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Observation of a Higgs Boson: A Centennial Discovery 



Joachim Mnich  | Future Colliders | Theory Challenges for LHC Physics                    20 July 2015  |  Page 4 

 Observation of a Higgs Boson: A Centennial Discovery 

Õ Õ 

Õ 

Õ 

Higgs Ą ZZĄ 4 Õ 



Joachim Mnich  | Future Colliders | Theory Challenges for LHC Physics                    20 July 2015  |  Page 5 

 Observation of a Higgs Boson: A Centennial Discovery 

Õ Õ 

Õ 

Õ 

Higgs Ą ZZĄ 4 Õ 



Joachim Mnich  | Future Colliders | Theory Challenges for LHC Physics                    20 July 2015  |  Page 6 

é but many fundamental questions remain open! 

Higgs explains why 

particles have masses ï 

but many parameters still 

unexplained! 

The Standard Model is 

NOT the last answer.   
We understand only 5% 

of the universeôs energy 

and matter content! 

There is dark matter and 

dark energy! 

We donôt understand 

why we exist at all!  

Matter-antimatter 

asymmetry, 

connection to 

cosmology.  
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Theory ï a multiverse of ideas 
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Theory and the LHC 

> LHC starts to challenge some theories 

ÁSupersymmetry: the air is getting thin for minimal SUSY models 

ÁOther theories: limits in the (multi)-TeV range ï examples: 



Joachim Mnich  | Future Colliders | Theory Challenges for LHC Physics                    20 July 2015  |  Page 9 

Theory and the LHC 

> LHC starts to challenge some theories 

ÁSupersymmetry: the air is getting thin for some minimal (simple) models 

ÁOther theories: limits in the (multi)-TeV range ï examples: 
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> Higgs mechanism seems to be at work and explains at least partially why 

fundamental particles have mass. 

> But ... 

Áthe Higgs is different:  

itós not a quark or a lepton  

or a gauge boson ï itós a new  

kind of fundamental particle; 

Áthere is a scalar field filling  

up the vacuum; 

Áis it THE Higgs (of the SM) or  

just A Higgs (e.g. SUSY)? 

> And why is the Higgs so light? 

> We must measure the Higgs  

properties as precisely as possible 

Ámass, couplings, spin, ... 

But ... we have a Higgs now! 
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Higgs Couplings 

> mH å 125 GeV is ideal because many Higgs decay modes are accesible 
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Precision Measurements 

> Precision measurements of Higgs properties 

ÁIs it THE Higgs of the SM or just A Higgs boson 

(e.g. of) supersymmetry ï i.e. is  

there more to discover, and what? 

> Looking back in history: 

ÁW, Z bosons discovered in the 1980es at CERN 

in p anti-p collisions 

ÁPrecise determination of their properties, mainly 

in e+e  (LEP, SLC) in the 1990es 

ÁResulted in predictions for then unknown top 

quark and Higgs boson 

> The theory challenge (experimentalistós view): 

ÁMake as precise as possible predictions for as 

many models as possible ... 

 

Upper limit  

Higgs mass 

Top mass prediction 

found  

here 

found  

here 
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Needed: Combination of different sources of information 

> Colliders provide only part of the information we need to unravel the mysteries. 

ÁNeed hadron colliders, lepton colliders, low-energy / high-intensity machines, 

neutrinos, astroparticles and cosmological observations ï and all must fit! 
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CMS 
TOTEM 

ALICE 

LHCb 

ATLAS 
LHCf 

ï Proton-proton collider, ãs = 14 TeV = 14Ŀ1012 eV 

ï BC frequency: 40 MHz (25 ns, + pile-up)  

ï design lumi: 1034 cm-2s-1, 100 fb-1/a.  

ï ATLAS, CMS (LHCb, ALICE, TOTEM, LHCf) 

http://lhc.web.cern.ch/lhc/Default.htm
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The Large Hadron Collider 

ÁAt least 20 years physics programme  

yet to come - we have only just begun: 

ÁVery successful operation in Run 1 (2010-12) 

at 8 TeV; about 30 fb-1 per experiment. 

ÁHalf the design energy, one percent of the  

design luminosity:   

å 30 fb-1 by end of 2012   

å 3000 fb-1  expected by 2035 
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Higgs physics at the LHC ï a major focus 

ÁAmong others, studies of the Higgs  

boson will be in the focus  

Áspin, CP eigenvalues, couplings, é 

Ásome sensitivity to spin & CP 

with 30 fb-1 at the end of 2012 

achieved 

ÁBut precision at LHC is limited: 

Ábranching ratios O(10%) 

Áonly ratios of couplings 

accessible  

 

ÁMore potential at electron- 

positron machines! 

Áexample Higgs-Z coupling 
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Reach for new physics 

0 1000 2000 3000

WIMPs

squarks

any NLSP

stop

RPV stop

ewkino

gluinos

T quarks

mass (GeV) 

4,000 

> 95%CL upper limits for  

   masses of new  

   particles expected from  

   current / future  

   machines! 
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Hadron and Lepton Colliders 

p p e+ e- 

ÁProton-(anti-)proton colliders: 

Á energy range high (limited by bending 

magnets power and ring radius) 

Á composite particles, different 

(unknown) initial-state constituents 

and energies in each collision 

Á complicated hadronic final states 

ÁDiscovery machines 

Áonly energy matters 

Á (Some) Precision measurement 

potential 

 

ÁElectron-positron colliders: 

Á energy range limited (by RF power) 

Á point-like particles, well-defined 

initial-state quantum numbers and 

energies 

Á simpler final states, well-defined 

missing energy 

ÁPrecision machines 

Ásensitivity to new physics in quantum 

loop corrections! 

Á (Some) Discovery potential 
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Higgs at the LHC and at an e+e  collider 

pp Ÿ H + XŸ ɔɔ + X 

e+e ╖ ŸZHŸ e+e ╖  bb 

Observed Higgs candidate at CMS 

Simulated Higgs in ILD detector 
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Higgs Factory 

250/fb at 250 GeV 

ÁHiggs production in e+e   

 

 

 

 

ÁHiggs-strahlung dominates at lower 

energies 

Ámax. cross section at ãs å 250 GeV 

Áno assumption about Higgs 

ï identify Higgs through Z decay 

Ávery clean, model-independent 

signal using the recoil method 

ÁmH å 125 GeV is ideal because 

many decay modes are accessible 
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Precision at a Higgs Factory 

> Absolute determination of 

Higgs (Yukawa) couplings 

> Precision O(1-2%) in some 

cases 

Áexample corresponds to  

250 fb-1 at 250 GeV plus  

500 fb-1 at 500 GeV 

ÁO(10 years) running time  

 

> Typical deviations from SM 

couplings in a Two-Higgs 

Doublet model 
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Precision: HL-LHC versus ILC 

> Many more examples for superior precision of lepton collider  

versus hadron machine 

ÁTop physics:  

Á ttbar threshold Ą top mass,  

Áor probing ttZ and ttgamma vertices with high precision; allows access e.g. to 

(g-2)t, i.e. to models like compositeness etc. 
 

ÁHeavy Higgses H and A in eeĄHA production mode ï ILC covering 

additional parameter space independent of tanɓ; complementary to LHC 

ÁSUSY: precision measurements of SUSY states 

Á... 
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... Because this is where politics kicks in: 

> New machines are a multi-billion Dollar / Euro project 

ÁThere can only be one of a kind? 

ÁNeed international consensus ï a slow and careful political process! 

 

> Strategy discussions have concluded in 2012/13 in various regions of the 

world 

ÁOverview ï see next slide.  

 

> Important issues in European discussion: 

ÁHigh-Luminosity LHC to be decided now 

ÁEuropean participation in an ILC project in Japan 

ÁHigh energy physics at CERN after LHC 

R&D and input from LHC needed 

ÁLong-baseline neutrino programme 
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GLOBAL PARTICLE PHYSICS STRATEGY 

German Committee for Particle 

Physics (KET, Nov. 2012)  
ï highest priority: LHC  

   exploitation (incl. phase 2) 

ï enthusiastic support for 

   Japanese ILC plans 

Update of European Strategy for by 

CERN Council (May 2013) 
ï LHC, incl. HL-LHC 

ï accelerator R&D 

ï strong support for ILC 

ï importance of theory 

ï role of national labs 

USA: Snowmass 
conclusions and 
recommendations to P5 
in line with worldwide 
strategy statements 

Japan: Future HEP Projects  
ï Ă... Japan should take the 

leadership role in an early 

realisation of an e+e- linear 

collider.ñ 

> Different flavours in different regions of the world 

> But looks like an emerging global, coherent stratgey  
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International Linear Collider (ILC) 

> Electron-Positron Collider 

Á based on superconducting RF technology, developed  

at DESY (TESLA!) and used for FLASH and XFEL 

 

 

 

 

 

 

 

 

 

 

ãs  = 250 ï 500 GeV, upgrade for 1 TeV, acceleration gradient 35 MV/m 

> Technical design report (TDR) submitted  end of 2012 
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A 10% Prototype of ILC ï XFEL in Hamburg 
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ILC Accelerator 

shield wall removed 
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ILC Status ï Site Decision in 2013 

ÁILC would be a global project 

Áa new world-machine! 

ÁJapan has expressed interest  

to host the ILC 

Átop priority of Japanese  

particle physicist  

Ásupport in Japanese politics, 

incl. significant financial  

contribution 

Ásite decision in 2013; now  

site-specific work.  

ÁEnergy range from 90 GeV to 500 GeV 

Á90 Gev Giga-Z, 250 GeV Higgs factory,  

å 350 GeV at ttbar threshold and 500 GeV for ttH and HH 

ÁThis would define a physics programme for O(15 years)  
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ILC Status 

> MEXT (Japanese ministry for research etc.): Academic Expert Committee 

to investigate physics case, TDR costing, Human Resources, ...  
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31 km, ~100 m deep 

14 km, ~100 m deep 

Alternative 1: CLIC ï Compact Linear Collider at CERN 
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CLIC: A potential multi-TeV collider 

> Novel two-beam acceleration 

concept 

> 100 MV/m gradient seems 

feasible 

Ácms energies up to 3 TeV 

> But not yet at the same level 

of maturity as ILC technology 

> General issue for linear colliders: 

power consumption: 

 

 

 

 

 

Project ãs/TeV Power/MW 

ILC 0.5 163 

ILC 1 240 

CLIC 1.5 364 

CLIC 3 589 

> CLIC R&D ongoing at CERN 

Ágradient 

Ástability 

Ábeam handling  

Á... 
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> A circular e+e  collider 

Ánumerous concepts, studies and  

ideas around:  

Áe.g. LEP3: ãs = 240 GeV in the  

LHC (former LEP!) tunnel 

Áor CEPC, FCC-ee, TLEP (later) 

> Main issue is synchrotron radiation 

Ágrows as E4 

Áe.g. LEP3: mean loss å 7 GeV per turn 

Ápower loss å 50 MW per beam 

Ábeam life time å 16 min ï requires second ring for top-up 

> Feasible? 

Áyes, but cost ~EĮ (while cost ~ E for linear collider) 

> BUT: Dead end for all circular e+e  colliders: 

Áno energy increase, e.g. to reach top-pair threshold, possible 

  

Alternative Circular e+e  collider? 
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> A circular tunnel @ Geneva 

Áfor leptons and / or hadrons?  

ÁĂthink bigñ ï in terms of magnet 

development and civil 

construction 

Á80-100 km circumference 

> FCC-ee:  

Álepton option of FCC, merger of 

former TLEP and LEP3 ideas. 

Ábeam energies up to the ttbar 

threshold,  

i.e. cms energy 350 GeV. 

Ávarious staging scenarios for 

Z,WW,H,ttbar thresholds 

FCC ï Future Circular Collider @ CERN 



Joachim Mnich  | Future Colliders | Theory Challenges for LHC Physics                    20 July 2015  |  Page 37 

> A circular e+e  collider 

ÁNumerous 

Alternative 2: Go circular! 


