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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 of neutrino masses !

* What is the origin of the Electro-weak symmetry breaking ?

* What is the solution to the hierarchy problem ?

The Standard Model does not provide answers to these questions

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



The big questions

* Keep in mind that no single experiment can:
* explore all directions at once
* guarantee discovery

* The only possible approach is to design projects that can deliver:
* precision
* sensitivity to as many as possible scenarios of new physics
* clear yes/no answers to concrete scenarios

 HL-LHC will collect data until 2036, and big physics projects take ~20

years time to plan and build, now is the right time top start defining
the future of HEP.

HEP needs a future large collider program



The FCC project

Within the FCC collaboration (CERN as
host lab), 4 main accelerator facilities have
been studied:

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

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

Schematic of an
4 80-100 km
‘ long tunnel

...- -“

Ja.az

ep collider (FCC-eh)

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

CDRs and European Strategy documents have been made public in Jan. 2019

https://fcc-cdr.web.cern.ch/



https://fcc-cdr.web.cern.ch/

A common layout for FCC-ee/hh

119m} 1P 30 mrag A B DS

% mmm | sep

mmm | arc

ee Booster
9.4 m

Lepton beams must cross over through the
common RF to enter the IP from inside.
" Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
% fcc_ring_roundracetrack_lhc_99.983_14.3_000_ring.svy
K—F—.—F].”.l,.,,v..] ——
E «— FCC-hh ]
251~ «—FCC-e -
+ v FCCo0¢
?OL\ -

Common Common

RF (tt) g \ f./ 1 RF ()
© 10f = e / :

Exp
Inj. + Exp InJ + EXp.

14km

J “ B-coll  «— 28km — extract|on

1 4 km
RF O- coII
7

] GXO( ) B T
m
Max. separation of 3(4) rings is about 12
m:

ider tunnel or two tunnels are necessa
around the IPs, for £1.2 km.

IP

o —

2 IPs for FCC-ee (4 IPs under study) G
* Large horizontal crossing angle 30 mrad
* Beams only mildly bent before IP to minimize 2 IPS (General EXP)
synchrotron radiation into detector volumes + 2 |Ps @ injectors

* Bend beams after IP






Energies and Luminosities
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Ultimate precision:

¢ 1000007 [second (})
e 1Z/secondatLEP

¢ 10000W/ hour

e 20000Wat LEP

¢ 1500 Higgs bosons / day
e 10timesILC

+ 1500 top quarks / day
In each detector
. In a clean environment:
- No pileup

. Beam backgrounds
under control

. E,p constraints

PRECISION and SENSITIVITY
to rare or elusive phenomena

The FCC-ee offers the largest luminosities in the 88 — 365 GeV /s range



FCC-ee operations

Working point Z, years 1-2 Z, later ww HZ hreshold,.. ..4/and abyve
Vs (GeV) 88, 91, 94 157,163 , 240 340 — 350 365 \
Lumi/IP (1034 cm2s?) 100 200 25 7 0.8 1.4
Lumi/year (2 IP) 24 ab™ 48 ab™ 6 ab? 1.7 ab™? 0.2ab™ 0.34 ab™
Physics goal 150 ab™* 10 ab™? \ 5ab™? l \ 0.2ab™ / \ 1.5 ab'll
Run time (year) 2 2 2 W \_1// \_l/
— 200 I B E— ; % |
' - 7% . Total : 15 years
Sz pole | WW @ HZ % Top | 2/
= . P ox10 i %10 : : 10 N . . ..
G 150 O % - Event statistics \s precision
£ | 7 i
§ : % ) 5x10'? efe” ™ /£ 100 keV
100} 7% —
% ; 10% ete” > W*W~™ | | 300 keV
_ : 6 ete” — HZ MeV
o % B 10" e'e — 2 lVie
_ : 106 e*e” — tt MeV
os =8 o 10‘fﬁ;ﬁﬁj@ Transverse polarization for s,
Year no longitudinal polarization.



FCC-ee experiments

Scintillator-iron HCAL

CLD

+ Consolidated option based on the detector design
developed for CLIC

o All silicon vertex detector and tracker
o 3D-imaging highly-granular calorimeter system
o Coil outside calorimeter system

+ Proven concept, understood performance

Instrumented return yoke

Double Readout Calorimeter
2 T coil

Ultra-light Tracker

MAPS —

\ LumiCal

Pre-shower counters

IDEA
+ New, innovative, possibly more cost-effective design
o Silicon vertex detector
o Short-drift, ultra-light wire chamber
0 Dual-readout calorimeter
o Thin and light solenoid coil inside calorimeter system



Physics potential of FCC-ee

EXPLORE the 10-100 TeV energy scale

+ With precision measurements of the properties of the Z, W, Higgs, and top particles
e 20-50 fold improved precision on ALL electroweak observables (EWPO)
> mz, I'z, my, my,,, sin? 0,5, Ry, aqep (M,), 0 (M,), top EW couplings ...
e 10 fold more precise Higgs couplings measurements
> Break model dependence with I' accurate measurement

DISCOVER that the Standard Model does not fit

¢ Then extra weakly-coupled and Higgs-coupled particles exist
¢ Understand the underlying physics through effects via loops

DISCOVER a violation of flavour conservation / universality

¢ e.qg., with B°— K*%*1~ or Bs— "1~ in 120*2 bb events

DISCOVER dark matter as invisible decays of Higgs or Z
DISCOVER very weakly coupled particles in the 5-100 GeV mass range

¢ Such asright-handed neutrinos, dark photons, ...
¢ May help understand dark matter, universe baryon asymmetry, neutrino masses

|10



Electro-VVeak observables

m, (MeV) Lineshape 91187.5+2.1 0.005 <0.1 QED corr.
I, (MeV) Lineshape 2495.2+2.3 0.008 < 0.>J.I<. QED / EW
R, Peak 20.767 £ 0.025 0.001 <0.001 Statistics
Ry Peak 0.21629 + 0.00066 0.000003 < 0.00006 g = bb
N, Peak 2.984 £ 0.008 0.00004 <0.004 Lumi meast
sin20,,eff A (peak) 0.23148 £ 0.00016 0.000003 <0.000>|905 Beam energy
1/0qep(my) Arp (off-peak) 128.952 + 0.014 0.004 <0.004 QED / EW
o (m,) R, 0.1196 + 0.0030 0.00001 <0.0002 New Physics
m,, (MeV) Threshold scan 80385 + 15 0.6 <0.6 EW Corr.
'y (MeV) Threshold scan 2085 + 42 1.5 <1.5 EW Corr.
N, ere> yZ, 2> v, |l 2.92+0.05 0.001 < 0.001 ?
a(myy) Bpag = (Fhaa/Ttot)w B,.q = 67.41+0.27 0.00018 < 0.0001 CKM Matrix
My, (MeV) Threshold scan 173340 + 760 * 500 20 <40 QCD corr.
[iop (MeV) Threshold scan ? 40 <40 QCD corr.
Mop Threshold scan u=12+0.3 0.08 <0.05 QCD corr.
ttZ couplings Vs = 365 GeV ~30% ~2% <2% QCD corr

Astounding level of precision achievable of Electro-
Weak observables at the FCC-ee



Q

Higgs @ FCC-ee

Higgs tagged by a Z, Higgs mass from Z recoil

106 Higgs produced @ FCC-ee
rate ~ gyzz 2 - 6g|_|zz/g|_|zz ~ 0.1 %

Then measure ZH — Z/Z/Z
rate~g|_|zz4/ [y — 6r|_| My ~1 %

Then measure ZH — ZXX

x10°
25~—

5 ab™

SN

20

s o

Events/1 GeV

[
- hn
15F .
[ ]
[ ]

50 60 70 80 90 100110120130 140150
mRecoil (GeV)

Direct measurement of
Higgs width removes model
dependence !!

rate ~ gszngxx 2Ty — 68Hxx/ngx ~ 1 %
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Higgs couplings

Collider HL-LHC | ILCy5, | CLIC35, | LEP35., | CEPCy5 FCC-eeyyp-365

Lumi (ab™") 3 2 1 3 5| Bosp | +1.5465 | + HL-LHC
Years 25 15 8 6 7 3 +4

o'y /Ty (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
8q1z7/auzz (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16
dguww /guww (%) 1.7 1.7 1.0 1.7 1.4 1.3 0.43 0.40
8g1un/ gunt (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56
8011ce/ O1ce (%0) SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
0911/ Tige (%) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90
dgute/gut= (%) 1.9 1.9 3.1 1.9 1.5 1.4 0.74 0.67
dgupp/gupp (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8
dguyy/gnyy (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3
8g11et/ guer (%) 34 - - - - - - 3.1
BRyxo (%) SM| <1.7T <21 <16 <12 <12 <1.0 < 1.0

¢+ The FCC-ee precision better than HL-LHC by large factors (for the copious modes)

e The FCC-ee is best on the ete™ Higgs factory market

+ Itisimportant to have two energy points (240 and 365 GeV), as at the FCC-ee

e Combination better by a factor up to 2 (4) than 240/250 (365/380) GeV alone

The FCC-ee provides the most precise measurement of Higgs
couplings among all proposed future e*e- families




FCC-hh



The FCC-hh

Circumference = 100 km
Need dipoles that generate B= 16T A -

(Need R&D) T Ee -
Inj. + Exp Inj + EXxp.

s 8 3J KiN€tic energy per beam

| { «  Airbus A380 at 720 km/h 1 4 km

hooanemmncesimssssmmnsssmemed ¢ 2000 kg TNT

«  0(20) times LHC J |l Bcol  «— 5g8km — extraction} [ D
Luminosity L [103*cm2s1] 20-30 \ /
Background events/bx 170 (34) <1020 (204)

o-coll
Bunch distance At [ns] 25 (5)
Bunch charge N [10%!] 1(0.2)
Fract. of ring filled ng, [%] 80
Norm. emitt. [um] 2.2(0.44)
Max & for 2 IPs 0.01 0.03
0.02 . . . .

R m— — — In its high luminosity phase, FCC-hh produces
IP beam size o [um] 6.8 (3) 3.5 (1.6) 1000 PU interactions per bunch crossing
RMS bunch length o, [cm] 8
Crossing angle [cl] 12 Crab. Cav. - - _ 1
Turn-around time [h] 5 4 Int- IumanSIty 30 ab
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FCC-hh in a nutshell

- Ultimate discovery machine
directly probe new physics up to unprecedented scale

discover/exclude:

- heavy resonances ‘“strong” m(q*) ~ 50 TeV,
“weak” m(Z) ~ 40TeV,

- SUSY m(gluino) = |5 TeV,
m(stop). =~ |0 TeV

*  Precision machine
probe Higgs self-coupling to few % level, and %-level precision for top

Yukawa and 2nd generation.

measure SM parameters with high precision

exploit complementarity with e*e- by probing high dim.operators
(EFT) in extreme kinematic regimes (boosted)

Physics program spans over very wide range of energy scales !
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An FCC-hh detector

* Must be able to cope with:

» very large dynamic range of signatures (E = 20 GeV -20 TeV)
* hostile environment (lk pile-up and up to 1018 cm-2 MeV neq fluence)

» Characteristics:
» large acceptance (for low pt physics)
- extreme granularity (for high ptand pile-up rejection)

timing capabilities
radiation hardness

y[m]
101
n=0.5
9 /
8- Barrel Muon System

n=1.0

Outer Endcap
Muon System

6
Main Solenoid I

Radiation Shield

IFonNard Solenoid
]

Forward Tracker

11 12 13 14 15

1

(o]
(NN -

-—
~

EMCAL Forward (EMF)

-
o

HCAL Forward (HF)

-
(o]

n=1.5

1101 O N A
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o
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N
g
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The FCC-hh detector

Tracker: O ;/pt ~ 20%
¢ 10TeV (15 di Central Magnet +
Barrel ECAL: LAr/Pb at 10TeV (I.5m radius ) Fwd solenoids 4T
0 /E ~10%/E @ 0.7 %
30 Xo

lat. segm: AnAd= 0.0l
long. segm: 8 layers

. —

- — -
- —

- —
— —

Fwd ECAL: LAr/Cu ||Fwd HCAL: LAr/Cu ga/E"f’S'O";g?/:‘/‘Esg'g ke
OJE~30%VE® | %  ||owE~100%/VE ® 10% 1 ECAL °HCAL) i
+
et lers |l e pers ac segm: ANAG= 0023
& >¢cem-© &y & Seem- > &y long. segm: 10 layers




Higgs at the FCC-hh

« FCC-hh provides unique and complementary measurements to FCC-ee:

- Higgs self-coupling

: HL-LHC _ _FCC-ee  FCC-hh
. dH/ TH (%) SM 1.3 tbd
tOP Yukawa OgHzz / QHzz (%) 1.5 0.17 tbd
. ogrww / grww (%) 1.7 0.43 tbd
rare decays (BR(““)’ BR(ZX)’ SQHbb / GHob (%) 3.7 0.61 tbd
ratios, ..) measurements will be BGHeo / Ghec (%) ~70 1.21 tbd
o o N o BgHgg / JHgg (o/o) 2.5 (gg'>H) 1.01 tbd
statistically limited at FCC-ee Soee Grie (%) 19 0.74 | b
Bngp / OHuu (O/O) 4.3 9.0 0.65 ()
Sgrvy / Qrvy (%) 1.8 3.9 0.4 )
- Assuming, we know production Sgrt/ grn (%) 3.4 - 0950
S : Oghzy / QHzy (%) 9.8 — 0.910)
xsec and luminosity, at pp colliders | 0% o 50 30 (indirect) .
we measure BR(i) =TI / ' BRexo (95%CL) | BRinv<2.5% <1% _ BRin <0.025%

N = O-Lzl:*o-prod*BR(i)

* By performing measurements of ratios of BRs, FCC-ee allows to “convert”
relative measurements into absolute via HZZ (standard candle)



Higgs at the FCC-hh

g TEOO) ---h g TEOO) - h
ty — ty _h_ "
g oo ---h g oOO0 "~ h
I 5.9 mi o mi 4
L=——mih® — X \3g—2h”> — A\y—=h
9 h > 4802 -
© crrieesrere e FCC:h Simulation (Delphes)
EFT Lagrangian O - oTer — atomy .
' 14~_ . — 3JS=1% . -
= Enormous di-Higgs samples produced at FCC-hh | T e
E HH— bbyy E
@ (100 TeV) / o(14 TeV) = 40 F ;
@ L (SPPC) /L (HL-LHC) = 10 -
@ Naively, factor 20 smaller statistical uncertainty 2_ _

08 085 09 09 1 105 11 115 1.2

= Can study a number of final states

@ bbyy most sensitive channel

k). = }"obs/ )\'SM

Sk}\/k}\=5 %

combining all channels ,



Summary Higgs measurements

HL-LHC FCC-ee FCC-hh
&H / Th (%) SM 1.3 thd
OQHzz / QHzz (%) 1.5 0.17 tbd
SgHww / Grww (%) 1.7 0.43 tbd
SQHbb / GHob (%) 3.7 0.61 tbd
SGHce / Qe (%) ~70 1.21 thd
OQHgg / GHgg (%) 2.5 (gg->H) 1.01 tbd
OgHtr / gHrr (%) 1.9 0.74 tbd
OgHuu / GHup (%) 4.3 9.0 0.65 ()
Sqtvy / Qhyy (%) 1.8 3.9 0.4 ¢
OQgHhitt / gHtt (%) 3.4 — 0.95 (*)
SQhzy / Qrzy (%) | 0.8 - 0.91 ¢
SGHHH / GHHH (%) 50 ~30 (indirect) 7

BRexo (95%CL) |  BRinw <2.5% <1% BRinv < 0.025%

Perfect complementarity between FCC-ee and FCC-hh !!!
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What can the FCC-hh say about BSM physics

Exploration potential:

New machines are built to make discoveries!
Mass reach enhanced by factor +/s/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 guestions such as:

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

* Is there a TeV-Scale solution the hierarchy problem?

* |Is Dark Matter a thermal WIMP?

* Was the cosmological EW phase transition |st order? Cross-over?

* Could baryogenesis have taken place during EW phase transition!?



Conclusions - |

HEP Landscape G. Giudice

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

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

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

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

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

Complementary and synergetic with a high luminosity et+e- machine such as
the FCC-ee



Conclusions - 2

Future of HEP

Tevatron X7 LHC x7 FCC-hh

2TeV - 14TeV - 100TeV M. Aleksa pECFA

27km tunnel The next step: 100km tunnel
el M:;r S ??w \‘
© 100km -ﬂQOKEn ) B
»»»»»»»»» s - - f‘ - ) Nt

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

Let’s make this happen !
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High Field Dipoles Magnets (16T)

T 3000 --Nb-Ti4.2K

2500 : \ X \\ --Nb-Ti 1.9K

* Nb-Ti not suited anymore (4-10T) ™" = | b3S 42K

+ Focus on Nb3Sn (also HLLHC) £, | \ s
= 1000 F R —

800 mm 500 | N
0 ——— —— Dl
0 5 10 15 20 25 30 35
B (T)

Courtesy E. Todesco

) Goal: Jc= 1500 A/mm2@ 4.2 K

High Temperature Superconductors (Bi-2212) are promising, but stress
sensitive, also low current density (but constant)

Many challenges:

Need margin B~ 20T .
Conductor instabilities How long? Manageable in ~ 15-20 yrs!?

NbSn3 stress sensitivity ...
Cost?
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The FCC project (rationale)

* HL-LHC data-taking ends in 2035
* Build a 100 km tunnel

* |f magnets are ready by ~ 2040 go for FCC-hh

* |f not FCC-ee ~20 yrs
* then FCC-hh ~20 yrs

Domain Cost in MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 2 - Civil Engineering complement 600
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 - FCC-hh Machine and Injector complex 13,600
TOTAL construction cost for integral FCC project 28,600

* |00 km tunnel ensures HEP field activities for ~ 60 yrs

* FCC-ee = FCC-hh = FCC-xx (x=H)

* Long term accelerator complex easier to fund on flat

budget
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Constraints from the machine

Detector

L* =45 m

Distance between triplet and IP

determines overall longitudinal size of detector

Luminosity = [ 5x1034 - 30x1034 ] cm2s-!

low lumi, Npu = 170 (25ns)

high lumi, Npu = 1020 (25ns) - 204 (5ns)

|

Zvix resolution
CPU time
timing detector?

|P Q1 Q2a Q2b Q3 CP D1
* . e e e e 1
R e e P e % % ;: %c'l;ggfgzlz.m 2.545Tm
20 30 40 diSS(t)ance s 60 70 80
radiation
better for Tracking
28




Detector layout

y[m]
101 , ) -
x‘/v f e
8 Barrel Muon System A /
Y | T =20
6 : = et
Main Solenoid 1
5 —
n-25
4 —fAnef End p —
Muo Syst
3
3 3 L
2 Barrel ECAL ———— - | 3 8
- B __n=35
g g n=4.0
e S . .1=40,

18 19 20 21 22 23 24 25 26

1 Central Tracker 5 o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (m]

—
~



Subdetectors

1614120 D-B-EAR0X 0.6 .01.21.4 1.6 20 z5
B T T Y A ' £ r

E - ~ Tracker

E: ——[|} -6 < n < 6 coverage

e S — pixel : Or¢ ~10pm, 0z ~15-30um, X/Xo(layer) ~ 0.5-1.5%
nE & 11k . outer : Org ~10Um, Gz ~30-100pm, X/Xo(layer) ~ 1.5-3%
o B ——— il ———zim e

Calorimeters

ECAL: LArg, 30Xo, 1.6 A\, r = |.7-2.7 m (barrel)
HCAL: Fe/Sci ,9 A, r = 2.8 - 4.8 m (barrel)
endcaps and fwd to be defined (investigating HGCAL ...)

y central R=5L=10m,B =4T
’ forward R=3m,L=3m,B =4T

Muon spectrometer ——————
. Two stations separated by [-2 m :
+ 50 ym pos., 70prad angular ——
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1 MeV neutron equivalent fluence for 30 ab™"

1600
1400
1200

"£1000

2. 800

oc

L!,&\rr m = '.“\\',.'."-_ﬁ:u\\ MO ARLTE o2 6

0 500

1000

1500 2000 2500 3000 3500 4000

z [cm]

Forward calorimetry:
maximum at ~ 10'® cm™

2

1 MeV neutron equivalent fluence [cm'2]
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Charged particle fluence rate for L =30-10%*cm—2s—!

Tracker:

first IB layer (2.5 cm): ~ 12 GHz cm ™~

1600
1400 5
1200 §

=1000 [

2. 800 [
m » .

600 Eam

400
200

500

1000

1500 2000 2500
z [cm]

3000 3500 4000

Charged particle fluence rate [cm™?s™']
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Maghet. momentum resolution
n=0.5/ n=1.0 n=15_-"| n=2.0

p,=10TeV/c
— pT =1 TeV/c
= 100 p, =100 GeV/c
E 10 p, =10 GeV/c
) p. =5 GeV/c
p,=1GeVic

0.1
0



Stray field and service cavern

E B - = N » » \
c \
1 « = Main Solenoid
< o P ——; - X
0 40 50 60 70 80 90 100 S SRR
3
Q.
K
3
0.1 — -
—Z-8
—7=16

Axial position Zin m

0.01

Magnetic field magnitude Bin T

[
0.001 .
I
|
|
[

0.0001
Radial distance R from IPinm

65m

6D M

D111
- \_J

37000

3800
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Subdetectors

w0 . 20 10 0.0 10 2.0 2.5 3.0
_ \ \ vovov v v b g by sy / /
g 1600 [—
1400 ;— T ——rl
1200 = i~ 39
1000 E_ HH e~
00 = N 4 40
6005— U -sstig ) o ! H
400 = [l -
E i g
0 — S0 5000 0 AL — 5000 70000 7_7'77'475017007 — B.:
z [mm]

rh

e Minimization of the effect of multiple scattering (material
budget). A

e Optimised by the pattern recognition and vertexing.

— Inclined tracker modules. - -




Tracker

'g' = — ; ".5'.
? R o 2 | |p,=1GeVic La®
_ ,’l s o 3 = ..'.
2-nd layer .-z 0% =
- avg distance [ ..-".
1-st Iayer ras g, l_)et.w%en Verticefs ol =
BP (u)=1000 R
Z - ] v..p..
Beam Spot . $ oem ’:; it . | 10 ‘:'— e — e e e T T s
- o - Multiplé scattering limit
— — i I I e -
- nan LI 1 1 L 1 1 l I I Il L I Il 1 1
ST e e - 1T T2 3 4 5
l/ I \I 1’]
:\ : f: Effective Pile-up @PUnomina|=1000 as Estimated @95%CL for Tilted Layout
| 95% CL I Q. — i
| | | ? .| ofueh=75mm, p &timingres.: b GeV
| | | i_) . b iGeVie,notiming [ e 1 .
I | 3 102 _E:— p,=1GeVic, 5t=25ps S
e 1pe | | | > - p,=1GeVic, 8t=5ps S
])O 11111)11)0 t‘) [ === pT=5GeV/c, notiming ~ FTTTTTTTTTTITITTT N g e 20
X | | | .,.“q:) [ i pT=1OGeVIc, notimng |
_bgzl_lllllllC ________ o w10 F:| W CMSph2 @PU=140:p,=1GeVic, no timingf 111111 e e 8
(_) ~|  ®  CMSph2 @PU=140:p =1GeVic, at=25ps | .
5Z0 . ) R R gl By I o o A= 2
1no tlmlng 1= s
0t=25 ps
dt=5 ps 10°" o
TO mltlga’te the pﬂe_up eﬁeCt OO OO OO SOOI OO
il L-.L---LI T.;:l.--.-.l- o .I. r 1 1 1 1 I 1 1 1 1 illllillll

tracking with precise timing information required.

1
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LAr electromagnetic
Y/

calorimeter

¢ Much more granular than ATLAS calorimeter (x10).

e High longitudinal and lateral segmentation possible with

e Huge impact of pile-up in calorimeter standalone measurement
need to subtract pile-up using pile-up track identification.

Invariant mass for two photon events (Ey>40(5eV)

lllllllIlllllllllllllllll

FCC-hh Simulation
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Trigger

Example: ATLAS Phase-II:

e Calorimetry will be digitized at 40 MHz and sent via optical fibers to L1 electronics outside
the cavern at 25 TB/s to create the L1 Trigger.

e Muon system will also be read out at 40 MHz to produce a L1 Trigger.

FCC-hh detector:

e Reading out the FCC detector calorimetry and muon system at 40 MHz result in
200-300 TB/s: seems feasible.

e Can the L1 Calo+Muon Trigger have enough selectivity to allow readout of the tracker at a
reasonable rate of e.g. 1 MHz 7

o Reading tracker at 40 MHz results in ~800 TB/s.

o Untriggered detector readout at 40 MHz would result in over 1 PB/s over optical links to the
underground service cavern and/or a HLT computing farm on the surface.
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Hadronic barrel calorimeter

o ATLAS-like tile calorimeter with scintillating tiles/WLS fibres +
stainless steel and lead (1: 3.3:1.3)

e T, *® SiPM readout: faster, less noise, less space
Flbres %" e 3-4 times higher granularity in AnAg = 0.025 x 0.025 and 10 layers
e For containment of multi-TeV jets (98%): ECAL 4+ HCAL depth

FCC-hh Tile Barrel +Ext. Barrel

Si-PMs +readout

~ 11X at n = 0.

calorimeter depth

l.\8 m

jet resolution

10-25 cm

N
(&)

o
L
—
v
]
7]
2
-
o
(%]

—_—— T lllllll T T lllllll T T T 1T 117
Q) 14 AR AR A B o\o [ FCC-hh simulation ECal+HCal ]
&’ HCal Only A ATLAS Tile data 8.0 A . ~ - =l
w m ATLASTiledata9.7 . - - . s = 100 TeV -
R B 12F +  ATLASTiledata10.8 2 201 OCD (uds) jets _
i A MC8.0 A : S i VI OPy) _ 58% ®2.6% -
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al - i
: 1J 0 1) : 5 __
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2 | il , T ] -
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Muon chambers

dpt/pt (%)
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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:

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

e.g8.00=15% at Q=1 TeV = A~2.5TeV
4|



Reach @ 100TeV

L = integrated luminosity Heavents = G L

| = Parton IUminOSit)’ LHC parton luminosity distributions
— — M2 O = O (part) L 10" prever—r—r—rrer —
L~ 1l/te, t=x1x2=M2/s

T o
10° k MSTW2008NLO
i Vs = 14, 40, 60, 80, 100 TeV

L ~ (s/M2)a o
O = (s / M2+272)a :g
O (part) ~ |/ M2 2 1 ~ |/
E
Reach of collider at +/s; vs /s : 2
(M2 / M) ~ (s2/ s1)2 [(si/s2)(L2/L£1)] V2a*D) :g \
At high mass (high x),a >> |: I M, (TeV) T
I
Mass reach goes up by factor 7 (roughly) am?2 a~b
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Ratio parton-luminosity
Indicates how rate of given process (e.g. single Higgs production) scales from
|4 TeV to 100 TeV:

# events (+/s = 100 TeV)
# events (+/s = 14 TeV)

~ L /Ly = (safs1)? = (100/14)2a

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

108 g e ———
Pl > 100 TeV vs 14 TeV PDF luminosities,

107 e NNPDF2.3 NNLO
Flf - QQbar

10 E— QQ

—
o
&)

—
o
w

DF luminosity ratio 100 TeV/ 14 TeV
2 Q

=]
o
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Rates at

B TeV 14 TeV 33 TeV 100 TeV
109 LH:C Li:'ic HE I:_HC VLH:C 109
1OBEtotal‘§ — — - # —
1W07F e
10 2o 10°
L 10° §
° 10 ;
1 z .
10’1; . : f
102} Z ;
10°F
104F i 10°
10-5h Lo : QCFM,+ Higgs Europgan Strategy 10-5
10 J8 [TeV] 102

Huge statistics allow for great potential of further exploration of SM

particles at 100 TeV

|00 TeV

final state N/ 10ab-!
wW | ol3
t tbar 3x]10!'!

H | oIO

HH 106

jets 106
(p'r>5 TeV)

jets 104
(pt>10 TeV)
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Kinematics @ 100 TeV

X1 *xy *s = M2

P hys i C s i S m O re fo rwa rd Kinematics of a 100 TeV FCC

@ |00 TeV e
- 20 TeV Z'
10k FCC 100 TeV 5
; 2 TeV squarks 4 %
— - LHC 14 TeV »
» less for “high pT” physics §"F E
. . x B Higgs, top 2
*  more for “low pT” physics (W/Z/Higgs, i3 — -
DY, low-pt jets ~ % E
tOP) 10 = M ooy -
* in order to maintain sensitivity in need B
large rapidity (with tracking) and low pT
coverage N
o piraoscev  —100Tev -

2

o

g

3 == 13 TeV
'8 0.08— —
S i
©

E

o

C

0.06 L .
" VBF Higgs

— 1K pile-up will certainly be an issue at
large rapidities

o

o

=
I
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Why Higgs at the FCC-hh?

* Huge Higgs production rates:
access (very) rare decay modes
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)
different hierarchy of production processes
develop indirect sensitivity to BSM effects at large Q2,
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 |st order?

crossover?)
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Single Higgs production @FCC-hh

a(13TeV) | o(100TeV) |o(100)/a(13)

Wiz e - - ggH (N3LO) 49 pb 803 pb 16

q : VBF (N2LO) |  3.8pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb |l

ttH (N2LO) | 0.5 pb 34 pb 55

Expected improvement at FCC-hh:

Nioo = Ol007ev % 20 ab™

- 20 billion Higgses produced at FCC-hh Ne = OaTev * 20 fb™

Ni4 = Ol47ev X 3 ab™

- factor 10-50 in cross sections (and Lx10)

* reduction of a factor 10-20 in statistical
uncertainties

Large statistics will allow:

- for % - level precision in statistically limited rare channels

(MM, ZY)

* in systematics limited channel, to isolate cleaner samples in
regions (e.g. @large Higgs pt) with :
* higher S/B
- smaller (relative) impact of systematic uncertainties

Nioo Nioo/Ng | Nioo/N14
gg— H | 16 x10° | 4 x 10* 110
VBF 1.6 x 10° | 5x 104 120
WH 32x10% | 2x10% 65
ZH 2.2 x 108 | 3 x10% 85
ttH 7.6 x 108 | 3 x10° 420
Factor: 1/100 /10

reduction in stat. unc.

47



Systematics assumptions on Higgs couplings

| % systematics on (production x luminosity), meant as a reference target. Assumes good

theoretical progress over the next years, and reduction of PDF+s uncertainties with HL-LHC +
FCC-ee.

e/ply efficiency systematics shown on the right. Conservative ~ today. 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 POFTTTTTTT T T T
Impact of pile-up: hard to estimate with today’s analyses. Focus £ gt — 0y Opim)
. . . . . . iI| : : ~ ===g,y (cons.)
on high-pt objects will help to decrease relative impact of pile-up B E e e
1453::"'u(cons) | _:
Following scenarios are considered:
Ostat — stat. only (I) (signal + bkg) S i T R S i i S LT
‘ Ostat » Oeff — stat. + eff. unc. (Il) 50550 55 30 35 40 45 50
Ostat , Oeff , Oprod = 1% — stat. + eff. unc. + prod (lll) Pr [GeV]



Ratios of BRs

- 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
ete (at 0.2%)

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
:\'o‘ i LI I LI I LB I L] I LI l LI I LB I LI ' LILEL I § _l 1 I LI I LI I LB l LI I UL I LI I LI I LI I LI
E L Vs = 100 TeV stat + syst (cons.) i = L (s =100 TeV — stat + syst (cons.)

= 10°E . ~— stat + syst (optim.) 3 = - ~—— stat + syst (optim.) |

= [ L=30ab ; 2 L=30 ab’

' C — stat. only R t 10 — stat. only =
r - z f .
o c - N
@ 10 = @ i i

= F - E |

? \ 7 T 1 - _:
h B 7 - - ]
o o - _
m 1 e8! B ]
ps s b ]

T T lllll
1 1 lllllll

BR(H — uu) ol BRH —vyy) _

1 BRH — uuuu) S BR(H — eeuu) 1

107°F E . )

—lllllllllllll.Illllllllllllllllllllllllllllll: I-lllllllllllllllllllllllllllllllllllllllllllllll
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]



* 1% lumi + theory uncertainty

Higgs decays (MM and Z(ll)y)

pt dependent object efficiency:
- 0g(ely) =0.5 ()% at pr =
- Og(M) =0.25 (0.5)% at pr 2

study sensitivity as a function of minimum pr(H)

FCC-hh Simulation (Delphes)

&/ u(%)

requirement in the Yy, ZZ(4l), pYy and Z(ll)y channels R A A L
\1 B E=100 TeV — stat. + syst. + lumi |
° = - 4 stat. + syst.
* low pt(H): small stat. and high syst. unc. - L=30 &b — sat oy
10 —
* large pt(H): high stat. and small syst. unc.
* O(1-2%) precision on BR achievable up to very high pr
(means 0.5-1% on the couplings)
10750850 508 550500 550" 40640500
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
MR R L L e MLAREERN AR RN AR R RRN RRRRN RRRRN RARRN RARRN 9 RN R R RN LR RN RN RS
- (s =100 TeV — stat. + syst. + lumi g L 5=100TeV —— stat. + syst. + lumi iy L 5= 100 TeV —— stat. + syst. + lumi
. stat. + syst. = stat. + syst. = L stat. + syst. 4
L=30 ab © L =30 ab”’ © L=30 ab”’
— stat. only — stat. only — stat. only
10 = 10 E 10 =
E E e E
H— 4¢ - H- ey -
¢ =elu L ¢ =elu i
-1 =) I SN RN AN SRR SRR TS FEN N FRE NS AR RN AR Sl Lo b b by P b b by n |
10 100 200 300 400 500 600 700 800 900 1000 10 100 200 300 400 500 600 700 800 900 1000 10 50 100 150 200 250 300 350 400 450 500

p'Il-'| min [GeV] p'|I-'| min [GeV] p": min [GeV] 50



H—invisible S

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

* Fit the Ermiss spectrum ,
jet(s)
* Estimate Z—VV from Z—ee/J| control regions.

* Constrain background pt spectrum from Z—VV to the % level using NNLO QCD/EW to
relate to measured Z,W and Y spectra

- BR(H—inv) =25 10+

P~ BB I LA | I I e I LR I e | |
> — [ i
c |
1\ o 30 ab-!
1L o ]
L . :
I : T . _
m i ‘ i
102 - = =
— --e- default . - FCC-ee
~ --®- default no exp. sys \l\ .
103 & o e | H—>ZZ-vVvvvv
= 6 unc. =
— \‘\ _
B 1% unc no exp sys. R _
‘\
. i FCC-ee C
10 ~ —— BR(H— ZZ— vvwv)
't_‘lllll 1 1 lllllll 1 1 lllllll | 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 llllllI
-1 2 3 4
10 1 10 10 10 10

100 10°
Luminosity (fb™)



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(l) 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 59



Higgs production @ high pr

GeV
1010 | I I | I I I I I I I | l I I I I | 106 1 I I 1 I 1 I 1 PT |( 1 l) I I I 1 I I I
N=0(Pru>PT mi g x 20 ab~ 109 =
T T E\ o(Pru>Prmin) (fb) E
105 i \\ Solid: exact mtop dependence ]
104 | ~ Dashes: EFT —
108 - RN -
104 | ~ - R »--H _
103 ~ _ —
3 - =~ -~ - - -
106 : 10 & T
10 T —
104 101 100 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
500 1000 1500 <000 500 1000 1500 2000
T Prmin (GeV) Pramn (GeV)
2
v 2 Q
5O ~ (—) 50 ~ (=2
A A

*  will have at disposal, o(10¢) Higgs bosons at pt(H) > | TeV
- ttH (VBF) overcomes ggH at pt > 800 (2000) GeV, distinctive signatures can be used
»  Higgs pt spectrum is an indirect probe for new physics modifying, e.g. ggH coupling

*  heavy states running in the loop

* complementary to Hgg measurement in e+ e-



Higgs self-coupling at FCC-hh

CMS Simulation 3000 fb™' (14 TeV, PU=200)
S a0l e
8 300 C my> 350 GeV ¢ Toydata . %
- - ) Total line shape 15
Q 250__ ngh purity category ... Nonresonant background . ﬁ
§ E Single Higgs E o
w 200 SM HH Signal _:
150 =
100 _i ]
i }
50— -
:]lllllllllllllllllll II lllllllllllllllllllll_l
100 105 110 115 120 125 130 135 140 145 150
M(yy) [GeV]
G. Heinrich et.al [1608.04798]
5000 ] 0
] — NLO
4000 3 —— NLOBimp. HEFT
1 —— NLO FTapprox
— 3000 A
=3 ]
S ]
2000 1
1000
o+ ¥
—1 0 1 2 3 4 5%
A

Y

g 1 g:iD o
ty A = t —-=<7
h >«
g ---h g ~h

Very small cross-section due to negative interference
with box diagram

HL-LHC projections : dkx s kxn = 50%
Expect large improvement at FCC-hh:

. (100 TeV)/o(14 TeV) ~ 40 (and Lx10)

- x400 in event yields and x20 in precision
main channels studied:

- bbyy (most sensitive - discussed here)

- bbZZ(4l) (in backup)

- bbbbj (boosted) (in backup)

Two very sensitive channels not considered yet:

+ bbrtt (dka/kn =~ 8% from [1802.01607])
. 4b
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HH —bb4l

New channel opening at FCC-hh !!

[Borgonovi, Braibant, De Filippis, Fontanesi, Ortona, MS]

clean channel with mostly reducible backgrounds (single Higgs)

Simple cut and count analysis on (4e, 44 and 2e2 channels)

Ok ka=15-20% depending on systematics assumptions

-2AInL

12

14 L | L | | T T T | T T T | T T
Vs =100 TeV — Stat. only
—— 84S =10,/B=1%
L=30ab" —— 8/S = 8,/B=3%

10

FCC-hh Simulation (Delphes)

HH — bb4l

OU/ U
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FCC-hh Simulation (Delphes)
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Summary direct measurements

Observable Parameter | Precision (stat.) | Precision (stat.+syst.+lumi.)
uw=oa(H)x B(H - vyy) Su/u 0.1% 1.45%
nw=o(H) x B(H - pp) Su/u 0.28% 1.22%
nw=o(H) X B(H - 4p) du/u 0.18% 1.85%
nw=o(H) x B(H - ypp) 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) S§R/R 0.17% 0.8%
R =B(H - yy)/B(H - 2p) SR/R 0.29% 1.38%
R =B(H - ppy)/B(H - 4 6R/R 0.58% 1.82%
R = o(ttH) x B(H - bb) /o (ttZ) x B(Z—>bb) | SR/R 1.05% 1.9%
B(H - invisible) B@95%CL 1x104 2.5%104

* Percent level precision on 0 x BR in most rare decay channels
* Percent level precision on BRs if HZZ coupling known from FCC-ee (to 0.2%)

One should not underestimate the value of FCC-hh standalone precise “ratios-of-

BRs" measurements:
* independent of Os, mp, Mg, [iny Systematics

* sensitive to BSM effects that typically influence BRs in different ways:

BR(H— pp)/BR(H—ZZ*) BR(H— yY)/BR(H—ZZ*)

2nd gen. yukawa gauge coupling loop level tree level
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HH —4b+j boosted

Large rates allow to look for boosted HH recoiling against a jet

(low muH drives the sensitivity) e AR = 2mu/ pr
relies on identification two boosted Higgs-jets %

fit the di-jet mass spectrum dominated by the large QCD g

background

Okx / kn =20-40% depending on assumed background rate

o FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
> 10 LA L L L L I L L O | ALJNLILA W LA BN B N B B N I LN N
e . - — HH(x=1.00) c 3 |\ I =
® 10 s =100 T?V B EWK g - s =100 TeV — all bkg x 1 .
o 108 L =30ab QCD+EWK ' 5 —— all bkg x 0.5 i
% e m QCD 25 L=30ab"’ —— all bkg x 2 7
= _ i
o _ ]
() » -
2r HH — bbbbj 7]
[ 16 A
1.5~ ]
1 E—. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I-I.:-'
0.5 -
i 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 ]

400 600 800 1000 1200 1400 1600 1800 2000 0 06 08 1 12 14
mHH [GeV] k)h = ;\'obs/)\'SM
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Vector Boson Scattering

~§~~ '¢" w
- Sets constraints on detector acceptance (fwd jets at N=<4) w ’ Ial'ge mww
- Study W+-W+*/- (same-sign) channel W Tl W
+ Large WZ background at FCC-hh \
- 3-4% precision on W W| scattering xsec. achievable with full dataset
* Indirect measurement of HWW coupling possible, dkw /Kw = 2% [1002.1011]
q q FCC-hh Simulation (Delphes)
> Sl —my>t000Gev |
s [ —— m.> 500 GeV i
5+ m- > 200 GeV -
- —— my-> 50 GeV i

VBS - W; W;

Y

q q

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.

m+

+eut | > 50 GeV | > 200GeV | > 500GeV | > 1000 GeV
Ky € [0.98,1.05] | [0.99,1.04] | [0.99,1.03] [0.98,1.02]
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[1611.03860]

negligible at
large muH
S 2 2 .
A(VyVy, = HH) ~ —(copy — ¢p) + O(myy /35), _ . _ .
v high energy behaviour driven by C,v and Cy, if
S 0Cyv = 0, grows with E
0 in the SM
| ! ! | L 1 ' 80

104 | -— SM _ =
? — Cy = 08 '—1:

é 102 E = Background- = 60 - 7
= _\_\—|_ E

< i ] A 40 F -
S 107%F — i ks
= S

~ S 2 L iy
S 1074 -_|_I_|_‘_\—|_ } %
I—‘ o

10—6 | R S I T . 0 ! ! |
1 2 5! 10 20 —0.02 —-0.01 0.00 0.01 0.02
mph [TeV 5c2v

With cv from FCC-ee, dcav< 1% -



Top Yukawa (production)

ttH
production ratio O(ttH)/o(ttZ) .
predicted to 1% precision [1507.08169] Lt >m<t H
measure O(ttH)/o(ttZ) in H/Z—bb mode in the r
boosted regime, in the semi-leptonic channel
perform simultaneous fit of double Z and H peak ttZ

(lumi, pdfs, efficiency) uncertainties cancel out in ratio t : T
assuming gz and K, known to 1% (from FCC-ee) , can T:Z/_z * >m<;z * >m<_
t t

measure y.to 1%

<10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
% R LI I LI I UL I LI 'tt;-i LI I UL i %70000 T T T 1 I 1 1 1 I 1T T 71 I | S I I T T 1T 1 ' | B
(0] | — — N — ttH i
S 5001~ Vs = 100 TeV Bt jets i (85 L s =100 TeV i ]
= - L=30ab’ I tt+bb : ~60000)— L =30ab’ -
00 -z N 5 .
> = -
3 : : ®50000F 7]
: - : Oye/ye <l % ;
300} | 40000 -
i i 30000F -
200} - i ]
i ] 20000 -
1001 —
i i 10000 -
i R : _|_‘—' o S B :
% 50 100 150 200 250 300 % 50 100 150 200 250 300

m;(H) [GeV] m;(H) [GeV] 60



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
o :
B-hadron m
510 .
: —o— P )=5TeV . .
A L :(:)-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
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Heavy resonances @ 100 TeV

Experimental Constraints

Tracking:

o(p)

p

_ Do

~ BI?2

calorimeters:

Tracking target :achieve 0/ p = 10-20% @10 TeV
Keep calorimeter constant term as small as possible.

Long-lived particles live longer:

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

— re-think reconstruction, include dE/dx ?

ex: W(10 TeV) will have decay products separated by DR = 0.01

Q* —=jj

Vs =100 TeV
Vs =27Tev

| -
'y, —tt
Vs =100 TeV
Vs =27 TeV

. -
L'sgy —tt
Vs =100 TeV
Vs =27 TeV
Gy = W'W
s =100 TeV
Vs =27 Tev

' -
L'ssy 11
Vs =100 TeV
Vs =27 Tev
Ly = T
Vs =100 TeV
Vs =27 TeV

FCC-hh / HE-LHC Simulation (Delphes)
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Heavy resonances @ 100 TeV

Discovery significance
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= | TeV Higgsino can be discovered
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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 —

400 500 600 700 800
m-, (GeV)

ho — hih1  (bbyy + 471)

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

Real Scalar Singlet Model

— 1 L
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=N [ 1
S 0100, e
~ s -
N [
™
c) |
— 0.010¢
(@)) i
k=
o | FCC-
2 0.001} ee
i Tl M
© — Q QO
N 0
N |
L 10—4 B g g
0.5 1.0 1.5 2.0 2.5

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.



MSSM Higgs

B bbHOY/A? —bbTT

+ —
0 bbHOY/A0 —bbtt - EEE _’EEE’ B LHC3
B t(t)HO/AC —(t)tt . B LHCoO.3
' 4 5. 10. 20.
50. o : i , _ :
40.
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20. 20.|
Q o 10.t
- =
& 5
g «—1 30 ab"!
5 3 ab-!
8 “ 7 \
0.5 1. 2 58 10. 20. . : . . :
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A [TeV] 20 Tev my+ [TeV] 228 TeVv

N. Craig, ]. Hajer, Y.-Y. Li, T. Liu, H. Zhang,  ]. Hajer,Y.-Y. Li, T. Liu, and |. F H. Shiu,
arXiv:1605.08744 arXiv:1504.07617
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Minimal stealthy model for a strong EW phase

transition:

the most challenging scenario for discovery

Vo = —p®|H? + A H|* +

%p§52 + Aus|H|?S? + %,\334
Unmixed SM+Singlet.

No exotic H decay, no H-S mixing,
no EWPOQ, ...

Two regions with strong EWPT

Only Higgs Portal signatures:
h*—SS direct production

Higgs cubic coupling

0(Zh) deviation (> 0.6% @ TLEP)

= Appearance of first ‘“no-lose”

arguments for classes of
compelling scenarios of hew
physics

H*—SS

Curtin, Meade, Yu, arXiv:1409.0005
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o]

0
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/ Nonpgrturbative Ag lwrtoavoiw
- ‘ fgative runaways (tgee—level)
\
0 8 71000

Successfull
EWBG

FCC-ee 0(ZH)
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FCC-hh Higgs
self-coupling
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[G. Ortona, MS]

HH —bbyy

FCC-hh Simulation (Delphes)

> FT T T I T 177 I T 177 I T 177 I T 177 I T 177 T T T4
. . . ® B — HH(x=1.00) ]
Large QCD backgrounds (jjyy and Y+jets) S ook 5 = 100 TeV 00
2 - L=30ab” Yy + Jets .
- Main difference w.r.t LHC is the very large ttH background 5 soof =il -
) 25005— W 9gH —E
Strategy: : :
: : : . 2000(- .
- exploit correlation of means in (myy, mnh) in signal : :
1500 -
- build a parametric model in 2D 1000k E
- perform a 2D Likelihood fit on the coupling modifier kx 500 .
- Ok /kx=5-7% (stat - stat+syst.) in this channel alone e 120 122 124 126 128 0
m, , [Ge
FCC-h Simulation (Delphes) R e CC-hh Simulation ,(?ﬁ’f’,”?,s{ FCC-hh Simulation (Delphes)
T g TS S e . T
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b - — 34S=1% . 14— _ » all bkg x 0.5 ] ' 14-_ . — Am,, =29 GeV s
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12} | 12~ . 12
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Disappearing Tracks

+ Observed relic density of Dark Matter

+ Mass degeneracy: wino | 70MeV, Higgsino 350MeV
- disappearing track signature

Radius [mm]

- Higgsino-like: 1 TeV,
Wino-like: 3TeV

FCC-hh can explore conclusively EW
charged WIMP models, (low multiplets)

500

450

400

350

300

250

200

150

100

50

Default layout (Concept Design Plan)

IIIIIIIIIIIIIIIIIIlllllllllllllllllllllllllllllll

FCC inner tracker

v3.03 in FCCSW-0.8.3

5-layer track

~

4-layer track

yor s /

Radius [mm]

Discovery significance

Alternative layout

llllllllllllll[lIllllIIIIIIIIIIIIIIIIIIIIllllllll

FCC inner tracker

5-layer track
4-layer track

. %1* decaying into X;"+*

high-p charged particle
interacting with TRT material

low-p; charged particle scattered
in materials resulting in badly
\ measured track py

reconstructed track
———— true particle track
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