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2012 Discovery of the Higgs boson
at mp = 125 GeV

2012-13 Papers on LEP3 and TLEP
Wlth case f()r a Circular ete- CO”ider European Strategy, Snowmass, P5

To stay at the forefront of particle physics, Europe needs to be in a position to
propose an ambitious post-LHC accelerator project at CERN by the time of the

2014-18 FCC Conceptual Design next Strategy update

StUdy European Strategy, Snowmass, P5

ay ugs An electron-positron Higgs factory is the highest-priority next collider. For
2021 '25 FCC FeaS| b| I |ty StUdy the longer term, the European particle physics community has the ambition to
operate a proton-proton collider at the highest achievable energy.

Europe, together with its international partners, should investigate the
technical and financial feasibility of a future hadron collider at CERN with a
center-of-mass energy of at least 100 TeV and with an electron-positron Higgs
and electroweak factory as a possible first stage.
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FCC Feasibility Study 2021-2025 SKIT

= Main deliverable

® Demonstration of geological, technical, environmental, and administrative feasibility of the tunnel and

surface areas including optimisation of the layout
® Prepare potential project approval

®» Elaborate operational model for the machine and experiments

&D

4 4

= Optimise the design of the colliders supported by F
® Develop a consolidated cost estimate and identify resources

®= Consolidate the physics case, detector concept and technologies

2 Midterm review submitted end of 2023

= Executive summary (46 pages) and main document (702 pages)

® No showstopper found

5 Markus Klute Institute of Experimental Particle Physics (ETP)



Baseline Design Luminosity IT
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FCC-ee Runs Ordered by Energy IT

— CDR baseline runs (2IPs)
— Additional opportunities

Total
integrated
0(1) 30 5 luminosity
(ab-)
T T 1 Energy
203040 ... 125 217 (GeV)
QCD
precision electron Higgs mass Physics
studies Yukawa highlights
0(1013) 0(108) 0@x108) 0@x108) #(j‘;g’;;s
:é' 7] (7))
:% é gﬁ 1 T T T EW sector
cE£ 30
07T
"g § g 5 T T T T Higgs sector
5275

I ]

sensitivity to Higgs self-coupling via quantum effects

e Opportunities beyond the baseline plan (Vs below Z, 125GeV, 217GeV; larger integrated lumi...)
* Opportunities to exploit FCC facility differently (to be studied more carefully):
@ using the electrons from the injectors for beam-dump experiments,
« extracting electron beams from the booster,
14 Markus Klute « reusing the synchrotron radiation photons. Institute of Experimental Particle Physics (ETP)
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FCC-ee Runs Time Ordered
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8 9 10 11 12 13 14 15 16
Working point Z,years 1-2 Z, later WW, years 1-2 WW, later ZH tt
Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (10°*cm™%s™1) 70 140 10 20 5.0 0.75  1.20
Lumi/year (ab™ 1) 34 68 4.8 9.6 2.4 0.36  0.58
Run time (year) 2 2 2 — 3 1 4
1.45 x 10° ZH 1.9 x 10° tt
Number of events 6 x 1012 Z 2.4 x 108 WW — +330k ZH

45k WW —- H 48 0kWW — H
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Operation Models SKIT
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Operation Models SKIT
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Detector Requirements

®= Requirements for Higgs physics studied
In detail by LC community

®= Detector capable of dealing with energy
and luminosity range

IIIIIII

200 UUUUUUU EE .V 5§ 9 0 0§ © I llllllll I llllllll I llllllllll
- X s = y

= Limitations imposed by Z pole run | i I -
= ~33MHz collision rate < / S
®= High occupancy for inner layers and forward region °: g )
= Beamstrahlung -100:—d- | I J
= Complex machine detector interface - ” PR l ....... 3

11 Markus Klute Institute of Experimental Particle Physics (ETP)
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Detector Concepts AT

CLIC-like Detector (CLD) Innovative Detector for an Electron- ALLEGRO
e Full silicon vertex-detector + tracker  POsitron Accelerator (IDEA) * High-granularity noble liquid
e Silicon vertex detector calorimeter

e 3D high-granularity calorimeter
e Solenoid outside calorimeter

e LAr or Lar + Lead or Tungsten
absorber
e Newest proposal

e Short-drift chamber tracker
e Dual-readout calorimeter (solenoid inside)

Ideas for specialised detectors

12 Markus Klute Institute of Experimental Particle Physics (ETP)



Physics Program: Higgs Physics IT

®= Higgs connected to most relevant questions in HEP

= BSM scenarios introduce modifications of Higgs properties

Exotic BSM

Origin of EWSB? Higgs Mass :
: ) Decays Higgs signal - Higgs Width N
Thermal History of Higgs Portal Self % strengths : g Soarches Electric
Universe to Hidden Sectors? coupling - v, S Y € . Dipole
measurements it Yo NN BN g B NV AV, , _- Moments

Multi-Higgs
resonances _

Stability of Universe

Differential
Cross Sections

Py T-

7_"! i?

-T" 3o
7"5 ‘,"I.‘,“,.J

CPV and

Fundamental
or Composite?
-

CPV and
Baryogenesis

\ -, Baryogenesis
.4.'":

Higgs Portal L & 4 gAT Origin of EWSB?
to Hidden Sectors? :

Thermal History of

Universe W Stability of Universe

Origin of Flavor?

arXiv:2209.07510
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CERN@100 : I
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CERN @ 100 SKIT

L
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Physics Program: Higgs Physics

= HL-LHC Higgs Legacy

Vs = 14 TeV, 3000 fb"' per experiment

Total
9 : ATLAS and CMS Statistical
HL-LHC Projection —— Experimental
- Theory
H" Uncertainty [%]
Y [ ;S e Tot Stat Exp Th
Y Ky — 1.8 08 1.0 13
. KW — 1.7 08 07 13
K
Y
(0-BR)(gg — H — yy) osm(gg — H) - BRsm(H — vy) - — K
KH 7 — 1.5 07 06 12
Kg — . 25 09 08 21
° t,b a ° b T K4 34 09 11 31
t,b B—G" t,b t,b
’ Ky ' ’ ’ Kb — 37 13 13 32
t.b tb |,
g oo “H g vsos0—@ — — - H
Statistical-only Statistical + Systematic K‘t — 1.9 09 08 15
ATLAS CMS ATLAS CMS
HH — bbbb L4 12 06l 0.95 Ky b—__ 43 38 10 17
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 18 20 1.8 K o8 12 17 s
HH — bbVV (llvv) i 0.59 i 0.56 Zy . 8 72 17 6
HH — bbZ Z(4l - 0.37 : 0.37
e 0 O o 0 002 004 006 008 01 0.12 0.14
Combined Combined Expected uncertainty
4.5 4.0

16 Markus Klute Institute of Experimental Particle Physics (ETP)



Physics Program: Higgs Physics IT
= Cross section: oz4 (240) ~200fb
® Statistics: 27106 (ZH) and 2*10° (WWH) Higgs bosons in 4 |IPs

= Clean environment: no pileup, beam background under control, E & p constraints

Unpolarized cross sections

o L s —

- — gt — HZ

% 250 ......................................................................................................... - HZ’ Z - Vv

> — WW — H

S ZZ — H

O 200 Total o 7

: Z*
150

e H

100

................................................................................................................................................

3 f s ;8 7 €
] | i 1 1 i 1 1 i A A I :

500 220 240 260 280 300 320 340 360
Vs (GeV)

50

Illl’lllllllllllllllllll
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Physics Program: Higgs Physics IT

,, 700FCCee smuston V5 =240 GV, 10 ab ™
= Measurement of oz and my ™ 0

& 600 — IDEA -

a  r — IDEA perfect resolution -

3 — IDEA 3T

L

— |DEA CLD silicon tracker

400 B
f I - - tracking Am Am,,
; v system (MeV) (MeV)
200~ . stat.only stat + syst
7 100 ‘_
: R IDEA 2T 3.49 4.27
P22 123 124“1%51'iéél‘1157”112l8“1'21§”113[01[1‘:;‘1”1'32
heeol (@eY) Perfect 2.67 3.44
H\ FCC-ee Simulation (Delphes)
> - ST E BN TS LR
N T agpe n — G IDEA 3T 2.89 3.97
? S [ L=5ab’ _ . W :
g 8000_— ete -5 ZH - p'p + X Other Backgrounds bl CLD 2T 456 532
2 _ 2 — 12 i e 4
Myecoil = (\/g - Eff) — |p€€‘ " o
6000 — al
4000{— d
2000— 5
S e e e 760
18  Markus Klute arxiv:2106.15438 Meeat 98V Institute of Experimental Particle Physics (ETP)



https://arxiv.org/abs/2106.15438

Physics Program: Higgs Physics

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® S-channel production to probe electron Yukawa coupling

®= Very small cross section reduced by ISR and beam spread

Born

1 6:_ N arXiv:1509.02406
= © H (1): with ISR

1.4 (2): SE/E = 3x105

- o (3): SE/E = 6x10-5
1.2
2 1E
© 0.8
© 0.6
0.4F

O’—r. ’;( ’Il .1. .,-.’T'/I(l ] 1 | | | M

125.69 125695 125.7

19 Markus Klute
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Physics Program: Higgs Physics

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

®= Higgs total width and couplings measurements

= og(lee—ZH) * BR (H—X) by identifying X

s Example: o(ee—ZH) * BR (H2Z2) « gnzz4/TH

Coupling HL-LHC FCC-ee (240-365 GeV)
2 IPs / 4 IPs
kw (%] 1.5% 0.43 / 0.33
k7 (%) 1.3* 0.17 / 0.14
kg %) 2% 0.90 / 0.77
K~ 7] 1.6* 1.3 /1.2
Kz~ [70] 10* 10 / 10
Kt [% 3.2* 3.1 /3.1
ko [% 2.5* 0.64 / 0.56
K %] 4.4* 3.9 / 3.7
kr (%] 1.6* 0.66 / 0.55
BR;,, (<%, 95% CL) 1.9* 0.20 / 0.15
BRunt (<%, 95% CL) 4* 1.0 / 0.88

20 Markus Klute

Results not limited by
experimental systematics

Total width uncertainty at ~1%
Testing quantum corrections in

the Higgs sector, probing
Higgs self coupling
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Physics Program: EW Precision

= | EP Legacy

® Measurements of crucial and

fundamental parameters of the
standard model

. /& W boson masses, number of

light neutrinos, as, Qqep, ...

= Constrain mypp and my indirectly

a FCC-ee

21

All LEP1 data in minutes
All SM parameter known

Study consistencies > 3 orders of
magnitude more stringently

Inconsistencies will invoke new
physics

Markus Klute
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Physics Program: EW Precision

®= Uncertainties: energy calibration

22

events

progress!
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arxiv:1909.12245

I I I | 1 l I I 1 l I | 1 I [ I I :l I I I | 1 l I I l: I I | 1 I [
i 1 1 i

_ ! ! i
| | | | | | | | | | 1 | | | | I | :I | I | | | I l I I: | 1 | 1 | |

Quiet period -

16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00

> —' I ] [ l . ¥ > | 16th August 1995
In-situ calibration during data taking with 2“*" 4 s
non-colliding pilot bunches ;? W + : S
| g 46470 | 4 5
Beam energy spread from di-lepton 8| H ++++ o
46465 | w | % e
Methods need to be improved. Work in o
22:06 I 12:100I | 16:100I | lOIOO | 14100 | 18100 | 22100 | lZ:OO _.. H
Daytime 46478: i
LEP measurements of beam energy s64] | Noisy period
statistics| A/, ps| A/ Sgyst_ptp| Calib. stats. W
Observable 100keV| 40keV [200keV /v N*|85 £ 0.05 MeV
my, (keV) 4 100 28 1 B
Ty (keV) 4 2.5 22 1 10
sin? O%g x 10° from AL 2 = 2.4 0.1 —~
2
AaQED(Mz) 105 3 0.1 0.9 . 0.1
aQED (m7)

Markus Klute
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Physics Program: EW Precision

®= Uncertainties: luminosity

= Small angle Bhabha scattering used at LEP

= Very large cross section (78nb)
® Excellent control of geometry needed: O(10-9)
precision, Ar ~1 pm
® Theory prediction 0.037% but far from
statistical precision
= Di-photon production excellent probe

m Clean events, but lower, accuracy O(10-4)

23 Markus Klute
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Physics Program: EW Precision IT

CMS Preliminary
®= W mass measurement T
LEP combination B 80276 . 33 ,_;_._| .

Phys. Rep. 532 (2013) 119

DO | 80375 + 23 ‘—.—1 _
PRL 108 (2012) 151804 _

CDF — 80433.5 + 9.4 I . —
Science 376 (2022) 6589 |

Threshold scan LHCb | 80354532 pb

JHEP 01 (2022) 036 I

Statistical uncertainty ~0.45 MeV ATLAS 5036655159 e )
y : gy CMS | 80360.2 + 9.9 1 L
This Work | —= EW it
512 FCCee W-pair threshold 1 | ! I ! | | |
< | — m,=80.385GeV I,=2.085 GeV 80300 80350 80400 80450
[7] =79.385-81.835 GeV, I'|,=2.085 GeV
510_ ] m=80.385 GeV, TI',=1.085-3.085 GeV, Mmwy (MeV)
5
8 - —— 5C kinematic fit Mean  82.38
- —— 4C kinematic fit Std Dev 9.568
_ 0.05— 4C rescaling
. —— Raw Mass Mean  74.65
6 B StdDev 10
_ Direct mass reconstruction
at- Statistical uncertainty ~0.22 MeV o~ -
‘ Lead systematics: theoretical o02]
ol : 240 GeV
0.01 WW — qqqq
| | | | l | | | | I | | | ] E_ _ -.f.-!:n:-_r -'=—_ N |
155 160 165 170 = 75" '-T;T-ﬁ?ﬁflﬁio 120
's (GeV) M,, (smaller dijet mass) [GeV]
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Physics Program: Top Precision IT

® Jop mass and width can be

. . — 14—
measured directly with an accurate & [ tithreshold - 15 mass 174 GeV I §
top cross section threshold scan g 1.2 —TOPPIKNNLO - —=CLIC 350 LS+ISR -

% —|LC 350 LS+ISR — FCCee 350 LS+ISR -

® Uncertainties s -
7 -

= Statistics: mt (['y) is ~17 (45) MeV g 0.8 B

O
o)

= 3 MeV from center-of-mass energy

O
~

Il|lll|lll|lll|lll|lll

®m 5 MeV from 05

O
N

. ~40 MeV from theoretical uncertainties
(NNNLO)

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)
| | | | | | | | |

345 350 3955
/s [GeV]

Illlllllll
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Physics Program: EW Precision

= Summary of results

20

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Observable Present FCC-ee FCC-ee Comment and dominant exp. error

value & error Stat. Syst.
myz (keV) 91, 186, 700 == 2200 4 100 From Z lineshape scan; beam energy calibration
'z (keV) 2,495,200+ 2300 4 29 From Z lineshape scan; beam energy calibration
Rg (x10%) 20, 767 & 25 0.06 0.2 — 1.0 Ratio of hadrons to leptons; acceptance for letpons
as(m?) (x10%) 1,196 4+ 30 0.1 0.4 —1.6 From R% above
Ry (x10°) 216,290 £ 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
op.4 (x10°) (nb) 41,541 %+ 37 0.1 4 Peak hadronic cross section; luminosity measurement
N, (x10°) 2,996 = 7 0.005 1 Z peak cross sections; luminosity measurement
sin? S (x106) 231,480 £+ 160 1.4 1.4 From ALL at Z peak; beam energy calibration
1/aqep(my) (x10°) 128,952 + 14 3.8 12 From AfL off peak
A%’% (x10%) 992 + 16 0.02 1:3 b-quark asymmetry at Z pole; from jet charge
A, (x10%) 1,498 + 49 0.07 0.2 from AE%I’T; systematics from non-7 backgrounds
mw (MeV) 80,350 £ 15 0.25 0.3 From WW threshold scan; beam energy calibration
I'w (MeV) 2,085 £ 42 1.2 0.3 From WW threshold scan; beam energy calibration
N, (x10°) 2,920 = 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
as(mé;) (x10%) 1,170 £ 420 3 Small From R}V

Markus Klute

Institute of Experimental Particle Physics (ETP)



Theoretical Calculations T

® [heoretical predictions and tools need to match experimental precision

Quantity Current FCC-ee stat. Required Available calc. @ Needed theory
precision  (syst.) precision theory input in 2019 improvement '
my, 2.1 MeV 0.004 (0.1) MeV non-resonant NLO, | NNLO for
Tz 23MeV  0.004 (0.025) MeV ete™ — ff, ISR logaglth(fins ete— — ff
initial- to 6th order
in2 g 16x10-4 2(2.4 106 initial-state up
S Vet 0x10 (2.4) x 10 radiation (ISR)
myy 12MeV 0.25 (0.3) MeV lineshape of NLO (ee — 4f NNLO for
ete” - WW or EFT frame- ee — WW,
near threshold  work) W — ff in
EFT setup
HZ7Z - 0.2% cross-sect. for NLO + NNLO NNLO
coupling ete” — ZH QCD electroweak
Mtop 100 MeV 17 MeV threshold scan N3LO QCD, Matching fixed
ete” = tt NNLO EW, orders with
resummations resummations,
up to NNLL merging with

MC, as (input)

TThe listed needed theory calculations constitute a minimum baseline; additional partial higher-order
contributions may also be required.

® Recent progress on a number of techniques and tools

® e.g. Two-Loop Electroweak Corrections with Fermion Loops to ee = ZH

® Plan is emerging but significant advancement are needed
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Physics Program: EW and Top Precision IT
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Physics Program: New Physics Searches SKIT
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- EFT D6 operators (some assumptions)
- Higgs and EWPOs are complementary
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Physics Program: Flavor Physics

Particle count (10°) BO(B—O) B* Bg(ég) B L\ (8 cle) | T
Belle-1I 55 55 0.6 N.A. N.A. 130 | 90
FCC-ee 770 770 170 g 150 1400 | 400

® Precise determination of |Vub| and |Veb| CKM elements

® | ong standing tension between inclusive and
exclusive extractions

®= Extreme precision at FCC-ee

= Independent probe using B} and Bt — 17 v,

arxiv:2305.02998
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B* — rtv, [FCC-ee, 150 ab™ ', 2%)| e [ e i
B*Y — 77v, [FCC-ee, 150 ab™', 4% |—e— —=— ——]
Bt — 77u, [Belle I1, 50 ab™'] —e—i—= |
""""" Brort ooy [N BN
CKMfitter (Global fit) ——
UTfit (Global fit) e
Inclusive (GGOU) } A
Exclusive (HFLAV) ——
t Val
95 80 ias i A0 s

Karlsruhe Institute of Technology
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3.6 p =
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. e
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https://arxiv.org/abs/2305.02998

Physics Program: New Physics Searches SKIT

®= Heavy neutral leptons

= Sterile neutrinos 5 J\V}/Q\ Z
7 N v N

Z
= Can be long-lived '\I\N\_ '\N\P\V_ vy

e+e- 2 Z-> vN
N-> e- + {W+* 2jj}

31',” — 205 ab_l

LHC prompt

FUTURE
CIRCULAR
COLLIDER

106 LHC LLP

10—10

- mmm FCC-ee yjj LLP

- FCC-ee pjj prompt
FCC-ee uuv LLP

-=-=- FCC-ee combined

10—12. ‘ , .
2 5 10 50 100

My, [GeV]
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FCC Schedule

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Feasibility Study

(geology, R&D on accelerator,

Project approval by
CERN Councill

detector and computing (or alternative project selected)

technologies, administrative
procedures with the Host States,

environmental impact, financial
feasibility, etc.)

Construction starts

v

O
HL-LHC

ends

2045-2048

Operation of FCC-ee Operation of FCC-hh

(15 years physics exploitation) (~ 20 years of physics exploitation)

® Schedule considers past experience, approval timelines, and that the HL-LHC will run until 2041

® Accelerated scenarios are under study
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FCC Feasibility Study Midterm Cost Estimate ST
® Total cost for Z, W, and ZH run with two IPs estimated to 12,801 MCHF

® Accelerator: 3,847 MCHF

® |njector & transfer lines: 585 MCHF

= Civil engineering: 5,538 MCH
® Technical infrastructure: 2,490 MCHF

® Territorial development 191 MCHF

WIKIPEDIA

= CERN contribution to experiments: 150 MCHF

® Additional cost for two further IPs is estimated to 710 MCHF

®= To operate FCC-ee at the top-pair threshold would require an additional
investment in RF equipment and cryogenics of 1,465 MCHF
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Sustainable - Energy Supply I

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

®= Analysis for the supply from renewable

SO u rC eS ] Sample years for supply optimization Focus of the study [l Prevessin site [l Meyrin site LHC B FCC

Expected annual power consumption, TWh

® Carried out in collaboration with two
experienced consulting companies
(McKinsey, Accenture) and report prepared

14 14
1.2

0404

. [E [ B ™

® Findings

= FCC and CERN can be supplied with renewable energy
sources

2.6

o
S

= Requires detailed planning, implementation, and operation _
of power purchasing agreements 20 20 20 .

o
N

= Mix of wind and solar power most recommended
technology complemented with battery storage

®= Providing FCC with renewable energy is an incentive for an
accelerated energy transition and can lead to lower prizes

]
= 2
N &

45| 46 47 48 49 50 51 52 0583 54 |55| 56 57 58 59 60 61

Z operation H operation Shutdown tt operation Post operation
W operation
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https://zenodo.org/records/8074977

Conclusion AT

®= Higgs factory as the highest-priority next
collider

= FCC-ee delivers ambitious, unbiased, high
precision exploration of the Higgs Boson and
SO much more

@ |ntegrated FCC program offers unparalleled
exploration potential over the widest physics
frontier through precision and direct searches

® Feasibility study reached mid-point and will
conclude in 2025

= Many opportunities to engage Iin all areas of
the project

created by OpenAl's DALL-E
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