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LHC discovery

-

New resonance

2013. Standard model has passed the exam again:

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and Peter W. Higgs

“For the theoretical discovery of a mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed through the discovery of the predicted
Qndamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider”
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https://en.wikipedia.org/wiki/W_and_Z_bosons
https://en.wikipedia.org/wiki/Photon

Open questions of particle physics

Wil b0 W=, A0

¥iay

Still there are many open questions that directly connected to the : |
properties of the Higgs boson in relation to the new physics |
= The SM does not explain why was the symmetry broken! ;
= Gravity is not included N4 o~
= Hierarchy Problem - why the gravity is ‘'so much weaker’ then the other torces u é

= At the high energy the Higgs boson mass becomes ‘infinite’ (the problem of “naturalness”)
= Matter/Anti-Matter asymmetry
= Dark matter, ...

In order to answer at least a part of these questions several paths of Physics Beyond Standard
model has been developed

= SuperSymetrical models (SUSY)

= Models with Extra Dimensions

= Composite Higgs models ...
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Success of LHC
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Standard model holds! |
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New machine in high energy physics

= What can we learn by studying Higgs bosons and top quarks in electron-positron collisions?
= Which precision measurements can hint to new physics at very high scales?
= Do lepton colliders have the potential to make direct observations if the LHC has found nothing so far?
= Higgs physics
= Higgs couplings
= Higgs mass

= Total Higgs decay width Linear collider physics case
= CP properties _J -‘Jﬁ D) 5
= Top precision physics X S ¥

= Top couplings
= Top mass

= The search for New Physics beyond the Standard Model
= Extended gauge theories

Higgs physics
Top physics
BSM physics

S ——
L ——
J—

» Theories with extra dimensions
= SUSY ...

(
(
(
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Complementarity of hadron and lepton colliders

DISCOVERY

HADRON COLLIDERS

Inttial state not known event by event

Partons carry a fraction of energy
High QCD background

Multilevel trigger schemes

High cross section for colored states

/

Linear colliders - the Higgs boson microscope

M. Pandurovic

HIGH PRECISION

e+ e-

- . o (m

LEPTON COLLIDERS

Inttial state precisely known

Full energy available for the collision
Clean experimental conditions

Triggerless readout

Superior sensitivity for electro-weak states
Possibility of beam polarization

University of Pavia
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Event display

Large Hadron Collider Linear colliders
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Current options of electron-positron colliders %;

- Japanese Mountainous Sites -

Site-A  KITAKAMI

250 GeV
500 GeV
1 TeV
TDR 2013

250 GeV

Z pole, WW

1 TeV

preCDR published
Full CDR mid 2018

G226
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e CERN existing LHC
Potential underground siting
sese  CLIC 500 Gev
CLIC1.5TeV
esee CLIC 3 TeV
‘. J"

380 GeV b, “JuraMountains
1.5 GeV

3 TeV
CDR 2012
Updated baseline 2016

90 GeV

350 GeV
Preparation of
Genpva . the CDR

s document 2018

=CC

_hh =22 he
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Energy and luminosity 7
= Mostim fth llider: luminosity [103* cm~2s1]
portant parameters of the collider: y
o 1000
= Energy Luminosity
Luminosity is the ‘capability of the collider to produce 100 *
collisions’ FCC-
N=L- Oprocess 10 \ i i
———————— —— —— -
At linear colliders the increase in luminosity Is = e ralm ral
achieved by beam focusing to nanometer sizes! !
H-C
2
. nbN f;-ep 01 | | 1 1 1 1
~ 4moyo, 0 500 1000 1500 2000 2500 3000 3500
At circul i lumi o l c.m. energy [GeV]
t circular collider luminosity is increased by longer —— prm TP E=pree——
beam circulation Repetition rate Frep Hz 5 50
156 ns 30 ms Number of particles in a bunch N 10° 20 3.7
CLIC = @\— = - - Number of bunches / train Ny 2625 312
—__;TL:_._.:T:..: ....................... ;....;T._:.__ __—:> Bunch Spacing Tb ne 360 DS
1 train = 312 bunches, 0.5 ns apart
Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018. 1



Electron-positron colliders R

Circular Linear Collider

accelerating cavities

W= N

M‘ = Small number of magnets

Many accelerating cavities

Beam circulates a long time

Smaller number of accelerating cavities = Beam passes only once!

Many bending magnets High energy high accelerating gradient

Small beam sizes - beamstrahlung

Radiation losses dLIJEe4 to circulation

N/
~N

sync m 4 R

Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018. 12
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Energy losses of the beam

At linear colliders the beams are separated in bunches of nm size

Very dense bunches imply high electric field inside a bunch

The field is influencing the particles in the opposite bunch, causing Beamstrahlung
them to emit the radiation called beamstrahlung VI
Converted e*e” pairs — high doses deposited in the forward detectors

vy to hadrons - influences event reconstruction VAT
Beamstrahlung radiation leads to important energy loses Ll

102
pJZ n pJZ | i -
TRADEOFF: 8E = v luminosity £ = " Jre o CEaTe
(O'x+0'y)0'z 477;0'x0'y 107 /
10°

ILC 500 GeV [nm] | CLIC 3 TEV [nm]

dN / NdE

10° :'
= FLAT BEAMS o 474 = ! W’ e
1078 work in progress
0y 59 1 . R
od 0.8 1
X = \(_/\{7
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ILC

= International Linear Collider (ILC) is one the most advanced concept for a future energy

frontier ete collider

e+ bunch
||_C Damping Rings IR & detectors compressor

Superconducting RF cavities \

e- source

‘cold” machine
32 MV/m 5 Biitieh e+ source

compressor positron
31 km main linac
11 km
2.0 x 1034 .

central region

Higgs factory 250 GeV o

500 GeV case

electron
upgradable to 1 TeV main ;iinac Da
(considering staged .Y 11 km
approach) -

Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018.
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CLIC

= Staged machine with three center-of-mass energies: 350/380 GeV, 1.5 TeV, 3.0 TeV
= The operating energy can be adapted to possible LHC discoveries at 13/14 TeV
CLIC

. 540 klystrons _ . 540 klystrons
Two-beam acceleration scheme ALIVALLIEN N . QiveBeam ] creumiernce LI 20mw148s

; delay loop 73 m
drive beam accelerator CR1293m

Operating at room temperature 2ok e e 28km
100 MV/ m . decelerator, 25 sectors of 878 m

TA

1.5 -59 x 10-34 e main linac, 12 GHz, 72/100 MV/m, 21 km
b \ [

drive beam accelerator

A

Y

s
i
e* main linac %

3 TeV ok

CR combiner ring
TA turnaround

Staged construction and DR damping ring

ing ri booster li :
: BC bunch compressor 386100 Ge |_Main Beam |
Operatlon BDS beam delivery system
IP  interaction point

380 GeV B dump

15 TeV e injector et injector

3.0 TeV 2.86 GeV 2.86 GeV
Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018.
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Principle of particle acceleration

= Both proposed future colliders, ILC and CLIC, use the use the radio-frequency (RF)
acceleration principle

Fixed time/
s A — Fixed space location
‘f:\j‘?\/ = 3 p
:'/]\/3\ \/—> z unches

A 1
‘ time
particle bunch electric field f

T T T T T

e — O — o — o - o — o —

N I N N N I !

Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018.
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the near future

= New types of

superconducting cavity, standing wave (ILC)
average gradient 31.5MV/m
= CLIC

Accelerating structures
ILC “L-band” (1.3 GHz, or 20 cm)

= The RF acceleration is the technology which could provide TeV range e+/e- collisions in
“X-band” (11-12 GHz, ~2.6 cm)

= normal conducting cavity, traveling wave
Gradient 72/100MV/m
380GeV/3TeV accelerator

22/50 km length
20,600 /140000 modules

Linear colliders - the Higgs boson microscope

* LN

"'”*"“Wll’” T |||"= r

20-cell NC cavity

University of Pavia

22. March 2018
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Power production for acceleration ILC %

= The RF power electron linear accelerators is provided by

10MW multi-beam klystrons (MBK) - cathode
= Two alternative methods of transporting the RF microwave o C::m

power to the accelerating structures are considered o S
= The first is a Distributed Klystron Scheme (DKS) s ey

gain
cavities

solenoid

= each klystron drives 39 cavities

= the klystrons and modulators are distributed along the
entire length of the SCRF linear accelerators (linacs), in
the same tunnel

output
coil window
output

The second is a novel Klystron Cluster Scheme (KCS) cavity
Figure 1: Layout of ILC MBK.

collector

= All the klystrons are located in ‘clusters’ in surface
buildings located periodically along the linacs

18
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Power production for acceleration CLIC

New acceleration scheme: Two beam technique

Drive beam supplies RF power
= 12 GHz bunch structure
= High current 100A
= | ow energy 2.4 GeV to 240 MeV

drive beams
lectron beams provide the RF power to the main accelerators

Pl i —

Main bean for physics Mm

detector

= | ower current 1.2A electron main accelerator oo catroms eT—
= High energy 9 GeV to 1.5TeV

CLIC will be operating at high gradient level (100 MV/m) at the highest energy stage of 3 TeV
Two beam technique demonstrated at CERN, CLIC CTF3 test facility

19
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i

Detector requirements: jet energy resolution ;-

= (Certain physics processes of interest are setting the necessary precision goal of the measurement that has to
be achieved in specific subdetectors

= Very high technical challenges!

= Jet energy resolution: Calorimeters

= measurement: separation of W and Z bosons, multijet final states HZ - qgqqqqq

= Gauge boson widths set the natural limit for minimum jet energy resolution

» m, =91.2GeV T[,~2.5 GeV my = 80.4 GeV Ty =2.1 GeV
30 e 1150k S 7 A AT T
| perfect ' 504 {100t 4% 1 o 6% -
200 1100k 1 sof ]
[ 1T sl 1 4of
100:' ':50:- 1 40f ] 2ok
J | | -;

0 1 | 0 L . 1 0 L h 1 i 1 1
40 60 80 100 120 14 40 60 80 100 120 14 40 60 80 100 120 140 ?40 860 80 100 120 140

30%

op/E~ 75

,E<100GeVand 3.5-4.0% E>100GeV

20

Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018.




Particle flow algorithm %
= Jet composition: 60 % charged hadrons 30 % photons 10 % neutral
hadrons ECAL _ HCAL
~ e 13 4————n
= CLASICAL CALORIMETRY - T -%...1!
= Jet energy measurement exclusively using electromagnetic and e . s
hadronic calorimeters - f i‘
= HCAL intrinsically has very low resolution oy/E ~ 635%
Eecal * Encal
= This resolution limits overall jet energy resolution
&I‘E:;a. .
PARTICLE FLOW CALORIMETRY bl =
= Measure only neutral hadrons in HCAL — T
. 20 % L 5o
Photons in ECAL o/ E 75 _M:ﬂ F'T:J";.-'
= Charged hadrons in the TRACKER e
Errack " E, * E,
Linear colliders - the Higgs boson microscope M. Pandurovic University of Pavia 22. March 2018. 21



Detector requirements: momentum and impact parameter

- 1P

P o ) P
= Momentum resolution: TRACKER O 3 3 TeV A —E:g% g
measurement: Higgs mass measurements P 10 | 10 G
Higgs decay to muons 2 4 A *"“L,H |
@ g o 3
[ op/PA ~ 2/5 x 107 GeVl CLIC/IL% T ; 'ﬁoﬂﬁ;ﬁﬁﬁﬁn’.-J.v:-mu_n-df«.i:ﬁlr“_m.-_Jmi
» |mpact parameter resolution: VERTEX DETECTOR q[ T e I WHM E

; .
measurement: identifying beauty and charm heavy quarks in the eventgl!®¢ 118 120 122 124

i-muon invariant mass [GeV]
[ G, ~ OUmM® 10/(p[GeV] - sin3/26)]

= Hermeticity: FORWARD REGION
measurement: missing energy signatures

-[~5—10mrad ]
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ILC detectors

Two detector concepts for ILC: SiD & ILD

Both designs optimized for particle flow calorimetry for the best jet
energy reconstruction

Push-pull operation
Silicon Detector (SiD): B=5T

= vertex Si pixel ECAL Si/W
= HCAL glassRPC/Fe  Muon: Sc
= tracking detector Si

Cost-constrained detector with silicon tracking

Time-stamping on single bunch crossings

International Large Detector (ILD)

Large detector optimized for good energy and momentum resolution

= Tracking gaseous (TPC) for excellent pattern recognition an
dE/dx capability

= vertex Si pixel  ECAL Si/W HCAL Sc or gaseous /Fe
= Muon RPC or SC strips

Linear colliders - the Higgs boson microscope M. Pandurovic e e M e




New CLIC detector model

= lronreturn yoke instrumented with muon detectors (RPC)

= 4T superconducting solenoid magnet

» Fine grained calorimetry system
= HCAL Sc/W, 60 layers, 7.5 4;
= ECAL Si/W, 40 layers, 22 X,

» Tracker - Si- 7um single point resolution
= Vertex Si pixel

The optimized detector model after full detector simulation
= Cost optimization
= Physics performance of CLIC_ILD and CLIC_SiD very similar
= Background conditions are not favorable at 3 TeV for TPC
= one detector, all silicon tracking

24
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Physics program at lepton colliders

e

A full set of the full simulation studies have been performed at the ILC and CLIC

The result has proven that all of these measurements can be performed at the both proposed
colliders, with the precision that is much higher then at Large Hadron Collider LHC

Higgs factory

250 GeV 0.5 ab-1:

Standard model Higgs physics measurement
350 GeV tt threshold scan ~ 200 fb!

500 GeV 0.5 ab-1

Top-Yukawa coupling ttH , Higgs self coupling
Rare Higgs decays

Top quark physics

1TeV

BSM physics

Higgs self coupling
Rare Higgs decays
Top-Yukawa coupling

Linear colliders - the Higgs boson microscope

M. Pandurovic

Three construction stages optimized for physics runs
380 GeV 0.5ab-1:

Standard model Higgs physics measurement

Top physics

tt threshold scan ~350 GeV 100 b1

15TeV15ab-1
BSM physics
Top-Yukawa coupling ttH , Higgs self coupling
Rare Higgs decays =
Top quark physics

3TeV 3.0abtl
5oM physics oosted t\y quarks 3TeV
Higgs self coupling = ///(B:LIC work i in progress
Rare Higgs decays '"’."W}"

Top quark physics

25
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Higgs Physics

P(€’, €)=(-0.8, 0.3), M. =125 GeV

CLIC unpolarized beams

=) 2 | T | BE
3 - HveVe i
T
1 10% =
K - ]
3 | ]
° 10k E
TE E
107 E
102 4
0 3000
Vs [GeV]
Z
e H
Linear colliders - the Higgs boson microscope M. Pandurovic

ction (1)

CLoss section

400 1o
I —SMallffh
- _Zh -
00-_ — WW fusion ]
i ZZ fusion i
oof .
0oF| . w

\s (GeV)

University of Pavia

22. March 2018.



Higgs couplings

The measurement of the Higgs boson couplings provide a strong test for the Standard model

The deviation from the linearity of couplings vs. masses would be the sign of new physics=
necessary to achieve high precision of the measurement

Measurement of the Higgs-self couplings is the only way to access the Higgs potential
2

m 2 AL L LR LR
V = Hz ((|)+(|)) + 7\.((|)+(|))2 — 7\, =_—H S 1| CLICdp /s=350GeV+1.4TeV+3TeV  —
V IO ; model independent 7 't ]
s H
= Higgs couplings measurements at CLIC ?0_1 i v
= Yukawa couplings( c, 1, b, top, w) 3
= Gauge couplings (W,2) Wl 1- b _:
= Self coupling : % |
= Effective couplings for loop induced decays L E
(H—WY, H—>Z'Y) Ll
107 1 10 107

particle mass [GeV]

27
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e

Higgs boson couplings: New physics signatures 7

Mass & JCP Afh Fh, JCP New CP violating source
. - Self couplings
LHI”Q,"J hhh: — Gidv = —3i m"‘, hhhh : —6i\ = —3i m; Higgs potential
v v large deviations - baryogenesis
2, 2
WA h: @Eguy —QEM“ Gy W RE: zg v —QaM;‘ G,
LGauge 2 2 o 2 Gauge couplings (W,2)
LIk +2_q ’Lg“y_QIM tor LA s +29 gw—Q%MQ » Higgs singlet, composite Higgs
L — , yf g Fermion-Yukawa couplings:
Yukawa hff L. multiple Higgs doublets - 2HDM?
\ﬁ v Top-Yukawa couplings - top compositeness
Effective couplings for loop induced decays
LLOOP h’}/’}/ hgg h’}’Z heavy vector like particles
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Model independent o (HZ)

= The measurement of the total cross-section of the Higgsstrahlung process = gy,

= Measure only properties of the Z decay
= |nvariant mass of lepton pair identifies Z
= Recoil mass identifies H

= |eptonic Z decays -the cleanest signature

N

T | T T T T | T T T T | T T T _I
CLICdp Vs =350 GeV |

%)
[==]
[==]

)

HZ; 7— uw'y
{4 simulated data
—fitted total
—fitted signal =

Events /2 GeV

200 —
-- fitted background

100

m2_=s+m>2—2E,+/s

€

= Hadronic Z — gq - high branching fraction ~ 70%
= almost model-independent measurement 160
— Substantial improvement in precision possible i

= Challenge: Z reconstruction depends on H-decay mode, H/Z separation
A(GHZ)/GHZ = 18% — A(gHZZ)/gHZZz 09%

120

100

. . . . . 70 80 90 100 110
Linear colliders - the Higgs boson microscope M. Pandurovic m /GeV
qq




Invisible Higgs decays G

= The invisible Higgs decay process is highly suppressed in the SM
= However, many beyond SM scenarios allow for enhanced H —invisible decay modes
= Using recoil mass technique the invisible Higgs decays Branching fraction is measured to be less

than a percent (0.4%) at 250 GeV (at the 95% confidence level) using combined leptonic and
hadronic Z decays

; 1m 1 T T I T T 1 T l 1 ] L] T l ] Ll T T I T T T T I T T T l__
3 ILD Simulation — 8
~ 1400 \/S = 250 GeV 1wz =
- pol(e ") = (+0.8,-0.3) — b
2 1200 250 b B qqH 3

— ﬁH,H—M\' =
] invisible BF 10%_—

A. Ishikawa

P00 110 120 130 140 150 160
Recoil Mass [GeV]
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Higgs width

= |Lepton colliders: model independent measurement of
absolute couplings of the Higgs to Z boson in
Higgsstrahlung o(HZ)~g?,; and the total Higgs decay
width

= Influences reachable precision on all other absolute
Higgs couplings and the determination of total
Higgs width

2000 e*+e'—wH @ 500 GeV E I"'|l. —— wh (ZH)
J' L=500 fo" i

Pe.e)= (08403 I A

= Determine gy, from ratio of the Higgsstrahlung and
WW-fusion using the same Higgs decay mode

Ory ) __o(e’e” - ZH) X BR(H - xx)
c(e’e” > Hv,v,) Xx BR(H - xx)

— ngww

9 rww

= Determine total Higgs width (r,,) from 0 10 150

4
J Hww

5(e"e” — Hw) X BR(H - WW" )oc — T,

H

31
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Decay mode Branching ratio A
H—bb 56.1%
H—oWW" 23.1%
H—gg 8.5 %
H—=t'1t 6.2 %
H—cc 2.8%
H 77" 2.9 %/
H— vy 0.23 %
H—Zy 0.16 %
H—p'p 0.021 %

Other Higgs couplings

\

o(HZ)xBR(H — xix)~

/ \/s < 500 GeV

2 2
IHzz9xx

N

Iy

/

Linear colliders - the Higgs boson microscope

M. Pandurovic

3

Js = 500 GeV \

@ZIbch’*’ )
T.h.cgW..

giww s
o(Hv,v,)xBR(H — xi)~ T2V IxXx

[y

— T T T T T T T T T T T
| CLICdp {s=3TeV Hvv, Hop'yw

| P{e )=-80% + simulated data

--- background fit |
—signal + background fit |

Events / 0.5 GeV
[s]
o

P I B BV B
110 120 130 140
m(up) [GeV]
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Higgs self-coupling Top-Yukawa coupling 7%

= Higgs boson can also couple to itself = |s a coupling of top quark to a Higgs boson

= The determination of the Higgs self coupling is the

way to access the Higgs potential = Because of very high mass top quark may

, , . play a special role in electroweak symmetry
= New physics scenarios can enhance of selfcoupling breaking

A of the SM value up to tens of percent
= High sensitivity to the physics beyond the

e” Ve m’ Standard model )

V=) A =R =

W= i Ao il

Kioy
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Combined fits ,‘ ‘

= From the measurements obtained at each energy stage the Higgs coupling parameters and
total width are extracted by a global fit
= Model independent fit

= |nput: the cross sections of the specific Higgs decays (6xBR)
= Qutput of the fit: absolute couplings and total Higgs width

(c,1cm -1

=110
AFiZ

x2=Z
|

= Model dependent
= |nput: the ratio between partial width of the studied Higgs decays, to one expected in SM
o Ly
= Constraints: total Higgs width is constrained by the Standard model & Fli"lv' |

Assumption no invisible Higgs decays
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Couplings results

Model independent

Model-independent (MI) global fits

=

fg cLicdp o 350 GeV

> 12 = model independent o +1.4TeV N
= e +3TeV .

B i i
o

(=)} - _
c

S %l |l i
[w)]

L]

LHC or not possible at hadron colliders

0.8

_O = Accuracy significantly better than HL-

= Accuracy comparable to HL-LHC

Linear colliders - the Higgs boson microscope

M. Pandurovic

10%
9%
8%
7%
6%
5%
4%
3%
2%

1%
0%

Model dependent

Projected Higgs coupling precision (7-parameter fit)

B HL-LHC 14 TeV, 3000 f' (CMS-1, Ref. arXiv:1307.7138) ~ =="==777===~ —

- I HL-LHC 14 TeV, 3000 fb™' (CMS-2, Ref. arXiv:1307.7135) .

| B ILC 500 GeV, 500 f’' & 350 GeV, 200 f" @250 GeV, S00f' oo oo- —

i ILC 500 GeV, 4000 fi' & 350 GeV, 200 fi' & 250 GeV, 2000 fii™
I |LC 3 HL-LHC 3000 ™' combination

University of Pavia 22. March 2018.
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Top quark physics ,‘

= Top quark couples most strongly with Higgs field closest insights to the electroweak symmetry breaking

= Loop contributions to the processes that can be studied with high precision show sensitivity to BSM
signals

= Uncertainty of the top mass, along with the uncertainty on the Higgs boson mass, is one of the key
inputs to the studies of the SM vacuum stability

Dedicated measurements:

e" t
= Jop quark mass

= Top quark threshold scan

= Direct reconstruction

* (0F"
= Top -Yukawa coupling v/z

Pole top mass M, in GeV

= Probe of new physics - t

= Top quark electroweak couplings
= Top quark production asymmetries
= CP violation in top sector

Higgs pole mass M), in GeV
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Top quark threshold scan

- At linear collider they can be produced in pairs T et somte s uosocer | ]
« The minimum required energy for production is (E > 2m,) = 6 OO s ey s E
¢ ’ 3 T — best fit template, m_ > 171.45 Ge s
threShOld § 05 ; :1astsftl;ria5<|3nts:ofz (13:/45(3\/ ':
= Near the production threshold the production cross-section is  g04f E
showing the resonant behavior 5 03] z smuated ata pares
= measurements 02 -
= m, top quark mass 0.1 based on CLICALC Top Study ]
" EPJ C73, 2530 (2013) il
- C_ | | | | | | | | | | | ]

= [} top width ° 340 345 350
" g stron coupling constant /s [GeV]

. = — 7T . ‘* T T 1T r T T T T 7
= vy, top — Yukawa coupling [ ]
0120 |- 20 4
= Measurement at different center-of-mass energies in the tt 0.118[ o
production threshold region (data also useful for Higgs physics) : :
= Ten scan point, 100 fb! onen ]
. . B CLIC A
= Expected precision on 1S mass: =50 MeV ( dominated by theory T T I 7 o e YT
NNNLO scale uncertainty) top mass [GeV]
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Top electroweak couplings

= At lepton collider top quark pairs are produced in pairs via Z/y
= General form of coupling can be represented as:

CP conserving CPV
ttV (1.2 i 2 2 Opv v 2 2
'y (k% a,q )——EE{’M @k +’>’s@k ))+ (g +q) (@k +’r‘k‘ ))
£ .m.—mc {5 = 14 TeV, L = 3000 o™ -
g oL =
§ ILC, {s =500 GeV, L = 500 fb” '% -:‘hl; I;!Hcmr(zno:):srm\:: ll;hysslg o?::?(zooe)oaww
= ity /i T7]1LC initial, Vs = 500 GeV, L = 500 fb” L. L.
Bt G 1 WS- 4 = Verticies ttZ and tty are sensitive to
CLIC, Vs =380 GeV, L=5001b"" (0, . ~3%) 8 E CLIC initial, Vs = 380 GeV, L = 500 fb”' E .
= [ I cuic, Vs=3Tev, L =3000 fb" i the new ph_y5|CS
10°'E s . . . .
i i = Coupling determination:
= Measurement:
il » Arg forward backward assymetry
E -2 .
107 ¢ = A,rleftright assymetry
o,z production cross section
1073 10—3 :

Y Z Z Y Z
F1V F1V FIA F2V F2V

Re[F’ 1Re[FZ ] Im[F’ ] Im[F% ]
. : : : 2A 2A 2A 2A o . 38
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Top quark measurements S

FCNC top decays Top-Yukawa coupling
= |n the Standard Model, FCNC top decays are = Direct access to top-Yukawa coupling at energies
strongly suppressed | above 500 GeV

Enties 1527 =
BR(t > cy)=2-10"1 ol H w i = t— bW,H - bb = multi jet signature

160

140

! = complex reconstruction

BR(t >cZ)=1-10"14

= BR(t >cH)=3-10"1 ¢ i Ay, Ao
| o th s, llu#*ﬁhmﬂ luw L T z C T
L T [T R - R/ - R yt (0}
= Significant enhancement possible in many new ILC 1TeV C = 0.52
physics scenarios CLIC3TeV C = 0.53
Model 2HDM | MSSM | RSUSY | LH | Qsinglet | RS Collider LHC ILC | ILC | CLIC
CM Energy [TeV] 14 14 05 | 1.0 1.4

BR(t—cq) | 107° | 107° | 10 [ 107" | 8.107° | 107°

Luminosity [fb™] 300 3000 1000 | 1000 | 1500
BR(t—ch) | 1072 | 107" | 107® |10 | 4.10™ | 107

Top Yukawa coupling k¢ | (14 —15)% | (T—10)% | 10% | 4% | 4%
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Beyond Standard Model searches §\ &

= Linear colliders have a significant discovery potential for the physics Beyond Standard Model
= Direct searches

§103 tt H+
= :
: . , N
= Direct reconstruction of new particles £ 107
. : ? ri—\_
» Possible observation of the new phenomena @ 10 S 7L
o e
= Kinematic limit at the of 0.5/1.5 TeV for ILC/CLIC @ | 7
10" ‘ =
N [=
. 200 b L A O
» |ndirect searches L 2000 300(
/s [GeV]

= Precision measurements of sensitive observables reveal a signs of new physics,
comparing to the SM expectations

= Kinematic limit is higher — several tens of TeV
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BSM physics: direct measurement ,‘

Vs Process Decay mode SUSY Measured  Stat.
S 160 @5 SUSY (TeV) model  quantity uncertainty
[1}]
G, 140 - . e { mass 0.6%
S e - Reconstruction of kiR = 00T Wmas 1%
<7120 ) . : _
o chargino and neutralino 4, Slptons 5435 —» ee 74 g Lmas (])(3)3
, . x| mass 0%
. = Separation of W/Z/h ST . Imes 0%
=, : ik 1 mass  0.6%
IS ¥ 50,40 . - ~=Ov74+wr— ~+ o
e —-W"=E?.; 2 Chargino A 2L wWiW ¥ mass 1.1%
sl ST . 0 Newmlio  FRbZWORR T Pmas L5%
40 60 80 100 12(;11[4603‘}180 Heavy nggs boson 3.0 Squarks quB —>qqx]x] | as mass 0.52%
- . . HA"—; bbbb H/A" mass  0.3%
33150 T a— Reconstruction of four 30  HeayHiggs .~ =- I Emass  03%
o Bu heavy Higgs bosons which | ot Toas (%
0 ww : . ~y"~—_> e .
2 Bz ] are almost degenerate in Frkir =2 EE Tiki Pmass  0.1%
£100 Dluwe ] _ 3.4 7 mass 0.1%
L Bwzz | mass 1.4 Sleptons erer —e'e X111 Il 0 01%
* te~ - HA - bbbb s 25%
ﬁ ¥
50 €e 7 VST e WW £ e
e+e— N H—H+ — thbt % mass 2.7%
e s , 14  Stau T ottt M % mass 2.0%
07500 800 1000 1200 1400 = Complex final state , — S Jt =
Di-Jet Invariant Mass (GeV/c?) g Chargmo i —>x12%1W zv m AT 0.2%
Neutralino 7972 —h/Z°h/Z°%%" %> mass 0.1%
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BSM physics: indirect measurements %&»
Composite Higgs
» These theories assume Higgs boson is not the 0 :
fundamental but a composite particle which built out of ¢ LIC Doutle Higgs |
fermions e, S
= Higgs is viewed as a bound state of fermions 0-00{
= Main consequence of this model is the existence of new 0.00

particles that are excitations of the Higgs boson m,
» 47f is the scale of compositeness

m..in TeV

T T T T .

a generic SO(5)S0O(4) CHM

2
= &= G) is the strength of Higgs interactions o

= This theory solves the ‘naturalness’ problem: mass of SM :
Higgs boson at high energies becomes divergent 003,

EWPT (T-parameter)

= At linear colliders we have better reach for the masses of
new particles and at higher energies then the LHC 0004 :

0 5 10 15 20

m, [TeV]
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Summary

= The Higgs boson that has been discovered in 2012 has completed the SM particle spectrum and
showed the way how the mechanism of electroweak symmetry breaking was realized

= Still many open questions:

= why the electroweak symmetry was broken
= question of asymmetry of matter and antimatter
= The existence of dark matter and dark energy ...

= |n order to answer these question the high precision of the measurement of the sensitive
observables is needed

= The necessary high precision is leading towards a next generation of electron positron colliders

= Performed physics studies show excellent potential of both linear colliders ILC and CLIC for high
precision measurements, as well as large discovery potential for physics beyond the Standard
model

43
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CLIC timeline ,‘

CLIC aims to provide multi-TeV electron-positron collisions with high luminosity at affordable cost and power
consumption

2013 - 2019 Development Phase 2020 - 2025 Preparation Phase

P St Development of a Project Plan for a Finalisation of implementation
staged CLIC implementation in line with parameters, preparation for industrial
LHC results; technical developments with procurement, Drive Beam Facility and
industry, performance studies for other system verifications, Technical
accelerator parts and systems, detector Proposal of the experiment, site
technology demonstrators authorisation

A MULTI-TEY LINEAR COLLIDER

2012 CDR: I I I
Shows feasibility
of 3 TeV design 2019 - 2020 Decisions 2025 Construction Start 2035 First Beams
Update of the European Strategy for Ready for construction; Getting ready for data taking by
Particle Physics; decision towards a next start of excavations the time the LHC programme
CERN project at the energy frontier reaches completion

(e.g. CLIC, FCC)
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Power consumption

600.00

cuc

Lepton Colliders
Wall Plug Power

500.00
10000 /
WFA
FCC(TLEP)

FCC(‘TL}/ LPA
M 300.00 e 8
w

cuc
cuc auc

20000 —@—
Muon Collider /
DLA

100.00

Muon Collider

Muon Collider

uon Lollicer

0.00

0.10 100 10.00
C.M. colliding beam energy (TeV)

==l =@=ClC ==PWFA =sm|PA =8=DIA =g=Muon Collider =mm=FCC[TLEP)
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Foundation of the Standard model

The idea behind the formulation of the Standard model is the unification of
forces and symmetry of the ‘equations of motion’

First unification of forces under symmetry group U(1): g
electric and magnetic force %
Second unification: Glashow, Weinberg and Salam in 1960’s - the unification u
of the weak and electromagnetic force into electroweak under gauge group
SU(2) x U(1)y
Experimental confirmation of the electroweak theory: discovery of the Wand
Z bosons at UA1 and UA2 experiments at LEP, CERN - Nobel Prize 1973! 3
£
Third unification SU(3):xSU(2),xU(1)y: Standard model E

mathematical unification weak, electromagnetic force and strong (color)
physical unification is not yet proven
Problem:

according to the Standard Model ‘we” are supposed to be massless!
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Where did Higgs came from?

= Explicitly inserting massive term in the Standard model - breaks the gauge invariance

Mathematical solution:

= introduce a new field with a potential that keeps the full Lagrangian invariant under symmetry, with
the ground state which breaks the symmetry
= Spontaneous symmetry breaking (SSB)

= |n the presence of SSB, the gauge bosons associated acquire mass proportional to the gauge
couplings and the vacuum expectation value

= Standard model assumes the Higgs field = masses in SM
= The Higgs field m°
H

V=p(09)+1(¢°90) ==

= = from symmetry an existence of the Higgs boson is predicted !!!

v
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