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The	  Likelihood	  Func/on	  
Consider the Poisson distribution - describes a discrete event count n 
for a real-valued mean µ. 

The likelihood of µ given n is the same 
equation evaluated as a function of µ 
‣ Now it’s a continuous function 
‣ But it is not a pdf! 

L (µ) =  P ois(n|µ) 
 
Common to plot the -ln L  (or  -2 ln L) 
‣  helps avoid thinking of it as a PDF 
‣  connection to χ2  distribution 

Figure	  from	  R.	  Cousins,	  Am.	  
J.	  Phys.	  63	  398	  (1995)	  
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Likelihood-Ratio Interval example

68% C.L. likelihood-ratio interval 

for Poisson process with n=3 

observed:

L (µ) = µ3 exp(-µ)/3!

Maximum at µ = 3.

Bob Cousins, CMS, 2008 35

∆2lnL = 12 for approximate ±1 

Gaussian standard deviation  

yields interval [1.58, 5.08]

Figure from R. Cousins,             

Am. J. Phys. 63 398 (1995)

L(µ) = Pois(n|µ)

Pois(n|µ) = µn e�µ

n!
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Repeated	  observa/ons	  
In particle physics we are usually able to perform repeated 
observations of x that are independent and identically distributed 
‣ These repeated observations are written {xi} 
‣ and the likelihood in that case is 

 
 

 
‣ and the log-likelihood is 
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‣ and the log-likelihood is 
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Estimators 

Given some model f  (x |a) and a set of observations {xi} often one 
wants to estimate the true value of α  (assuming the model is true). 
 
An estimator is function of the data written  
‣ Since the data are random, so is the resulting estimate 
‣ often it is just written       where the x-dependence is implicit 
‣ one can compute expectation of the estimator 

 
 

Properties of estimators: 

‣ bias  (unbiased means bias=0) 
‣ variance  

‣ asymptotic bias limit of bias with infinite observations 
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Maximum	  likelihood	  es/mators	  
There are many different possible estimators, but the most well- 
known and well-studied is the maximum likelihood estimator (MLE) 
 

 

This is just the value of α  that maximizes the likelihood 

Figure	  from	  R.	  Cousins,	  
Am.	  J.	  Phys.	  63	  398	  (1995)	  

Example: the Poisson distribution 
 

Maximizing L(µ) is the same as minimizing -ln L(µ) 

 
In this case, the MLE is unbiased b/c E[n]=µ 
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Maximum likelihood estimators
There are many different possible estimators, but the most well-
known and well-studied is the maximum likelihood estimator (MLE)
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Likelihood-Ratio Interval example

68% C.L. likelihood-ratio interval 

for Poisson process with n=3 

observed:

L (µ) = µ3 exp(-µ)/3!

Maximum at µ = 3.

Bob Cousins, CMS, 2008 35

∆2lnL = 12 for approximate ±1 

Gaussian standard deviation  

yields interval [1.58, 5.08]

Figure from R. Cousins,             

Am. J. Phys. 63 398 (1995)

↵̂(x) = argmax↵L(↵) = argmax↵f(x|↵)

This is just the value of α that maximizes the likelihood

Example: the Poisson distribution 
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A	  second	  example	  
Consider a set of observations {xi} and we want to estimate the 
mean of a Gaussian with known σ 

which gives 

(an unbiased estimator) . 

However, the MLE   is biased 

It can be shown that   is unbiased 

Thus, the MLE is asymptotially unbiased . 
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Define covariance cov[x,y] (also use matrix notation Vxy) as 

Correlation coefficient (dimensionless) defined as 

If x, y, independent, i.e., ,  then 

→ x and  y, ‘uncorrelated’ 

N.B. converse not always true. 

Covariance	  &	  Correla/on	  

[G. Cowan] RS-‐	  Problem	  with	  limits	  of	  integra/on	  



Change of variable x, change of parameter θ

•  For pdf p(x|θ) and change of variable from x to 
y(x): p(y(x)|θ) = p(x|θ) / |dy/dx|.

Jacobian modifies probability density, guaranties that 
P( y(x1)< y < y(x2) ) = P(x1 < x < x2  ), i.e., that 

Probabilities are invariant under change of variable x.
– Mode of probability density is not invariant (so, e.g., 

criterion of maximum probability density is ill-defined).
–  Likelihood ratio is invariant under change of variable x. 

(Jacobian in denominator cancels that in numerator).
•  For likelihood L (θ) and reparametrization from θ to u(θ):

L (θ) = L (u(θ)) (!).
–  Likelihood L (θ) is invariant under reparametrization of 

parameter θ (reinforcing fact that L is not a pdf in θ).
Bob Cousins

skip	  



A	  more	  efficient	  Monte	  Carlo	  technique	  

No inefficiency 

Requires inverse of 
cumulative F-1(y) 

Recall 

3
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1) y=rand() 

2) x=F-1(y) 

f  (x ) =  
8F (x ) 

8x  
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Different definitions of Probability 

can be made quantitative based on betting odds 
most people’s subjective probabilities are not coherent and do not obey 
laws of probability 

http://plato.stanford.edu/archives/sum2003/entries/probability-interpret/#3.1 

|⇤-‐‑‒-‐‑‒-‐‑‒  | ⇥⌅|  =   2 
2 1 

Frequentist 
‣  defined as limit of long term frequency 
‣  probability of rolling a 3 := limit of (# rolls with 3 / # trials) 

● you don’t need an infinite sample for definition to be useful 
sometimes ensemble doesn’t exist 
•  eg. P(Higgs mass = 120 GeV), P(it will snow tomorrow) 

●

‣  Intuitive if you are familiar with Monte Carlo methods 
‣  compatible with orthodox interpretation of probability in Quantum 

Mechanics.  Probability to measure spin projected on x-axis if spin of beam 
is polarized along +z 

Subjective Bayesian 
‣ Probability is a degree of belief (personal, subjective) 

●

●



 a) Perturbation theory used to systematically approximate the theory. 
b) splitting functions, Sudokov form factors, and hadronization models 
c) all sampled via accept/reject Monte Carlo P(particles | partons) 

simula/on	  



•  hard scattering 
•  (QED) initial/ final 

state radiation 
•  partonic decays, e.g. 

t  →  bW  
•  parton shower 

evolution 
•  nonperturbative 

gluon split t ing 
•  colour singlets 
•  colourless clusters 
•  cluster fission 
•  cluster →  hadrons 
•  hadronic decays 

 a) Perturbation theory used to systematically approximate the theory. 
b) splitting functions, Sudokov form factors, and hadronization models 
c) all sampled via accept/reject Monte Carlo P(particles | partons) 



Regions in the data with negligible signal 
expected are used as control samples 

‣ simulated events are used to estimate 
extrapolation coefficients 
extrapolation coefficients may have ‣

theoretical and experimental uncertainties 
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Applica/on	  to	  Higgs	  discovery	  



Standard	  Model	  Lagrangian	  	  -‐	  	  Higgs	  sector	  

Couplings	  to	  
EW	  gauge	  bosons	  

Higgs	  
self-‐couplings	  

Couplings	  to	  
fermions	  

1. Higgs boson mass (MH) & decay width (ΓH)
2. Higgs couplings to gauge bosons (gV) and fermions (gF)
3. Higgs boson quantum numbers JPC and tensor structure
4. Higgs potential - Higgs self-coupling (λ)

Higgs Boson Property Measurements

2

K. Cranmer

The Standard Model Lagrangian - Higgs sector

Couplings to 
EW gauge bosons

Higgs
self-couplings

Couplings to 
fermions
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2
(H +H )2 − (yijHψ iψ j + h.c.)

LHC	  Goals	  	  
•  verify	  Standard	  Model	  Lagrangian	  
•  measure	  Higgs	  boson	  parameters	  	  
•  search	  for	  physics	  beyond	  the	  Standard	  Model	  

mH = 2µ = λυ
υ = vacuum	  expecta/on	  value	  

mH	  –	  only	  parameter	  not	  fixed	  in	  SM	  
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Production - dominant processes 
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More	  complex	  diagram	  are	  possible	  with	  a	  penalty	  of	  mul/ple	  couplings	  

Important	  higher	  order	  correc/ons	  	  



where V = W± or Z and δZ = 1/2. As a result, the dominant mechanisms for Higgs

boson production and decay involve the coupling of H to W , Z and/or the third

generation quarks and leptons. Figure 1.5 shows the Feyman diagrams of dominant

mechanisms of the Higgs decay.

(a) (b) (c)

(d) (e)

Figure 1.5. The Feynman diagrams of dominant Higgs decay.

The Higgs boson coupling to gluons is induced at leading order by a one-loop

graph in which H couples to a virtual tt̄ pair. Figure 1.6 showsthe Feyman diagrams

of the Higgs production mechanisms.

The Feyman diagrams of the Higgsboson decaying to gluons is shown on Figure

1.7.

Likewise, the Higgs boson coupling to photons is also generated via loops, although

in this case the one-loop graph with a virtual W+W− pair provides the dominant
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Figure 1.7. The Feynman diagrams of Higgs decaying to gluons.

1.5.1. Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the LHC are gluon fusion,

weak-boson fusion, associated production with a gauge boson and associated produc-

tion with top quarks. Figure 1.6 depicts representative diagrams for these dominant

Higgs production processes.

The cross sections for the production of a SM Higgs boson as a function of
√

s,

the center of mass energy, for pp collisions, including bands indicating the theoret-

ical uncertainties, are summarized in Figure 1.9. A detailed discussion, including

uncertainties in the theoretical calculations due to missing higher order effects and

experimental uncertainties on the determination of SM parameters involved in the

calculations can be found in Refs. [26].

20

	  
	  

Decays  
Photons	  

Vector	  bosons	  

Fermions	   Gluons	  
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Production + decay - theorist’s view 
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Production + decays – experimenter’s view 

proton	  

proton	  

jet	  

jet	  

mul/ple	  jets	  

mul/ple	  jets	  

W+b	  à	  e.g.,	  lepton	  +	  jet	  +	  Emiss	  
	   	   	  for	  Wàlepton	  +neutrino	  

γγ,	  4l	  

parton	  distribu/on	  
func/ons	  

fragmenta/on	  
func/ons	  
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                 Event Classification 
	  
Higgs	  decay	  is	  independent	  of	  the	  produc/on	  mechanism.	  However,	  
different	  produc/on	  mechanisms	  imply	  different	  kinema/cal	  distribu/ons	  	  
and	  therefore	  different	  acceptances	  and	  detec/on	  efficiencies.	  
	  
à For	  precision	  measurement	  it	  is	  important	  to	  separate	  Higgs	  produc/on	  channels.	  

	  	  
Difficult	  and	  possible	  only	  for	  a	  frac/on	  of	  cases.	  	  

Topology	  of	  events	  (extra	  jets,	  addi/onal	  leptons	  or	  missing	  energy)	  
allows	  for	  par/al	  separa/on	  of	  produc/on	  mechanisms.	  



− lnL(α,ν ) = (ns + nb )−
e
Σ[ns ⋅ fs (xe |α,ν s )+ nb ⋅ fb(xe |νb )]−

k
Σ lnπ k (νk )

Statistical method 
Extended	  likelihood	  func.on	  for	  (signal	  +	  background):	  L(α,ν)	  

signal	  pdf	   background	  pdf	   ancillary	  pdfs	  

ns,	  nb	  	  -‐	  signal	  /	  background	  yields	  
xe 	  	  	  	  -‐	  observables	  
fs,	  fb	  	  	  -‐	  signal	  /	  background	  pdfs	  
α	  	  	  	  	  	  	  	  	  -‐	  parameter	  of	  interest	  (mass,	  couplings,	  cross-‐sec/on,…)	  
ν	  	  	  	  	  	  	  	  	  -‐	  “nuisance	  parameters”	  (shape	  parameters,	  systema/cs,….)	  
πk	  	  	  	  	  	  -‐	  pdfs	  obtained	  from	  auxiliary	  measurements	  

Many	  variables	  +	  many	  signal	  +	  background	  processes	  	  à	  	  many	  terms	  
24	  



Likelihood fits 
Confidence intervals (value ± error), limits and significances are based on the 
Profile Likelihood Ratio 

To combine – multiply the likelihood terms 

is	  the	  condi/onal	  best	  fit	  for	  a	  par/cular	  value	  of	  α	  
	  is	  	  the	  best-‐fit	  α	  
	  

likelihood	  for	  fixed	  α	  and	  profiled	  ν	  	  

maximum	  likelihood	  for	  free	  α,	  ν	  

Test statistics:   qα = -2 ln Λ(α) 
Wilks theorem:  if α = αtrue, then qα follows a χ2 distribution   

Λ(α ) = L(α,ν
^'
(α ))
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Statistical models used in measurements

Extended likelihood function: L(~↵;~⌫):

� lnL(~↵;~⌫) = (ns + nb)�
X

e

2

4
signal pdfz }| {

ns · fs (~xe|~↵,~⌫s) +
background pdfz }| {
nb · fb (~xe|~⌫b)

3

5

�
ancillary pdfsz }| {X

k

ln ⇡k(⌫k)

ns , nb: signal / background yields
~x : observables
fs , fb: signal / background pdfs
~↵: parameters of interest

(mass, cross-section, couplings, . . . )
~⌫: “nuisance parameters”

(shape parameters, systematics, . . . )
⇡k : pdfs obtained from auxiliary

measurements

Test statistic: “Profiled Likelihood Ratio” (PLR)

q~↵ = �2 ln⇤(~↵) = �2 ln L(~↵;
ˆ̂⌫(~↵))

L(↵̂; ⌫̂)
 L(~↵; ˆ̂⌫(~↵)): likelihood for fixed ~↵ and “profiled” ~⌫
 L(↵̂; ⌫̂): maximum likelihood for free ~↵,~⌫

Wilks’ theorem : if ~↵ = ~↵true, then q~↵
follows a �2

D distribution, with D being

the number of parameters of interest ~↵

) compute confidence intervals for ~↵

α
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Λ
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 l
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68% CL

95% CL

α1

α2

68% CL
−2 ln Λ < 2.3

95% CL
−2 ln Λ < 6.0

M. Fanti (Physics Dep., UniMi) Higgs boson at LHC — ATLAS + CMS 7 / 34

compute confidence interval 
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Pseudo-experiments 
Selected	  candidate	  events	  represent	  a	  small	  subsample	  of	  all	  produced	  signal	  
events.	  	  They	  may	  all	  be	  in	  a	  tail	  of	  a	  distribu/on	  of	  a	  par/cular	  discriminant.	  	  
	  
-‐>	  Need	  to	  es/mate	  the	  probability	  of	  this	  selec/on,	  e.g.,	  for	  VBF	  process	  how	  oken	  	  

	  there	  are	  two	  separated	  jets	  fulfilling	  selec/on	  criteria.	  
	  
Es/mated	  by	  genera/ng	  large	  number	  (~104)	  of	  Monte	  Carlo	  data	  sets	  with	  the	  same	  	  
number	  of	  events	  with	  full	  reconstruc/on	  and	  applying	  selec/on	  criteria.	  



Cross sections at LHC 
Higgs	  cross	  sec.on	  overwhelmed	  by	  QCD	  

Need	  to	  apply	  several	  filters	  star.ng	  from	  	  
the	  on-‐line	  trigger	  and	  then	  in	  off-‐line	  analysis	  
selec/on	  based	  on	  isolated	  leptons,	  photons,	  jets	  with	  high	  pT	  
and	  large	  missing	  energy	  
	  

process	   cross	  sec/on	  
(pb)	  	  
at	  √s	  =	  8	  TeV	  

events/s	  at	  
L-‐1033	  cm-‐2	  

s-‐1	  

low-‐Q2	  QCD	  	  
(minimum	  bias)	  

≈1011	   ≈	  108	  

high-‐Q2	  QCD	   ≈109	   ≈	  106	  

W	  produc/on	   ≈105	   ≈	  100	  

Z	  produc/on	   ≈5�104	   ≈	  50	  

rbar	  produc/on	   ≈240	   ≈	  0.24	  

SM	  Higgs	   ≈22	   ≈	  0.022	  
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Higgs Boson Production Rates 
Run	  1	  integrated	  luminosity:	  	  ~	  5	  t-‐1	  at	  √7	  TeV	  and	  ~20	  t-‐1	  at	  √s	  =	  8	  TeV	  
At	  √8	  TeV:	  	  	  	  total	  pp	  cross	  sec/on	  ~	  70	  mb	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  total	  Higgs	  produc/on	  cross	  sec/on	  ~	  22	  pb	  
★  ~500,000	  Higgs	  produced	  in	  Run	  1	  	  	  
★  only	  1	  in	  1010	  events	  contains	  Higgs	  
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Higgs production at the LHC
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 H (NNLO+NNLL QCD + NLO EW)→pp 

H (NNLO QCD + NLO EW)q q→pp 

 WH (NNLO QCD + NLO EW)→pp 

 ZH (NNLO QCD + NLO EW)→pp 

H (NLO QCD)t t→pp 

 = 8 TeVs

8 TeV pp collisions

~500k Higgs bosons  
produced at the LHC

~19 pb ~1.6 pb

~1.1 pb ~0.13 pb
Small	  dependence	  on	  Higgs	  mass	   Factor	  2-‐4	  increase	  with	  energy	  for	  Run	  2.	  

Large	  phase	  space	  increase	  for	  rH.	  

N

Nev =σ ⋅ L ⋅A ⋅Ε ff∫
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Handbook	  of	  LHC	  Higgs	  cross	  sec/ons	  	  hrp://arxiv.org/pdf/1307.1347	  

Production cross sections and decay rates  

Each	  Higgs	  decay	  channel	  suffers	  (aker	  filters)	  from	  QCD	  backgrounds	  with	  rates	  	  
that	  are	  typically	  105	  –	  106	  higher	  than	  rates	  expected	  for	  the	  signal.	  
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	   	   	   	   	   	  Higgs Mass  
       and  
    Cross Section           
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Higgs Mass and Production Rates 
Experimental Details 

•  Mass	  -‐	  Most	  precisely	  determined	  with	  H	  -‐>	  γγ	  and	  H	  –>	  4	  leptons	  channels	  
•  Precise	  measurements	  of	  low	  pT	  leptons	  down	  to	  5-‐7	  GeV	  are	  important	  
•  Detector	  calibra/ons:	  ECAL	  (e/γ)	  and	  muon	  systems	  extremely	  important.	  

	  -‐>ATLAS	  calibra/on	  reached	  precision	  below	  few	  per	  mille	  
•  Energy	  scale	  from	  J/ψ,	  Υ,	  Z	  decays	  to	  e+e-‐	  and	  μ+μ-‐	  	  

Detector Calibration in e/γ/µ
Low pT leptons down to 5-7GeV/c are very important in H→4l.
ATLAS spent 1-year for detector calibration in ECAL(e/γ) and muon.
Below few per mille calibration !
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Phys.	  Rev.	  D.	  90,	  052004	  (2014)	  

Electron	  calibra.on	   Muon	  calibra.on	  
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Event selection 
H	  -‐>	  γγ	  	  	  	  -‐	  	  	  large	  signal,	  clean	  but	  with	  	  large	  irreducible	  background	  

•  several	  categories	  of	  photons:	  	  
	  	   	  -‐	  unconverted	  	  	  
	   	  -‐	  converted	  to	  e+e-‐	  with	  two	  tracks	  reconstructed	  
	   	  -‐	  converted	  with	  one	  track	  reconstructed	  
•  several	  classes	  of	  produc/on	  mechanisms	  

	  
H	  -‐>	  ZZ*-‐>	  4	  leptons	  	  -‐	  small	  sta/s/cs	  but	  large	  signal/background	  ra/o	  

•  four	  separate	  final	  state	  channels: 	  	  
	   	  ZZ*	  -‐>	  4	  electrons	  
	   	  ZZ*	  -‐>	  4	  muons	  
	   	  Z	  -‐>	  2	  electrons,	  Z*	  -‐>	  2	  muons	  
	   	  Z	  -‐>	  2	  muons,	  Z*	  -‐>	  2	  electrons	  
•  Several	  classes	  of	  produc/on	  mechanisms	  

	  
For	  each	  category	  and	  decay	  channel	  there	  are	  different	  efficiencies,	  	  
backgrounds	  and	  different	  systema.c	  errors	  
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5.2. Event categorization

ATLAS

l 4→ ZZ* →H 

 selectionl4

High mass two jets

VBF
VBF enriched

Low mass two jets

 jj)H→ jj)H, Z(→W(

Additional lepton

)Hll →)H, Z(νl →W(

VH enriched

ggF ggF enriched

Figure 2: Schematic view of the event categorization. Events are required to pass the four-lepton selection, and then they are
assigned to one of four categories which are tested sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic enriched,
or ggF enriched.

To measure the rates for the ggF, VBF, and VH production mechanisms, discussed in Sec. 3, eachH ! 4`
candidate selected by the criteria described above is assigned to one of four categories (VBF enriched, VH-
hadronic enriched, VH-leptonic enriched, or ggF enriched), depending on other event characteristics. A
schematic view of the event categorization is shown in Fig. 2.

The VBF enriched category is defined by events with two high-pT jets. The kinematic requirements for
jets are pT > 25 (30)GeV for |⌘| < 2.5 (2.5 < |⌘| < 4.5). If more than two jets fulfill these requirements,
the two highest-pT jets are selected as VBF jets. The event is assigned to the VBF enriched category
if the invariant mass of the dijet system, mjj , is greater than 130 GeV, leading to a signal e�ciency of
approximately 55%. This category has a considerable contamination from ggF events, with 54% of the
expected events in this category arising from production via gluon fusion.

Events that do not satisfy the VBF enriched criteria are considered for the VH-hadronic enriched cat-
egory. The same jet-related requirements are applied but with 40 < mjj < 130 GeV, as presented in Fig.
3. Moreover, the candidate has to fulfill a requirement on the output weight of a specific multivariate dis-
criminant, presented in Sec. 7.2. The signal e�ciency for requiring two jets is 48% for VH and applying the
multivariate discriminant brings the overall signal e�ciency to 25%.

Events failing to satisfy the above criteria are next considered for the VH-leptonic enriched category.
Events are assigned to this category if there is an extra lepton (e or µ), in addition to the four leptons
forming the Higgs boson candidate, with pT > 8GeV and satisfying the same lepton requirements. The
signal e�ciency for the extra vector boson for the VH-leptonic enriched category is around 90% (100%) for
the W (Z), where the Z has two leptons which can pass the extra lepton selection.

Finally, events that are not assigned to any of the above categories categories are associated with the
ggF enriched category. Table 2 shows the expected yields for Higgs boson production and ZZ⇤ background
events in each category from each of the production mechanisms, for mH = 125 GeV and 4.5 fb�1 at

p
s = 7

TeV and 20.3 fb�1 at
p
s = 8 TeV.

8

•  Separate	  out	  most	  likely	  candidates	  
	  	  	  	  	  	  	  	  	  for	  low-‐rate	  processes.	  
•  Put	  everything	  else	  into	  dominant	  category.	  
•  Introduce	  selec/on	  uncertainty	  into	  
	  	  	  	  	  	  	  	  	  error	  es/mate	  

Higgs -> 4 lepton event selection 
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Diphoton event selection and classification 
Diphoton selection

tt̄H leptonic

tt̄H hadronic

V H dilepton

(ZH → ℓℓH)

V H one-lepton

(WH → ℓνH)

V H Emiss
T

(ZH → ννH ; WH → ✁ℓνH)

V H hadronic

(WH → jjH ; ZH → jjH)

VBF tight

(qqV → jjH)

Untagged

(gg → H)

VBF loose

(qqV → jjH)

Central/forward 
Low pt/high pt 

Unconverted photons 
Two-track photon conversions 
“One-track” photon conversions 

Sum	  individual	  contribu/ons	  from	  14	  different	  categories	  	  with	  weights	  corresponding	  
	  to	  selec/on	  efficiencies	  	  (see	  later	  ~300	  fit	  parameters)	  

photon	  selec/on	  

detector	  region	  
selec/on	  

event	  selec/on	  
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BDT -Multivariate discriminant construction 
Need to separate H->ZZ* signal from ZZ* background and separate ggF production  
from VBF production mode.  Use MC simulations using matrix element calculations 
(MadGraph5). 

signal	  vs	  background	  
distribu/ons	  

signal	  vs	  background	  
separa/on	  
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Discriminant of ggF vs VBF 
VBF - 5 additional variables for extra jets: 
 invariant mass of two jets, Δη separation of jets, pT of each jet, η of leading jet  

simulated	  distribu/ons	  for	  	  
ggF	  vs	  VBF	  

final	  discriminant	  	  
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Boosted Decision Tree  (BDT) 2D analysis trained on simulated signal and  
 ZZ* background events 

ATLAS 	  mH	  =	  124.51	  ±	  0.52	  (±	  0.52	  (stat)	  ±	  0.04	  (syst))	  GeV	  
CMS 	  mH	  =	  125.59	  ±	  0.45	  (±	  0.42	  (stat)	  ±	  0.17	  (syst))	  GeV	  
	  

Hà ZZ* à 4l 

ATLAS:	  Phys.	  Rev.	  D.	  90,	  052004	  (2014)	  
CMS:	  	  	  	  Phys.	  Rev.	  D.	  89,	  092007	  (2014)	  
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Detail check -  Does mass depend on the 4l decay mode? 
àNo significant mass difference between different 4 lepton channels 
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Hàγγ 

γγ

ATLAS 	  mH	  =	  126.02	  ±	  0.51	  (	  ±	  0.43	  (stat)	  ±	  (0.27	  (syst)	  )	  GeV	  
CMS 	  mH	  =	  124.70	  ±	  0.45	  (	  ±	  0.31	  (stat)	  ±	  (0.15	  (syst)	  )	  GeV	  
	  

ATLAS:	  	  Phys.	  Rev.	  D.	  90,	  052004	  (2014)	  
CMS:	  	  	  	  	  Eur.	  Phys.	  J.	  C.	  74,	  3076	  (2014)	  

weights	  derived	  independently	  for	  
each	  category	  

observed	  weighted	  signal	  -‐	  background	  

~300	  events	  
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HàZZ* + Hàγγ combination 

ATLAS 	  mH	  =	  125.36	  ±	  0.37	  (stat)	  ±	  0.18	  (syst)	  	  GeV	  
CMS 	  mH	  =	  125.03+0.26-‐027	  (stat)	  +0.13-‐0.15	  (syst)	  	  GeV 	  	  

No	  significant	  mass	  difference	  between	  Hàγγ	  and	  4	  lepton	  channels	  
	  
ATLAS:	  	  	  	  ΔmH(γγ-‐4l)	  =	  +1.47	  ±	  0.67	  (stat.)	  ±	  0.28	  (syst.)	  GeV	  	  	  (1.98σ)	  
CMS:	  	  	  	  	  	  	  ΔmH(γγ-‐4l)	  =	  -‐	  0.89	  ±	  0.57	  GeV	  	  	  (1.6σ)	  
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New: ATLAS/CMS combination 

mH	  =	  125.09	  ±	  0.24	  (±	  0.21	  (stat.)	  ±	  0.11	  (syst.))	  GeV	  

arXiv:1503.07589	  

•  Maximum	  of	  the	  profile-‐likelihood	  fits	  using	  signal	  probability	  density	  func/ons	  
derived	  from	  modeling	  and	  background	  probability	  distribu/ons	  derived	  from	  the	  data.	  
•  Includes	  interference	  between	  signal	  and	  backgrounds	  (EW	  only)	  

	  	  ★	  	  	  I	  offer	  a	  beer	  for	  best/craziest	  explana.on	  why	  this	  value	  is	  so	  close	  to	  53	  	  in	  GeV	  
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Production rate 
•  Derived	  from	  the	  same	  2D	  fit	  as	  the	  Higgs	  mass	  using	  4l	  and	  γγ	  decays.	  	  
•  Cau.on:	  For	  photon	  channel	  there	  are	  about	  300	  nuisance	  parameters	  with	  about	  
	  100	  fired	  parameters	  describing	  shapes	  and	  normaliza/on	  of	  background	  models	  
	  and	  about	  200	  parameters	  describing	  experimental	  and	  theore/cal	  systema/c	  	  
uncertain/es.	  

Results from different channels are consistent within 2σ and are consistent with  
signal strength expected from Standard Model.  42	  



Higgs Production Rates - other channels  
Similar	  procedures	  as	  that	  for	  ZZ	  and	  γγ:	  
•  Signal	  selec/on	  using	  leptons,	  b-‐jets,	  missing	  energy	  and	  tau	  hadronic	  decays	  
•  Background	  minimiza/on	  using	  kinema/c	  proper/es	  
•  Comparison	  with	  signal	  expected	  from	  various	  Monte	  Carlos	  
•  Iden/fica/on	  of	  systema/c	  and	  theore/cal	  uncertain/es	  
	  
Channels	  studied	  (tags)	  
HàW	  Wàlν	  lν	  	  (	  l	  =	  e	  or	  μ,	  missing	  energy	  carried	  by	  neutrinos)	  
Hàτ	  τ	  	  (	  τ	  hadronic	  and	  leptonic	  decays:	  lepton-‐lepton,	  lepton-‐jet,	  jet-‐jet	  topology)	  
Hàb	  b	  (	  b	  jets	  tagged	  by	  70%	  likelihood	  of	  iden/fying	  separated	  ver/ces)	  
HàZ	  γ	  (	  reconstructed	  Z	  -‐>ee	  and	  Z-‐>μμ)	  
VBF	  	  (Higgs	  reconstruc/on	  applied	  in	  all	  decay	  channels	  +	  2	  separated	  hadronic	  jets)	  
VH	  	  	  (Higgs	  reconstructed	  in	  all	  channels,	  W	  tagged	  by	  lepton	  +	  missing	  energy,	  

	  	  Z	  reconstructed	  from	  leptonic	  decays)	  
nH	  	  (Higgs	  reconstructed	  in	  bb,	  γγ,	  WW-‐>lνlν,	  addi/onal	  leptons	  from	  top	  decays)	  
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Evidence for VBF process 
•  Second	  largest	  expected	  rate,	  low	  theory	  uncertainty.	  
•  Dis/nc/ve	  topology	  with	  two	  jets	  widely	  separated	  in	  η	  and	  suppressed	  

	  QCD	  ac/vity	  between	  them	  	  	  
•  Hints	  consistent	  with	  SM	  expecta/ons	  in	  several	  channels.	  
•  Combined	  analysis	  based	  o	  profile	  likelihood	  ra/o	  test	  sta/s/cs	  
	  	  	  	  	  	   	  Probability	  densi/es	  used	  for	  in	  are	  derived	  from	  MC	  for	  the	  signal	  

	  and	  MC	  and	  data	  for	  the	  backgrounds.	  
H-‐>γγ 	  2	  photons	  with	  ET/mγγ	  >	  0.35	  and	  0.25	  plus	  2	  jets	  
H-‐>4l	   	  2	  pairs	  of	  same	  flavor,	  opposite	  charge	  leptons	  plus	  2	  jets	  with	  mjj	  	  130	  GeV	  
H-‐>WW*	  leptonic	  W	  decays	  -‐	  lνlν	  (same	  and	  opposite	  lepton	  charges)	  plus	  Njet>	  2	  
H-‐>ττ 	  leptonic	  and	  hadronic	  tau	  decays	  plus	  2	  jets	  separated	  by	  pseudorapidity	  
H-‐>μμ 	  opposite	  charged	  muon	  pair	  plus	  Njet>	  2	  

44	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Likelihood	  contours	  
(μf

ggF+nH,	  μf
VBF+VH)	  plane	  for	  Higgs	  mass	  mH=125.36	  GeV.	  	  

μ	  –	  ra/on	  of	  observed	  yield	  wrt	  SM	  expecta/on	  
Solid	  lines	  -‐	  68%	  CL	  contours,	  	  dashed	  lines	  –	  95%	  CL	  contours.	  	  	  
Standard	  Model	  expecta/on	  -‐	  star	  at	  (1,1). 	  	  
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