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Where we stand today

o Mass: 0.1% precision
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- Why more data

> ~8 millions Higgs bosons Produced | Selected

o Recorded so far: H— vy 20000 6000
H— ZZ* 200000 200
H— WW* 2e6 6000
H 1 500000 2000
H — bb oeb 9000
H— pp 1500 900
HH — bbyy 11 1

o Many measurements still statistically limited
o mass in H—4l channel
o differential cross-sections
o Some decays/couplings not observed yet
o H—pp, H—>Zy
o u,d,s, cquarks, e, uyleptons, self-coupling
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The LHC timeline and luminosity
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o Luminosity L: ~collision rate (in cm™2.s™):
o dN/dt =0o"L
o proportional to the number of collisions
that occur in a given amount of time
o dependent on the proton beam
parameters
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6800 GeV t(SB): 00:59:26

Inst. Lumi [(ub.s)™-1] IP1:  4.43

FBCT Intensity and Beam Energy Updated: 17:46:32 flinstantaneous Luminosity Updated: 17:46:33
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First Stable Beams at 6.8 TeV of Run3!
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o Future-proof upgrades
o Useful for Run-3 physics
programme
o Will stand through HL-LHC

o ATLAS New Small Wheel
o LAr digital L1 trigger

o + Construction/installation
during Covid

2022 ATLAS Outstanding
Achievement Awards
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PI Higgs physics at Run 3 (1)
= /NN

o Increase in production cross-section (—13.6 TeV):
+7.5% ggF, +12.6% ttH, +11% HH
o Differential cross-sections
o sensitive to b-quark/c-quark at low pTH and top-quark/BSM at

high p,"
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5 Higgs physics at Run 3 (2)

o Rare decay: H—Z(— ee/pp)y :BR = 0.1x10°
o full Run 2 significance:
m ATLAS: 2.20 (expected 1.20) | _
m CMS: 2.70 (expected 1.2g) | °cmPpined>3o (evidence)
o 3o/exp. by the end of Run 37
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m first evidence (30)atRun2 5 |
m 50 can be achieved at Run 3 3 °} -
O
o c-quark 2 4 1
m sensitivity from VH(—cc) o . -
nowmass 2021 projection
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HL-LHC: data*20
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o Mass

o latest projection (H—4l): precision of 30 MeV

(= 22 stat @ 20 syst)

Higgs physics at HL-LHC: mass and width

o 10-20 MeV plausible, will dependent on future
improvements of muon momentum measurements

10*

10°

__ 10%

o Width I, (SM = 4.07 MeV) E 10
o thought to be impossible € 0k

o H—ZZ on-shell and off-shell: & 10°

20% precision (assumption

that ratio from SM) hre =

107

107
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Higgs physics at HL-LHC: Couplings (1)

a. BR I‘r K
s = 14 TeV, 3000 fb™' per experiment Hi= TR
T T T T T T I ('TSM'BRS:W K.;'I
] Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
Theory Uncertainty [%)]
4 Tot Stat Exp Th
K’Y = 1.8 08 1.0 1.3
Ko =5 1.7 08 07 1.3
K, = 1.5 0.7 06 1.2
Kg — 25 09 08 2.1
x, 5 ‘ 7 19 139 B2
K, = 1.9 09 08 15
Ku — y 43 38 1.0 1.7
Kz, |98 72 17 64

0 002 004 006 008 01 0412 014
Expected uncertainty
o Precision: 2-4%

o limited by experimental and (mostly) theoretical systematics
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Higgs physics at HL-LHC: Couplings (2)

o 2" generation: coupling to charm through VH(—cc)
o thought to be impossible not so long ago...

o 2" generation: coupling to muons through H—pp

o improvement thanks to the extension of the coverage of the

CMS muon system (|n| < 2.8) and ATLAS inner tracker (|n| < 4)
o eXpected precision on signal strength:

Statistical

CMS Snhowmass2021

6%

2%

2%

Experimental | Theoretical Total
ATLAS YR2018 R 2.00% ™ 13%
CMS Showmass2013 14%
CMS YR2018 9% 2% 3% 10%

7%
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factor 2 in
8 years!
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f Higgs physics at HL-LHC: self-coupling (1)
P A

/

| V()
o Higgs potential: an alternative

potential
1 1 Standard Model
V((D):EMZ (D2+ZK<D4 potential
Current experimental
/ knowledge
0 1
¢

o BSM effects could change A, ie Higgs self-coupling
o Relationship to electroweak phase transition:
matter-antimatter asymmetry, gravitational waves, etc

06/07/2022 14


https://arxiv.org/abs/2207.00478

g H

o Through the HH production B
o rare process: o(HH)/o(H) = 0.1% pp— S

o Expected significance (ATLAS+CMS): 40 |

o Precision on k, = MA°M: 50%

o latest prOJectlons show that this value could be achieved with
bbtt+bbyy ATLAS-only

[0.3,1.8] D:]:’ ngfigt 1 bbyy
[-0.3,33]
Galesra RS { om
12:30] [] [ 1 5
2 O ] == =
[[:21.'53.’18c5§2]] L] | | 1 %
ng?f;fg} ] 1 combination i|'
{:fo?j?f{ | | | 1 tth, hoyy "
%:?qjgjg{ %’_‘Eﬂ 1 exclusive fit %
06/07/2022 [[ 5 379]] /M % % W//// | : 15
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%E... HL-LHC: a luminosity challenge for detectors

o Achieving the HL-LHC Higgs programme is not guaranteed !

o HL-LHC: up to 200 collision vertices / bunch-crossing !
o Trigger/readout rate challenge
o Reconstruction challenge
o Radiation hardness challenge

Pl CMS Experimient at the LHC, CERN
| ‘Datavecorded: 2016-Oct-14 09:33:30,044032 GMT.
Run /Event /1.5: 283171 /95002595 /185

=107

108

10°

10*

z [cm]
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Total ionising dose [Gy / 4000fb™"]
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A construction-scale upgrade project

New calorimeter

New trackers readout electronics New endcaps
calorimeters

CMS DCECTOR STEEL RETURN YOKE

12,500 tonnes SILICON TRACKERS
Pixel (100x150 um) ~1m? ~66} channels
Microstrips (80x180 um) ~20fm* ~9.6M channels

PUPERCONDUCTING SOLENOID
liobium titanium coil carrying ~18,000A.

MUON CHAMBERS
—_ Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
o ‘4 Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

A [ PRESHOWER
" - Silicon strips ~16m> ~137,000 channels
y A 4
’,' \ ,’

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

.\ ;
HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~Z880Fhannels

Upgraded muon
detectors

+ new timing detectors + new trigger / DAQ

06/07/2022 18



= dutes Brand new trackers

o Very challenging new detectors
o Large size with small pixels
+ Extended coverage
o Radiation hard
o CO2 cooling
o All services and mechanical
structure as light as possible

e

“climate chamber

06/07/2022 CMS Outer tracker endcap disks Services / cables 9



P/ &= Replacing CMS endcap calorimeters
P A

o Endcap ECAL crystals cannot survive
HL-LHC
o New calorimeter using recent
high-granularity technologies
o 6 million channels
o Challenge for trigger and readout
o But also new opportunities

~2.2[m]
g El
- - Pame SCIn[i"aIeurs [é:s O'Dw __l |_|.|_| |D| ; T ' Trrr I Trrr I Trrr I Trrr I Trr ltl_l_
- - : R C ala o 4
B =5 3 oossf —_  §=(221%03)%GCeV S
b - y - C = (0,58 % 0,08)% A :
i R, ool "o~ MO .
P s AW - e E _ 5=(21.2203%GeV 7 ]
e Partie Si 0,035 C=(0.61%0,07)% G
Active Elements Vii7. o / 3
Si, electronics) and * S C A ]
sociated fixation: A 0,030~ Vs .
(pins, “spacers”) o e
0.025 /t ]
. : A 5
e— Gerbe hadronique 0020 _’-_.4! ;PO N =
0,015 - .@‘/ (E) " VEbeam 3
Lead Sandwich Graphneuralnetworks ST L L IS IS PR o,
Absorber (x168) . 0,075 0,100 0,125 0,150 0175 0,200 0,225
ZsupportBar for reconstruction 1/v/Eseam [GeV]
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V-

g L ” Nrg vertez( sek-:\cﬁign
o Maintaining Run-2 performance £ °* "o o oo
. . . > 0.08(~ o¢ @ optimistic
despite high pile-up " oo sy @ Ml
o More data sent off-detector oo L e
o Offline-like information at N
trigger level O ME™ e 120 125 124 126 128 130 THETH
. . my, [GeV]
o Use of ML algorllthms in VL Vs: Liegeey
readout electronics AREUS Simulaion
L EMB Middle (n,9) = (0.5125, 0.0125)

CABANON <> = 140, E™ > 240 MeV

—»— Mean +Std-Dev
| —*— Median +98% range

LSTM (single) %
LSTM (sliding) i k t A +
Vanilla-RNN (sliding) i k t ‘A }

4-Conv CNN i k s Vg

3-Conv CNN i . g '.
Legacy (OFC) - : : Y i

|||||||||||||||||||||

EY® - E [GeV]
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E

o Timing detectors (30ps): new
technologies (LGAD) to reduce

pile-up effects

o Especially in forward region
o Challenges in electronics,

06/07/2022

Active
area
120-640 mm

integration, radiation tolerance...

arbitrary units

T T T T T T
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" (y1 2)I <25
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After LHC: to infinity and beyond
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A Beyond the LHC

Possible scenarios of future colliders

B Proton collider
M Electron collider

Preparation
mmm= Construction/Transformation

% —— & ILC: 250 GeV 500 GeV 1TeV
% 20km tunnel 2 abt 4 ab-1 ~4-5.4 ab-1
- m tunnel 40 km tunnel
8 years . NN

e _— 56(3/;2)2/59(;/122/240 ey SppC aim similar to FCC-hh
c 100km tunnel e
O

FCC-ee:

8 years 10 years 90/160/250 GeV 3570;1(?15 GeV A
= 100km tunnel 150/10/5 ab-1 g
o
] 5
years 7 years :
CLIC: 380 GeV - 1.5 TeV 3 TeV
11 km tunnel 1.5 ab-t 2.5 abt 5 abt
29 km tunnel 50 km tunnel

[ ] | || |
2060 2070 2080 2090

2020 2030 2040 2050

adapted from S. Bethke, ESPP symposium 2019

o IN2P3 Prospects 2021-2030, "The energy frontier" group:

2. Support the construction of an{e” e~ collider running at the Higgs produc- |

Vi) : (tion resonance upgradable to hlgﬁer energles] Support the theoretical ef-
fort to reach the expected precision of the measurements as well as the

AP Lueriiie de prorpective

o phenomenological studies.

3. Supportthe studies of the physics potential and performance requirements
for a[future high energy proton—-proton machine} s

06/07/2022



\\ Higgs factories

FCC-ee, ILC, CECP

o Goal: O(few) million Higgs F [ e
bosons .
o Detect and classify each one ! " ek
o Complementary of different /s il
’ T s
o Linear collider (ILC) o Circular colliders (FCC, CEPC)
o Mature design o Concept design phase

o Z/EW physics programme

Interaction point

Damping Ring

Euture
Y oy it
Circular

- —
-
-
—_

e- Main Linac ¢ R
Beam dump ~ Collider
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V-

o Directly measurable at ee colliders
o mild model dependence

8 X0 T

o] % asl T | BEEZA EEALa REZEN RERs) RERED EELEN RELi

y B - —

6f- ¢ P Uz 5 ab™ ;

: = B ;

4 -fé) 20 ZZ it -

: o Cww | :

2 L : i

O i ’ ]

2_ 10 ]

- :

o i y i e,
_B;I L1 |6I 1 III4'I L1 |2| L1 Iél L1 Iél | 84| ILI L1 lél L1 l8 50 60 70 80 90 100110120130140150

x (m) mRecoiI (GeV)

o Mass: 5 Width:

o <10 MeV achievable o 1-2% precision

06/07/2022 26



Al
P/ fmS== Higgs physics beyond LHC: couplings

A

o All results combined with HL-LHC

| = s—n 1) p.o2
s e T | |

| KW . KT K" K-“ @ BI’,',,‘
. . | I I | I—
BE= S iE=—asaree | ] =]
R I———;i ——— I ——
00 04 08 1.2 16 20 00 04 08 1.2 16 20 00 08 16 24 32 0 | 2 3 4 5 00 06 1.2 1.8 24 30
= B=i == B —
[ Kz === K, _ K _KZY i Bils
- ||l | B |t ——————— i
| | | ==
I i — || ——
00 04 08 12 16 20 00 06 12 18 24 30 0 1 2 3 4 00 25 50 7.5 10.0 0o 1 2 3 4
-_ -_ B FCC-ee/eh/hh  EEEM CLIC3000  WEEM ILCioo0 MM LHeC|xy| <1

K)’ Kg B FCC-eesqs mm CLIC500 ILCsy) B HE-LHC |xy| < 1
_I — \ f‘?i;‘eem CLIC3g9 ILCasp HL-LHC |ky| < 1
E— [E— EPC

Higgs@FC WG Ry condioeySH AL LRE
00 04 08 12 16 20 00 06 12 18 24 30 Kappa-3, 2019 Limits o Br (%) at 95% CL.
o Sensitivities of ee colliders in their initial stages are rather
comparable

o The most precise coupling measurements (to Z and W
w0r-02080Ns) can measured to 0.2-0.3% .



P}'\ Higgs physics beyond LHC: self-coupling
ot A

o Direct production (ZHH and vwHH): /s > 500 GeV
o One-loop corrections of the single-Higgs production

o 68% CL uncertainties on KA:
o all combined with HL-LHC

Higgs@FC WG November 2019

di-Higgs single-Higgs
HL-LHC HL-LHC HL-LHC

HE-LHC
.................... — 50% (40%), ...

FCC-eefeh/hh FCC-ee/eh/hh
. 5% B 25% (18%)
LE-FCC J LE-FCC
13

HE-LHC

FCC-eh FCC-eh
FCCeéeff vTTvTFmmm g === | = Az Ldna T
FCC-eejy,
24% (14%)
FCC-ee
FCC-ee 33% (19%)
FCC-ee,,,
............................... 49% (19%)......
[ite} iLC,
ILC 10% 36%0(2%5%)
ILC,, ILC,y,
27% 38% (27%)
ilC,54
tepel o | L R 49% 29%) ...
D CEPC
............................... 49% (17%)......
cLic <jcLiC
CLIC T%+11% N 49% (35%)
l CLIC CLIG g
&’ \\x \ \ \\\ \\A N| o 36% 49% (41%)
cLIC
0 10 20 30 40 50 N g

68% CL bounds on Kg [%] Al tuture coliiders combined with HL-LHC
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P/' fmt=m FCC: not ‘just as LEP, but bigger’
PR A

o Numerous challenges for the

Standard modes

e (g

accelerator eT—> (—— et
o Positrons source N— (—
TOp-Up InJeCtlon Monochromatization

: : - —e—— S Q—— "
Moncl).-chromatlzgt.loq — (S
Stability and positioning

Improving the CM energy resolution

O
o Focalisation S {—
O
O

Injection
into boosleJ»... Exggriment site) Azimuth = -10.2* ke
T SR, - Energy spread:
- ~ Injection into collider By o d=0
Wotrloills o - 54 : 2 e Beamdump 0.5 .. 5=4.1Mev tron YUKawa
: g'd“""‘ [ —-38=7MeV =
400 MHz RF \ L
: \ S 04F 8= 15MeV oupling !
£ 94 5-30Mev
S T - -+ §=100 MeV
‘, ~% 0.3
hsszwon ML " : F
(Opﬂoml: S8 = 1400 m (C‘;pﬁonal bﬂ) 02
Experiment Experiment I
site) site) C
0.1
/ ' \ /4 :" R e e o G i e P i, oo P s T
Technial S L5 = : e R 092299 124.995 125  125.005  125.01
800 MHz RF collimation i vg (GeV)
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Detectors for future colliders

o Very different environment wrt LHC
o Rates
o Backgrounds, radiation levels
o Number of particles in final state
o Stringent specifications
o Linked to requirements of physics programme

”Higgs Factory” Programme Ultra Precise EW Programme & QCD
Momentum resolution of 6,/p;? = 2 x 105 GeV'! * Absolute normalisation (luminosity) to 10
commensurate with O(103) beam energy spread *  Relative nQrmallsa_tl'on (”e.g. Thao/T¢) to 10 .

« Jet energy resolution of 30%/VE in multi-jet * Momentum resolution “as good as we can get it
environment for Z/W separation * Multiple scattering limited
* Superior impact parameter resolution for c, b « Track angular resolution < 0.1 mrad (BES from pp)
tagging Stability of B-field to 10°®: stability of Vs meast.
Heavy Flavour Programme

* Superior impact parameter resolution: secondary
vertices, tagging, identification, life-time measts.

¢ ECAL resolution at the few %/ VE level for inv.
mass of final states with n% or ys

* Excellent %Yy separation and measurement for

Feebly Coupled Particles - LLPs

Benchmark signature: Z — vN, with N decaying late

Sensitivity to far detached vertices (mm — m)
Tracking: more layers, continous tracking
Calorimetry: granularity, tracking capability

tau‘physics . . * Large decay lengths = extended detector volume
PID: K/nt separat'mn over wide momentum range Precise timing for velocity (mass) estimate
for b and t physics

Hermeticity

06/07/2022 31



5 @ Next generation of trackers
ey \

o Many stringent requirements
o Position resolution (vertexing) => small pixels
o Material budget => low power
o PID capabilities (ToF, dE/dXx)

o Silicium or gaseous detectors

MAPS
Bent sensors with Drift chambers

06/07/2022 32



o Main requirement for Higgs physics:

o Unprecedented resolution for
hadronic decays

o Points towards high-granularity
calorimeters

o Several calorimeter concepts
o \Very different degrees of maturity

..(' : — A x
1 »- =

CALICE
EM + hadron
calorimeters
' :0 :. ' " ':‘. ‘.' ' :'l ) 1
' a' . 0 ':‘. I' & ' - 1
1 1 .'o' ': .13 . 1 ”H’ 5t . L]
b p o2 1‘, 3 i .‘:"".i" .'." E “*.: ) le'l LU
t * B XA B e '||: il e ! ) o
PO R | vl gt Ly e
‘I L ; ) " "“ 1 ||4‘ 1] ' l? . 1 : ]
: u‘ * ' L d :
06/C

Dual readout scintillation /
Cerenkov fibres calorimeter

D ,

NN

7

4///;

2
7

Noble Liquid calorimeter

33



'{i}, fass Conclusions

o Studying the Higgs boson: trying to answer fundamental

questions about our universe
o Huge program for Higgs physics ahead of us !
o Both HL-LHC and future Higgs factories necessary

o Strong implications and recognised expertise of IN2P3
o both on the analysis and detectors

Future
Colliders

Run 3




Back-up slides
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P/:\- Couplings to rare quarks at Future Colliders
P A

o Constraints on light Yukawa obtained from the upper limits

untagged
Higgs@FC WG
— B [CC-ce+FCC-eh+FCC-hh
FCC-cho
Ke n— LEFC
| | | CLIC3000+CLIC, 500+CLIC380
S SO Precision | Upper bound at95 % CI mm  [LCspo+ILC350+ILCosp
S | N S— | B LHeC |xv| <1
B HE-LHC [kv| < 1
HL-LHC [xv| < 1

Ka

0 1% 2% 3% 4% 107! 10° 10! 10? 103 10* 10

o Hee: very challenging
o FCC-ee: SM sensitivity could be reached in a five year
run with a dedicated run at \/s=mH
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Pf &= |nvisible decays at Future Colliders
= /N

Connection between the Higgs boson and dark matter
In the SM, BRSM " = BR(H—4v) = 0.11%

Current LHC limits ~ 15-20% @ 95%CL

Direct searches for invisible width

o Lepton collider: Z recoil, would improve upon HL-LHC limits by an
order of magnitude

o Hadron collider: ET”“SS uncertainties, FCC-hh : values below the SM

[ Direct Search
FCCee/ch/hh | ——r

FCCee36s i} Higgs@FC WG
FCCCC:.;O :\
cerC B
CLIC3000 O
CLIC500 !
CLIC3g
ILCsp9
ILCs0

LHec I
HE-LHC [

HL-LHC

for illustration purposes,
figure not in the report

0 0.5 I 1.5 2 2 3

06/07/2022 95% CL upper bound on BR_ [%] 87



What can we learn from the Higgs boson?

What is the origin of the
early-universe inflation?

+ Is the Higgs connected to the
mechanism that drives inflation?
« Are there any imprints in YVhy is t_he electroweak
cosmological observations? interaction so much
stronger than gravity?

What is the origin of the
vast range of quark and « Are there new particles
lepton masses in the close to the mass of the
Standard Model? Higgs boson?
- Are there modified interactions * Is the Higgs boson
to the Higgs boson and known elen]entary or made of other
particles? particles?

» Are there anomalies in the
interactions of the Higgs
with the W and Z?

» Does the Higgs decay into
pairs of quarks and leptons
with distinct flavours (for
example, H = p+1)?

Why is there more
matter than antimatter in

What is dark matter? the universe?

+ Can the Higgs provide a + Are there charge-parity
portal to dark matter or a violating Higgs decays?
dark sector? I

+ Are there anomalies in the

+ Is the Higgs lifetime Higgs self-coupling that
consistent with the would imply a strong first-
Standard Model? order early-universe

- Are there new decay electroweak phase

transition?

modes of the Higgs?
+ Are there multiple Higgs
sectors?
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Random backup

R Y FCC-hh

100 TeV
O(27k)

Vs (GeV)

Muon *

3-30 TeV * HL-LHC

O(1-100
( ) 14 TeV
O(170)

* ILC/CLIC/C3

0.5-2 TeV
O(5)

Yy ILC/CLIC/CEPC/FCC-ee

250-380 GeV
O(1)

4 Based on P_Maede slide

>

#Higgs bosons (millions)
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P: & Beyond SM Higgs physics
= /AN

o Many BSM scenarios involving the Higgs boson
o forbidden decays (H—Tp), exotic Higgs decays
o dark-matter (invisible decays)

o Extended Higgs sectors
o heavy MSSM (—T11, —HH, charged)
o singlet massive scalar field

o Composite Higgs scenarios - _CORPORIPEIEES 2

N: ‘Direct: & 8
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= O e el (5
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(8] " 4 4 8« )
RX 10 7 )
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S G / 7 " Higgs couplings:
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V Outline
e I

intro sur pourquoi on veut plus de données (3)

ce qu'on va faire au Run 3 (E) (2)

les upgrades pour le Run3 (N) -> (1)

ce qu'on va faire au HL-LHC (E) (5)

les upgrades pour le HL-LHC (N) (6)

ce qu'on va faire avec un collisionneur e+e- (ou pp) (E) (5)
les pistes de collisionneurs/détecteurs (N) (6)

O O O O O O O
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