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* Physics Motivation
* Introduction to the Future Colliders

* Higgs measurements at Future Circular Collider
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Physics motivation

**Higgs physics at LHC
* Higgs boson was discovered in 2012 with ATLAS and CMS
* Third family Yukawa couplings
* Indicate new physics around the TeV

**Puzzles of the Standard Model
 Dark matter
* Neutrino mass
e Different Higgs models
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Future Colliders

1 Future Linear Colliders:
1. International Linear Collider (ILC)

1) e*e” at 500 GeV, 1000 GeV
2) 30-50 km

ILCIEROWAEE
Schematic illustration of ILC

2. The Compact Linear Collider (CLIC)

1) ete” at 380 GeV, 1.5 TeV and 3 TeV
2) 11-50 km
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1 Future Circular Colliders:
1. The Future Circular Collider (FCC)

1) FCC-ee: ete™ at ~100-400 GeV
2) FCC-hh:p —patl100TeV g
3) FCC-ee + FCC-hh = FCC-INT 5
4) Circumference ~90 km (LHC:
27 KM) # o

2. Circular Electron Positron Collider (CEPC)
1) ete”
2) SppC

* O\“*
Super Synchrotron, S! \\

Medium-Stage Synchrotron, MSS .
Rapid Cycling Synchrotron, p-RSC

/ BIC

IP4

LTB: Linac to Booster
BTC: Booster to Collider Ring



FCC integrated program

Comprehensive cost-effective program maximizing physics opportunities

[ Stage 1: FCC-ee (~90 km tunnel) as first generation Z, Higgs and top
factory at high luminosities > o “ . Future |

O Stage 2: FCC-hh (~100 TeV) as natural continuation at energy o . ST,
frontier (with ion and eh options) ——

~< Collider

Complementary physics
o Integrating an ambitious high-field magnet R&D program

o Common civil engineering and technical infrastructures
o Building on and reusing CERN’s existing infrastructure i +Exp EX"’.nJ S,
o FCC-INT project plan is fully integrated with HL-LHC exploitation and

. . . 14km
provides for natural continuation of LHC -

P “ B-coll  «— 28Kkm — extractlon PD PJ (RP)|

Current layout has two interaction points (IPs), but studying the 14km
possibility of having 4 IPs
o- coll

FCC Physics Opportunities

PA (IP)

FCC-hh/
Booster PB

134m 10.6m

 PD (RP)

PG (IP)
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3

FCC integrated program

a 6n8n10n1214n16m18 15 years 36384042 ~ 25 years
tHcrun3 J 1s3 | HL LHC run 4 ||LS4)[HL LHC run 5/(LS5)( HL LHC run 6 RReratia] operation

Update
permissions,

fundi d
processes funding an sions funding

governance strategy

FCC-ee FCC-hh

Oject preparation
and administrative Permis-

Geological investigations / FCC-ee dismantling,
e ot rugtu B dat aileg d desién Tunnel, site and technical tunnel and
7 : infrastructure construction infrastructure
and tendering preparation :
9ipIog Y adaptations FCC-hh
e h 4 h 4 A 4 B
FCC-ee accelerator research and development FCC-ee accelerator construction, FCC'IQQ gccecljerator FCC-hh accelerator construction,
(R&D) and technical design installation, commissioning technicalac?esign installation, commissioning
A A 4 y € 4
(" Detector R&D and concept N ( ) ¥ N
development preparation FCC-ee detector FCC-ee detector construction, FC%EB c;?]tgc 1 FQC-hh qetector copst.ruc.tion,
of international technical design installation, commissioning technical design installation, commissioning
\_ experiment collaborations JAN A A )
4 D 4
SC wire and 16 T magnet i
Superconducting (SC) wire and high-field magnet R&D R&D, model magnets, ! ge-lr-i gslpgrlgdrnfzit?::t
9 P ¢ prototypes, preseries

1. On the 18 years of preparation
1) Feasibility study (5 year)
2) then civil constructions
3) then machine and detectors construction
2. 15 years of FCC-ee on different energy points
3. ~10 years to change the magnets between, and change the detectors

ears Pf FCC-hh
09/2021
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https://www.nature.com/articles/s41567-020-0856-2

FCC-ee Luminosities

‘r_—l :. | T T T T T T L = . ..
N'U)  2(91.2GeV) : 46 % 10% o B FEbeaBaeilin iy O FCC Physics Opportunities
'E B *  ILC (Baseline) 1 . . .
O u CLIC (Baseline) - » Luminosity as a function of centre-of-mass for the FCC-ee
go 102 — CEPC (Baseline, 21Ps) with two interaction points (IPs)
sl - W'W (161 GeV): 5.6 x 10 cms" - > Luminosity ranging from 2x103¢cm~2s~! per IP (Z pole) to
= - 1 1.5%x10%*cm™2s~! per IP ( top energies)
é’ - HZ (240 GeV) : 1.7 x 10% cm'2s™! - » The luminosity of FCC on each operation point is larger than
é 10 = — CEPC
3 = . » ForFCC-ee
- “(g*ggg:\‘,’;;;_-,8:;&1‘;,,";;’:.;1«// § « 5x%10'? Z boson (5 order of magnitude more than LEP)
- /,//—// - 108 WW events at WW threshold
3 SRR N ' B « 10%ZH events at 240 GeV
: | 1 1 1 1 | 1 1 | | : 1 %
10° 10°
\'s [GeV]
Phase Run duration (years) Centre-of-mass Integrated lumi- Event statistics
energies (GeV) nosity (ab™1)
FCC-ee-Z 4 88-95 150 3 x 1012 visible Z decays
FCC-ee-W 2 158-162 12 103 WW events
FCC-ee-H 3 240 5 10% ZH events
FCC-ee-tt(1) 1 340-350 0.2 tt threshold scan
FCC-ee-tt(2) 4 365 1.5 10° tt events
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3

Higgs production at uture

LI l | S l | EN Ea ) ] T 1 1 ] T 1 71 ] L B | ] T 1 T l T 1 7T

LI LR S
:
H

— e*e > HZ
— WW - H

Cross section (fb)

SNl b

IllllIlllllllllllllllllll

**FCC-ee as a Higgs factory
> For the Higgs-strahlung (ete™ - ZH):

1. Total Cross-section presents maximum at /s ~ 260 GeV

ircular ollider (

HiggsStrahlung

s-channel, cross-section maximal
above the threshold of the process

t-channel, cross-section grows
logarithmically with the centre-of-
mass energy

2. Event rate per unit of time is largest at /s ~ 240 GeV : ¢ ~ 200 fb ~ 10° events (@ L = 5 ab™1)
3. Complemented with data at /s ~ 365 GeV, 1.8x10° ZH and 0.45x10> WW-fusions (~30% ) (@ L = 1.5 ab™ 1)

(useful for measuring self-coupling and I'y precisely)
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"Higgs recoil mass” technique at uture ircular ollider (

* Goal: Measurement of the ZH total cross section and Higgs boson mass
 Signal:ete™ - ZH > U+ X
ZH is the dominant Higgs production process @ 240 GeV ete "machine

* Use events with a Z decaying leptonically, and reconstruct M,.,.,;; from the Z production
without measuring the Higgs production final state VS my+;-

1 1+1 H i i X imulation = %
* The reconstructed M, is sensitive to the precise FCCee smuaton Vs =240 GeV, 5 ab” 1o FECRE Smvten 19240 GeV, a0 ]

> . > [EITTT
§14oooﬁ g . S 0oL E'ZH
2 L PN SppEp g o u W (v )W (V)
knowledge of the centre-of-mass energy and ISR . EZ\IL(W W) S m
§ i Bz i l § 7005 -YZ/y -1
* Model-independent study W 10000 - [ Rare (e(e)Z, y—u) - ook B Rere (e(e)Z, 1Y)
T 8000 - | ] -
« WW, ZZand Z/y — ll Backgrounds @ 240 GeV i ] g
6000 —f L ] i
* This approach allows for precise measurements of ool IR ] e
§ ] 200
ZH cross section (per mile) and Higgs mass (~ MeV) 2000 ; 100
00 50 40 60 80 100 120 140 920 122 124 126 128 130 132 134 136 138 1é0
Myec (GEV) Mhec (GEV)
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https://indico.cern.ch/event/995850/contributions/4415989/attachments/2272945/3860610/ZHRecoilAnalysis_FCCWeek_29062021.pdf

Expected value of the coupling constanse

2
Oz X B(H%XK) OC@

The o,y accuracy could achieve 0.5%

5, X B(H— XX)

Obtaining the ZH cross section, one can determinate gyzz

and Higgs width ( Iy )

Iuzz, JHWW, Hgg and gu; are expected to achieve per

mile precision

NE 240 GeV 365 GeV
Integrated luminosity 5ab 1.5ab "
d(oB)/oB (%) ZH v, H ZH v,0, H
H — any +0.5 +0.9

H — bb +0.3 +3.1 | 40.5 +0.9
H — cc +2.2 +6.5 +10
H—gg +1.9 13.5 +4.5
H—>WTW™ +1.2 +2.6  +3.0
H— Z7Z +4.4 +12 +10
H— 177" +0.9 +1.8 +8
H — vy 9.0 +18 +22
H— ptp +19 440

H — invisible <0.3 < 0.6
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2 2
JHWW X GHXX

Iy ’

arXiv:2106.15438
Coupling Precision (%)

(k framework / EFT)

9HZZ 0.17 / 0.26
JHWW 0.41 / 0.27
gHbb 0.64 / 0.56
Otioe 1.3 / 1.2
JHgg 0.89 / 0.82
et 0.66 / 0.57
et 3.9 /3.8
Tt 1.3/ 1.2
GuZ~ 10. / 9.3
gHtt 3.1 /3.1
T 1.1
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https://arxiv.org/abs/2106.15438

ZH cross section and mH at FCC-ee

2CBG pdf with data 2CBG_Pol2 pdf with data
. alphal = 3.1 +-1.7 = alphal = 2.60 +- 0.46
S - . alphaR = 0.1497 +/- 0.037 S F alphaR = -0.149700000000
8 1000 sgn.:mumuH 4t mean = 125.087 +/- 0.012 8 1200 sgn.: mumuH ""' mean_CB = 125.082 +/- 0.016
{4 L] °1)) ° L] - = . - 0. : Bkg.: ZZ_ WWmurguiZIl - : 0.
ZH “Higgs mass recoil” study preliminary results s .f .. LIRS o T o6+ 1527 4014
> - eoF 149 nR=37+-13 > E NDE 100 {'.: i n_R = 3.70000000000
€ r | nsig = 18187 +- 135 € 800— L nbkg = 37332 +/- 328
Q  goo[mumu : sigfract = 0.465 +/- 0.041 Q T ata A nsig = 18388 +/- 207
. . - . . . w —Data | sigfrac2 = 0.401 +/- 0.043 L 600 §_+ ?:_tFil ko 4 pO = 0.19000000000
{ ’ <. Sig.Fi Pl
W t h I I t th t B DT d f tt ~ Sig. Only Fit | sigma = 0.413 +/- 0.012 Bk it £oi p1 = 0.00480000000
I SI m p e Se ec |O n S (WI Ou ) a n I I ng 400 = .' sigma2 = 0.83 +/-0.12 - 9. Fi ' ‘“" p2 =-0.000037200000
d . N [\ 400 o: H sigfrac_CBL = 0.364 +/- 0.071
t - " ‘-_ ch sigfrac_CBR = 0.50000000000
stuaies 200~ 200 %&W#“’h M*’v” --------- S il 'WWW {| sigma CB = 0.408 +-0.024
r e sigma_G = 0.72 +/-0.13
8 C T | P R
= E =
W= g [T .
§EE g2 .
© E o)LL
D 4 E D 4
. 2 2
Conclusion: i
e Statistical analysis yields Higgs mass uncertainty 6.7 53 :
_1q i 122 124 126 128 130 132 |;4 136 138 140 _1Q

MeV, cross-section 1.1 % (stat-only) " e
recoil e
* Inclusion of systematic uncertainties results into 8.0 FCCee simuaion |5 = 240 GeV, 5 ab”’

MeV / 1.9% respectively, where uncertainty from ISR is 1SR (conservatve 1SR conservative
dominant but conservatively estimated
. . . BES 1% — BES 1% —_
e Will apply more advanced analysis techniques (BDT...)
BES 6% — BES 6% ——
Vs + 2 MeV s +2 MeV
Muon scale (~10 6) Muon scale (~10 '5) ——
Syst. combined Syst. combined
(BES 1%) (BES 1%)
-2 -1 2 -4 -2 0 2 4
sys,(cs(ZH Z——)uu)/c ) (%) Ggyer(M) (MeV)
Cross section (%) Mass (MeV)

Ang LI--APC-Paris  05/09/2021 ZH Recoil talk at FCC Week 11



https://indico.cern.ch/event/995850/contributions/4415989/attachments/2272945/3860610/ZHRecoilAnalysis_FCCWeek_29062021.pdf

The electron Yukawa coupling via resonant s-channel ete™ — H production

Signals Backgrounds: . _ arXiv:2107.02686
T W. 7 . w7z € W, Z, v - Energy spread:
e ) » Y [ ’ - —6:0
05~  5=41Mev
_H Z F o 8=7MeV
. = pal =" 8=15MeV
= UTE . 5=30Mev _
e W, Z, v e~ W, 7 303; -~ 8=100 MeV 47TFHF(H—)6+6 )
~= 0. 2 OcesH — 21\2 2 2?
. oo §ok (s —mu)” + mulh
et b, g, mF et g, ¢ b, tt © 0 C
> : < >__< = A
e ot e O s M
_ [ _ o b - 0 124.99 124.995 125 125.005 125.01
‘ - ‘ G s (GeV)

* Yukawa couplings have been measured so far only fort, band t

* At the end of the LHC lifetime, part of the Higgs Yukawa couplings to the second-family fermions (the
muon and, maybe, the charm quark) will have been probed

* Higgs decay to ete™ is unobservable: BR(H — ete™) ot m2 ~ 5x107°

* Resonant Higgs production was considered so far only for muon collider: c(u*u~ —» H) ~ 70 pb
* Oeessy = 1.64 fb (my = 125 GeV, [y = 4.2 MeV)

Challenges:

1. Centre-of-mass energy at Higgs pole (Accurate knowledge of Higgs mass (“MeV)) = (feasible at FCC-ee see ZH recoil study
2. ISR and beam-energy spread (~“MeV but still deliver large L;;,¢)
3. Existence of multiple backgrounds

Fundamental Physics motivations:
1. Higgs mechanism for first familly of fermions
2. Electron Yukawa coupling is measurable
3. BSM scalar physics connected to electrons at ~ 100 TeV

Ang 4. New pg%glﬁotﬂat is quasi-degenerate with Higgs boson mass? Its feasibility study is still on going

Ge+e_—>H == 280 ab
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https://arxiv.org/pdf/2107.02686.pdf

Trilinear Higgs Self-coupling

Trilinear coupling: 0.025,
QO Higgs strahlung: ete™ > ZH .+ Z et Z 0.020°
o ~ 0.015
N ‘e — [

e” \‘h e” ‘L\‘h O

0.010-

Q WW-fusion: ete™ - vi_H 0.005¢

0.000"

A=k _ FCC-ee, from EFT global fit

O Higgs self-energy , [ — 5/abat240 GeV |

st Bh BwosZilioend) g2, = gimazmgey

ST NN, e 350 GeV alone 1

. T e 365 GeV alone |

* Including all the FCC-ee running, a model-independent precision of £42% 0.01} Ax*=1

can be achieved on kjreduced to +34% in combination with HL-LHC, and to N ' |
+12% when only k; is allowed to vary 3 0'00:
* FCC-hh has the potential to reach a precision of ~ 3-5% of 15 from di-Higgs . 01:_
production, in combination with the precise Higgs decay branching ratio il
measurements from the FCC-ee _0_023_

* With four IPs, the first 50 demonstration of the Higgs self-coupling is whin L

reach in 15 years at FCC-ee . =4 =~ 0 2 4
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https://arxiv.org/abs/1711.03978
https://arxiv.org/pdf/1809.10041.pdf

Conclusion

**Conclusion:

* The Higgs program can be achieved after few years of running

* In the Higgs measurements, the “ZH recoil mass” method will allow for improving the
uncertainty of my to several MeV level (while I'y = 4.1 MeV). And measure the gy, as a
“candle” for other Higgs studies

* Electron Yukawa couplings may arrive high confidential level via resonant s-channel
ete™ - H production

* FCC-hh has the potential to reach a precision of ~ 3-5% of A; from di-Higgs production, in
combination with the precise Higgs decay branching ratio measurements from the FCC-ee

* The FCC collaboration is welcoming new collaborators from all over the world. The next
collaboration meeting which is open to everybody is the FCC week 2022 which will take
place in Paris (May 20-June 3, 2022)
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* full silicon tracker
* 2T magnetic field
* high granular silicon-tungsten ECAL
® high granular scintillator-steel HCAL

CLD

Detectors under study

IDEA

CalRin = 250 cm

CalRout= 450 cm

Yoke 100 cm

Magnet z =+ 300 cm
* conceptually extended from the CLIC detector design * explicitly designed for FCC-ee/CepC

* silicon vertex

* low Xp drift chamber

® drift-chamber silicon wrapper

* MPGD/magnet coil/lead preshower

* instrumented steel-yoke with RPC for muon detection ® dual-readout calorimeter: lead-scintillating/

Ang LI--APC-Paris

05/09/2021

cerenkhov fibers
* uRwell for muon detection

| Detector height 1100 cm
2
=
;
g
8
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Detectors under study

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

Stage 2 FCC-hh Machine

Stage 1 Technical Infrastructure and Injector complex

s 47%

Stage 1 FCC-ee Machine and
Injector Complex
14%

Stage 2 Technical
Infrastructure adaptation
10%

Stage 2 Civil Engineering
complement —
2%

Total construction cost FCC-ee (Z, W, H) amounts to 10.5 BCHF + 1.1 BCHF (tt).
- Associated to a total project duration of ~20 years (2025 — 2045)

Total construction cost for subsequent FCC-hh amounts to 17 BCHF.
- Associated to a total project duration of ~25 years (2035 — 2060) (FCC-hh stand alone 25 BCHF)

Ang LI--APC-Paris  05/09/2021
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FCC timeline with LEP-LHC

1976 2010

81

<- construction -> 89

12 years LEP operation

2000

2038

2020

2038

| 030D

8+2 years installation

15 years FCC-ee operation

r

administrative processes

Permis-
sions

Project preparation &

Funding and

Update
Permis
sions

Funding and

28 years LHC operation 64

2090

34 E 36 38 40 42 ~ 25 years operation

Funding in-kind in-kind
strategy contribution contribution
agreements agreements
Geological investigations, : S FCC-ee dismantling,
infrastructure detailed design and Wi el techmgal it CE & infrastructure
: k construction 2
tendering preparation La\daptatlons FCC-hh
[ N Y4 )
OO e RAD e e ek FCC-ee accelerator construction, FCC-hh accelerator R&D FCC-hh accelerator construction,
9 installation, commissioning and technical design installation, commissioning
\. J \\ VAN J
4 : ~ Y Y )
Set.up oflntemauor)al FCC-hh detector
experiment collaborations, FCC-ee detector FCC-ee detector FCC-hh detector R&D, O R P
detector R&D and concept technical design construction, installation, commissioning technical design R .
commissioning
& development J JU §
r
SC wire and 16 T magnet R —
Superconducting wire and magnet R&D R&D, model magnets, Ape g t?
& prototypes, preseries seligs prouscon
Gn 11
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Signals, Backgrounds and Selections

» Signals: ¢ /s =240 GeV
1.  Z(u*tu")H (Whizard) * ISR and FSR on
2.  Z(t*t7)H (Whizard) * Beam Energy Spread
3.  Z(qq)H (Whizard) Or ZH inclusive (Pythia) . Luminosit_yl:
4.  Z(vv)H (Whizard) . ;E: dSeil:ctor
> Z(e+e_)H (Whizard) * Spring2021 samples
» Backgrounds: Pre-Selection:
1. ZZ(inclusive), (Pythia) 1. Atleast one Z boson from a u*u™ pair
2. WHuHW- (a0, (Pythia) 2. my,+,- €[80,100] GeV
3. Z - I*l7, (Pythia)
4. 7 qa, (Pythia) _MWMME
5. eeZ, (Whizard) 1006580 33822 1289600 6794950 68893500
6. yy — utu~, (Whizard) NEVENTS 107 10° 107 107 0.99 - 107
7. yy - ttt~ (Whizard) NEVENTS/o - L 9.93 29.57 7.75 1.47 0.14
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Evolution of M,...,;; distribution

FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes)
> _III|III|III|III|III|III|III|III|III|III_ >2000rl'lllIII|III|III|III|III|III|III|III|II1: > _|||||||||||||||||||||||||||||||||||||||_
& - — sum ZH wzp6 & - — sum ZH wzp6 S - — sum ZH wzp6
S [ L=5ab’ o vywut S - L=5ab’ o yywut A )5 [ L=5ab’ yywut ]
Q L ete = ZH - uu +X eeZ ] E 1600~ e*e” = ZH — uu + X ee”Z — E, 1200k ete > ZH — utu +X eeZ ]
& 25001 soii6 Bl Z—qq o C Sel2z . Z_: a7 o Sel.23 BN Z—>qq A
3 - W EOWEY) 5 1400 W) WEw) ® W u)WEw)
C oz ] C oz i . 1000 pmzel
- St [ ¥ 1000 - B
1500 - : ]
1000 — - ]
i y 7]
500 N B
P20 122 124 126 128 130 132 134 136 138 140 20 122 124 126 128 130 132 134 136 138 140 $20 122 124 126 128 130 132 134 136 138 140
Mrecoil [GeV] IVlrecoil [GeV] I\/Irecoil [GeV]
APC-0-Selection: APC-1-Selection: APC-2-Selection:
1. Atleast one Z boson from 1. At least one Z boson from 1. At least one Z boson from a
+,,— nai — . .
auTp pair autyu pair utu~ pair
2. my+,- €[86,96] GeV 2. my+,- €[86,96] GeV m,+,~ € [86,96] GeV

2

3. Mrecoil € [120,140] GeV 3. Mrecoil € [120,140] GeV 3. Mpeco € [120,140] GeV
° I'L+#_ Il+ﬂ_
Reconstructed Particle 4 »r" €[20,70]Gev Lo €120,70)Gov
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Fitting model and parameter settings

* Fitting functions

* Signal: 2CBG or Two-Sided Crystal Ball
e Background: Second Order Polynomial
e S+B= nsig*signal + nbkg*background

» Initial signal modelling using Two-Sided Crystal-Ball (DSCB) , further optimized to 2CBG by

Jan: Jan’s presentation

* Two CB functions (left and right), sharing mean and width
* Added Gaussian to cope with the high tails
* In total three terms, which can float, but Gaussian suppressed in norm (sigfracl + sigfrac2 > 0.8)

* In total 10 “free” parameters (+1 normalization)

pdf(Mrecoil)
= sigfracl - CB(Myecoir; b, 0, a1, ny) + sigfrac2 - CB(Myecoir; 1, 0, @g,ng) + (1 — sigfracl — sigfrac2) - Gauss(Myecoir; H2,02)
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https://indico.cern.ch/event/1050074/contributions/4411949/attachments/2268118/3851298/HRecoil_FCCeePhysicsPerformance_21062021.pdf

