 02
014

00 |

0 10 20 30 40 S0 &0

Azimuthal angle [ ) Anmuthal angle [ )

Keywords: thinning (40-50 um) , bending (r = 10 mm),
stitching (one crystal per half barrel)

+ Many conditions/requirements common between ALICE
and e*e” colliders

0 Moderate radiation environments
o No need for picosecond timing
o High resolution and low multiple scattering is key

+ FCC-ee detector simulation

o Closer (m), lighter (A): Substantial improvement on impact
parameter resolution in particular at low momenta

Particle gun muons IDEA Delphes simulation
g_ L * 1GeV, Standard IDEA: R(Layer ) = 1.7 cm, w(VTX layers) = 280 um
— - 1GeV.¢R(Layef')=1.30m
< 10° 4 1GeV, + wifirst 3 VTX layers) = 30 um —
°© = + 10GeV, Standard IDEA: RLayer ) = 1.7 cm, w(VTX layers) = 280 um
o . 1OGev.+R(Layof')=1.3cm n
RN 10GeV, + wifirst 3 VTX layers) = 30 um -
g SN * 100GeV, Standard IDEA: R(Layer ) = 1.7 cm, w(VTX layers) = 280 um _|
_s Y = 100GeV, + R(Layer ) = 1.3 cm
< 107 = .. s 100GeV, + wifirst 3 VTX layers) = 30 um —
5 3 NN - fit function = a @ b/(p sin®*(6))
S - RS Point resolution: 3 um
& Q N T lltve, e -
= ; . R . . S ena.
2 Z - % Sorennaan e TR " Jp— ALl
u- o "~z - : """ LaREEE LT PP -
- 3 10E- - Sietasnuy beeeeee g
Pl L % . - -
< © R . n . : : “H
-~ L B e S TR [T Bevennns E TEEEE - -
1 Al l T 1 A 1 AL l F— 1 l A l A l
10 20 30 40 50 60 70 80 90
0 [degrees]
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Tracking detectors

CLD - Full Silicon tracker

x[m]

X/Xo per lay

1.5+

1.2-2.4%
200 pm sensors

1.0

2.5%

0.5+

1.2-2.4%

e 1 0.3%

0.5 1.0 15 2.0 z[m]

IDEA Drift Chamber
EE. included
r=200m
U=14°
r=0.35m
Z-axis
outer wall0.012 X
Gas: 90% He, 10% iC,H,, 2=2.00m
Pros:
* Very low material budget .
* Proven technologi: KLOE at Dadne .
e Continous tracking; advantage for .
secondary vertex finding
* Particle ID via dE/dx (dN/dx) .
measurement
Challenges: *

 Need to prove operation at ~100 kHz

FCC-ee physics rate and realistic
backgrounds via full simulation studies

Pros:

Very precise space points
Proven technologi, e.g. LHC detectors

No gas system

Challenges:

No precise Particle Identification
* Possibly TOF

Optimisation of sensor thickness for
lower material budget

Design of (light) cooling system for
operation at continous collisions
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Detector concepts

Optimised for PFA:
- Very fine resolution “Imaging Calorimeters”
- Linear Colliders: ILD, SiD, CLICdp T P
. . . x15 (=30) Si layers  x 24 MIMOSA layers
- Circular Colliders: CLD, CEPC Baseline +W +W

Example, CLD
[ HCAL j r=3.4m N

* 44 layers, 19 mm steel
absorber, 5.5 (+1) A

* 3 mm thick scintillator tiles
with 3 x 3 cm? granularity

0,5x4,5 cm?

x30 Scint+SiPM lay.  x 38 Scint+SiPM lay.
+SS +SS
ECAL
* 40 layers, 1.9 mm tungsten
absorbers, 22 X,

e 0.5 mm thick silicon sensors
with 5 x 5 mm? granularity

o 16%
E  +E
»  Optimisation studies Jet energy resolution

\ ongoing ~4% at 50 GeV /




Detector concepts (Dual Readout calorimeters)

Q\",@(

+ Measure simultaneously:
o Scintillation signal (S)
0 Cherenkov signal (C) (mainly from e*/?)

+ Calibrate both signals with e~
+ Unfold event-by-event using C and S signals

to obtain energy corrected for non-
compensation (h/e < 1)

Cherenkov fibers

Scintillation fibers

("scepcal £2 s N ( Dual readout HCAL

&
E1 e Scintillating fibers
=1.05
T2 . - vAvAA
Tl 3 \ , AZAT AV A
oF B AZATAYL

ey

crystal option

Full GEANT4 simulation:
Single hadron

o 31%

— = 4
Electromagnetic

o 13.0%
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Detector concepts (LAr calorimetry)

+ Good experience with noble liquid ECALs in a number

of experiments, e.g. D@, H1, NA48/62, ATLAS
0 Good energy resolution, o, ~ 10%/VE

o Linearity, uniformity, stability of response
+ Low systematics

+ Baseline design for FCC-ee detector ; i
o 1536 straight inclined (50.4°) 1.8mm Pb absorber plates, 22 X, -&.\&m\ 10cy

o Multi-layer PCBs as readout electrodes. Segmentation:

+ 11 longitudinal compartments -
« 46 =10 (2.5) mrad for regular (1 comp. strip) cells, B R
3 A¢ = 8 mrad ' L atas L4 EA 08 00 S0 e e 2 e s e S e e 52 52,
o Implemented in FCC-SW Fullsim

ECAL energy resolution
y 0EM~ 9%/VE . TC“‘P ‘\\i\ : ) 0.09 ).0068
o Definition of end-cap geometry ongoing jl‘.ou E 0 |
o ECAL shares cryostat with coil (as in ATLAS) LT
+ Coil outside ECAL o: AN
o Possible options, R&D ongoing ouf >
« LKr or Lar actives; W or Pb absorber o N
+ Al or carbon fibre cryostat Dozf il e . Y i
+ Warm or cold electronics ‘ ’ o tom
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Possible future colliders: pp

p[TeV/ic] =03 B[T]R[ km]

Pros:
. . . - ny
high center of mass, not limited by synchrotron ‘.“" "t
radiation ~ (me/mp)* & %,
.
high luminosity — high rates . R .
large cross-sections for strong production . .
“’ ...
Cons: "o, Ky
. ....llll““

large backgrounds QCD (as ~ 10 Qem)
collide partons (not all ECM available)

pile-up (due to high lumi)

For fixed size, limited only by field strength B

Discovery machines for heavy new states

Thanks to high rates, well suited for precision
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High energy hadron machines

mmm L DS
= L_sep

=n -...... = | arc
..'n.. Exp
Inj. + Exp. N Inj. + Exp.
) N
1.4 km

J || B-col  «— 28km — extractionf|, D

1.4 km
7N
RF o-coll
~ EXP -

FCC-hh

HE-LHC LE-FCC

sqrt(s) 27 TeV sqrt(s) 37 TeV sqrt(s) 100 TeV
Lumi 15 ab-t Lumi 15 ab-t Lumi 30 ab-1
B 16 T B oT B 16 T

Circ. 27 km circ. 100 km circ. 100 km
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A 100 TeV proton-proton collider

Explore the energy frontier:

* Can directly produce heavy resonances up to 50 TeV

* Can completely exclude a class of WIMP dark matter candidates that
are not accessible at the LHC (EVWVK doublets-triplets)

Measure SM to unprecedented precision:

* Gives direct and indirect handles on the Higgs potential and the electro-weak
phase transition EWPT

* Produces 10/9 Higgs bosons, giving access to percent level precision on most couplings
(including rare decay channels)

* Probe the SM in a completely new dynamical regime (where EVW symmetry is restored)
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Precision vs. sensitivity

We often talk about “precise” SM measurements.VWhat we actually aim

at is “‘sensitive’ tests of the Standard Model, where sensitive refers to
the ability to reveal BSM behaviours.

Sensitivity may not require extreme precision. Going after “sensitivity”,
rather than just precision, opens itself new opportunities .

For example, in the context of dim. 6 operators in EFT, some operators
grow with energy:

g TeV '
BR measurement: 00 ~ (%) ~ 6% (%) => precision probes large N\
e.g. 00=1% = AN ~25TeV
Q 2
o(pr > X): 00 ~ (X) = kinematic reach probes large A

e.g. 00=15% at Q=1 TeV = A~2.5TeV
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(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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Higgs @threshold

SM Physics produced at threshold is more forward @ 100TeV

normalized event rate

— in order to maintain sensitivity need large rapidity (with
tracking) and low pT coverage

FCC-hh Simulation FCC-hh Simulation

:l TTT | LU I LU | LU I TTT 1T I LU I L | TTT l: GJ _I T
0.08F p%>3 GeV —100TeV S o

C ] = -
0.07F --13Tev 3 % i

- . T 0.08
0.06 - N -

- ] ® i
0.05 o = S 0.06-

- - ‘I - o . [

. ' : - H - 47 A c -
0.04 I-I - 99 = =
003F ! 3 0.04-
0.02F o b = i

- 1 -

- L ] 0.02\—
0.01F ! - "

0 : 111 | 1111 | 1111 | 1111 I 111 |-rf‘|' y L - : B
0 1 2 3 4 5 6 7 8 0o
nr;ax
«  Goals:

»  Precision spectroscopy and calorimetry up to |n| < 4
» Tracking and calorimetry up to |n| < 6
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M, (GeV)

Xmin ~ M2/ S

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013

T T TTTI T |||||||I T |||||||| T |||||||| T |III|II| T IIIIIIII T IIIIIIII T T TTTI] T |I|II|I| T T TTTIT
10° =
B 20 TeV Z’
10* FCC 100 TeV g
= 2 TeV squarks e S|
- LHC 14 TeV AR
103 E . g ‘¢"‘,'/ ’-‘IE
- Higgs, top e N
T WZ Aot -
- ’«‘ -
DY, low-pt jets,«// Sl i
105_ /’/ /:'/‘r,\/, // .
- =8, oly=ay=0, Sy yes
1 1 | IIIIII 1 IIIIIII 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII| 1 IIIIlII| 1 IIIIIII| L1 11
10" 10° 10® 107 10° 19‘5 10*  10° 102 10"
FCC-hh Simulation
% 0.25 J_ T T T T I T T T T I T T T T I T ] T ] _L
- | H —p l‘ +ll - G FCC N
—
ch - = CMS-Phase || R
> 02 N
et L i
m - 4
N . R
T L i
£ 015+ ]
P - - -
o L i
c
0.1 —
0.05+— —
: i
91 5 120 125 130 135

m, . [GeV/c?]

low pt muons — resolution
dominated by MS



Higgs at large pr

1010

T T | T T T T T T T T l T T T T 106 a T T T I T T T T I T T
N=°’(pT.H>pT.ming x 20 ab - N=0(Pru>Prmmn) X 20 ab™’ ]
Light dots: 10° events/H finaflygi&;t;&he,u) i Light dots: 10 events/H final state (1=e,u)_
:::"’::"?'f::'?":::"Hf::"“:::4H::f""::?_'105:,_ 7Z_>721 B —
C T
AN
: AN
. AN
104 E—N\ —
E . AN =
2 R . . . 7]
- '~ N
103 = : 2120 3
r Solid: gg—> \\\\.
| oz LoDashies: ttH N\ TR T
- Short dash: VBF "~ ~ 4 E Short das s E
Dotdash: WH e - Dotdash: WH
104 L1 I PR S B I P T R I L 1\ .1\ 101 I I 1 , bb,
500 1000 1500 2000 2000 4000 6000 8000
Prmin (GeV) Prmin (GeV)

Huge rates at large pr:

- > 10 Higgs produced with pr> | TeV

- Higher probability to produce large pr Higgs from
ttH/VBF/VH at large
- Even rare decay modes can be accessed at large pt

Opportunity to measure the Higgs in a new dynamical
regime

- Higgs pr spectrum highly sensitive to new physics.
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N(PT > PT,min)

109 L
E o\
Y

104

103

102

10l

Pr (GeV)

\

T l T T T l
0(Pru>Prmin) (fb)

T I T T T T

Solid: exact mtop dependence

~ Dashes: EFT
N

L I L 1 1 1 I 1 1 1

1 I 1 1 1

1000
Prmin (GeV)

* highly granular sub-detectors:

*  Tracker - pixel:10 pm @ 2cm — Onxe = 5 mrad
*  Calorimeters: 2cm @ 2m — Onxe = |0 mrad

+ good energy/pr resolution at large pr:

© 0, /p=2%@ | TeV

1500

AR = 0.1

2000



The FCC-hh detector

Tracker: 0 /pt ~ 20%

+
at 10TeV (1.5m radius) Central Magnet

Fwd solenoids

Barrel ECAL: LAr/Pb

O/E ~10%/VE ® 0.7 %

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

f
. —

- — -
- —

- —
— —

Fwd ECAL: LAr/Cu Fwd HCAL: LAr/Cu g?; teslol-;g;/\l/-E f;;/; b/Fe
Of/E ~30%/VE ® | % OF/E ~100%VE © 10 % 1 (ECAL e AL )
+
org s s || segm S e e e s
long. segm: 10 layers
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Higgs physics at future hadron colliders

* Large Higgs production rates:

access (very) rare decay modes (eg. 2nd gen,), complementary to ee colliders
push to %-level Higgs self-coupling measurement

* Large dynamic range for H production (in ptH, m(H+X), ...):
new opportunities for reduction of syst. uncertainties (TH and EXP)
develop indirect sensitivity to BSM effects at large Q? , complementary to that
emerging from precision studies (e.g. decay BRs) at Q~mn

* High energy reach:
+ direct probes of BSM extensions of Higgs sector (e.g. SUSY)
Higgs decays of heavy resonances
Higgs probes of the nature of EW phase transition (strong Ist order?
crossover?)
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Single Higgs production @FCC-hh

o0e
i H
4 5 o(13TeV) | o(100TeV) | o(100)/a(13) T
; ggH (N3LO) 49 pb 803 pb 16 o0
W/Z - - — VBF (N2LO) |  3.8pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb I
' ' ttH (N2LO) 0.5 pb 34 pb 55

Nioo Nioo/Ns | Nioo/Nia
99— H | 16x10° | 4x10% | 110 Nioo = Ol00Tev X 20 ab™
VBF 1.6 x 10° | 5 x 104 120 |
- WH 32x 108 | 2x10% 65 Ns = OsTev X 20 fb™
ZH %2 3%10% | @e10® 85 _ |
EH 7.6 x 108 | 3 x 10 420 Nis = O147ev X 3 ab

I

Factor: 1/100 1/10

reduction in stat. unc.

Large statistics in various Higgs decay modes allow:

» for % - level precision in statistically limited rare channels (U, ZY)
- in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pt) with :
* higher S/B

* smaller (relative) impact of systematic uncertainties



MLM, D. Jamin, C. Helsens, G. Ortona, MS

Top Yukawa (production) "

» production ratio O(ttH)/o(ttZ) = y:2 yb2/ gtz 2

* measure o(ttH)/o(ttZ) in H/Z—bb mode in the boosted
regime, in the semi-leptonic channel

» perform simultaneous fit of double Z and H peak

* (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio tt

t R4
* assuming gw«z and Ky known to 1% (from FCC-ee), IZ + >nn<t 7+ >mm<t
t < t

— measure ycto | %

«10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
% i LI ENL  N L  L L L  B ] %70000 _—l rTr[rrrr[rrrrrrrr T l_—.
S 500 - _ 0] L B —ttH 4
= Vs =100TeV B t+jets i = - Vs =100TeV — :
~ - L=30ab’ B tt+bb ) ~60000~ L=30ab" -
g - I ttZ : g N §
s 400 - 3 50000F ]
- — — o —
- < .
- . - 5)’1; / Yt = | /) ’
300/ - 40000/ -
! - 300001~ —
2001 — - ]
i ] 20000(— =
100 -
i i 10000~ -
. ] - L N

% S0 100 150 200 250 300 % 50 100 150 200 250 300

m;(H) [GeV] m,(H) [GeV]
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Higgs decays: YY - ZZ - £Y - MU

* 1% systematics on (production x luminosity), meant as a reference target. Assumes good
theoretical progress over the next years, and reduction of PDF+ads uncertainties with HL-LHC +

FCC-ee.

* e/Jly efficiency systematics (shown on the right). In situ calibration, with the immense available
statistics in possibly new clean channels (Z— ppy), will most likely reduce the uncertainties.

* All final states considered here rely on reconstruction of my to within few GeV.
* backgrounds (physics and instrumental) to be determined with great precision from
sidebands (~ infinite statistics)

g XpTTTTTTTTTTT T T T T
* Impact of pile-up: hard to estimate with today’s analyses. L omee
— Focus on high-pt objects will help to decrease relative impact 3 Bl B
. CLT . T -=-p(oons) |
of pile-up [T R
2p
10 f ‘|-‘ o ; o P - o :
| , | T
* Following scenarios are considered: R T N W WO N W
° Ostat — stat. only (I) (signal + bkg) SV N EES CON Lo
*  Ostt , Oeff — stat. + syst. (Il) e e ks e
*  Ostat » Oeff , Oprod = |% — stat. + syst.+ prod (lll) P, [GeV]



* 1% lumi + theory uncertainty

Higgs decays (signal strenth)

- prt dependent object efficiency:

. Be(ely) = 0.5 (1)% at pr — o0

- study sensitivity as a function of minimum pt(H) - 0g(M) =0.25(0.5)% at pt =
reqUIrement In the XY’ ZZ(4I)’ I‘II‘I and Z(")Y FCC-hh Simulation (Delphes)
— T R IR IR IR LR IR LR RN LR |
ChaHHEIS X= “’X’Z(") }’ - (5 =100 TeV —— stat. + syst. + lumi |
= stat. + syst.
© L =30 ab™
* low pt(H): large statistics and high syst. unc. X = wy,Z(ll) 1of e
» large pt(H): small statistics and small syst. unc.
< H
* O(1-2%) precision on BR achievable up to very
high pt (means 0.5-1% on the couplings) et
jet(s
1075600 s 005w om0 sm0" 400430500
pt  [GeV]
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
< AR RRARNRARRN RRRRS RRRRE RARRN RRRRE RRARE RRRRN RARRE ® AR RRARE RARRN AR RS RARAN RARR RS RN RARR © RN RN AN R RN AR AR RRRRE RARRE RRRRY|
::: - Vs =100 TeV — stat. + syst. + lumi | EL’ - {5 =100 TeV — stat. + syst. + lumi | \‘; - {s=100TeV — stat. + syst. + lumi |
= - stat. + syst. = - stat. + syst. = stat. + syst.
© L=30 ab” © L=30 ab’ © L=30 ab’
— stat. only — stat. only — stat. only
10 E 10 = 10 =
T /-
1 =
— ]
H—yY
1070500506 406 400 600706406 800 000 10711306500 500405 406600 70808 406 100 1075600000 5m0 508 w0400 40500
p?min [GeV] p:"min [GeV] p:min [GeV]

65



Ratios of BR(H—XX) / BR(H—ZZ) s

* measure ratios of BRs to cancel correlated sources of systematics:
* luminosity
- object efficiencies
» production cross-section (theory)

* Becomes absolute precision measurement in particular if combined with H—=ZZ measurement from
e*te (at 0.2%)

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
:\6\ —I LI I LI I LB I LI I LI l LI I LI I LI ' LI I ;\o\ _l 1 I LI I L I LI I LI I LI l LI I LI I LI I LI
,_?: Al Vs = 100 TeV — stat + syst (cons.) i = i E =100 TeV — stat + syst (cons.)
= 10°E . ~— stat + syst (optim.) = = - ~——— stat + syst (optim.) -
3 - L=30 ab . 3 L=30 ab’’
' C — stat. only R t 10 — stat. only =
z L :  f :
o o = .
@ qof = @ - §
T F - S |
T \ - T 15_\\ o _:
L i . T - .
o —— oc N i
@ 1 E @ i |
o 5 E s | |
: BRH — uu) 1 ol BRH —=vyy)
1 BRH — uuuu) S BR(H — eeuu) 1
107" E . -
—""l“"l‘"‘l“"l""l“l'll"'l'lllllllll: Gl b bbb b b b by
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800 900 1000

p:".min [GeV] p? min [GeV]



H—invisible

* Measure it from H + X at large pt(H)

* Fit the Ey™iss spectrum

» Constrain background pt spectrum from Z—VV to the % level using NNLO QCD/EW to

relate to measured Z,W and Yy spectra (low stat)

* Estimate Z—VV (W—IV) from Z—ee/ud (W—1V) control regions (high stat).

107"

BR(H—Inv)

1072

1073

107

K I llllllll | |||||||| I |||||||| I |||||||| I |l|||l|| | ||||||1
- . BR(H—inv) < 2.5 10 30 ab-
= .. 3
- e .
N .. _
B S} _
— --*- default ‘a. -
[~ --®- default no exp. sys B
3 1% unc. =
— \‘\ _
B 1% unc no exp sys. - _
i FCC-ee C
= ——— BR(H— ZZ— vwwv)
: 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 lllllllI
1 10 10*  10°  10'  10°
Luminosity (fb™)

FCC-ee

H—>ZZ-vvvv



Standalone 100 TeV Higgs measurements

* Following the principle of reducing as much as possible the impact of systematics
assumptions on future measurements, additional ratio measurements:

o(WH[—yy])/ c(WZ[—eTe™])
oc(WH[—11])/ c(WZ[—TT])

o(WH[—bb]) / c(WZ|— bb])

Gw = ghww X BR(H — vy)

Py |WlelZle] WlelH|W[/]Z[e] W[/JH[yY]| 6R/R
(GeV) (pb) (pb) x L x L

100 | 2.1E-2 1.0E-1| 1.3E6 1.4E4 |8.5E-3
150 1.0E-2 6.3E-2| 6.0ES 8.7E3 1.IE-2
200 | 5.6E-3 3.8E-2| 3.4ES 5.2E3 1.4E-2
300 | 2.1E-3 1.6E-2| 1.3ES 2.2E3 |2.1E-2

MLM

—
— G. = grhww X BR(H — ©7)
———  Gp=ghww X BR(H — bb)
ud
parton level sty
prin |WlelZ[x] WlelH |W[]Z[<] W[¢H[x<]| 8R/R
(GeV) (pb) (pb) x€& L x& L
100 | 21E-2 1.0E-1| 13E5  3.8E4 |59E-3 0G/G < 1%
150 | 1.0E2 6.3E-2| 6.0E4  24E4 |[7.7E-3
200 | 5.6E-3 3.8E-2| 3.4E4 1.4E4 |1.0E—2|
300 | 2.1E-3 1.6E-2 :
100 | 98E.4 79oE3| | PA™ | Wiel+bb WIelZ[bb] Wiel+bb WleJH | W[f1bb WI/IZ[bb] WI[(]bb WI(H[bb]| SR/R
(GeV) (pb) (pb) (pb) (pb) xg, L x&, L x&, L x€& L
m[bb] € mz m[bb] € my m[bb| € mz m[bb] € my
200 | 33E-2 25E-2 23E-2 38E-2| 99E5 7.5E4 6.9E5 6.6E5 |2.5E-3
300 | 12E-2 92E-3  88E-3 1.6E-2| 3.6ES 5.5E4 2.6E5 2.8E5 |3.2E-3
400 | 55E-3 43E-3  4.1E-3 79E-3| 1.7E5 2.6E5 1.2ES 14E5 |4.5E-3
600 | 1.7JE-3  14E-3  13E-3 26E-3| 5.IE4 8.4F4 3.9E4 45E4 |7.8E-3
800 | 6.8E-4 62E-4 S50E-4 12E-3| 2.0E4 3.7E4 1.5E4 2.1E4 |1.1IE-2

also: o(ZIWIH[—=yY]) / 6(ZIWIZ[— eTe])
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G. Ortona, MS, MLM

Higgs self-coupling gluon fusion

g o550 ——@)---- - H g - H
HL-LHC L
t.bi t.b ____.
CMS Simulation 3000 fb' (14 TeV, PU=200) S o
_—~ - — O ~ -
E 300 m, ., > 350 GeV t  Toydata EE g Toooo ——M----- H g ~H
- - _ Total line shape 15
E 250__ ngh purity category .. Nonresonant background ] ﬁ
C — 4 =
o - Single Higgs 17
w 200[- SM HH Signal = yt yt g A3
150 =
ook ] * Very small cross-section due to negative interference
: ;

with box diagram
50
o o « HL-LHC projections : Okx / kx = 50%
100 105 110 115 120 125 130 135 140 145 150
Miry) [GeV] - Expect large improvement at FCC-hh:
- 0(100TeV)/o(14TeV) = 40 ( and Lx10)
SKNK Higgs decay branching fraction + %400 in event yields and x20 in precision
15-20% 4b | | | | ) .
« main channels studied:

20-30%  WWbb

WVWVYVVWW

- bbyy (most sensitive - discussed here)

20-30% ZZbb

- bbtt
5% yybb
yyww ; - bbZZ(4l)
0.4 . bbbb
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Higgs pair production at the FCC-hh

, FCC-hh simulation
'_g‘_ 10 E‘ | T 1T L | L | L I T 17T | T 1T | E
T Bl 99 — HH
T s =100 TeV VBF HH
1 10 B fHH E
a - Bl VHH (V=W*,Z) -
b‘c°_> 15— \_/_E
10_15_ —— 4—:
1072 - == =
—3 1 | L1 1 1 | IIIIIIIII | L1 1 1 | L1 1 1 I L1 1 1 |
10" ""05 1 15 2 25 3
K, =h, /AM
K=1 (M) 577"

where;

o= | pb gluon fusic " . el

q > > q q > > q - H
_____ W, Z N L7
vbf HH: ”‘Zéﬁ g«i

q q q q ~H
g > Z g > Z
VHHO t,by - ---- H t,b Y
: \ - H
g TTTTT——— - - - - - H 9 -®--H
g T —>— 1 g o0 —>—— -H
L_____ H 1 /\///
- ttHH: b N “..
K’A:)‘3/)‘3 gm‘c*o*ﬂ—<—f g TOOOO——— 1 \\\H

p=o0/osm
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events / 0.3 GeV

events

Self-coupling at the FCC-hh 200403505 (o i

«10° FCC-hh Simulation (Delphes)

RN e e e e e e e e e FCC-hh Simulation (Delphes)
—HH(KX=1OO)X50 £ T l T 1.1 l T 171 I T 17T l T 171 l T I—l ' T 171
Vs = 100 TeV S — HH(x,=1.00) x20
350 1Y+ jets s {s = 100 Tev
L=30ab" By + jets o . . ( ) s =200 T z
-zn+glj:Higgs ChannEIS. beX gOIden Channel L=30ab’’ -;I:\gll)eHnggs

bbyy

bbtt bbbb ="

bbbb
bbZZ(41)

m,, [GeV]

BDTgcp

* Defined 3 scenarios with various
detector assumptions and

systematlcs:
FCC-hh Simulation (Delphes)
E O A L LA
parameterisation scenario I scenario II  scenario III S 1sof- \°7100TeV E::;:flbb4. E
J— .F,"‘.’"f".s',’”‘."‘!::”,‘f’.:::)”.:z b-jet ID eff. 82-65%  80-63%  78-60% § eon 7 S
ovE. 15 =100 Tev ke b-jet ¢ mistag 15-3% 15-3% 15-3% 140F be_Z(4|)
LbbTT s b-jet 1 mistag 1-0.1% 1-0.1% 1-0.1% 3 E
e e Higgs T-jet ID eff 80-70%  78-67% 75-65% b3 E
10 I top pair T-jet mistag (jet) 2-1% 2-1% 2-1% :z_ :
T-jet mistag (ele) 0.1-0.04% 0.1-0.04%  0.1-0.04% 405_ E
7 ID eff. 90 90 90 i :
jet — v eff. 0.1 0.2 0.4 ; ]
; 'PZO 121 122 123 124 125 126 127 128 129 130
M~ resolution [GeV] 1.2 1.8 2.9 m, [GeV]
mpp resolution [GeV] 10 15 20
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https://arxiv.org/abs/2004.03505

) kx/kw n=1

Self-coupling at the FCC-hh

2004.03505 [hep-ph]

FCC-hh Simulation (Delphes)

12 b T T T T T T T T 1
. FCC-hh Simulation (Delphes) _CI i ‘ J —— Corlnbined (stat onll'j' : Il
= L UL AL a L o Combined D 1l
= D\ is=100Tev bb 10 L bYY
d o ) Y d i ' bbr,t,+bbr,T,  F
! - \ L=230ab «=== scenario | (stat only) : - i S hDZZ(41)
- . —— Scenario | (stat+syst) . e F .
n K —— scenario Il (stat+syst) H - 8 | W DDDD
8l— E — scenario Il (stat+syst) . _ B
- - i
4— ________________________________________________________ _—— 4-_-- ------- - mne
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BSM sensitivity

Real Scalar Singlet Model FCC-hh Simulation (Delphes)

o O e e e e B L. . e s s st s s s I s B
— 1] T .
‘I‘ i < 60|~ Vs=100TeV ]
current < F _ 1 .
= N © Lol L=30ab =
?< 0.100| :
-~ i HL-LHC L
N | S T
AS) ok
~0.010 -
(@))
= —20
Q _ -
3 0.001 FCC-ee ~40— 68%C.lonk,
(&) 8 EI'I) ~ scenario ; [T
o O _60 |— stat+syst [ |
N | | — statonly B B B I
< 4 = = B :
10 f 1 ) ) ) ] ] ] ) ) ) ] ) ) ) ) ] ) ) ) ) ' -80 - -
05 1.0 15 20 o5 Ll e b b b e e |
: : . . . 0.0 0.4 0.7 10 13 15 17 20 22 24 26 28 3.3
hhh coupling: Az/Az gm ’

Parameter space scan for a singlet model

« OK)stattsyst (K= 1.5) = 10 %
extension of the Standard Model. The ! (Ko _ ) )
« OKpstattsyst (Kx= 1.7) =I5 %
points indicate a first order phase N _ o
transition. * oKyt (ki = 2.0) =20 %

CAVEAT: assumes all SM-like couplings except for trilinear
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The nature of the EWV phase transition
| (h) =0 - (i?) = h('T) Dis'oon’finvuous (R =0 - (R = A(T) Continuous

|

vih)

st order
- M | M | M | " M M M 0

h h

2nd order

| ) | " |

Strong |st order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EVWW symmetry breaking

Strong st order phase transition = (Pc) >Tc

This requires O(1) deviations in the 3rd derivative of the Higgs
potential w.r.t to value predicted in the SM

= Probe higher-order terms of the Higgs potential (selfcouplings)
— = Probe the existence of other particles coupled to the Higgs 74



Higgs self-coupling at FCC-hh

HL-LHC
___CMS Simulation 3000 fb™' (14 TeV, PU=200)
2 300:_ m... > 350 GeV ¢ Toydata —: % g < ---h g ///h
(2 [~ _HH ) Total line shape 13 ty A - t -—= -
:\é’ 250:_ High purity category ... Nonresonant background _: g g 5 e} g h S L
§ - Single Higgs . o
w 200:_ SM HH Signal _:
150:— —: . . .
:i ] - Very small cross-section due to negative interference
1001 : with box diagram
: i
*F E « HL-LHC projections : Okx / kx = 50%
o s b bl il w0
100 105 110 115 120 125 130 135 140 145 150 ° i - .
e Expect large improvement at FCC-hh:
- 0(100TeV)/o(14TeV) = 40 ( and Lx10)
- x400 in event yields and x20 in precision
G. Heinrich et.al [1608.04798] * main channels studied:
5000 —_— 10 .. .
' o - bbyy (most sensitive - discussed here)

4000 ' —— NLOBimp. HEFT

—— NLO FTapprox

- bbZZ(4l) (in backup)

§3000-;
® 000 *  bbbbj (boosted) (in backup)
1000-; - Two very sensitive channels not considered yet:
S AR ARAAS SRS AR AR - bbtt (Oka/kr = 8% from [1802.01607])
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Vector Boson Scattering

» Sets constraints on detector acceptance (fwd jets at N=4) W ’ Iarge mww
* Study W*-WH- (same-sign) channel W wW
+  Large WZ background at FCC-hh -

*  3-4% precision on W W_ scattering xsec. achievable with full dataset (only 30 HL-LHC)

* Indirect measurement of HWW coupling possible, OKw /Kw = 2%

FCC-hh Simulation (Delphes)

S FT T T rr [ T T r T T T T T [ T T T I
12}
o) - .

VBS W, W, Same Sign Cross Uncertainty

S — m. > 1000 GeV
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— || <4.0 |nj|<6.0 P,>30GeV u T S 2”': :goG(zslv E

141 Nl <40 In|<6.0 P}>50GeV : "
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W+

o4}
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W+

Relative Uncertainty (%)
=
o

W+

[}
L

»
Q

5 10 15 20 25 30 Ky
Integrated Luminosity ab~!

Table 4.5: Constraints on the HWW coupling modifier xy;, at 68% CL, obtained for various cuts on the
di-lepton pair invariant mass in the W; W; — HH process.

ml+

+eut | > 50 GeV | > 200GeV | > 500GeV | > 1000 GeV
Ky € [0.98,1.05] | [0.99,1.04] | [0.99,1.03] [0.98,1.02]

76



F. Bishara, R. Contino, J. Rojo

negligible at
large muH

high energy behaviour driven by Cyv and Cy, if
OCyv = 0, grows with E

0 in the SM
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Higgs Self-coupling and constraints on models
with |st order EWPT

Strong | st order electroweak phase transition (and CP violation) needed to explain large observed

baryon asymmetry in our universe
Can be achieved with extension of SM + singlet

Direct detection of extra Higgs states

< 100 TeV, 30/ab =—
100 TeV, 3/ab —
100 | 14 TeV, 3/ab —

400 500 600 700 800
m-, (GeV)

ho — hih1  (bbyy + 471)

Combined constraints from precision Higgs
measurements at FCC-ee and FCC-hh
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hhh coupling: Az/Asz sm
Parameter space scan for a singlet model

extension of the Standard Model.The points
indicate a first order phase transition.



Summary of Higgs & SM

The FCC-hh machine will produce > 1019 Higgs bosons

Such large statistics open up a whole new range of possibilities, allowing for precision in new
kinematic regimes, and rare decay channels @ complementary to FCC-ee

Measuring ratios of couplings (or equivalently BRs), allows to cancel systematics (1% precision
on “rare” couplings within reach after absolute HZZ measurement in e+e-)

Higgs-self coupling can be measured with dkKa(stat) = 5% precision at FCC-hh (best achievable
precision among all future facilites)

VBS longitudinal polarisations VLV can be measured at 3=4% precision(W_WVL same sign),
& P P &
provides percent level precision HWW coupling measurement.

Can directly and indirectly exclude compelling classes of models compatible with |st order electro-
weak phase transition

Extremely rich Higgs program at the FCC-hh, goes much beyond what has been presented here.
Further studies are needed:

gauge boson pair production at large mass (to study anomalous couplings)
differential measurements: Higgs ptin the multi-TeV, as a probe of BSM physics
VH production at large mass

missing HH decay channels (bbtt (~8%), bbbb, etc ...) and combination
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What can the FCC-hh say about BSM physics

Exploration potential:

New machines are build to make discoveries!
Mass reach enhanced by factor Vs/14TeV (5-7 at 100TeV)
Statistics enhanced by several orders of magnitude for possible BSM seen

at HL-LHC
» Benefit from both direct (large Q2) and indirect precision probes

Could provide answers to questions such as:

* |Is the SM dynamics all there at the TeV scale!?

* |s there a TeV-Scale solution the hierarchy problem!?

* |s Dark Matter a thermal WIMP?

*  Was the cosmological EWV phase transition |st order? Cross-over?
» Could baryogenesis have taken place during EW phase transition?
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Heavy resona
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FCC-hh /HE-LHC Simulation (Delphes)
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Detector requirements from high pt searches

o(p) _ po. +(E) A
Trackingg — =~ calorimeters: N — B
: P BL? E VE 69
Tracking target :achieve 0/ p = 10-20% @10 TeV
Keep calorimeter constant term as small as possible.

Long-lived particles live longer:

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

— re-think reconstruction, include dE/dx ?

TOC0F PRASRLAZ A BE S AALBAAZ SIS AL AAMBAMN SV SN AAM R

Require high granularity (both in tracker and calos):

ex: W(10 TeV) will have decay products separated by DR = 0.01
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Detector requirements from high pt searches

 Change in paradigm: heavy flavour tagging

- multi-TeV b-Hadrons decay outside the pixel volume

- Need to adapt identification algorithms for maintaining sensitivity in
in high mass searches .

Traditional tagger vs hit multiplicity tagger

£ Toriew |
v |
S107" e e
o e
S
%’ 102 arXiv:1701:06832
(T
B-hadron m
510 .
: —o— P )=5TeV . .
A L e :(:)-ST:V Hit Mult. Tagger- To be verified in
2*pixel pitch ——p, '(q)= 500 GeV i high pile-up
10740000, ™ f’,(q)f S0GeV . e environment.
Only 71% 5 TeV b-hadrons 0.4 0 5 06 0.7 0.8 0. 9 1
decay < 5th layer. B-tagging eff.

e displaced vertices
33



Disappearing Tracks

Observed relic density of Dark Matter Higgsino-like: | TeV,

Wino-
Mass d

. %" decaying into X, +r*

ike: 3TeV
egeneracy: wino | 70MeV, Higgsino 350MeV

high-p charged particle
interacting with TRT material

Wino/Higgsino LSP meta-stable chargino, cT= 6cm(wino)  lowpy charged prticlescattered
. . ‘\‘ measured track p;
/mm(higgsino) ‘* "

reconstructed track
———— true particle track

Disappearing tracks analysis shows discovery reach beyond
upper limits of MDM
In a similar way FCC-hh can explore conclusively EW charged

WIMP

models, (low multiplets)

Default layout (Concept Design Plan) Alternative layout
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Heavy resonances @ 100 TeV

Discovery significance
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Higgs Self-coupling and constraints on models
with |st order EWPT

Strong |st order EWPT needed to explain large observed baryon asymmetry in our universe
Can be achieved with extension of SM + singlet

Direct detection of extra Higgs states

< 100 TeV, 30/ab =—
100 TeV, 3/ab —
100 | 14 TeV, 3/ab —
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ho — hih1  (bbyy + 471)

Combined constraints from precision Higgs
measurements at FCC-ee and FCC-hh
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MSSM Higgs
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