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Outline |

Barbara Mele

3k HEP Theory : present status

5k HEP Experiments : main strategies

3k quite a few great options for
"beyond HL-LHC" Physics |

%k extremely rich programme...
a few examples of physics
potential...

3k very exciting (and challenging)
time for particle physics !
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our starting point =» LHC [+ HL-LHC ]

impressive amount of results !
testing present knowledge of fundamental interactions
in many many directions with unforeseen accuracy...

will expand even more in the high-luminosity phase (~2029-~2040)

LHC HL-LHC

U = v 15 Ls2 13.6 TeV 13.6 - 14 TeV
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LHC
7 TeV 8 TeV button collimators interaction . inner triplet . X
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
IIIIIIII!E»
510 7.5 x nominal Lumi
ATLAS - CMS —y
R upgrade phase 1 ATLAS - CMS gt
beam pipes . : HL upgrade
nnnnnn | Lumi 2 x nominal LUTL! ALICE - LHCb | 2 x nominal Lumi :

75% nominal Lumi | /_' upgrade
m '!::ll:n integrated [EAUYYRLE
m :un?ignosity 4000 fb"
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our present Physics vision... |
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[ THEORY + EXP's ]

R |}
SM works |

3k huge amount of LHC data fits SM predictions
with amazing (unplanned) level of accuracy !

nevertheless...
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great (although quite foggy) expectations
for new BSM phenomena at colliders !

2K two kinds of issues with the SM :

3k existence of “"external” phenomena :

3k “internal” poor consistency :
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what's so problematic about the Higgs (TH)

Litiges = (D)1 (D"6) = V(67 0)i— P10 — Ypl ot -

............ 23 N
V(9'¢) = —p?¢ it : )\(nggb)

m2, = 2u° = 2\v°
3k the only “"fundamental” scalar particle (microscopic interpretation ?)

3k not protected by symmetries (the less constrained SM sector):
5k naturalness problem : my ~ g *x Acutoff
%k many different couplings all fixed by masses (?)

5k proliferation of parameters historically leads to breakdown
in TH models

%k fermion masses/Yukawa's hierarchy (?)
5k have neutrinos a special role 2!l

3k A determines shape and evolution of Higgs potential =) cosmology !
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what's so problematic about the Higgs (EXP) |

3k very challenging experimental studies in general !l

sk tiny x-sections in direct production from light states

- must excite heavy states (t,W,Z) radiating Higgs

-» small cross sections =» harsh separation from
backgrounds

5k the measured (and unpredicted) my value comes as a

bonus, since it opens many explorable decay channels
(with relatively unsuppressed production x-sections)
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four paths to advance in HEP at colliders:

XK

Xk

S AI AL A

by exploring the characteristics of the Higgs sector
and confirming/spoiling the SM picture
(primary relevance since the Higgs sector is so critical !)

by searching for new heavy states coupled to the SM,

[acting as a cut-off for the SM , possibly solving the
naturalness issues and/or non-SM phenomena (dark matter, ..)]
[searched for but not yet found at LHC in minimal version !]

by looking for new "DARK" states (i.e.,uncoupled to SM

at tree level) either in production or/and heavy-state
(H,top...) decays (elusive signatures, may be long-lived p.les)

by exploring A >> o(1TeV) indirect effects through
high-accuracy studies of SM x-sections/distributions
and searches for rare processes (EFT parametrization)
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four paths to advance in HEP at colliders:

{* Higgs J
[* new particles } {* "Dark” signals}
{* indirect effects }

3k every single method is of fundamental importance
to make progress !

3K e*e- colliders great opportunities in all sectors
(cleanness [ model independence], accuracy...)

3k general consensus by now on e*e- Higgs factory
as hext collider to build |
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5k up to few percent for natural model
not showing up by heavy states production at LHC

BSM impact on Higgs couplings |

Ag(hV'V)

Ag(htt)

Ag(hbd)

10%
< 1%
6%

Composite Higgs

Minimal Supersymmetry
Mixed-in Singlet

tens of %

3%
67

tens of %
tens of %

67

3k different patterns of deviations from SM for different NP models

Barbara Mele
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Model bb cC gg WW 1t ZZ vy L4
I MSSM [38] 48 08 -08 -02 404 -05 +0.1 403
2 Type I 2HD [39 +10.1 02 -02 0.0 +9.8 00 +0.1 +9.8
3 Type X 2HD [39 02 02 02 00 478 00 00 +7.8
4 TypeY 2HD [39 +10.1 0.2 -02 00 -02 00 0.1 -0.2
5 Composite Higgs [40] 64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [41] 0.0 0.0 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [42] -78 -46 -35 -1.5 -78 -15 -1.0 -7.8
8 Higgs-Radion [43) 15 -15 +10. -15 -1.5 -15 -1.0 -15
9 Higgs Singlet [44 35 35 -35 -35 -35 -35 -35 -35
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A H3 coupling most exposed to BSM |

(impact on vacuum stability, Baryogenesis from cosmological EWPT ?)

: 1 1
3 in the SM : V(H):§M,3H2+MH3+ZXH4

A= N = M2/(20%) = 0.13
my directly related to Higgs dynamics !

% direct exploration ) -°

needs HH =<
in final states N
(tiny x-sections) )
* BSM . MOX AdeVia'l'ionS Model Aghhh/gf,%
Compatib'e with no Mixed-in Singlet —18%
. Composite Higgs tens of %
other BSM observation: Minimal Supersymmetry —2%% —15 %"
$ few % to ~20% NMSSM —25%

3k target for both TH and EXP accuracies !
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Future Collider main projects

Barbara Mele

XXXVII Convegno Cortona, 28 September 2023

15



future colliders under consideration

Linear (e*e’) colliders Circular (e*e"/hh) colliders

e ] i/ Z Z I 7 SR 7 P i R

. Compact Linear Collider (CLIC) "+
@S 380 GeV - 11.4km (CLIC380) .~ =

‘Euture
I Circular
£ Collider

L

e

glectron®

Google earth
C

L. Gouskos
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future colliders under consideration

Linear (e'*e ) colliders

7 i/ ZF 7= N T 7 -‘..ew*’,’}" 7

/r 7 - # s 2 wt": - 3 Wie:
. A = =1

Compact Linear Collider (CLIC) _
Y B 380 GeV - 11.4 km (CLIC380) [, £ " ,A Y
1.5 TeV - 29.0 km (CLIC1500) & / 4 ;:; S

727 A W
CLIC (CERN)
_, - Normal-conducting acceleration
- Up to 3 TeV coII|5|ons

t '._g
3.0 TeV - 50.1 km (CLIC3000) = 4 4 R ny @
; S A f J 4 ;/f 37, & 4 ‘!;! g r."'j".::!.
| ’ o g il
{ ‘ - e 1 5

ILC (Japan)
- - Super-conducting acceleration
- 250 - 500 [10007?] GeV collisions

\gum—
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Circular (e*e /hh) colliders

FCC-ee/-hh (CERN)
i - 100 Km tunnel
. - First: FCC-ee; up to 2*m,,, GeV collisions
“standard” technology
# - Then: FCC-hh; 100 TeV collisions
. challenge: 16T magnets

- Essentially an FCC-ee/ FCC-hh
i - More conservative luminosity scenarios

Google earth
C




recently renewed interest also in Muon Colliders

v -- Lumi per IP Cost range
‘ E [TeV] | [103*cm2s1] physics [BS] [MW)]
| FCC-ee 0.24 8.5 13-18 12-18 290
- ILC 0.25 2.7 <12 7-12 140
| CLIC 0.38 2.3 13-18 7-12 110
@ FCC
ILC 3 6.1 19-24 18-30 400
MC 3 TeV CLIC 3 5.9 19-24 18-30 550
MC 3 1.8 19-24 7-12 230
MC 10 20 >25 12-18 300
FCC-hh 100 30 >25 30-50 560
[Snowmass Implementation Task Force, 2208.06030]
Proton Driver Front End Cooling Acceleration Collider Ring

— OOA

|

2 g o o |¥ZE S K| & & 2 <
= © == = tV e 2 £ |6 ® = = =
3 E 2 § |825 @ glg 2 & g § ©
= —_ Q. wv) () = QL —
= C RS § Sls 23 8= 8 2 Accelerators: H H
< § s =)z £ = | Linacs, RLA or FFAG, RCS
: Protons produce pions .. . _
Short, intense _ _ lonisation cooling Acceleration to .
which decay into muons . o Collision
proton bunch of muon in matter collision energy

muons are captured
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lepton colliders Lumi [/s < 1 TeV or > 1TeV]|

1037_

0%}

0%

Lepton colliders (< 1 TeV). ITF Snowmass 2022

100 ab " /yr
\ 2x105h/yr 1000 hh/yr
ReliC
k 10 ab " /yr
ERLC
FCC-eo CEPC CERC
;;;Eéiﬁsszf:::::::::illab_4/yr
/
109 Z/1yr ILC
cce CLIE 1100 fb " /yr
10° tthar/yr
6 \WW/)
106 WW/yr -1Ofb_1/yl’
100 200 500 1000
ECM(GGV)

1037_

0%

1034_

10% ¢

Lepton colliders (> 1 TeV). ITF Snowmass 2022

100 hyyr

\0*@}h

2 5 10
ECM(TéV)

100 ab ' /yr

110 ab " /yr
11ab™/yr
100 fb ~1/yr

S 110 b yr

20

5k in Europe, after ESG input & IMCC [Int. MuCol Collaboration]

kK

in US, after Snowmass studies :

MuC physics case =¥ fantastic !

[energy & precision frontier]

MuC technical challenges (cooling, BIB,...) =¥ manageable !
> - - " We want a MuC ! *

Barbara Mele
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projects possible timelines

Indicative scenarios of future B proton collider W= Construction/Transformation

colliders [considered by ESG]

China Japan
[ FL\

LHC HL-LHC (14TeV, 3 ab™)

(13.6TeV, 450 fb-')

CERN

B Electron collider Preparation / R&D

B Muon collider Original from ESG by Urusla Bassler
Updated July 25, 2022 by Meenakshi Narain
Corrected FCC tunnel length, by F.Z.

2038 start physics

ILC: 250 GeV 500 GeV
2 ab! 4 ab1l

ILC

5 years 20 km tunnel

31km tunnel 40 km tunnel

Cepc 2035 start physics Sppc

CepC: 90/160/240 GeVv
100 km tunnel 100/6/20 ab™ SppC 75-125 TeV, 10-20 ab™

FCC_ee 2048 start physics

91 km tunnel, installation FCC-ee: 90/160/250 GeV 350-365 installation

-150/10/5 ab™! GeV 1.7 ab’ FCC hh: 100 TeV = 30 ab!
~3 km of SRF .

2048 start physics
CLIC: 380 GeV

CLIC

3TeV
5 abl

holding 11 km tunnel

tunnel 50 km tunnel

2020

USA

Barbara Mele

2030 2040 2050 2060 2070 2080 2090
Muon CoIIider 2045 start physics

13 vears muC:Stagel o (tecnologically limited, as from Snowmass 22)
y 4km & reuse Tevatron ring 3 TeV '_1 o
=10ab Note: Possibility of

OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1

XXXVII Convegno Cortona, 28 September 2023 20



how to assess a large-scale project |

pro\;ect -mH beam specues energy, lumi, technology ]

mdlr'ecT) :“ (mainly discussed here)

easublllty-)matur'lty - technical risk

innovation

construction/operation costs (vs constraints from funding agencies)
power consumption

start-up time

total operation time (staging, expandibility)

location vs infrastructures vs politics (global context !)
HEP (both regional and global) community support

**********

fraction of present HEP community involved

Barbara Mele XXXVII Convegno Cortona, 28 September 2023 21



how to assess a large-scale \ et |

\)(@

project —p [beam specues ener'gy

Physucs poten‘rlal (dlr'ec'r mdlr'ec*

feasibility = maturity -) ter 0

2k innovation

3k power consumptis
3k start-up tim
5k total opr
* loco* ctures vs politics (global context !)

3k construction/operatir 64 aints from fund. agencies)

al and global) community support
present HEP community involved
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~ foeusonFCcC |

FUTURE i
( ‘ CIRCULAR FCC research infrastructure for the 21st cent

A new 91 km tunnel to host multiple colliders
100 — 300 m under ground, 8 surface sites
FCC-ee: electron-positron @ 91, 160, 240, 365 GeV

FCC-hh: proton-proton @ 100 TeV, and heavy-ions (Pb) @39 TeV
FCC-eh: electron-proton@ 3.5 TeV

-~ N hea A W ‘&/”%
: > vioame. ‘9" Ly 4 N

Barbara Mele
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n .................... 20 ~15 :acrg-og%ration ( 10 years | o FCC-hh, . F im im Iin
Sp—— s CC estimated timeline

FCC-ee dismantling, CE . .
Geological investigations, infrastructure Tunnel, site and technical & infrastructure [F G lanott |]
detailed design and tendering preparation infrastructure construction adaptations FCC-hh_
FCC-ee accelerator and detector R&D and technical FCC-ee accelerator and detector * ammaiaes unes . :

FCC-ee could start

High-field magnet
- Long model magnets, . o . . .
Superconducting magnets RAD & indusirialization and physics operation in 2040 or
series production i
earlier

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

construction, installation, commissioning

and technical design

‘Realistic” schedule takes into account:
past experience in building colliders at CERN
approval timeline: ESPP, Council decision
that HL-LHC will run until ~ 2041

ANY future collider at CERN cannot

start physics operation before ~ 2045

(but construction will proceed in parallel to
HL-LHC operation

1st stage collider, FCC-ee: electron-positron collisions 90-360 Ge
Construction: 2033-2045 - Physics operation: 2048-2063 _g&

2nd stage collider, FCC-hh: proton-proton collisions at = 100 TéV
Construction: 2058-2070 > Physics operation: ~ 2070-2095

2014 - 2045
2018 2048

HL- LHC
Conceptual Design  Feasibility Study ~ Projectapproval by onctnctionof ~ ends  OPeralion of FCC-ee  Operation of FCC-hh
Study (geciogy, RAD on accelerator, CERN Council (15 years physics explottation) (~ 20 years of physics explottation)
_ . detector and computing tunnel and FCC-ee
(Concepual Design Repont cachnoloaies. adminkatathe tarts .
end 2018) s Soadaras it S Hant Siaten s Care should be taken when comparing to other
environmental impact, financias proposed facilities, for which in some cases only

fea sy, etc.) the (optimistic) technical schedule is shown



Completion of HL-LHC: more ATS personnel available
FCC Approval, R&D, start prototyping

FCC-ee implementation schedule

[ Start of FCC-ee physics run ]

M. Benedikt, P.Janot
T. Raubenheimer, et &

Start accelerator commissioning

End of HL-LHC operation
Start accelerator installation

Start accelerators component production h

Technical design & prototyping completed

Ground-breaking and start of civil engineering

Start of engineering design

FCC Feasibility Study Report

e

e ——

y

FCC-ee Accelerator

Barbara Mele

2027 -

AN

/|
[ /|

Start detector commissioning

Start detector installation

Start of detector component production
Four detector TDRs completed

Detector CDRs (>4) submitted to FC3
Completion of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming
European Strategy Update
Detector Eol submission by proto-collaborations

Key dates

FCC-ee Detectors

XXXVII Convegno Cortona, 28 September 2023 25



FCC-ee: Lumi and event # at different stages

Z W|W Z|H t|t

— — — | | | | —_—
7)) - #2‘(8.&-94 GeV) ¢ ¢ O FCC-ee (2 IPs) ¢ —
o) — ®  FCC-ee (41Ps) _
g B [ ILC (TDR, upgrades) _

< CLIC (CDR, upgrade)

(")o 1 02 E"’" ‘ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ W CEPC ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ _"E
- NG -
8 — HZ (240 GeV) .
é 10 e i e —
3 E _‘ =

— it (358 GeV) —
1 E_______ ............................ I ........................................................... o o ( ZSOGeV) ....... ll ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ l ...................................................... I ,,,,, _§
100 150 200 250 300 350 400
/s [GeV] \/s errors

Neverdone 2 MeV
Neverdone 5 MeV

ZH maximum  y/s~240GeV  3years |

tt threshold Vs~350GeV  5years |
Z peak Vs~ 91GeV  4years | LEP x 105 <100 keV
WW threshold+ +1/s>161GeV 2years } t - LEP x 103 <300 keV
s-channel H Vs=125GeV  ?Years | elee—> H | Neverdone <200keV

Event statistics (with 2 IPs,x|.7 for 4 IPs now ofﬁci’alﬁibaseline)

exact sequence and duration for stages to be elaborated ! 500 Higgs/day, 1500 9*,
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SUPERB FCC-ee physics programme !

i. o MHiggs, rHiggs
ete->» HZ Higgs couplings

self-coupling
. e'e” b 1. Tbar Mtop, rtop

EW top couplings

* 0. s(mz) with per-mil accuracy
*Quark and gluon fragmentation
*Clean non-perturbative QCD studies

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

sk |Flavor Factory{(1012 bb/cc; 1.7x10%!17)
'(F;';‘I\’AOUF fWPOS (Ro, AF™) er-based EWPOs
o matrix,

3k B physics  «cp violation in neutral B mesons tau physics  elept. univ. violation tests

eFlavour anomalies in, e.g., b = stz
Barbara Mele =y Belle IIT x 15 XXXVII Convegno Cortona, 28 September 2023 27



ee = HZ allows model-independent gHxx measurem.s

[ both circular and linear colliders ]

Q@ selected by just identifying Z decay products

= absolute Otot (~gHzzZ) measurement > model independent
gHzz

@ direct access tojnv. H decays, H 9 cc, H = ss (?), H = gg

e*e” — HZ with Z — e*e” or p*p”

> 1800F

C e Signal

™ 1600f

3 S e ~ 4

€ 14001

l.l>.l - — ZvvZee Wev
12001

1000}

o

8001
6001
400"
200f

~

~

by identifying Higgs final states X

. -» absolute measurement of BRx
~ . H

=> gHXX

CMS Simulation

#ae All backgrounds

— W

I+l-

RO I I K
YOOOOOX
.....
.......

........
.......
-------
WO XN
........

OSSOSO
...........

60 70 80 90

Barbara Mele

OO0

" FCC-ee |

1 year, 1 detector

N(ZH) X o(ZH) X ghzz2

® sub-% accuracy of couplings to W, Z, b, 7

® % accuracy of couplings to gluon and charm

.....

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

I I IO

Recoil Mass (GeV)
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expected 3gui/gsm (Snowmass summary) |

Higgs Factories

\ auq ouplmqs
Loop Higgs
Yu Ya Ys Ye Vb Ve Ve y,u Ve Tree mduced Wldth /13

EF benchmarks

"‘ | 1LC/C3 250 ddcd e ¢ ¢ O
| cucsso [ 7 & ¢ ¢ I
Fccee240 |} [} 2 @ € ¢ U
| cEPC 240 a2 6 6 ¢

Order of Magnitude for Fractional Uncertainty

Fes 0107 @ 001 @ o) @ o)
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[slide from P. Janot]

Higgs self-coupling atFCC-ee )\ H3

o Statistics-limited sensitivity comes from o ._,,, measurements at 240 and 365 GeV
¢ Thanks to the relative change with centre-of-mass energy \60/0 or 8I/T

20% \

1.0%

O7H M. Peskin

FCC-ee

GZzH

T(H »WW*)
O'O%E T .1(;0. - 2(;0 - ‘3(1)0‘ ‘ |.4(i)0‘ \619\660
o Estimate with present run plan and 2 IPs: 226 fromk; =0 | Q(Gey

-1.0% C

¢ Analyses will improve, but no hope with 5 times less luminosity . ™ PreC'S'O“ (global fit)

C. GrOJean
4 IP\

(Discovery) 5
o With 4 IPs and optimization of run plan: target = 5o, 6x,~20% .,
¢ Increase duration at 240 and 365 GeV (to 4 and 7 years)

e Reduce Z and WW run duration @ constant statistics | k , 7

i ® 0:35 1

¢ Or better: increase specific luminosity and/or overall running time | &/ —_—
0.5

1 Ot
e Ifitis worth doing, itis worth doing well L/5 &67; B |
0 n I T T T
HL-LHC alone cannot do much 0 5 10 15 20
in a global EFT it ... Losocey (ab™") 22

including FCC-hh -» direct HH production = OKx ~ few %
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Jadach+, arXiv: 1509.02406

1.63— Born
access to electron Yukawa Il ;- 16410
E|1.21§ |
= t 06fb 0.3 fb with 4.2 MeV
; P @O \ith ISR c.m.e. spread
H © 0.6
>l
e X=W,Zb,g 0.2 ;_
o(e'e—H) = 1.64 fb 012569 125695 1257 125.705 125.71

Ogpreaanis(€ € H)=0.17Xo(e"e—H)=290 ab 's [GeV]
Significance e+e-—H, Vs=125GeV arXiv:2107.02686

20 ab‘1/ year at \/S =125 GeV (notin baseline FCC-ee)

W
o

Monochromatization s ~ 1-2 x I'y ~ 6 to 10 MeV >
. =
e Resonant ee — H production saey 20 __ 60
Upper Limits / Precision on i, g 8
o F a
e or a0 | 4 5C
103 mé
E eoo' ____________
- 6 140
10° & 5
g 4
i Standard Model
1 L 2 20
@ -
10_1 g_ :: il 8 1 16
1 2 3 4567 10 20 30 100 gOO
- : yint (ab- )
e 20 excess in one year with 2 IP
e +15% precion on K. in 3 years with 4 IP
> Not feasible at ILC or CLIC
w. 10/ab
H—-g9 H—-WW" = 0w2j;2020;45 H—-7Z7Z" —-2520;2025; 2020 H —bb H = ThaqThad; €& vy | Combined
1.1 (0.53® 0.34 ® 0.13)c (0.32® 0.18 ® 0.05)0 0.130 < 0.020 1.30

w/ 10/ab: S~55,B~2400 — |.1o0
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FCC-ee at ttbear threshold (top Factory !)

3k up to per-mille accuracy on x-sections and asymmetries !

3k access to top mass and width, and strong and Yukawa
TOP couplmgs §1_4 __tflthrelsholld-n;f$ 1l71.5|Ge\II - | _
%k exps aims at c ) E_—QQbar_ThreshoId NNNLO —FCC-ee 350 LS only _f
'-c-_) . —ISR only —FCC-ee 350 LS+ISR |
6 mt ~ 20 M ev % 91 km ring circumference :
1 ]
% challenge for theoryll 3 :
B 08 ,1‘(13’ yt ]

v

O
(o)

o
N

O
\

implementation of corrections
based on EPJ C73, 2530 (2013)

lllIlllIllllll

I | | | | | | | | | |

340 345 350
[Plot from F. Simon’s talk @ CERN FC workshop 2022] s [GeV]
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bounds on top FCNC from 106 ttbar

Future Circular Collider Conceptual Design Report Volume 1

95%CL upper limits <@ ATLAS <¢ CMS

Each fimit that [1] JHEP 02 (2017) 079 [2] ATLAS-CONF-2018-049
ach limit assumes tha

all other processes are zero [3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035

[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
Theory predictions [7] CMS-PAS-TOP-17-017 [8] JHEP 07 (2018) 176
from arXiv:1311.2028 [9] JHEP 07 (2017) 003

- 2HDM(FV) 2HDM(FC) MSSM
RPV RS s HL-LHC

wes FCC-ee suu1 FCC-eh wew FCC-hh

oL L1 ll:llll 1 llllHl lllllll L1 lllllll L1 ll[?:lllll
10° 10> 10* 10° 10% 10"

Barbara Mele f Branching fraction




EW param.s at FCC-ee [Tera-z]—¥

bx1012 Z

3k stat precision up to 1000 times better than LEP

5k (exp) syst precision "10+50" times better

5k total precision currently limited

by TH systematics (lIl)

r-----.

Observables Presentvalue |, FCC-eestat. & curtsrcn';i:st. ol ti;(;i-eeseyst. Theory input (not exhaustive)
m; (keV) 91187500 + 2100 : 4 : e 10 Reli?oe: Tzr::gszt?rgcrll 1:o(:(zj:inntgi]ties
'z (keV) 2495500 + 2300 [*] : % : 25 5? Rella_iri]oe: rt]gpr:gi?r:g 1:ﬂi—i:inntgijties
oo | woaezms b oow | 4 o comsetenioooss
N, (x103) from G},aq 2996.3 + 7.4 : 0.007 : 1 0.2 LineSha(Fl)qu(/)éS):SfOIding
PR P N et ot
os(My) (x10%) from R, 1196 + 30 : 0.1 : 1.5 0.47? Higher order QCD corrections for I';,q
R, (x109) 216290 £ 660 : 0.3 . 5 <60 ? QCD (gluon radiation, gluon splitting,

fragmentation, decays, ...)

Barbara Mele

[P. Janot’s talk @ CERN FC workshop 2022]
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Global EW fits at FCC-ee

0.10F
[ @D HL+CLIC3g
" @ HL+ILCy5

0.05}
: @ HL+FCC,

[ .~ HL+CLIC3g0 Gigaz
» 0.00F

~0.05}

~0.10}

w/. stat.+ param. + th-exp syst.

2-o0region
D HL-LHC

> HL+CEPC

HL+ILC250 Gigaz

HEP[H}
Higgs@FC WG
-0.10 -0.05 0.00 0.05 0.10
T

0.10F (EwPO: stat. unc. only)
0.05}
o 0.00}

—0.05}

~0.10}

w/ stat. and param. only ~ 2106.13885

2-0 region

D HL-LHC
@ HL + CL|C380
@ HL + |LC250
@ HL + FCC,,

HEPi}
PRELIMINARY
-0.10 -0.05 0.00 0.05 0.10
T

5k oblique S,T,U parameters as an indirect probe of NP

5k improve mass reach in indirect search for NP

[ S~10-2 - M~70 TeV ]

3k in general, increase by X in accuracy gives increase

Barbara Mele

by VX in mass reach |
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FCC precision gain

G. Salam

Precision vs Energy reach

mz
Iz
sin?egf
1/0qep(m3)
Rf
as(m2) [from EW]
OPad
Ny
Rp
AR, 0
A

T lifetime

4=5 increase in
EFT energy reach
at FCC-ee |

T Mmass

T leptonic (uv,v,) B.R.

=

3k crucial to improve

30

AN\l

My
M'w
as(m3,) [from EW]
N, maximum scale probed indirectly — up to 70 TeV
Mtop . . _
u .. | dark: neglecting all SM theory uncertainties ] _
Meop s|HEP[T: glecting ry I FCC-ce (EW) =
)\top/)\tsol\g FCC-ee stat 70 I & S - FCC-ee (Higgs) —] 70
ttZ couplings _ BN FCC-ee stat+syst - B FCC-ec (EW+Higgs) |
T — 0 R B E R B IR —60
1 10 100 1000 & =
current uncertainty / FCC-ee uncertainty O 50— R . 50
=, - .
X — .
_& 40— - - g4y —40

systematics | ol e e 20
102_ ............................... | ) A U U B BSRNY OOW DUORN | OO | BOU | e | 10
2106.13885 oF ‘

O O O O O O )Y015X0) 00 O O O O O
oG 9w B 9wy ¢OO¢1)O¢1) ¢e()gz>q)o¢q) by G My Tp P b¢011
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FCC-ee searches for BSM feebly coupled p.les

can benefit from huge Z-pole luminosity |
3k Heavy Neutral Leptons
3k Light SUSY scenarios and scenarios with light scalars
3k Axion-like particles (ALP)
3k Z', dark photons and other light-mediator scenarios

5k Exotic Higgs boson decays

[ models inspired by dark matter, baryon asymmetry,
neutfrino masses ... ]

3k also involving Long Lived Particles |
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/\aBB [GeV]

Exotic Z decays

3k Axion-like particles :

10°,

107

10°

- TeraZ ( ¥Ey)

——————

10%;_ Giga Z (¥y)~7

*

- - - . . . . S . e .

1
aB, B"
4 NagB

*

~
---------------------------------------

Tera/Giga Z widely extend
present LEP/LHC bounds |

Barbara Mele

m, [GeV]
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3k long list of models/signatures

Liu, Wang ,Wang, Xue, |712.07237 et Srr ot B s S B o o 2

exotic decays |topologies Nyes |Models

Z = X1X2, X2 = X17 0 |1A:5-X20"x1 B, (MIDM)
7 Etn Z = XX 0 |1B: ﬁXXB;wBW (RayDM)

Z —ay— (B)y 1 |1C: ;7—aB,, B" (long-lived ALP)
Z — Ay — (xx)v 1 |1D: e#r? A’ B,0,B, (WZ terms)
Z — A" Jbg — (7)), A — (Xx) 2 |2A: Vector portal

Z—=E+vy |Z = duda, du — (), da — (Xx) 2 |2B: 2HDM extension
Z — X2X1, X2 = X190, & — (7y) 1 |2C: Inelastic DM
Z = X2X2, X2 = X1 0 |2D: MIDM
Z — pgA', A — (007, dg — (Xx) 2 |3A: Vector portal

Z s E+070 |7 5 A'SS — (£0)SS 1 |3B: Vector portal
Z = (2% |~v*) — ot~ 1 |3C: Long-lived ALP, Higgs portal
Z — xax1 — x1A'x1 — (T4 1 |3D: Vector portal and Inelastic DM
Z — X2X1, X2 — x1 40~ 0 |3E: MIDM, SUSY
Z — xx{te 0 |3F: RayDM, slepton, heavy lepton mixi1
Z — ¢qA" — (xx)(47) 2 |4A: Vector portal

Z—=FE+JJ] |7 ¢aA — (bb) (xx) 2 |4B: Vector portal + Higgs portal
Z — xax1 — bbx1 + x1 — bbF 0 [4C: MIDM
Z — pqA g — 77, A — G4 2 |5A: Vector portal + Higgs portal

Z = (JI)IT) | Z = pgA, pg — bb, A" — jj 2 |5B: vector portal + Higgs portal
7 — ¢qA’, g — bb, A’ — bb 2 |5C: vector portal + Higgs portal

Z = yyy Z — oy — (vy)y 1 |6A: ALP, Higgs portal

Barbara Mele

XXXVII Convegno Cortona, 28 September 20.

W
©

OH1-1H ™
Zelo] =
Zebio =




Let's assume we find a deviation in H couplings...

Deviation from SM: & ~ v2/M?

i M scale of new physics
IM~1-10TeV =2 06~6-0.06%

3k in order to figure out what's going on we will need
an energy-frontier facility to explore
the corresponding M scale in a direct way.

5%k R&D for future high-energy colliders (new technologies ?)
hadron collider beyond LHC ?

higher energy linear collider ? multi-TeV muon collider ?
plasma acceleration ?
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FCC-hh

30 ab-! at 100 TeV

¥ mass reach in BSM searches ~ (4+6) X M{HL-LHc]

3k for multiple-heavy-p.le final states n(H,W,Z,t)

Nioo/Ni14 >100  (e.g. ~500 for ttH, ~400 for HH)

oo — H VBF WH 7H ttH HH
N1oo 24 x 10° 2.1 x 10° 4.6 x 10° 3.3 x 10° 9.6 x 10° 3.6 x 107
N10o/N14 180 170 100 110 530 390

5k much higher gain at high-Pr and large invariant

masses |

Barbara Mele
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FCC potential vs crucial sectors

arXiv:1906.02693, FCC-ee: Your questions answered

e*e- collisions pp collisions
28 TeV Leading Physics
HZ max. 2Mhop 500 GeV 1.5 TeV 3TeV 37 TeV 100 TeV 9 ) Y
Observable 240-250 GeV 340-380 GeV 48 TeV Questions
Precision EW Transverse Transverse Existence of more SM-
(Z, W, tOp) poIarization polarization (le O('S) |nteracting partides
QCD (as) - . Fundamental constants
x10*? Z x10° W 105H—
QED (0lqep) > 3 9 and tests of QED/QCD
Model-independent ee > H 1.2x10° HZ and 75k WW—H <1% precision .
Higgs couplings Vs=my . attwo energies (*) Test Higgs nature
o "
Higgs rare decays sa% p(;e)osmn Portal to new physics
4
Higgs invisible decays 10 BR Portal to dark matter
sensitivity
. . 3 to 56 from loop corrections 3% (HH prod)
Portal to new physics
Flavours (b, 1) P y.
Test of symmetries
RH v's, Feebly » Direct NP discovery
: . : 101t W .
interacting particles At low couplings
Direct search M,<250GeV. My<750GeV. [\ "My <1 5TV Ut 49 Tl Direct NP discovery
at high scales SmallAM Small AM Small-AM At high mass
Precision EW Indirect Sensitivity to
! Y W,z Y

at high energy

Nearby new physics

Quark-gluon plasma
Physics w/ injectors

QCD at origins

Green = Unique to FCC; Blue = Best with FCC; (*) = if FCC-hh is combined with FCC-ee;
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Further FCC options : PbPb, e-p, e-Pb

\s L /IP (cm2s1) | Int. L/IP(ab-') | Comments
ete- ~90 GeV Z 230 x103% 75 2-4 experiments
FCC-0e 160  ww | 28 5 P
240 H 8.5 25 Total ~ 15 years of
~365 top 1.5 0.8 operation
pp 100 TeV 5 x 103 2+2 experiments
FCC-hh 20-30 Total ~ 25 years of
operation
PbPb sy = 39TeV 3x10%° 100 nb-"/run | 1 run =1 month
FCC-hh o operation
ep 3.5 TeV 1.5 1034 2 ab 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb. Vsen=2.2TeV | 0.5 10% 1 b 60 GeV e- from ERL
Fcc-eh Concurrent operation

with PbPb

Barbara Mele
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multi-TeV MuCol could measure A'H4

2
my, . 9
— —2h
> —+

H

7
7

(1 HE3)Apmnvh® + —

L H®E)Aphan

pwtuT - HHHvD, (Vv = ve, vy, vy

(2003.13628)

G --__
- H
i (i = &)
Constraints on 4 (with d3 = 0)
Vs (TeV) Lumi (ab™!) | x-sec only x-sec only  threshold + Mygpy > 1 TeV
l o 20 l o
6 P 0.60,0.75] [—0.90, 1.00] 0.55,0.85
10 20 —0.50,0.55] [—0.70,0.80 —0.45,0.70
14 33 —0.45,0.50] [—0.60,0.65 —0.35,0.55
30 100 —0.30,0.35] [—0.45,0.45] —0.20, 0.40]
3 100 —0.35,0.60] [—0.50,0.80] —0.45,0.65

Table 5: Summary of the constraints on the quartic deviations d4, assuming d3 = 0, for various
muon collider energy/luminosity options, as obtained from the total expected cross sections
(1o and 20 CL). The third column shows the bounds obtained from the combination of the

constraints corresponding to the setups Mgy < 1 TeV and Mgy > 1 TeV.

Barbara Mele
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Outlook

3k an e*e- circular collider running at ZH, t+ , WW, Z, (H)
with L ~ 10(34-36) cm-2s-1 can go beyond (HL-) LHC reach
in many many different physics sectors...

3k it is "not just” a wonderful Higgs precision probe !

5k EWPT : order of magnitudes improvements wrt LEP
(badly needed : advances in theory accuracies !)

3k ideal setup for discovering (very) weakly interacting particles

5k whatever deviation from SM predictions will be observed
will require an Energy Frontier machine to be clarified !

5k presently a few options...no one technogically mature yet...
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