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Present and Future of the Higgs Boson

e Part 1: What we have learned since the discovery (Henri Bachacou)

e Part 2: What we hope to learn at High-Luminosity LHC and beyond
(Christophe Ochando)

e Part 3: Detector challenges at High-Luminosity LHC and beyond (Laurent
Serin)
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Part 1
What we have learned since the
discovery of the Higgs Boson

Henri Bachacou



LHC timeline in the past decade

ATLAS Online Luminosity
2011 pp {s=7TeV
— 2012pp {s=8TeV
— 2015 pp Ys=13TeV
—— 2016 pp Vs =13TeV
—— 2017 pp Ys=13TeV
— 2018 pp s =13 TeV
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* Run 1:2011 at 7 TeV and 2012 at 8 TeV
> Discovery with 2011 and part of 2012 data
e Run 2: 2015-2018 at 13 TeV.
> Higher center-of-mass energy and luminosity
— a much larger dataset allowing to study
the Higgs boson in great detail.
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The Discovery Channels
Past and Present

ATLAS
V(s=7TeV, 481"
o
Doy 8 TeV, 5.9 b
Vs=13TeV, 139 fb’

* The Higgs boson was first observed in: i (R
e The Diphoton channel (H—vyy)
 The 4-lepton channel (H—ZZ—4l)

150 160

* LHC Run 2 offers much larger Higgs samples: myy [GeV]

* thousands of diphoton Higgs candidates
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The Discovery Channels
Past and Present

138 b (13 TeV)

CMS ls=7TeV,.L=51fb" \s=8TeV,L=531f"

¢ Data
— Signal
[ ]da-ZZ, Zy*
N gg—ZZ, Zy*
B EW
] Z+X

¢ Data

] z+Xx
14 [12zy+, 2z
[ |my=125 GeV

16
 The Higgs boson was first observed in:

 The Diphoton channel (H—yy)
 The 4-lepton channel (H—2ZZ—4l)
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| HC Run 2 offers much larger Higgs samples:
* thousands of diphoton Higgs candidates
* hundreds of 4-lepton Higgs candidates (with an excellent signal-over-background)
 and much more...
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What we would like to know

about the Higgs boson

e |s it really the Higgs boson ?
> Does it interact with the other Standard Model
particles as expected?
> With the W and Z vector of the weak force
> With the fermions (quarks & leptons)
proportionally to their mass
> |s it a scalar (spin-0) elementary particle?
* Are there other Higgs bosons?
> Some models (e.g. Supersymmetry) predict the
existence of several Higgs bosons.
* Does the Higgs boson interact with non-Standard
Model particles (e.g. Dark Matter)?
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Higgs Production and Decay

Production Mechanisms:

Gluon fusion Vector Boson Fusion W/Z Associated Prod. ttH (top quark) tH (top quark)
g W/7 bbH (bottom quark) h

----- H
g H t/b
Decays:
Vector Boson pair Diphoton Bottom or charm quarks Fermions
W/Z Y Y b/c /U
t/b/t
H ====e—- W H == H e==e=-

W/Z VL v/Z b/c

Each production and each decay tells us something about the interaction

(coupling) between the Higgs and the other particles of the Standard Model
Henri Bachacou (CEA-Saclay) Higgs10@ Orsay Palaiseau Saclay




Higgs Production and Decay

Production Mechanisms:

W/Z Associated Prod.

Gluon fusion Vector Boson Fusion ttH (top quark) tH (top quark)

g W/7 bbH (bottom quark) h
H — peeseees H = P Seccee= H
q’ H t/b
Decays
Diphoton Bottom or charm quarks Fermions
Y b/c /U

t/b/T

The discovery was achieved with only one production mechanism (gluon fusion) and two decays (diphoton, ZZ)
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Higgs Production and Decay

Production Mechanisms:

Gluon fusion Vector Boson Fusion W/Z Associated Prod. ttH (top quark) tH (top quark)

E g W/7 bbH (bottom quark) n
H
() q’ H
Decays:
Vector Boson pair Diphoton Bottom or charm quarks Fermions
W/Z Y Y b/c T/
t/b/t
H ====e—- W H == H e==e=-

W/Z VL v/Z b/c

Today: most production mechanisms and decays have been observed and measured!

(and limits have been set on the other ones: bbH and tH production, H->cc decay)
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Higgs and Leptons

= 180

o Vs =13TeV,139fb™" Uncertainty

B H-17(0.93 x SM)
140 —All VBF_1 SRs o

B Other backgrounds
1 Misidentified 7

Events / 1

* The Higgs couples to fermions proportionally to their mass
> m_top >> m_bottom = m_tau >> m_mu

* |n 2016, ATLAS and CMS observed the H — tau tau decay:
> First direct observation of the Higgs coupling to fermions!

Data — Bkg

150 175 200

* Due to the muon very small mass, H = mu mu has a very 138107 (13 Tow)
small branching ratio:
> Not yet observed, but almost...
» 3 standard-deviation significance by CMS
o 2 standard-deviation significance by ATLAS.

8 H— uu ¢ Data

S/(S+B) Weighted — Signal
B uncertainty:
+1SD

Background-sulitracted data / 1 GeV

110 115 120 125 130 135 140 145 150
mw(GeV)
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Higgs and Quarks

e ttH production and VH(H—bb) were the most
challenging to observe:
« Complex events
 Backgrounds difficult to model

e ttH: Observation of ttH production with data from
2011-2016 (2017) by combining many Higgs and top
decay channels.
> Now observed with 5 s.d.

significance in the H—yy
channel alone!
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ATLAS -e- Data

\s=13TeV,79.8fb" B VH, H - bb (1=1.06)
0+1+2 leptons Diboson

2+3 jets, 2 b-tags S5 Uncertainty
Weighted by Higgs S/B Dijet mass analysis
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e H — bb: Observation of VH(H—bb)
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The Big Picture

* Measurement of production and decay rates allow to CMS . 138fb'(13TeV)
measure couplings between Higgs and other particles - m,=125.38 GeV Wz

pSM = 37.5% '.'.'

ATLAS Run 2 }ed Data (Total uncertainty) ] Syst. uncertainty SM prediction
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What we know today:
A Summary

* Since its discovery in 2012, a lot of progress has been made in our knowledge of the Higgs

boson thanks to the LHC Run 2 data:
> All main production mechanisms and decays to W/Z vector bosons and 3rd generation

fermions have been observed.
> Main interaction couplings measured with a precision of O(10%). Several others are

starting to be constrained.
> Spin and symmetry properties have been tested.
> Event kinematics: differential measurements.
* Limits have been set on some non-Standard Model phenomena:
> Higgs decay to non-Standard Model particles (e.g. “invisible Higgs”, decaying to Dark

Matter).

> Additional Higgs (e.g. from Supersymmetry).
e So far, the Higgs boson looks exactly as predicted by the Standard Model, but a lot more

can be done at the HL-LHC and at future colliders...
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Part 2
What we hope to learn at High-
Luminosity LHC and beyond

Christophe Ochando



Introduction

The Higgs boson discovery is not the end of the story...
... it's rather the beginning of a new era in High Energy Physics.

» Run 1 and Run 2 data taking allowed to start the
exploration, but a LOT is still to be done.

Now this is not the end. It is not
even the beginning of the end. But it
is, perhaps, the end of the

beginning.

(W inston. Churchill

Observed
(although with limited precision)

e @I @l- Q| @
» The Higgs is at the root of several problems of the P charm top gluon
Standard Model... - o |-l a |l
It may b tal towards New Physics | - 9.9].@ (@
e ay e a por a owar S ew VSICS - down strange bottom photon
0.511 MeV/c* g? Mex 1.777 GeVic* 91.2 GeV/c?
We MUST study it in all possible details. - ®).® @
\mu-o—n tau boson Z°
Will be observed in the next years @@ & :5 W
agutine || medtrine, || neurine || _boson w’

=126 GeV/c?
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(some) Open Questions related to the Higgs boson

» In addition to the questions mentioned before:
= Does it couple to known particles as expected from the Standard Model ?

= Does it couple to Dark Matter ?

= Is there an extended scalar sector (i.e., are there other Higgs) ?
> Is it a fundamental or composite (ie, made of other, new, particles) ?
> Are there “forbidden” decays (H—ttu") ?

» Are there charge-parity (CP) violating Higgs decays ?
<=> connection to matter-antimatter asymmetry

» Is it connected to the mechanism at the origin of the cosmic inflation ?



(some) Open Questions related to the Higgs boson

» In addition to the questions mentioned before:
= Does it couple to known particles as expected from the Standard Model ?

= Does if Answers to these questions may come from:

= Isther|® Very high precision measurements 1s) ?
Any deviations wrt calculations may be New Physics
> Is it a fun Need more statistics les) ?

+ progress on both theory calculations

and experimental techniques
> Are there'’ P d

= Higher energy scale exploration
> Are there g g9y P

<=> connection to matter-antimatter asymmetry

» Is it connected to the mechanism at the origin of the cosmic inflation ?



Future Machines

Requires new machines / new detectors
(beyond the current LHC & on-going Run 3 data taking)

p/gamma?

e+e- ILC/CLIC
FCC-ee/CEPC Tentative timeline
LHC ,
' ! ; ! 1 >
2030 2040 2060
L
“Higgs Factory” Very High Energy Colliders
Future Circular Collider (FCC)
High-Luminosity LHC 100 km tunnel (CERN)

Statistics x 20 wrt LHC
— =

Future
“Circular -
< Collider

Geneya.

International
Linear
Collider

27-km

FCC-ee: Higgs factory
FCC-hh: High Energy (100 TeV) proton collisions 4



Higgs Couplings @ HL-LHC

Vs =14 TeV, 3000 fo! per experiment

| Total ATLAS and CMS : :
— Statistical HL-LHC Projection Most couplings to the Higgs boson known
— Experimental | to 2-4% at the end of HL-LHC
— Theory Uncertainty [%o]
Tot Stat Exp Th
Ky = 1.8 0. 10 13
Ky = 17 08 07 13
Ky = 1.5 07 06 12
Kg —_— 25 09 08 21
K= 3.4 09 11 31
Kp 3.7 13 13 32
T —- 1.9 09 08 15
T ——— 43 38 10 17
KZy —_ 9.8 72 17 64

0 002 004 006 008 01 012 0.14
Expected uncertainty
Nyiggs Produced per experiment

Ex: Coupling to W/Z bosons known to < 10% (now)... 8.106
< 2% (HL-LHC) 180.106



Higgs couplings @ Higgs factories (and beyond)
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Most couplings to the Higgs boson known to 0.2-2% at the end of Higgs Factories
Nyiggs Produced per experiment

Ex: Coupling to W/Z bosons known to < 10% (now)... 8.106
< 2% (HL-LHC) 180.106
~ 0.2-0.3% (Higgs Factories) 107




Higgs Self-Coupling

Temperature N ) )
of universe 10°2K 107K 101K 1013K 3K
LHC reach
F Electroweak Phase Transition
Strong f<ice _ L :
el (Brout-Englert-Higgs Mechanism)

Electromagnetic force
B e

Weak force
Gravity
Time after 10" 103%s 107125 10°%s S5x 1017
Big Bang ( =now)

» Phase transition dynamics is dictated by the “Higgs potential”
V(4)

an alternative
potential

= How to access it ? Measure “Higgs self-coupling” (Ayun) Standard Model
How ? Study Double-Higgs production !

(Very rare process... 3 orders of magnitude rarer than single H)
= New physics can have huge impact... Current experimental

/ knowledge

¢



HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

Higgs Self-Coupling @ colliders

Higgs@FC WG November 2019
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Higgs Self-coupling: 15t Observation requires HL-LHC
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‘&JCLab New challenges for detectors at HL-LHC

Iréne Joliot-Curie

Js =13 TeV Js=13.6TeV iz =AY
Js=7,8TeV

2010 2015 2019 2026 2029 - 2040

{uy= 140-200

(=20 ()= 30

Phase 1 upgrades Phase 2 upgrades

E. Brost Higgs10 symposium CERN 4/07/222

Radiation hardness Trigger/readout Reconstruction/software
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Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

New detectors for HL-LHC B 0 D= . W i

o e

New Silicon trackers

|

ATLAS@IJCLADb
46 (19 phys, 9 PhD, 28 Ing)

CMS DLTECTOR
otal weight 1+ 14,000 toanes 12,500 W0
Overall dasseter {150

IPES DUCTING SOLENOID

ATLAS@Irfu .
40 (16phys , 6PhD, 18 ing) ({11 o e = o PR EEIRAL X | By ) SO
ATLAS&CMS@ omega W AU 7 & /7 g
10 (3 PhD, 7 Ing) U R B ey N ) i o i [/ -
CMS@LLR ; kY | e = Ky | .

37 (17phys, 10 PhD, 10 ing) ‘

CMS@irfu

27(14 phys, 3 Phd, 9ing)

- about 2/3 involved in

upg rade (~ 120) Upgcrjaecz:gt cr;’iuon
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Micro-electronics circuit at the forefront of Phase Il (Irfu @ s Wi

7 4)Crss

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

N

Conception of new asics for calorimetry and timing measurements : new CMOS technology and
quite difficult layout with analog and digital while targeting low noise, low jitter, low power....

HGCROC : CMS HGCAL (Irfu & Omega) 120000 chips CLAROC & LADOC :ATLAS calo calibration ALTIROC : ATLAS HGTD (Omega)
T———— 10000 chips (Omega) 30000 chips

’snlllnlllIn!llUuluuquﬂnllllﬂli

e
|

‘_‘hnéinhiénini’n

5 ulllllllli'ullhﬁmiilnnllnlilll

CATIA : CMS barrel ECAL readout
100000 chips (Irfu) RAFAEL : precise clock

— distribution (Irfu) 40000 chips

Asics still under validation, and large mass production
over 2023-2025 and testing !

Board design and testing also for ATLAS calorimeter (IJCLAD)
B CMS calorimeter (Irfu)

IEERARER AR A
S\\\\V1//7/7¢

FEYELTELTLeal ]

I/III!I [ AR\

g4 080N \\\ .
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@
‘JCLab An ultra granular Endcap calorimeter in CMS P s

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

~

Up to 6 millions of channels. New and challenging technology

Sensors
HGCROC ASIC design (Irfu/Omega) and test (LLR)
Mechanical design (CE-E)+ cooling (LLR)

Trigger and reconstruction with Al methods (LLR)
(R&D as major part of P210 emblematic project HIGHTEC)
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/O%J CLab

Iréne Joliot-Curie

New vertex detector (IJCLAb/Irfu) in ATLAS

Laboratoire de Physique
des 2 Infinis

N,

* Paris cluster (IJCLab, Irfu, LPNHE) : construction of 2000 pixel modules
Dedicated Infrastructures (funds from P2I0O&CPER)

* Probe station for asic and sensor validation at wafer level

* Module assembly (Gluing, wire bonding) and metrology

* Electronics tests and thermal cycling

Plateform PSI @ IJCLADb

— . — e

s 0. - i il (/I
w1 » Bt , /
T LN S A |
L= - i : ‘ ‘

| B e 3
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Wire bonding @ Irfu @ e
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Iréne Joliot-Curie

| Precise time measurement as new tool at HL-LHC  (IJCLA @ e Wi

Laboratoire de Physique
des 2 Infinis

‘-—"
High Granular Timing Detector (HGTD)

Measuring track time to better than 50 ps !
Using new sensors (LGAD)
Challenging readout asic (OMEGA & IJCLAD)

Compact mechanical design and cooling (IJCLA

Module assembly (2000) quite similar to pixel and share same infrastructures (IJCLAb & Irfu)

‘ i; 7 N o “ \ \\\
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Iréne Joliot-Curie

Laboratoire de Physique

Key success of HL-LHC : computing and soft

|||||
Paris Cit

dae ? Infinic
- Run 3 (u=55) Run 4 (1=88-140) Run 5 (u=165-200)
= L) B A P e T
\ w 3'5: ATLASPrehmlnary e
> - 2022 Computing Model - Disk s
g 3 SR —
9 - e Conservative R&D -
2 2.5 v Aggressive R&D o ® -
- — Sustained budget model .
> = (+10% +20% capacity/year) » 5
-
1.5 5
1= =
0.5 =
il 1 1 ! | | [ by / &

n l 1 I L] | I — 11 | I - 1
2020 2022 2024 2026 2028 2030 2032 2034 2036

Year

ta at IJCLAb (CPER&P2I0)

- Need continuous increase of T2 capability Graph Neural Network for HGCAL CMS

9
- Development of new algorithm for data reconstruction including ' W,
machine learning both online in FPGA and offline o N
(DATAIA @ Paris Saclay & “Learning to Discover” worskshop at A m“,"
Institut Pascal) R Tl
LA p‘?)"a A

07/09/2022
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Beyond HL-LHC

/‘.b) Cub

Iréne Joliot-Curie

I Proton collider
B Electron collider

Possible scenarios of future colliders
\ Ereparation / "
=== Construction/Transformation
. { o years IVEETYN i European_ strategy
E‘ 20km tunnel 2 ab! _— 4 ab™ O = 4-5.4 ab™! roadmap In 2020

BARN CePC: 50/160/240 GeV SppC aim similar to FCC-hh

(4]
= e
= { 100km tunnel 16/2.6/5.6ab
o
FCC-ee: m =
Syeer ERAREER 907160250 Gev e FCC hh: 150 TeV =20-30 ab!
= 100km tunnel 150/10/5 ab! S
o
(NE)
= Syears EALCICIN CLIC: 380 GeV 1.5 TeV 3 TeV
I L=—=t]
11 km tunnel 1.5 ab? 2.5 ab1 5 ab1
9 km tunnel 50 km tunnel
L ] ] ] L
2020 2030 2040 2050 2060 2070 2080 2090

New generation of trackers and calorimeters
- Some R&D quite mature, targeting specifically ILC started one decade ago : CALICE (LLR, IJCLab,

Omega), TPC with microMegas (Irfu)
- Some R&D targeting FCC-ee started recently on calorimetry at IJCLab (Noble liquid, Liquido) and

tracker at Irfu (CMOS)
— increasing commitments/responsibilities expected from our labs in the next years
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