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Eternal question of mankind 

• High Energy Physics tries to answer these   synergy with 
other fields to push back frontiers of knowledge! 

What principles govern the energy, matter, space and time 
 at the most elementary level? 
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• Presently we are in an unique epoch in the progress of  our  
      understanding in the fundamental working principles of nature,  
      witnessing the history in making. 

 
•  The significant step forward in our knowledge  has been made possible 
      by excellence in  the performance of the LHC machine, the experiments,  
     as well as  technological innovations. 

 
•  Experimental results driving the theoretical ideas  about the yet unknown. 
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All behaviour of matter particles (fermions) can be explained in terms of  few 
forces carried by exchange or carrier particles (bosons).  

 LHC 

Present Wisdom 

1) γ for electromagnetic interaction 
2) W ±, Z for weak  .. 
3) 8 gluons for strong .. 
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Ignore gravitation  
among the 4 basic 
forces,  since it is 
very feeble. 



Elementary particles and their masses  

• constituents of everyday matter 

Matter: 

• Though mass is a fundamental  
  property of the particles, we have a  
  serious lack of wisdom :  we do not      
know the origin of the masses!     

4 Discovery of  July 4, 2012 marks the first milestone of the new era. 2/3/2013 Delhi University 

We did not how to deal with the masses! 

the missing 
piece till now 



Highlights of 20th century physics 

• Special relativity 
• General Relativity 
• Quantum Mechanics 
• Quantum Field Theory 
• Standard Model of elementary particles  
       and their interactions 

First example of embedded symmetry in physical law: 
• Newton’s law: F = m a 
 
• Covariant  under  rotations  F,   a changes in the same way under rotation. 
 
• Invariant under  Galilean transformations  F,  a  do not change. 

Mathematics         Physics 
• Calculus 
• Complex numbers/functions 
• Differential geometry 
• Group theory 
• Hermitian operators, Hilbert space 
•…. 

Any global symmetry leads to some conservation law (Noether, 1915). 
eg., invariance under space translation          momentum conservation. 
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 A symmetry of a physical system is a physical or mathematical  feature 
 of the system (observed or intrinsic)  that is "preserved" under some change. 
 
Ex.1:  The temperature of a room is invariant under a shift in the measurer's 
           position  translational symmetry. 
Ex.2:  Symmetry of mathematical functions:  a2c + 3ab + b2c remain unchanged  
           under  exchange  of a and b. 

Symmetry considerations 

Electromagnetism Maxwell’s equations: 
• First attempt to combine electricity and magnetism. 
• Invariant under Lorentz transformation.  
• Also invariant under gauge transformation. 

• Define scalar (φ) and vector (A) potentials related to electric & magnetic fields : 
  E = −∇φ − ∂A/∂t,   and   B = ∇ × A 
 
• E  and  B remains unchanged even if we change the potentials as :   
 φ′ =  φ − ∂Λ/∂t   and  A′ = A + ∇Λ,  where  Λ is a  function of (x, t). 

Gauge transformation 
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• Quantum Mechanics is invariant under a change in the phase of the wave  
   function:   Ψ’ = e iθ Ψ  
 

• The electromagnetic interaction can naturally be introduced into QM by 
demanding that the Lagrangian should be invariant  under local (space-time  
dependent) phase transformations:  Ψ’ = e iΛ (x,t) Ψ  
 
• For historical reasons, this invariance under local phase transformation is  
   called GAUGE symmetry. 
 
• However, when the derivative terms in the Lagrangian act on Λ(x,t), the invariance 
is spoilt due to extra terms.  
• To cancel these extra terms and restore the invariance,  
    one has to introduce a vector field into the theory. 
 
•  This vector field transforms  under gauge transformations, exactly as  
    the electromagnetic field. 
 
   identify this vector field with the electromagnetic field which mediates 
interaction among charged particles. 

Gauge symmetries 
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•The GAUGE principle: The requirement of invariance under gauge symmetry 
                                          creates the interaction. 
 
• Invariance under the symmetry requires the photon  to be massless. 
• This matches well with experimental observation of infinite range of EM interaction. 
 

• Quantum electrodynamics is the most successful theory: predicts correctly the  
magnetic moment of the electron to 12 significant digits! 
 
• This success paves the way to apply similar ideas for weak and strong 
interactions. 
• The gauge symmetries involved here are more complicated, but the mediators 
of        interactions could be invoked naturally from the principle of invariance.  
 

• Now carriers of weak interaction are charged W+, W- should couple to photon 
 
Electromagnetic and weak interactions are  combined together in a single  
Electroweak theory   Carriers (boson) : photon (γ) , W+, W- and  Z 0 .  
……… 
Standard Model encompasses electroweak and strong interactions. 

Standard Model of Particle Physics 
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Spontaneous Symmetry Breaking 

In nature we have examples where the symmetry gets broken up spontaneously! 
• A ferromagnet below and above the Curie temperature 

• Invariance under the symmetry requires  all the carrier particles to be massless. 
• However weak interaction is  short-ranged!   the messengers, W and Z, are massive! 
 
• Question: How do  W and Z particles become massive?  SSB 

Symmetry disappears at low energy, reappears at high energy. 
  
Equations describing the system are invariant under some  symmetry. 
Ground state of a system breaks the symmetry in dynamics. 
Close to the ground state at low energy the symmetry  appears to be lost. 

  phase transition 
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1.  Francois Englert and Robert Brout at Brussels 
2.  Peter Higgs in Edinburgh 
3.  Gerald Guralnik, Carl Hagen and  Tom Kibble at London 

The mechanism of symmetry breaking in physical systems studied in 1960s .  
 
During 1964, several  groups utilized this idea  to explain the phenomenon 
of mass generation of carrier particles in electroweak theory. 

• When the universe was much hotter  the particles were all  massless. 
 
• In  the process of cooling down some of the symmetries were lost.  
Electroweak symmetry breaking  caused photon to remain  massless while     
      W± and Z0 particles became massive.  
Short range of weak interaction incorporated at low energies. 

Origin of mass  

Evolution of the universe around t ~ 10 -12 s  after the Big Bang 
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The price of symmetry breaking  : list of the fundamental particles  got extended  by 
atleast one new particle of spin 0  The HIGSS BOSON  
 
• Simply put, there is an all pervading Higgs field. 
 
• All  particles necessarily interact with it and thereby acquiring mass.  
 
• The Higgs field also interacts with itself as well resulting in its own mass! 

The simplest test of this  hypothesis is to observe  the Higgs boson experimentally. 
But we did not know its mass, which could be anything between 0 to 1000 GeV! 
 
• Pre-LHC experiments and other theoretical  considerations restrained the range 
  roughly ~ 114 – 750 GeV. 

LHC is built to find the Higgs boson, OR, 
to resolve the issue of mass generation of the carriers of weak interaction. 

Predicament! 

2/3/2013 Delhi University 11 



Why did the Higgs search become so important? 

• The Standard Model of particle physics has the ability to predict the results of 
experiments. 
 
• Since  all the past experiments match well to the theoretical prediction of 
Standard Model, it is certain that the corresponding theoretical description is 
correct. These are mostly related to the gauge bosons and the fermions. 
 

• But the issue of  electroweak symmetry breaking, or equivalently, the generation 
of mass is one of the corner stones of the theory.  
 
• So success of standard model crucially depended on the experimental 
confirmation of  the “Higgs mechanism”    the existence of the Higgs boson.    
 
Onus was on the experiments to really hunt out the Higgs particle. 

Notably, the immensely complex LHC project has  lived up to the 
expectations!!! 

 
Discovery of a putative Higgs boson announced on July 4, 2012. 
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Journey of > 20 years  

• October 1990, Achen Workshop:  C. Rubbia announced about 16 TeV p-p collider 
 with instantaneous luminosity of 1034 /cm2 /s 
• October 1992, CERN: Letter of Intent submitted by LHC experimental collaborations. 

1988: one of 8 access 
 points for LEP acc. 

Roman coins  of 
 4th century AD  
at CMS site 

CMS Collaboration: 1740 Ph.D.s  + 1535 
students (845 for Ph.D.)  + 790 engineers  
from 179 institutes in 41 countries. 
Fraction of people who made CMS 
possible. From India ~ 100 people. 

CMS surface 
Hall: 2008 

20  more years  to operate 
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The missing piece  
we have been after 

A slice of CMS detector 

• The detector can only “see”   γ, e±, µ ±,  π±,  n, p, K ! 
• Measure  the position and energy-momentum with high resolution. 
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From electrical  pulse at front end to event display 

78 reconstructed event vertices 

Multiple collisions during  single  
bunch crossing   almost overlapping 
interaction vertices (event pile up) 

Luminous region : σz ~5 cm, σx  = σy ~18 μm 
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R= σ L   

 2.1015 p-p collisions 
 Higgs produced 1 in a billion 
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LHC is a discovery machine: rich physics potential 
 
LHC is also a factory for gauge bosons, top quarks 
.. 
Production cross-section spans 12-13 orders of 

magnitude  
collision  rate overwhelmed by mundane 

procceses.   
But there is physics in every collision 
Correct understanding of background crucial  

 
Search for exotica : 
• Model dependence for direct production 
• Model independednt through precision tests 

of SM. Due to perturbation theory, virtual 
 high-energy states contribute to lower energy 
transitions  constraints  on new physics through 
many precision measurements. 

Processes at LHC 
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Strategy for experimental Search 
• Since the Higgs mass is not known, the whole  mass range has to be  
searched. 
 
• Divide the mass region according to the decay  mode which is easy to 
identify in the  experiment and which can be measured accurately. 
 
1) For Higgs mass below 140 GeV :    H 2γ,  H  WW(*),  H ZZ(*) 
2) For  mass 140 -180 GeV  :   H  WW,  H ZZ(*) 
3) Above 180 GeV :    H  ZZ, H WW 

Branching ratios (%) 
H  WW* :  23 
H  ZZ*   :2.9 
 
H bb : 56 
H  cc: 2.8 
H   ττ : 6.2 
H  µµ: 0.021 
 
H  gg : 8.5 
H  γγ : 0.23 
H  γ Z : 0.16 

 Experimental search  
•  Look at distributions of characteristics variables to  
    discriminate signal against  the background. 
• Unbiased/ blind analyses: finalize the method in  
   background  dominated (control)  regions,  by  
   not  looking  at  the signal-rich region. 
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For MH= 125 GeV, 
 Γ Η= 4.2 MeV 

New updates of analyses available next week 
 stay tuned 
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Overview of  CMS Higgs Analyses in 2012 @ 7 TeV + 8 TeV 

 Contribution  
from Delhi U. 

Full physics  
potential yet to 
 be exploited! 
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H  ZZ 2e2µ 

H  γγ 

• H production Cross-section  X               
Branching ratio ( H  2γ ) 
 = ~ 50 fb,   for m H = 125 GeV.  
 =  50 X 10 -39 cm2 

• Efficiency ~ few times* 10 -3 
 

• Background depends on the final 
  state under study 
• Accurate estimation of background 
   very crucial.  
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Minimal SM Higgs ruled out at 95% CL in ranges: 
 [113, 120]  & [127, 700] GeV  
Mass: 125.8 ±0.4 (stat.) ± 0.4 (syst.) GeV, 
from γγ and ZZ modes  

Signal strength compared to prediction in standard model: µ =0.88±0.21 

Higgs results in a nutshell 
               expected      observed 
 
H →γγ           2.8 σ             4.0 σ 
H→ZZ           5.0 σ             4.5 σ 
H→WW        4.3 σ            3.0 σ  
H →ττ          2.2 σ             1.8 σ  
H→bb          2.1 σ             1.8 σ  
 
TOTAL              7.8 σ        6.9 σ 

November 2012  (5+12/fb) 
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Questions about the observed particle 
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H γγ   decay  Higgs cannot have spin 1  
  need to determine if its CP  is 0+, 0-, 2+, 2-,  
• Information of  kinematics in H  ZZ*, WW*, γγ  decays used to 

discriminate hypotheses from 0+ :   JPC = 0- (H is pseudoscalar) and 2+  ( 
spin 2 tensor with minimal graviton like coupling of H to gluons)  

•  use 2 discriminators in terms of probability densities in angular 
correlations. 
 

• CP, 0- vs 0+: 
– 1.94σ expected separation 
– 0- consistent with observation at 2.5σ 
 level, 0+ within 0.5σ.  

 Pseudoscalar hypothesis ruled out. 
 
No sensitivity as yet for discriminating  
scalar vs. tensor type. 

Spin and Parity  measurements of the new boson 
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Higgs Couplings 
• Coupling structure probed at present assuming tensor structure of 

SM   parametrize couplings of  the Higgs in terms of  scale factors 
of SM value of branching ratio. 

 
• Assume single resonance of zero width 
• Rates in different  signatures  signal strength in different channels. 
 e.g, 

 

Simplifies the problems to event yield only. 

• Impose loop couplings to other couplings fixed to SM relation 

Since  NLO corrections factor 
 out higher order accuracy is 
 not lost when  κ ≠ 1  

23 2/3/2013 Delhi University 



Vector vs. Fermion couplings (CV-CF) 

Measurements within 1 σ uncertainty 
Observed uncertianties: 
•  CV~ 10% 
•  CF ~ 20% 

Cutodial Symmetry 

Measurements close to SM values  
within present uncertianty ~ 20% 

λWZ = κW/ κZ 
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These are compatibility tests 
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Couplings via loops 
 gluons vs. photons 

Measurements within 1.5σ  
Observed uncertianty ~ 25 -30% 

Invisible decay 
Constrain on total width 

Sensitivity of data  towards new physics! 

Measurements close to SM 
Observed uncertianty ~ 30% 
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Higgs programme in future 

• Need a general approach   respecting known symmetries  
     of nature and known constraints from data. 

 Higgs identity relies on the EWSB  mechanism  WW/ZZ scattering  

 
dσ/dM(VV) 

ΛSB < 1TeV 
SB sector  
weakly coupled 

ΛSB > 1TeV 
SB sector  
strongly coupled 

Need measurement  of VV  spectrum at  high mass. 

Rising cross section  
Unitarity violation! 
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Electroweak production of Z ( 2 leptons)  with 2 jets  

• Important measurement  to establish  vector boson fusion production 
     of Higgs: background for VBF Higgs 
• All  3 diagrams contribute to the  rate,  interference has to be accounted. 
• Probes triple gauge coupling  test of structure of standard model  
      gauge sector 
• .Underlines the capability of the experiments to extract  small rate processes. 

 
• Signature: Vector boson produced centrally, accompanied by 
      forward-backward jets,  separated well in rapidity. 

3σ significance 
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Search for Beyond Standard Model Physics 

LHC is an exploratory machine  with centre of mass energy ~ 10 TeV 
 probes physics at TeV energy scale, typical rate: 10 – 0.01 pb 
 capable of producing massive particles directly 
provide hints  of  physics at larger energy scale 
 
Many theoretical ideas depicting various scenarios for new physics: 
• Supersymmetry 
• Large extra dimensions 
• Dark matter 
• W’/Z’/Kaluza-Klein gluons 
• 4th generation squarks, leptoquarks, 
• … 
 
• Data compatible with Standard Model : no indication of BSM physics. 
• New physics scale ruled out between 0.5 to  3TeV. 

 
• More results expected soon, stay tuned!  2/3/2013 Delhi University 28 



Future: projection for LHC performance  

Phase 1: 2x1034 Hz/cm2  500 fb-1   

Phase 2:  HL-LHC  
5 x 1034 Hz/cm2 

3000 fb-1   

Energy increase 
7 TeV 13/14 TeV Injection upgrade Interaction region upgrade 

25 ns 25 ns 
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Conclusion 

• We have just started exploring  high energy frontier provided by LHC. 
 

• The discovery of a resonance at mass of 125 GeV has established  
 the  main stream idea about the mechanism behind the mass  
 generation  of fundamental particles. 
• We need to know its properties in coming years. 
 
• Past decade saw the precision studies of the 5% of the Universe. 
• With analyses of LHC data it is just the beginning of exploring the  
     rest.  LHC can give information about dark matter. 

 
 Very exciting prospects of this new era in fundamental science. 
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Thank you! 



Backup 
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published 26 November 2012 

Suppression of the individual Υ(nS) states in PbPb collisions with respect to their 
yields in pp data has been measured 
PbPb collisions   150 µb-1   collected in 2011 at √s = 2.76 TeV/nucleon 
pp  collision        230  nb-1   collected in 2010 at √s = 2.76 TeV 

 Υ events in PbPb collisions  excited states  suppressed with respect to the ground state 

Old result with 7 µb-1 
 

 
 
  
       
    
  significance  2.4 σ 
 
 

New result with 150 µb-1 
 

  
    
 
significance  > 5 σ 
 

Y(2S+3S) / Y(1S)   | PbPb 
  ----------------------------- 
Y(2S+3S) / Y(1S)  | pp 

)(03.0)(31.0 19.0
15.0 sysstat ±+

−

)(02.0)(07.021.0 sysstat ±±Y(2S)/Y(1S) 

Y(3S)/Y(1S) )(06.0)(06.006.0 sysstat ±±

Physics results with Heavy Ion Beams 

Color screening 

Color screening 
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Possibilities for final states to be analyzed with more data 
Data yet to be analyzed ~ 7 fb-1  
Statistical error expected to improve ~ 10-15% 
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MH=125.8 
GeV 

Expected 
(σ) 

Observed 
(σ) 

ZZ 5.0 4.4 

γγ 2.8 4.0 
WW 4.3 3.0 
bb 2.2 1.8 

ττ 2.5 1.5 
Combinati

on 
7.8 6.9 

Compatibility with Standard Model 

Latest results from CMS  at MH=125.8 GeV  
 Combined significance : 6.9 σ 
  expected significance : 7.8 σ 
Relative production rate compared to SM:  
      µ = σ/σSM=0.88±0.21 

WHAT IS IT? 
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Indian contribution from early days 

Design of the detector 
Building hardware  (for subsystems of CMS detector) 
Contributing to sofwtare and detector performance studies 
Physics analyses leading to journal publication 
 
Earldy design work: choice of material for electromagnetic calorimeter 
Detector granularity to balance resolution vs. particle idetification 
Design of software system 
Use of analysis techniques 
Probing new observables from the detector 
Comprehensive study for estimating the reach  of CMS detector in terms of discovery 
 
Construction of outer hadron calorimeter: TIFR + Panjab University: 432 units 
Upgrade of hadron calorimeter: SINP, TIFR, Panjab U., 
 
1000 modules of Silicon pres-shower detector: BARC, Delhi U. 
 
Contribution  to many physics analyses 
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H Z γ 

Standard Model cross section low, Branching ratio ~ 0.1%  

Large rate expected from  physics beyond standard model   
(contribution in loop at the decay, like in γγ channel) 
Require 2 opposite sign same flavour leptons and a photon 
Yield extracted using invarinat mass distribution. 
No excess: limit at 20 X SM level  
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Essentials of particle acceleration 

Magnetic field vs. electric deflection 
B perp to vel. parallel to E  F = q(vB+E)   1 MeV electron has p=0.86 c 
Equate Loretz force with centripetal force. 
However technical limitations: E max. ~ 10kV/mm, Bmax ~ 2T or 10T (SC) 
 cBmax ~ 100 Emax 
 mag.field for deflection (bending and focusing), el for acceleration 
 
Maximum DC voltage ~ 10 MV, 
  due to technical limitations   discharge, insulation etc. 
Kinetic energy gained by a particle of charge q ~ 10*q MeV 
For production of heavy  particles  we need to use same repeatedly 
 
Phase focussing: U =  qU 0 sin (φ +ωt) 
For synchronous particle (t=0) gain in kinetic energy   = q.U0.sin φ 
For particles coming too early (t<0) or too late (t>0) 
Gain in energy qU 0 sin φ + qU0 cos φ .t, cos φ>0 
If arrived late catch up with synchronous particles 
If too early, wait for .. 
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Also give plot in HI 

2010: Pb+Pb 8.3 µb-1 
2011: Pb+Pb 150 µb-1 
2013: p+Pb 31 nb-1 

         p+p@2.76~6 pb-1 

Heavy Ion 
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The principle of synchrotron 

Particles move repeatedly in circular paths 
Momentum follows  variation in magnetic field due to RF  phase focussing: 
 
Start with p0= qRB0,  
Increase B filed: B+∆ B   bending radius shrinks by ∆ R  < 0,  
Total path shorter by 2 π ∆ R  particles arrive earlier by  ∆ t = 2 π ∆ R / βc <0 
RF cavity: U(∆t) = qUo sin (ω∆ t + φ) > 0, for ∆ t<0 if φ ∼ π  
Acceleration by ∆p = β q U (∆ t)    self synchronisation of momentum with field. 
 Varying magnetic filed, as opposed to cyclotron, where the dipole is huge. 
Constraints:  φ ∼  π and 2πR = n β λRF    
 
Extract beam at Bmax with momentum pmax = q R Bmax 
 
In circular collider use one or two stroage rings, with opposite beams of particles 
 
Particle factory == collider for maximum luminosity at fixed energy 
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Today, the LHC is attracting immense attention, it is possibly THE most 
watched science project  CERN is in the spotlight. 
The journey of thousand miles have already started though what awaits  at 
the end is not known.  

• Fascinating science, the curiosity provides the sustenance over time 
• Addresses long standing questions of mankind  
• Forefront technologies in accelerator, detector, computing 
• Sociological experiment 

Conclusion 

Stay Tuned! 
LHC is poised to tackle some of the most profound questions very 
soon.  

•The discovery of a resonance is just the beginning of an exciting and    important era in our 
understanding for the deepest secrets of nature. 
 
• Miles to go before we sleep : need to learn the property of this resonance in detail. 
Presumably it is THE HIGGS BOSON. 
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• Quantum Field Theoretical considerations: E = mc2 allows creation of particles, could be a 
pair as well. 
 
• Connection with experiment: scattering in quantum mechanics: 
 time evolution of a system from t = -∞ to its evolution till observed           time  t= + ∞ 
 In experiment compare theoretical predictions with measurements. 

x
E

∆ ≈


Essential tool: Microscope 

The probe wavelength should  be smaller than the 
distance scale to be probed:  
Need high energy  

LARGE HADRON COLLIDER 
   capable of probing a distance 
 scale of upto 10 -20 m 

20 years to plan, build , 
20 more to work with 2/3/2013 Delhi University 41 



 New Era in Fundamental Science 

Exploration of a new energy frontier  

LHC ring: 
27 km circumference 

CMS 

ALICE 

LHCb 

ATLAS 
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HWW 

• Provides best current probe of HWW couplings. 
 
• Higgs is scalar    leptons have small separation.. 
• Missing transverse energy in opposite hemisphere to leptons 
 

•No mass peak  background estimation crucial 

 Use shape in 2d space of mll and mT   
 improves signal to background discrimination. 
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2/3/2013 

Use proxies  for these 

Leading Order coupling scale factors  
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Coupling to fermions 

Measurements within 1σ  
Observed uncertianty ~ 50% 

 leptons vs. quarks 
λlq= κ l / κq 

up vs. down quraks 

Measurements within 1σ  
Observed uncertianty ~ 35% 

λdu= κd / κu 
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Most Generic Model 

Probe individual couplings separately 

Measurements close to SM 
Observed uncertianty ~ 35% (τ),  65% (b), ~ 150% (t) 

2/3/2013 Delhi University 46 



Rediscovery of standard  model 

Ready to tread on  
new territory. 

Foundation for 
Higgs discovery 

• Almost 250 papers  published . 
• Many more coming up  based  
     on data collected already. 
 
No hint of  physics beyond  
Standard  Model 2/3/2013 Delhi University 47 
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Higgs  production at the LHC and decays 

Since mass is not known a-priori, the 
whole plausible mass range is searched 

V=W,Z 

July 4, 2012: Observation of a 
 resonance at ~ 125 GeV  
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• Most sensitive channel:  whole mass range accessible: 110-600 GeV 
• Small rate  with high  high S/B ratio 
• Can be fully reconstructed 
• Use kinematic discriminant involving masses and angles 

H ZZ*4l 
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Higgs decaying to a pair of photons 

•The discovery channel  for low mass Higgs at the  hadron 
colliders. 
• Clean signature: final state with 2 energetic  photons. 

m2
γγ= 2 E1 E2 (1-cosα) 

ATLAS : 
Excess at 126.5 GeV 
SM expectation 2.4σ  
Observed local significance: 4.2 σ 
CMS 
Excess at 125.1 GeV 
 SM expectation 2.8σ 
Observed local significance: 4.1 σ 
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ATLAS: Expected 1.7σ, observed 1.1σ 
             Signal strength = 0.7 ± 0.7 
CMS: Expected  1.05 σ, observed: 1.66 σ 
           Signal strength: 0.72 ± 0.52 

Compatible with Higgs boson signal at 125 
GeV but also with background only 

hypothesis. 

With Higgs (125) 

W/o Higgs 

Results for H ττ 

With Higgs (125) 
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 Hbb 
• Br=58% for mH=125 GeV 
 
• The most challenging analysis 
   large background  
 
• Utilise associated production 
   (VH, ttH) S/B increases with  pT

bb 
 

•  Mbb is the best discriminant. 

B-jets identified through  
displaced tracks 
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Identification of resonance via properties 

Mass:  
 Combine only the high resolution channels : H ZZ and Hγγ (VBF & ggF) 
• Signal cross section for the channels left floating  independently in the fit  

Consistent results if  cross section fixed to the SM one.   
125.8 ±0.4 (stat.) ± 0.4 (syst.) GeV (CMS) 
126.0 ± 0.4(stat) ± 0.4(syst)  GeV (ATLAS) 
 

Signal strength: 
• Combined significance: 6.9 σ 
• Combined σ/σSM=0.88±0.21 
 
    Relative production rate compared to SM:  
      µ = σ/σSM=0.88±0.21 
 
• Break-down of production mode shows 

compatibility  within 1σ for each decay  
     channel 

 ATLAS H → γγ 5+5 fb-1 
 ATLAS H → 4l 5+5 fb-1 

 CMS  H → γγ 5+5 fb-1 
 CMS H → 4l 5+12 fb-

1          

WHAT IS IT? 
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Vector Boson and Fermion couplings of Higgs 

Global minimum in (+,-) quadrant driven by excess 
 in γγ channel due to positive interference of W-top loops. 
1-d 95% CL intervals  of k V and k F where o parameters 
Is fixed to unity  2/3/2013 Delhi University 56 



W/Z custodial symmetry 

λWZ = κW/ κZ 

In the standard model the tree level  mass 
Relations  of W and Z are protected  against 
 large radiative corrections. 
 
λ is measured as the ratio of WW and ZZ yields 
 
95% CL interval for λ WZ is [0.67,1.55]  
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Individual couplings 

 Estimate the individual couplings assuming only custodial 
 symmetry and  without resolving the loops structure. 
Also no BSM 
Can study 6 scale factors, corresponding to couplings to vector bosons, 
 top quark, bottom quark, tau, gluon, photon. 
 
While profiling other couplings, we can fit individual each of them 
 Very large uncertainty at the moment (30-80%) 
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Higgs analysis in a snapshot 
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From accelerating beams of particles to novel  particle detection 
 technologies  to large-scale computing grid.  
In today’s  knowledge driven society,  this knowledge gives  
sustainable development of mankind. 
The cutting edge  research infrastructures has started bringing  in  
some  of the most  sought after  and precious  knowledge  about the 
Universe when it was as old as  only few pico-secs to few micro-secs. 
 
We are very lucky to be part of this largest scientific endeavour   
taken up by mankind. 
Come and join us. 
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Characterization of the observed resonance  
•  Need consistent  and combined treatment of data  with systematic and 
statistical uncertainties. 
 
• Present data still dominated by statistical error  effort to establish if the 
object is really the SM Higgs or there is deviation from SM. 
 
1. Coupling measurements from rates in different  final states. 
2. Structure of the amplitude of Higgs production and decay 
       spin, parity measurements. 
 
• Assume a single resonance with zero width  
 
• Couplings  to be “unfolded” from  measured rates : pseudo observables 
 
• Caveats:  
  1. Measurements involve experimental  selection, acceptance, which depend  
on kinematics of final state particles   slightly  model dependent. 
   2. General parametrization of couplings, less model-dependent, but makes 
theoretical  interpretation non-trivial. 
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Relative strength of gravitation, weak, electromagnetic, strong:  
 ~10 -40 : 10 -5 : 10 -2 : 1 

Fundamental Forces 

The mediators:  1) γ for electromagnetic interaction 
                             2) W ±, Z for weak  .. 
                              3) 8 gluons for strong .. 

2/3/2013 Delhi University 63 


	Birth of a new era in fundamental science
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Highlights of 20th century physics
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Spin and Parity  measurements of the new boson
	Higgs Couplings
	Slide Number 24
	Slide Number 25
	Higgs programme in future
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Physics results with Heavy Ion Beams
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	 New Era in Fundamental Science
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Higgs decaying to a pair of photons
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63

