
Discovery Experience: CMS 

Giovanni Petrucciani (UCSD) 



Outline 

A quick recollection of what statistical analyses 
we did for Higgs searches in CMS, time-ordered: 

• 2011 business: limits, p-values 

• 2012 business: compatibility tests with signal 
hypothesis, combinations, measurements 
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2010-2011: LHC Higgs Comb Group 

• LHC Higgs Combination group started in 2010, 
with these goals: 

– Define the procedures for the analysis of the SM 
Higgs searches at LHC. 

• Focusing mostly on upper limits  

• Defined the “Frequentist” CLs (wrt the “Hybrid” CLs) 

– Validate the tools to do such analysis (RooStats) 

– Combine ATLAS and CMS results 

• Happened just once, for HCP 2011 

13-02-2013 3 G. Petrucciani (UCSD) 



Upper limits according to LHC HCG  

1. Use as test statistics the one-sided Profile 
Likelihood (i.e. profile the signal strength but 
with an upper bound at the hypothyzed value)  

2. When determining the distributions of the test 
statistics from toy MC, randomize the constraint 
terms associated to the nuisances, while keeping 
the nuisance values to the best fit of the data for 
that fixed μ hypothesis. 

3. Use the CLs prescription to protect the result 
against under-fluctuations of the background. 
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Upper limits 

• Up to Moriond 2012, CMS produced limits 
with three prescriptions, to check robustness. 

– CLs using Toy MC 

– CLs using asymptotics 

– Bayesian w/ flat prior 
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Asymptotic for CLs bands 

In 2012, moved to 
new formulas for 
expected CLs limits:  

• scan qA(μ) values 
also for ±1σ, ±2σ 
bands, not just for 
the median exp. 

• Better agreement 
found wrt Toy MC 
(see plot for H→γγ) 

 

CLs with toys 
New asymptotic 
Old asymptotic 
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Asymptotic for CLs bands 

• From the usual Asymptotics paper, the edge of 
the N σ band of the expected limtis satisfies 

μN /σ =  N + Φ−1( 1 − α · Φ(N) )  

  Φ(x) := cdf of unit Gaussian distribution 

• In the left hand side, take μN /σ  from the 
Asimov dataset relying on qA(μ) =  ( μN /σ )² 

qA(μ) = [ N + Φ−1( 1 − α · Φ(N) )  ]² 

• Solve for μ numerically to get the edge. 
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Searches for excesses 

• LHC HCG prescription very close to the one used 
for upper limits (only changed the definition of 
the test statistics) 

• Estimating the look-elsewhere effect: 
– Upcrossing method (Gross & Vitells) 

• Good for the full mass range 110-600 GeV 

– Toy MC for the low mass range 
• Channels with Higgs-mass-dependent analysis (WW, bb) 

taken to be fully correlated across the range, good approx. 
since they have very poor mass resolution. 

– Combination of the two: run some toys, fit LEE 
correction to G-V formula to extrapolate at higher Z 
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p-value and compatibility with SM 
Higgs hypothesis (at EPS 2011) 
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Combination of p-values 

• At ICHEP times, some slight 
tension was visible between 
the Higgs search results in the 
different modes. 

• That lead to discussions on 
how legitimate was to 
combine the channels 
assuming a common signal 
strength to compute p-values. 

• Tested some possibilities for 
the ZZ+γγ combination 

13-02-2013 10 G. Petrucciani (UCSD) 



Combination of p-values 

• At ICHEP, the observed significances for the searches in 
the two modes where 3.2 σ for  ZZ and 4.1σ for γγ. 

• The combination is obtained from the profile likelihood 
test statistics with a common signal strength modifier  
  q = −2 log L(bkg)/L(best fit sig. + bkg) 
q is asymptotically a 1 dim. χ2 ;   qobs = 26  Zobs = 5 

• Tried relaxing the signal model with more parameters: 
– Independent signal strengths for ZZ, γγ 
– Independent Higgs couplings to bosons and fermions 

 In both cases, the value of the test stat. increases but 
the asymptotic distribution becomes a 2 dim. χ2 and so 
the associated significance decreases a bit (5.0  4.7) 
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Compatibility with signal predictions 

• Typical plot: compare the 
best fit signal yields in each 
analysis or sub-combination. 

• How to get a quantitative 
statement out of this plot, 
accounting properly for: 

– non gaussianity of errors 

– correlations of systematics 
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Compatibility with signal predictions 

• Turn again to likelihood ratios: define 
  q = −2 log L(SM Higgs) / L(best fit model) 
where the denominator is  
has freely floating signal  
yields in each final state. 

• Expect q to be distributed  
as a n-dimensional χ2 for 

• Validated with toy MC. 
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Measurements of properties 

• Results from max. likelihood 
fit; 68%  and 95% CL intervals 
from asymptotic of –2 Δ log L 

• “Statistical”-only uncertainties 
from same procedure but not 
profiling the likelihood. 

• Validated coverage with toy  
MC at some specific points 
parameter space. 
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Contours: local & global minima 

• Some models of Higgs couplings have a partial 
sign degeneracy: likelihood values similar but 
not identical in the various quadrants. 
e.g. κV κF model: predictions in all final states 
except H → γγ depend only on |κV| and |κF|. 

• Result is multiple minima of similar depth. 

• Did not yet investigate the coverage of the 
–2 Δ log L contours in these cases (less trivial, 
as it needs global minimization in each toy) 
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Example: κV κF  model 
redefined allowing 
only positive κF , κF  

scan κF values 
profiling κV  
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Measurements: Bayesian 

• Compare likelihood-based regions with the 
ones from a Bayesian approach (with flat 
priors, and ordering rule by posterior density) 
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Measurements: beyond 2D 

• Several interesting models to fit our Higgs data have 
more than 2 parameters to consider. 

• Current approach has been to report: 
– 1D profile likelihood scans in each parameter 
– 2D profile likelihood contours for the pairs of parameters 

that have the most interesting correlations 
(curse of dimensionality:  N2 pairs → lots of CPU!) 

• Found that Bayesian posteriors in n-dim. parameter 
space are cheap to obtain with Markov Chain MC.  
– Can use them to make any 1D and 2D projection and 

identify the interesting ones. However, results depends on 
the prior on the parameters that are projected away. 
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Conclusions 

• In 2011, settled on one standard LHC-wide 
prescription for Higgs limits and p-values. 
– However, used also also alternative limit settings 

prescriptions  (helped a lot in finding bugs) 

• After the observation of a signal, we found us 
faced with even more questions.  
– Eventually, most of them reformulated in terms of 

hypothesis test with a profiled likelihood test stat. 
– Using also Bayesian methods for cross-checks of 

measurements, but unlike for limits only qualitatively  
(and didn’t make any result from this public) 
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