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Nothing is believed more strongly that which we know the least

Montaigne , Essais
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Historical introduction of the boson and of the LHC
reminder( seeFrancois and Yves)
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Spontaneous Symmetry breaking
The BroutEnglert-Higgs mechanism

The LHC
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1950 GinzburgLandau ( MeissnetOchsenfeld effect - London penetrationlength ~W mass
1959 Nambu - Pippard coherencelength ~ H mass)

1960 Goldstone
1961 Schwinger
1962 Anderson
1964 Brout, Englert, Higgs,Guralnik,Hagen,Kibble
1967 Weinberg, Salam Faddeev,Popov
1970 Glashow, lliopoulos,
Mai ani, o6t Hooft, V

' " i"_cj ]

1983 yRubbia van der Me: particles of mass Mo discovery of W and Z at CERN

19814 Repellin, :

1989 constructiol
beginning of

1992¢— L Ol o

1994«— TP of ATLA
1995 discovery o

1996+« approval of

1998 «— approval of ' @ \LICE)
1999 +— ATLAS Phy

2006 <— CMS Physif

2008 +— ATLAS EXx|

2010« Startupat: + Ao ?9

2012 «— 4" July discovery of boson 2 24 6
<“— boson like properties Nobel prize to Englert and Higgs

2014



2011 2010 2009 2008

2013 2012

10th september 2008 : first beams around
19th september 2008 : incident

Yves Sirois |

14 months of major repairs and consolidation
New Quench Protection system

20th november 2009 : first beams around (again)
december 2009 : collisions at 2.36 TeV cms

January 2010 : decided scenario 201Q 7 TeV cms

30th march 2010 : first collisions at 7 Tev cms ~ INStéad of 14 TeV
august 2010 : luminosity of T cnr? st

may 2011 : luminosity > 18 cm?s?
november 2011 : integrated luminosity ~ 5%b
13'december 2011 : fir Syl

march 2012 : start again at 8 TeV
( 50 ns between bunches)
4™ July 2012 : evidence for a new boson
( integrated luminosity ~ 6 )

(StandardModel) bosonlike properties
peak luminosity 7 Bdcm? st
integrated luminosity ~ 5+ 20 tb
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Two important results at the LHC

The discovery of the BEH boson ¥ 4
with properties close i,
to what was predicted by
the Standard Model

No new physics !
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We hope to find new physics in the scalar sector
either by looking at deviations of the properties
(w.r.t SM properties ) of the (already discovered )
BEH boson ,or by looking

at new bosons ( using or not the already discovered
boson )

The SM (with a BEH boson )is NOT theultimate theory
( neutrino massesdark matter, baryonantibaryon
asymetry, unification betweerelectroweakheoryand
stronginteration, € not explained)
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masses of elementary ~ DOSONS fermions
particles
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A lot of things are not known ! SM not ultimate theory

~ 65 % of dark energy (vacuum energy)
Y expansion of Universe
accelerating

~ 30 % of dark matter ( not yet
observed )Y rotation
of galaxies

Hierarchy problem
mH << mPIanck

Connection
with gravity

~5%ofAknowno matter

12



Supersymmetry (SUSY)

* Multiplies by ~2 the number of particles

* Allows the stabilisation of the Higgs mass

* Local SUSY incorporates gravity

* Gives a natural candidate to
dark matter : theLSP

S a popu

In addition better unification

8 10 12 14 16 18
Log,.(Q/GeV)



‘ MSSM ‘ 5 Higgs bosons couplings to down
( 3 neutralsA,H,h and 2 chargedd °) | part of doublets

(b,f, m) enhanced
at high tan)

D.Rainwater hegph/0702124
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LHC results of run 1 (see Yves) [ — O'/O'SM

ATLAS Prelim. |— c(stat.) Total uncertainty Se n S Itlve tO
m, = 12536 GeV | (@) | tloonp 197 ™ (8 TeV) + 5.1 ' (7 TeV)
arXiv:1408.7084
H— YY B : l Combined . c MS m, = 125 GeV/
P 1y several decay modes +=ier2| Preliminary
' R [
arXiv:1408.5191
Hozzesa |0 e « 0| ™
_ +0.40 |-0.21 "
H= 1.4470_33 0.1 1 VBF tagged |
ATLAS-CONF-2014-060 u=114=027
H— WW* - viv | 218 " '
several production |
= 1 08+O.22 70.16 : 1 VH tagged
020701 ‘ d eS p-0go:0ze|
arXiv:1409.6212
— Mo -
W,ZH— bb 05| —— ttH tagged - i
w=05%4%]  —1— HoaTEaE e
ATLAS CONF-2014-061 : J 1] 1 2 3 4
H—1t -o8 — Best fit a/ay,,
h=140d s ——

o 05 1 15 2 100 4 0.09 (stat.) 55 (theo.) #+0.07 (syst.)

ts=7TeV [Ldt = 4.5-4.7 fb” .
Signal strength (u)

ts=8TeV [Ldt =20.3 b

https://atlas.web.cern.ch/Atlas/GROUPS/PHY SICS/CombinedSummaryPlots/HIGGS/ATLAS_HIGGS_mu_Summary/ATLAS_HIGGS_mu_Summar9.[2@141

Bourbaphy 2911-14 15



A.Djouadi Phys.Rept.457:216

o(pp — H + X) [pb]
V5 =14 TeV
MRST/NLO
my = 178 GeV

-
.
-
-

~-§ Typical uncertainties on crossection
ag 10 % NNNLO
VBF 5% NLO
— WH,ZH 5% NNLO
ttH 15% NLO

1

These production cross sections have to be ‘AS(

with the decaysb ,# tWW,ZZ,9 g

Bourbaphy 2911-14 . * * - :
channels with good mass resolution




A.Djouadi Phys.Rept.457:216
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57.7% 21.5% 2.6%

d e
v
tt, WW and ‘
ZZ pairs
0.23% 6.3%

relative modifications of direct antbop-inducedcouplings
dependof BSM models:

-1 n 0 c ompoelgscoupliagsto

g aqre protectedoy globalsymetriesand deviationsare

thereforesmaller,
- In MSSM loop-induceddeviationsare larger

18



C.Duhr

1.00 £ 0.09 (stat.) T35 (theo.) # 0.07 (syst.)

Importance of theoretical errors at the LHC
but they should decrease (soon) !

® At N3LO, there are five contributions:

Real-virtual Double virtual

Triple virtual
riple virtua real

squared

Double real

virtual

Trip]e real

Bourbaphy 2911-14
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Growth in c-::rmple:{ity for real emission

LO D1

| diagram

] integral

NLO

10 diagra ms

| integral

NNLO

581 diagrams

18 integrals

C.Duhr

N3LO

26565 diagrams

~500 integrals

Bourbaphy 2911-14
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CMS PAS HIG-14-005

Search for lepton flavor violating decays
A slight excess of signal events with a significance of 2.5¢ is observed.

A SANARS JHEP 1409 (2014) 112

T T T T I T T 7T I T
~+- data syst. unc.

|:| gg—+H (HREz) + XH
{K g = 1.15)

Measurements of fiducial and differential cross sections for
Higgs boson production in the diphoton decay channel at
+/8 = 8 TeV with ATLAS

=== XH = VBF + VH + fiH
H—yy. {s=8TeV
[Ldt=203m"

%
Q
2)
'_
=2
—
E
=]
=

however several
small tensions
with the (current) data

[ i INENEEN ATENENEN ATSNAEN ATSN IS BTSN AT AN A AN BTN A
20 40 60 80 100 120 140 160 180 200
pl" [GeV]

data / prediction
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| 3 ThelLHC

The LHC is a (mainly) pp superconducting collider of 27 km long in a tunnel
~ 100 m underground close to Geneva ( tunnel already used by LEP) which
should work with a desngncentreof mass energy ofl4 TeV

e Rl e = i |

Mont Blanc

CERN
_ (Centre

Vlﬁuropeen
de

T A N e o M Ty f Recherche
o designof LHC (sub)Nucleaire)

" 2808 bunches of 18 p in each §
beam collide (each 25 ns)
€2 luminosity =10*¢cm? st

in fact world center




experiments at the LHC

ATLAS and CMS look for

| the elementary scalar boson + ..
Large Hadron Collider B > 3000 physicists in each of thes
I two experiments

2%

SRS 1€V A

(matter antimatter asymmetry)
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Example of CMS = (CompactMuon Solenoid)

‘| e gprecision calorimetry m am sm 6m m

1 H- ggde S ;ﬂ\ St
Lead tungstate . \_\ = _

-] 75000 scintillating Crystalsd Trigger without dead time

TN\

il

write > 200 evts /s

Silicon tracker =y
+ vertex (b quark,
t lepton =

B=AT ]

Tracker \§ / /////

. Electromagnetic
i ]l Calorimeter

Supposed to work 10 years witholit
decrease of performances _‘r

Muon spectrometer

I
e

CaII-I;r(il::erle Had I'OﬂIC || é
Transverse slice C al O rl m etry i
hough OHS Sampling calorimeter with absorbe -
«4 p» detector (brass) and plastic scintillators
up t0/7=5 Jets and Emiss 2
(from g= 1.35°)




CMS Preliminary 2011-2012
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H
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acceptance

CMS-DP-2013/007
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High level quality control !

Bourbaphy 2911-14




Muon Spectrometer (| A4|<2.7) : air -core toroids (B ~ 0.5/ 1T in barrel/ end  -cap) with gas -based
muon chambers Muon trigger and measurement with momentum resolution < 10% upto E,~1TeV

Marc Virchaux

ATLAS detector (19532004) Length : ~ 46 m
Radius :~12m
Muon Detectors Argon Calorimeter Welght - ~ 7000 tons

~108 electronic channels
3000 km of cables

3-level trigger
reducing the rate

from 40 MHz to
~200 Hz

Inner Detector (| A|<2.5, B=2T):
- Si Pixels, Si strips, Transition

\9“@1 Radiation detector (straws)

)| Precise tracking and vertexing,

e/ p separation

Momentum resolution:

slp 1 ~ 3.8x104 p; (GeV) A 0.015

Solenoid Magnet SCT Tragker P ( Chamber reSO|Uti0n /4 MS )

Toroid Magnets

EM calorimeter: Pb -LAr Accordion \

e/ gtrigger, identification and measurement

E-resolution: S/E ~ 10%/ CE HAD calorimetry (| A|<5): segmentation, hermeticity

Fe/scintillator Tiles (central), Cu/W  -LAr (fwd)
Trigger and measurement of jets and missing E -
E-resolution: /E ~50%/ CE A 0.03

Daniel Fournier
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in 2015
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Future facilities ( for future searcheg
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Short term future ( improvements of LHC )

(upgraded) LHC may bethe only machine in thenext 20 years

Bourbaphy 2911-14 30



luminosity ratio

100 ——r——r : — :
[ ratios of LHC parton luminosities: 13 TeV /8 TeV

WJ52013




©A.Hoecker

Minimum bias
Wi(ln)

Z(IL)

7

t (s-channel)
t (t-channel)

H (ggF)

H (VBF)

WH

tt

ttz

ttH

A(0.5 TeV, sgF+bbA)
stop pair (0.7 TeV)
gluino pair (1.5 TeV)
7' SSM (3 TeV)

Q* (4 Tev)

QBH (5 TeV)

QBH (6 TeV)
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1.2
1.6
1.7
2.0
2.2
2.5
2.3
2.4
2.9
3.3
3.6
3.9
4.0

46

56

Cross section ratios: 13 TeV /8 TeV

370

£
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© Fabiola LHCP 2014

The LHC will start again soon

L~7x10%
Pile-up~20-35 13-14 TeV

8 TeV

nomina

uminosity 75%

splice consolidation
bution colimators
RA2E project

Lo o |

experiment beam ppes
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New LHC / HL-LHC Plan

LHC

L=1.6x1034
Pile-up~30-45

SPS
ce

Lo P |

nominal lurminosity

e

injector upgrade
cryegenics Point 4
dispersion
suppression
collimation

axperiment upgrade

phrase 1

14 TeV

2 X nom

T T T

nal luminosity

[

T\

radiation
damage

b b

p——

1

LS3

HL-LHC mstallation

expenment upgrade phase 2

L.Rossi

L=5x1034
Pile-up~ 130-200

narmiNa;
luminosity

[ —

E- b B B TR
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Next 20 years !

= .
S LHC Schedule beyond LS1 e
bt - Shutdown
<
© Beam commissioning
i Technical stop
30 fb! 2015 2016 2017 2018 2019 2020 2021
a1Ta2,03 a4 [a1Ta2 03| a4 [a1Ta2Ta3 ] a4 a1 [z Ta3 a4 | a1 a2 a3 Taa a1 [0z [a3Tas [a1 02 |03 Jas
LHC . vsrsR 5 EYETS YETS LS 2 msR .
Injectors un un
2022 2023 2024 2025 ZUZE 2027 2023
01702 T3 ja4 |1 Ta2Tas Tas a1 [a2TasTas a1 |z [a rs'l_m 01702 a3Tas{a1702]a3 [aa]a1 Ta2 03 |04
LHC
) LS 3 Run 4
Injectors
300 fb- 1
2029 2030 2031 2032 2033 2034 2035
a1Ta2Ta3 04 |a1 a2 Tas3 Ta4 a1 ja2TasTas [a1 (a2 [a3Ta4 |1 a2 [a3Tod [aiTa2 a3 [a4 i Taz2 | 03 a4
e LS 4 I Run 5 1S5 I
Injectors
(Extended) Year End Technical Stop: (E)YETS 3’000 fb'1
Hizh LHC schedule approved by CERN management and LHC experiments spokespersons and
otﬂl‘“""‘ technical coordinators (December 2013)
== G. Arduini - LHC Machine Upgrade
Bourbaphy 2911-14 34




e ———————————————————— A —

Why an LHC Upgrade?

* Peak luminosity ~Integrated luminosity

6.0E+34 7 5 7
1000
5.0E+34
— 4.0E+34 100 —
', &
£ A -
O, 3.0E+34 W =
P — 10 8
2 =
(@] ! E
£ 2.0E+34 : vTere =
£ ® L S
3 o 1 E
1.0E4+34 %
Q
)
5 3 ‘ =
0.0E+00 —* ‘ ‘ p— . 0.1

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Year
M. Lamont
e {{:ﬂm ity \.:‘
LHC

:
I ———— T e ograde m—
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3000 g -t o
LS2=1.5y, LS3=2y | L52=2.0y, L53=3y
Year s1 52 s3 s4 S5
2015 35 35 35 35 35
2016 50 50 50 50 50
2500 { 2017 50 50 50 50 S0 | e
2018 50 50 50
2019 25 50
2020 60 25 25
2021 60 60 25 60 25
2000 2022 280 60 60 60 60
= 2023 430 60 a0 60
. 2024 | 150 .
.@, 2025 250 | 150 e =0 Lumi at
E 2026 | 250 | 250 | 150 150
'g 1500 { 2027 250 | 250 250 150  |-r-mmimm s
= 2028 | 200 250 250 250
= 2029 250 | 200 250
3 2030 | 250 | 250 | 200 200
E 2031 250 | 250 250 200
w 1000 2032 200 250 250 250  |-rememmimememmm e
) 2033 250 | 200 250
E 2034 | 250 | 250 | 200 200
- 2035 250 | 250 | 250 250 200
Total | 2580 | 2380|2180 2080 1880
500
e
G T T T
2015 2020 2025 2030 2035
Year
30

@)

ot
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Hardware for the Upgrade

* Main modifications:

Bourbaphy 2911-14

New high field/larger aperture
interaction region magnets

Cryo-collimators and high field 11
T dipoles in dispersion
suppressors

Crab Cavities to take advantage of
the small B*

New collimators (lower
impedance)

Additional cryo plants (P1, P4, P5)

SC links to allow power
converters to be moved to
surface

cost (machines)
850 MCHF

G. Arduini - LHC Machine Upgrade 32

cost (detectors) ~ 500 MCHF 37



Luminosity levelling

1. E+35

1)

28

Y 8.E+34

Luminosity (cm
s s
m
+ -
) LS
PEN <

2.E+34

0.E+00
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© Virdee Vietham
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Long term future ( linear and circular colliders )

Obviously final decisions will wait for (more) results from
LHC é

proton colliders, circular , allow to go to very high
energy , technological challenges : magnets

electron colliders, circular ( large synchrotron radiation
power ~ 1/m) or linear , allow a well defined centre of
mass energy between constituents

+ muon colliders , & colliders (LHeC), photon colliders
plasmabased particle acceleration not described here



e+e colliders : remind Synchrotron Radiation Power ~E *

ILC : two singlebeam linac with superconducting RF accelerating
cavities ~ 40 MV/mOs ~ .25i 1 TeV
CLIC : two double beam linac : the low energy , high current drive
beam powers ~100 MV/m RF cavities in main linac
Os ~3 TeV
Circular e+e colliders: FCC-ee : 80 km circular ring ,
e+e collider (could have also
L3 Os ~240 GeV in LHC tunnél
requires two ring scheme in order to have a lot
of bunches and continuous injection ( tested at
B factories ) .. see also CepC

FCC-pp ( could go up tads=100 TeV)

Bourbaphy 2911-14 41



The | nternational Linear Collider (ILC)

Linear e+ e collider , based on superconducting radicequency
accelerating technology.

e+ bunch
5 GeV e+ and e pamping Rings IR & detectors compressor
circumference = 3.2km / |
': e- source
(D
-

e- bunch ke

compressor positron 2 km
\ main linac

e .
M — 1
I
"
-or

central region

5 Kkm
electron
main linac
L 0.5 TeV CM energy

2 km



=14 km

& =05TeV

30m radlus ), RTML
7 mrad

-

~11.1km

(1.3 GHz) superconducting cavities
with a pulse length of 1.6 ms
40 MV/m

separation between bunches in a pulse
~0.5ms

rate of pulses ~ 5 Hz

Bourbaphy 2911-14

“\ ~ 30.5 km

~11.0 km

7 mrad
\
(J RTML

30m radlus

Not To Scale



Baseline 500 GeV Machine 1st Stage L Upgrade Ecwm Upgrade
A B
Centre-of-mass energy Ecm GeV 250 350 500 250 500 1000 1000
Collision rate Srep Hz 5 5 5 5 5 4 4
Electron linac rate Tlinac Hz 10 5 5 10 5 4 4
Number of bunches ni, 1312 1312 1312 1312 2625 2450 2450
Bunch population N %1010 2.0 2.0 2.0 2.0 2.0 1.74 1.74
Bunch separation_ ) Aty ns 554 554 554 554 366 366 366
Pulse current within pulse ( ~ 1 ms) Pl mA 5.8 5.8 5.8 5.8 8.8 7.6 7.6
Main linac average gradient Gy MV m—! 14.7 214 31.5 315 31.5 38.2 39.2
Average total beam power et MW 59 7.3 10.5 5.9 21.0 27.2 27.2
Estimated AC power Pac MW 122 121 163 129 204 300 300
RMS bunch length o mm 03 0.3 0.3 0.3 03 0.250 0.225
Electron RMS energy spread Ap/p % 0.190 0.158 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread Ap/p % 0.152 0.100 0.070 0.152 0.070 0.043 0.047
Electron polarisation P- % 80 80 80 80 80 80 80
Positron polarisation Py % 30 30 30 30 30 20 20
Horizontal emittance Yéx pm 10 10 10 10 10 10 10
Vertical emittance Yey nm 35 35 35 35 35 30 30
IP horizontal beta function B mm 13.0 16.0 11.0 13.0 11.0 22.6 11.0
IP vertical beta function By mm 0.41 0.34 0.48 0.41 0.48 0.25 0.23
IP RMS horizontal beam size oy nm 729.0 683.5 474 729 474 481 335
IP RMS veritcal beam size oy nm 7.7 59 5.9 1T 59 28 2.7
Luminosity L x 103 cm—2s~1 0.75 1.0 1.8 0.75 3.6 3.6 49
Fraction of luminosity in top 1% Lo.o1/L 87.1% 77.4% 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss dps 0.97% 1.9% 4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing Nopairs %103 62.4 93.6 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing Epairs TeV 46.5 115.0 344.1 46.5 3441 1338.0 3441.0

almost 20 years of R&D
Synergy with XFEL ( Xray Free Electron Laser at DESY )



CompactLI| near Collider CLIC

326 klystrons

. 326 klystrons
33MW,139ps | | | circumferences | | | 33MW,139ps
delay loop 73.0 m -
drive beam accelerator CR1146.1m drive beam accelerator
2.38 GeV, 1.0 GHz CR24383m 2.38 GeV, 1.0 GHz
= Tkm 1 km
delay loop » 4 delay loop

(oR) ORY)  deceterator, 4secorsof 876 m pulse rate : 50 Hz
%mm\mm _-_;wm /_ _m J-—»\ 350 bunches
TAr—120m € Mmain linac, 12 GHz, 100 MV/m, 21.02 km " e* main linac TA radius = 120 m ( eaCh 05 ns )

48.3 km .
CR combiner ring |
TA turnaround I n a p u Se
DR damping ring
PDR predamping ring
BC bunch compressor
BDS beam delivery system
IP  interaction point
B dump

booster linac, 6.14 GeV

e* et
DR PDR
493 mJ|398m

e~ injector,

e’ injector,
2.86 GeV

2.86 GeV

High gradient normatconducting accelerating structure
RF power for the colliding beams extracted from a
high current drive beam
Bourbaphy 2911-14 45



CLIC

Parameter Symbol Unit Stage 1 Stage2 Stage 3
Center-of-mass energy VS GeV 350 1400 3000
. Integrated luminosity #s abt 05 1.5 2.0

— 4-5 years of operation 200 days/year 50% efficiency
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Description [units]

500 GeV

3TeV

Total (peak 1%) luminosity
Total site length [km]

Loaded accel. gradient [MV/m]
Main Linac RF frequency [GHz]
Beam power/beam [MW |

Bunch charge [10? et/e |
Bunch separation [ns]

Bunch length [rm]

Beam pulse duration [ns]
Repetition rate [Hz]

Hor./vert. norm. emitt. [107%10"%m]
Hor./vert. IP beam size [nm]
Beamstrahlung photons/electron
Hadronic events/crossing at [P
Coherent pairs at IP

2.3 (1.4)x10%

13.0
30

4.9
6.8

72
177

2.4/25
202/2.3
1.3
0.3
200

0.5

50

5.9 (2.0)x 103

48.4
100

14
3.72

44
156

0.66/20
40/1
2.2
3.2

6.8x10%
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3 TeV CLIC

Power Days Energy
IMW] | TWh]
Nominal operation mode 582 177 2.47
Fault-induced downtime 60 44 0.06
Programmed stops 60 44 0.21
Energy consumption per year 2.74
Note : 1 year of CERN with LHC at 4+4 TeV
1.26 TWh
Willadd 0.1 TWh at 6.5+6.50r 7+7 TeV
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Future Circular Colliders

CERN is considering a design study of padtiC
particle circular accelerator , with emphasis on pp and
e+e high energy frontier machines

Circular design also considered in China ( CepC , SppC)

pp colliders :
LHC circumference =27 km B = 8.3 I3 =14 TeV
100 km 20T 125 TeV

technological challenge
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Central Field (T)
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Very high luminosity e+ ecolliders considered

FCC-ee High luminosity
- short beam lifetime
- top-up injection , operating the collider at constant
magnetic field and with almost constant beam current
( tested at KEKB and PEM B factories )

- Requires a fullenergy injector

The FCGCee collider is a double ring with separate
beampipes for the e+ and-doeams
- allows a large number of bunches

- 3rings
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parameter LHC (pp) | FCC-hh LEP2 FCC-ee (TLEP) CepC
design achieved Z Z (cr. w.) w H tt

species pp pp ete” ete” ete~ ete~ eTe~ eTe | ete”
Ehoam [GeV] 7,000 50,000 104 45.5 45 80 120 175 120
circumf. [km] 26.7 100 26.7 100 100 100 100 100 54
current [mA] 584 500 3.0 1450 1431 152 30 6.6 16.6
no. of bunches, 7y, 2808 10600 a 16700 290791 4490 1360 98 50
N, [1011] 1.15 1.0 4.2 1.8 1.0 0.7 0.46 1.4 3.1
€, [nm] 0.5 0.04 22 29 0.14 3.3 0.94 2 6.8
€, [pm] 500 41 250 60 1 7 2 2 20
B [m] 0.55 1.1 1.2 0.5 0.5 0.5 0.5 1.0 0.8
3% [mm] 550 1100 50 | | | l 1 1.2
o [pm] 16.7 6.8 162 121 8 26 22 45 74
o, [pm] 16.7 6.8 3D 0.25 0.032 0.13  0.044 0.045 | 0.16
0. [mrad] 0.285 0.074 0 0 30 0 0 0 0
frt [MHz] 400 400 352 800 300 800 800 800 700
Vit [GV] 0.016 >0.020 3.5 2.5 0.54 4 D3 11 6.87
a. [107°] 32 11 14 18 2 2 0.5 0.5 4.15
OSR (%] — — 0.16 0.04 0.04 0.07 0.10 0.14 | 0.13
SR [mm] —_ — [1.5 1.64 1.9 .01 081 1.16 | 23
oot [%] 0.003 0.004 0.16 0.06 0.12 0.09 0.14 0.19 0.16
oot [mm] 75.5 80 115 | 2.56 6.4 149 117 149 | 27
Fhg 1.0 1.0 0.99 0.64 0.94 0.79 080 0.73 | 0.61
7| [turns] 10° 107 31 1320 1338 243 - 23 40
£ 1P 0.0033 0.005 0.04 0.031 0.032 0.060 0.093 0.092 | 0.103
E,lIP 0.0033 0.005 0.06 0.030 0.175 0.059 0.093 0.092 | 0.074
no. of IPs, nyp 34) 2(4) 4 4 4 4 4 4 2
L/P [10%*/cm?/s] 1 5 0.01 28 219 12 6 1.7 1.8
Theam [Min] 2760 1146 300 287 38 72 30 23 57
Psg/beam [MW] 0.0036 24 11 50 50 50 50 50 50
energy / beam [MJ] 392 8400 0.03 22 22 4 1 0.4 0.3

100 MW Pgp-

300 MW total for FCC-ee

current

~

U(Epeam)*

large number
of bunches

Constant Pgg
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comparison of luminosity of various colliders

luminosity [10** cms']

1000 :
= FCC-¢e (crab waist)
100 .
10 |
Ee——— %
ChLiC
|
0.1 - : : - : -
(0 500 1000 1500 2000 2500 3000 3500

FCC-ee and CepC values are summed over 4 and 2 IPs
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Newphysicsin the scalarsector
( seePierre andAbdelhak)

Bourbaphy 2911-14
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First , study of the properties of the
already discovered BEH boson

Bourbaphy 2911-14
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o X BR
o=
(0 X BR)sm

measured directly by experiments

scale factors ( H.jt;) obtained by fits of different

measurements

. sM My
ng_f — h-f . ngf — h.f . —1!
Im?
. SM . Vv
JHVV = RV "ggvy — Kv ° o
K2 - K2
o X BR(gg = H — v7) = osmlgg — H) - BRsm(H — 77) - ——5—
."‘{-H

GH/‘SS



Generic size of Higgs coupling modifications from the Standard Model values

M ~ 1 TeV

Model KV Kb Fry
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM ~ ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—B3=-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%
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Expectations from HL-LHC

Bourbaphy 2911-14
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300 fbt ~ 2025 3000 fbt ~ 2035

CMS Projection CMS Projection
] 1 l L ] ] L ] L L T ] I L T ] T I L] ) ] L] I T | L T I L L T L] I T L L ] I ] L
Expected uncertainties on F— 300" at fs =14 TeV Scenario 1 Expected uncertainties on F—{ 3000 ' at 5= 14 TeV Scenario 1
Higgs boson signal strength 1 300" at fs =14 TeV Scenario 2 Higgs boson signal strength 1 3000 " at 5= 14 TeV Scenario 2
Hoyy t { Hovy t {
H—- WW } { H—- WW t {
H— 2Z | { H—2Z 1 i
H- bb } ] H- bb t y
H-1t1 } l H-1t1 ' i
1 1 ' 1 L l 1 ' ' ' l ' ' ' ' l ' 1 ' ' ' ' 1 ' l L 1 ' 1 l 1 1 ' l 1 1
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
expected uncertainty expected uncertainty
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CMS Projection

L] ] I ] ] T ] I L] ] ]
Expected uncertainties on
Higgs boson couplings

] I ] ] 1 ] I ] L]
— 300f"'at {s= 14 TeV Scenario 1
= 300" at fs = 14 TeV Scenario 2

Ky t i

Kw ! i

Kz $—

Kg —

Kb f |

K, i
Kq } {

L
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expected uncertainty

CMS Projection

Expected uncertainties on

] L ] l

Higgs boson couplings

i ]
L

J |
1 1

i

——

L] I ] ] ] ] I L] ]
F— 3000 fb"at /s= 14 TeV Scenario 1
= 3000 f"'at {S= 14 TeV Scenario 2

—_

I L I

0.00

I PP [
0.10 0.15
expected uncertainty
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ATLAS Simulation Preliminary
(s = 14 TeV: [Ldt=300 fb™" ; [Ldt=3000 fb”

H— Zy (incl)

0 02 04
Au/u

ATLAS Simulation Preliminary
(s = 14 TeV: |Ldt=300 fb™' ; [Ldt=3000 fb”

H-Yy (com(b

(1
(VBF -like

(ZH- I|ke

H—-ZZ (Comb
(VH-like

(ttH-like
(VBF I|ke

(VBF-like
H—-Zy (incl.

(comb.
H— bb (WH-like

(ZH-like

H—ott (VBF-like
H—up  (comb.

(incl.
(ttH-like

)
0j)
J)
)
)
)
)
)
)
)
)
H—->WW (Comb ;
1)
)
)
)
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Increase of cross section witt

Process c (14 TeV) R (33) R (40) R (60) R (80) R (100)
gg—H 50.4 pb 3.5 4.6 7.8 11 15
qq—qqH 4.40 pb 3.8 5.2 9.3 14 19
qq - WH 1.63 pb 2.9 3.6 5.7 7.7 10
qq —ZH 0.90 pb 3.3 4.2 6.8 10 13
pp—HH 3381b 6.1 8.8 18 29 42
pp — ttH 0.62 pb 1.3 11 24 41 61
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Mode LHC ILC(250) ILC500 ILC(1000)
WW 4.1 % 1.9 % 0.24 % 0.17 %
ZZ 4.5 % 0.44 % 0.30 % 0.27 %
bb 13.6 % 2.7 % 0.94 % 0.69 %
ag 89% 4.0 % 2.0 % 1.4 %
0 7.8 % 4.9 % 4.3 % 33 %
T 11.4 % 3.3 % 1.9 % 1.4 %
cc - 4.7 % 25 % 2.1 %
tt 15.6 % 14.2 % 9.3 % 3.7 %
pt = - - - 16 %
self — - 104% 26 %
BR(invis.) <9% <044% <030% <0.26%
T (k) 203% 4.8 % 1.6 % 1.2 %

Bourbaphy 2911-14
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Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (41Ps) HE-LHC VLHC
Vs (GeV) 14,000 250/500/1000 250/500/1000 350,/1400/3000 240/350 33,000 100,000
[ Ldt (fb~")  3000/expt  250+500+1000 1150+1600+2500  500+1500+2000  10,000+2600 3000 3000
. ILC 3+3+3
[dt (107s) 6 3+3+3 ( +3+3) 3.1+4+43.3 545 6 6
: + 3+3+3
Bourbaphy 2911-14
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Facility LHC HL-LHC  ILC500  ILC500-up [LC1000 ILC1000-up CLIC TLEP (4 1Ps)

V3 (GeV) 14,000 14,000 250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350

[ Ldt (fb=')  300/expt  3000/expt 2504500 115041600 25045001000  115041600+2500 500+ 150042000  10,000+2600
Ky 5—7% 2-5% 8.3% 4.4% 3.8% 2.3% ~/5.5/<5.5% 1.45%

K 6-8% 3-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4-6% 2-5%  0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Kz 4-6%  2-4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

Ke 6-8% 2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Kd = Kb 10-13% 4-7%  0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ku = Ky 14-15% 7 -10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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width ( and mass ) of (already discovered) BEH boson

measuring the width is a clear way to search for new physics

measurement precisions

Facility LHC HL-LHC [LC500 ILC1000

V5 (GeV) 14,000 14,000  250/500  250/500/1000

[ cat (w1 300 3000 2504500 25050041000

mpg (MeV) 100 50 32 32

Iy — — 5.0% 4.6%
[LC1000-up CLIC TLEP (4 1P)
250/500/1000 350/1400/3000 240/350

11504+16004-2500% 5004150042000  10,0004-2600
15 33 7

2.5% 8.4% 1.0%




—
N
o

T T T T

— T T L L I Ll T T T

Al =

S gk ZH - ptp X 3
g —e— Sig+Bkg :
[72) [, . ke
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recoil mass absolute measurement of th&osonstrahlung
Cross section

regardlessof the Hdecaymode
Y equallyvalid if H decaydo invisible
final states
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The total boson width can be determined with an error of ~ few 9
using formulae like this

GH) = GH- Z2) | Br(H- Z22)

Obtained f_rom direct T T Directly measured
HZZ couplings

( Ohzz)
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Double H production and self coupling

V= 12070 + \(0TD)? v= /12N~ 246 GeV,  mpy = V2 v ~ 125 GeV

_ 1_ 2 y72 UHHH ;73 JHHHH ;4
AE_—§;72.HH _TH — 1 H

hadron colliders }"T‘ 4 ’
HHH

3000 fb~! of 14 TeV proton-proton collisions

ATL-PHYS-PUB-2014-019

H(— yy)H(— bE)

yield of around 8 events is obtained for the Standard Model scenario, corresponding to a
signal significance of 1.3 .
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e+e study of triple H coupling

ete- — ZHH eTe” — v.v.HH

H
+
e o
z
e 7
n_p?-r]z
ILC500  ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
Vs (GeV) 500 500 500/1000 500/1000 1400 3000
[ cdt (tb™1) 500 1600* 500+1000 1600+2500* 1500 +2000
P(em,et) | (=0.8,0.3) (—0.8,0.3) (—0.8,0.3/0.2) (—0.8,0.3/0.2) (0,0)/(=0.8,0) (0,0)/(—0.8,0)
o (ZHH) 42.7% 42.7% 23.7% - -
o(vwHH) — — 26.3% 16.7%
A 83% 46% 21% 13% 28/21% 16/10%




Additional bosons

ATLAS TDR

Was already studied
a long
time ago

AH- t ttt
A- Zh
H- hh
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