
              Roman Pöschl
Directeur de la Recherche of CNRS

ICTP-NCP School – NCP Islamabad November 2014

   (Electroweak) Precision physics 
      at a future Linear Collider
          at the TeV Scale 
                       
     



ICTP-NCP School  Islamabad Nov. 2014 2

              Outline of Lecture

~Today:

- Brief presentation of ILC and CLIC

- Brief review of development of electroweak theory

- Physics case for e+e- machines at the TeV scale

~Tomorrow

- Linear collider: Machine aspects

- Detectors for Linear Colliders

- (if time permits) Political aspects 
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Chapter I: Brief presentation of ILC and CLIC
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Energy: 0.1 - 1 TeV
Electron (and positron)

polarisation
TDR in 2013

+ DBD for detectors
Possible timeline for

project see later 

Energy: 0.5 - 3 TeV

CDR in 2012

(Future) Linear electron-positron colliders
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Linear Collider Collaboration

Organizaton

ICFA

Linear Collider
Board

Program Advisory
Commitee

Directorate
Lyn Evans

Deputy (Physics)
Hitoshi Murayama

ILC
 Mike Harrison

Physics & Detectors
Hitoshi Yamamoto

CLIC
Steinar Stapnes

Regional Directors
Brian Foster

Harry Weerts

FALC

Worldwide project
Regional balance
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Chapter II: Brief history of electroweak theory
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The Standard Model of Particle Physics

    Matter is composed of 6 Fermions
                'Lepton and Quarks'
  Interactions through Vector Bosons
                   'Force Carriers'  
    

SM is relativistic Quantum Field Theory
with gauge symmetry

SU
L
(2)xU(1)xSU

C
(3)

(main subject of lecture)

Gauge symmetry => 

- Conserved quantities
   e.g. Electrical charge in QED
- Vector Bosons 
   e.g. Photon 

Regard:
SU

L
(2)x...

=> Standard Model 'prefers'
left handed massless particles

Massive particles through Higgs 
Mechanism 
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Electro Weak production – A brief recap

QED: Abelian theory U(1) => 1 gauge boson photon

γ

Some basic features of QED:

- Blue print for all gauge theories, conserved charge => gauge boson

- Photon is massless, massive gauge photon would break gauge invariance

- QED is perfectly left-right symmetric!!! 
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Electro Weak production – A brief recap

Weak interactions: Abelian theory SU(2)=> 3 gauge bosons

Weak Charge currents Weak Neutral currents

=> Parity violation
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                Historical Experimental evidences I – Charged currents and Parity violation 
Wu experiment 1957 

Polarised 60Co nuclei

>>
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   Historical Experimental evidences II – Weak Neutral currents I 

Weak neutral currents – Gargamelle 1973

Z=W3?

Pics and Drawings
From M. Thomson
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Historical Experimental Evidences III – Weak Neutral currents II 

Fermilab Experiment E734Regard electron current

Defne:

Diferential cross section:

Need right handed component of neutral weak to explain diferential cross section
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               Historical Experimental Evidences IV - Neutral currents w/o neutrinos

E122@SLAC 1978: Inelastic scattering of polarised electrons on deuterium:

x10-5

Defne Asymmetries: Expectation:

=> Any deviation from 0 is
      sign of parity violation

Neutral current: 
'Fully' described
by QED

   R,L: Polarisation of 
Incoming electron beam

A
RL

A
LR

Unpolarised
beam

Result:
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                         The press echo ...
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Unifcation of Weak and Electromagnetic Currents – Glashow, Salam, Weinberg 

'+' =

Combination of weak and electromagnetic currents yields:

θ
W
 = weak mixing angle (Weinberg angle)

Parameterises parity violation in neutral current sector
sinθ

W 
~ 0.23
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= +

Interference between individual amplitudes of γ and Z exchange

Diferential cross section:

Weak interaction introduces forward backward asymmetry
=> Asymmetry is intrinsic to electroweak processes!!!
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           Experimental observation of Forward Backward Asymmetry

        Data do not follow 
              1+cos2θ 
as expected from QED (Vector Current)

Clear production asymmetry between
small and large values of polar angle

Data well ftted by model based on 
          γ/Z interference

Size of deviation from QED
allow for estimation of Z Mass 
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           Massive vector bosons I

Short distance nature of e.g. Beta decay and onset of parity violating efects in ee
collisions are compatible with massive vector Bosons W,Z

SPPS CERN √s = 450 GeV:
UA1, UA1 experiments

Slide from P. Uwer
Lecture Uni Heidelberg

Z discovery:



ICTP-NCP School  Islamabad Nov. 2014
19

           Massive vector bosons II – W Discovery

Slide from P. Uwer
Lecture Uni Heidelberg

Discovery through transverse mass

M
W
≈80 GeV
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How do the Particles get their Masses?

Higgs Mechanism

Scalar feld which doesn't vanish in the vacuum

gHf f̄=
m f

vgHVV=
mV

2

v

Φ=(ϕ
+

ϕ0)Choice in SM:
Doublet Field

4 degrees of freedom

Longitudinally degrees 
    of W,Z Bosons

Higgs Boson

Couplings to Higgs Boson in Standard Model

Increase with particle mass
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4th of July 2012
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Chapter III: Physics case for e+e- machines at the
                   TeV scale
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Chip Brook, Snowmass Summary Talk

We see particle physics through new glasses ...

      Coronation of the Standard Model 
                         and 
    First step on a road yet largely unexplored
      Slightly modifed citation of Barbieri arXiv:1309.3447 

                   

Where do we go from here?
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()

?

?

?
?

?
?

?

Open questions
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How to make progress?

1) Collisions at energies well above the electroweak scale
     - Requires now and in the foreseeable future Hadron colliders
     - Direct production of new particles 
     - Produce large number of rare particles and study rare decays    
     - First precision measurements of key particles of electroweak theory
-> High energy, High luminosity LHC

2) e+e-Collisions at energies at the electroweak scale
      - Probe the electroweak scale with high precision
      - ... in particular particles that carry the “imprint of the Higgs Field 
        such as W, Z and top” 
-> ILC 

3) e+e- collisions at 'smaller' energies 
     - Requires high luminosity to get sensitive to tiny quantum efects
-> SuperKEKB
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p p e+ e-

Proton:

Composed particle (hadron)
Unknown energy of collision
partners
Parasitic reactions
Strong interaction
=> Considerable physics 
background
Advantage: Scan of energy 
Range within one experiment 

Electron:

Elementary particle
Well known and adjustable
energy of collision partners 

Each energy point needs a
New set of machine parameters 

High precision measurements

Why electron positron collisions ?

  In this lecture I will speak very general about e+e- collisions 
but I will always assume to have a machine “at hand” capable 
                     to reach at least √s 500 GeV 
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Brief history of particle accelerators

Start of running

Energy

Energy

Luminosity 

LHC

ILC

2020

- Traditionally parallel operation of 
  Hadron and lepton machines

- Note : Lepton colliders have typically
  smaller centre of mass energies
      Than their contemporary partners  
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Powerful electron positron colliders – The last generation

3km

27 km
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Lepton and hadron colliders – Interplay of results
The electroweak ft – Testing compatibility of measurements with Standard Model

R. Kogler, LAL-Seminar
Gftter results
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Cross sections  

         Strong hierarchy
Requires complicated trigger system

        Democratic production
Permits trigger less detection system
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- Need precision on
   Higgs couplings
   at least 5%

Precision Higgs Physics

- exact correlation between
   particle masses couplings to 
   the Higgs in Standard Model

          

          - Any tiny deviation is
            New Physics
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Single Higgs Production at Lepton Colliders

K. Fujii
LC School 2014 
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                        Higgs-strahlung at lepton colldiers

Higgs-strahlungs Process

Golden Plated Channel at e+e- Colliders

  Sensitive to coupling at HZZ Vertex

Model independent due to clean 
Reconstruction of Z boson

gHZZ

Production Cross Section of SM Higgs Boson

Maximal at HZ production threshold

Higgs Strahlung at √s = 250 GeV for
                  mH = 120 GeV
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Higgs Recoil Mass: M h
2=M recoil

2 =s+M Z
2−2 EZ √ s

Why golden plated Channel?

Well measurable
decay leptons from Z 
μ Pairs, e pairs

   Higgs Mass and ZZH coupling by 
         Model Independent 
              measurement

No assumption on Higgs
      decay modes 

Homework: Derive recoil mass
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Result of full simulation study at 250 GeV – arXiv 1202.1439

Sven Heinemeyer
HEFT 2014
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Preferred method:

Can be derived from model independant measurements

For this crucial observable running 
at 500 GeV or higher is mandatory 

Current prospects - δΓ
tot

 ~ 5% @ 500 GeV

                                       ~ 4% @ 1 TeV (2% technically possible)

                             The Higgs total width

Homework: derive Γ
tot

 from processes,Additional information: Use H->bb in ee-> ZH

Literature: arXiv:1310.0763 

 

b

b

W

W
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                   Individual couplings to the Higgs

=> Can measure individual couplings to the Higgs in a model independent   
      way

       This is another immediate consequence of the precise knowledge of the 
       initial state 
       ... and a striking diference (advantage) to the situation at hadron 
           colliders
      
      Typical LHC analyses need conventions on how to parameterise the
      dependence on the absolute values of the couplings
      => “Famous” parameter κ and μ (see other lectures at this school) 
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                   Individual couplings to the Higgs

• A e+e- machine (Linear Collider) running at several energies will provide precise
measurements of relevant Higgs couplings: Possibility to confrm the Higgs
mechanism of the SM

• Precision matters: Detect deviations, for example due to extended Higgs sectors
(SUSY,composite, ...):Expected on the 10% - 15% level in fermions,on the 
few % level in gauge bosons in typical Two-Higgs-Doublet models
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                   Going beyond the Standard Model

 No reason that there exists only one Higgs Doublet
  => Minimal extension: Introduction of a second doublet 

=> Five Higgs bosons: One CP odd scalar A
                                     A pair of charged Higgs Bosons H± 
                                     Two CP even scalars h, H  

Observation of a second Higgs Boson is New Physics
Many (Most) New Physics Models contain Higgs Doublet, e.g. Supersymmetry
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                   Going beyond the Standard Model

Gudrid Moortgat-Pick
ILC School 2014

See Lecture by ...
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               Supersymmetric Higgs Boson (MSSM case)

Exlusion of pMSSM points via Higgs Couplings – arXiv 1407.7021

Precision Higgs coupling measurements are sensitive probe for heavy 
Higgs Bosons m

A
 ~ 2 TeV reach for any tanβ in high energy e+e- collisions
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               What about direct searches ?

- Hadron colliders strong
  In detecting coloured
  Supersymmetric particles
  (if any)

- Hadron colliders have also a potential to 
  discover electrically charged or 
  Neutrally charged supersymmetric 
  particles 

- However, lightest neutralino and chargino
  Masses tend to degenerate 

=> There exists a region in parameter
      space down to very small masses
      That cannot be excluded by e.g. LHC 

Mass diferences < 1 GeV can be measured
at e.g. a machine with 500 GeV centre-of-
mass energy 
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Scalar muon production

Background signalPolarized    (90%  e-
R)

μ

μ

beam

θacop μ

μR
~

Power of (electron) polarisation 

S. Komamiya, EPS-HEP 2013

Beam polarisation is efcient tool to suppress (Standard Model) background
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               WIMP and Dark Matter Searches 

Tomohiko Tanabe
ILD Meeting 2014
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               Connection to relic matter density

Tomohiko Tanabe
ILD Meeting 2014
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                              An enigmatic couple ...

 

Higgs Boson 

Elementary Scalar? Composite object?

Top quark

Courtesy of S. Rychkov

- Higgs and top quark are intimately coupled!
  Top Yukawa coupling O(1) !
  => Top mass important SM Parameter

- New physics by compositeness?
  Higgs and top composite objects?

- LC perfectly suited to decipher
  both particles

More on top quark
Lecture by Thomas Müller
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Top quark pair production at hadron colliders
So, far top quarks have only been observed at hadron colliders ...

=> High time to see them at lepton colliders!
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Top quark physics at electron-positron colliders

- Top quark production through electroweak 
  processes, 
   no competing QCD production => Small theoretical errors!  
- High precision measurements
 Top quark mass at ~ 350 GeV through threshold scan 
  Polarised beams allow testing chiral structure at ttX vertex
  => Precision on form factors F 

- Studies presented here deal with no or only mildly boosted tops, beta~0.7
 - A major diference between LC and LHC is that an LC will run triggerless

 -> Unbiased event samples, all event selection happens of-line! 

σ
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The fate of the universe
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Vacuum stability and top quark mass Degrassi et al.
arXiv:1205.6497

Uncertainty on (pole) 
top quark mass dominates 
uncertainty on stability 
conditions
(argument is repeated In 
literature!)
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Top mass Higgs Mass and BSM – SM vs. MSSM

Precise Top (and W) mass
crucial to test compatibility 
of measured Higgs mass

MS might not be sufcient
to explain Higgs mass

LHC may not reach sufcient
discriminative power

A lepton collider will   
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A. Hoang

Total tt cross section in e+e- collisions
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Top quark mass – Results of full simulation studies 

~100 MeV

Mass and α
s
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Top Yukawa coupling above threshold 

R. Horiguchi et al.
T. Tanabe, T. Price 

~ Factor 2 enhancement
From QCD bound states

ILC TDR

Technically
possible
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• Flavor hierarchy ? Role of 3rd generaton ?

Why is it sooo heavy?

- A
FB

 anomaly at LEP for b quark

  Tensions at Tevatron?

- Heavy fermion efect

Strong motivation to study chiral structure
of top vertex in high energy e+e- collisions 

The top quark and favor hierarchy
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Testing the chiral structure of the Standard Model
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Disentangling

ILC 'provides' two beam polarisations

There exist a number of observables sensitive to chiral structure, e.g.

x-section Forward backward asymmetry Fraction of right handed top quarks

⇧

Extraction of six (fve) unknowns

At ILC no separate access to ttZ or ttγ vertex, but ...
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Results of full simulation study for DBD at √s = 500 GeV
ArXiv: 1307.8102

Precision:  cross section ~ 0.5%, Precision A
FB

 ~ 2%, Precision λ
t
  ~ 3-4%

Accuracy on CP conserving couplings

- ILC might be up to two orders
  of magnitude more precise
  than LHC (√s = 14 TeV, 300 fb-1)
  Disentangling of couplings for ILC 
  One variable at a time For LHC 
  However LHC projections from 8 years old study

- Need to control experimental (e.g. Top angle)
  and theoretical uncertainties 
  (e.g. Electroweak corrections)
  -> Dedicated work has started

- Potential for CP violating couplings at ILC
  under study

ILC promises to be high precision machine for electroweak top couplings
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Sensitivity to New Physics 
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Backup
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Helicity and Chirality of Fermions

Left handed helicity

Right handed helicity

-1/2

1/2

Caveat:
Helicity is frame dependent!
(why?)
=> Not Lorentz invariant

Helicity projection operator Chirality projection operator
m=0

Chirality is frame independent! => Basis to defne helicity states

E >> m

u
L
 = u

LC

u
R
 = u

RC

Remark: Literature and physicists are often sloppy
Always check whether people speak about helicity or chirality
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Collisions between leptons 

Basic s-channel process 

e+(p1)
θθ

Compare with (at hadron colliders)

e-(p2)

62

Compare with (at hadron colliders)Reaction characterised by

- Well know four vectors of initial 
  state particles
  

- Four momentum of initial and
  Final state are fully constrained
  
- Polar angle of scattering θ

- Unknown/partially known four
   Vectors of initial state particles 

   

- Only transverse momentum is 
   constrained

- Rapidity y replaces polar angle
   Δy is boost invariant -> Show!!!
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                   Take home messages so far 

- A lepton collider is the ideal machine to study the
  Nature of the discovered scalar particle in full depth

- Strong and narrow Higgs Signal 

- Model independent measurements of couplings to
  all (known) particles 

- These measurements require a series of individual
  measurements at diferent centre-of-mass energies 
    - gHZZ at ~250 GeV
     - Fermion couplings at 350 GeV (or higher)
     - WW fusion at 500 GeV (or higher)   
     - Higgs self coupling at > 500 GeV
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- The top quark is the heaviest
  known elementary particle

- mt ~ 173 GeV (~m of Gold atom)

- Electrical charge Q
t
 = 2/3

  
- Spin ½ => fermion

- Lifetime τ ~ 5x10-25s
  (SM decays)

- Total width Γ
t
 ~ 1.5 GeV

- No hadronisation, behaves like a free 
  quark
  'However …' see later

- Predominant decays
  t →  Wb (BR~100%)

  

Top quark

What do we know about the top quark?

Slide inspired by Lecture of
Prof. K. Jakobs,Uni Freiburg
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               WIMP and Dark Matter Searches 

Tomohiko Tanabe
ILD Meeting 2014
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Linear Collider Collaboration

Organizaton

ICFA

Linear Collider
Board

Program Advisory
Commitee

Directorate
Lyn Evans

Deputy (Physics)
Hitoshi Murayama

ILC
 Mike Harrison

Physics & Detectors
Hitoshi Yamamoto

CLIC
Steinar Stapnes

Regional Directors
Brian Foster

Harry Weerts

FALC

Worldwide project
Regional balance
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Single Higgs Production at Lepton Colliders

K. Fujii
LC School 2014 
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