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Higgs boson physics, the sequel 



Layout 

Differential distributions 
 

Spin and parity 
 

Pseudo-Observables 
 

Effective Filed Theories  

Thanks to the many people who gave talks at the HC workshops and at ICHEP:   
 I took a lot of material from their talks ! 
A special thanks to Giampiero Passarino for explications and help. 
And a big thank-you,  Markus Schumacher, for the invitation! 



Differential Cross sections 
•  Entering new era of Higgs boson physics: 

precision measurements. 

•  From integral rate to differential distribution 
to better study the characteristic of the particle 
and thus to test more precisely the SM 

•  In general, we are still statistically limited 

•  H à γγ, Hà4l and Hàlvlv channels have been 
studied 



Fiducial Cross sections 

•  The cross sections are measured in a fiducial phase space which is 
defined to closely match the experimental acceptance in terms of the 
lepton kinematics, lepton isolation, and topological event selection, 
and, for example.     

      For Hà4l constitutes approximately ~50 % of the total phase space.  
 
•  This approach is chosen in order to reduce the systematic 

uncertainty associated with the underlying model of the Higgs boson 
production mechanism and its properties.  

•  The remaining dependence of each measurement on the underlying 
model assumptions is determined and quoted as a separate 
systematic effect by using different BSM models. 

•  The cross section measurements are corrected for the effects related 
to the detector efficiency and resolution effects and are unfolded to 
the particle level. 



Strategy 
•  For each differential distribution, each bin represents a 

specific fiducial sub-region  
–   Differential cross section defined as measured cross section in 

each bin divided by bin width 
•  For each sub-region (bin of differential distribution or 

additional sub-volume): 
–  Extract observed signal events (via background subtraction or 

background+signal fit) 
–  Correct for detector effects and obtain the cross section 
–  bin-by-bin unfolding using correction factors, Ci = Ni

reco / Ni
fid 

(forced by low statistics) 
–  Corrected cross section can now be compared to any theoretical 

calculation 



pp à 4l 

13		TeV	



Zà4l and Hà4l 
•  Inclusive cross section of Z boson production in the  Z à4l decay channel and of 

its ratio to the corresponding  H à4l fiducial cross section  
•  These measurements provide tests of the SM expectations, and important 

validations of our understanding of the detector response and methodology used 
for the H à 4l fiducial cross section measurement. 

8	TeV	



CMS Hà4l 

8	TeV	

13		TeV	



CMS: Hà4l 

8	TeV	



ATLAS Hà4l 

8	TeV	



XS vs Energy  

The measured inclusive fiducial cross 
sections are compared to the 
SM N3LO theoretical estimations  
The acceptance of the dominant gg à H 
contribution is modeled using 
HRES, MINLOHJ or POWHEG+JHUGEN, 
 
à 30% uncertainty 



 Hàγγ 
m2

γγ= 2E1E2(1-cosφγγ) 
 

13	TeV	



CMS: 
Hàγγ 

8	TeV	



CMS: Hàγγ 

8	TeV	



ATLAS: Hàγγ 

13	TeV	



ATLAS: Hàγγ

 
No direct comparison  
with CMS results on 
jet activity and pT spectra,  
due to differences in the 
 definition of the 
 fiducial volume.  

13	TeV	



ATLAS: γγ + 4l 

8	TeV	



ATLAS: H à lvlv 

σ  =	36.0	
									±	7.2	(stat)	
									±	6.4	(sys)	
									±	1.0	(lumi)	6	
	
	
σfid

ggF=	25.1	±	2.6	6	

8	TeV	



Cross section vs Energy 

COMBINED ZZ,γγ 





Some comments 

•  Systematic uncertainties are similar between the two experiments.  
 ØATLAS Hàγγ analysis shows hints for higher jet activity than  

           expected from theoretical models, having also a deviation        
           towards back-to back jet production, but this not supported by 
            CMS   Hàγγ analysis.  
 ØBoth report a small deviation in the rapidity spectrum of the  

           Higgs boson in the HàZZ*à4l channels, but this is not seen in 
           either of the Hàγγ analysis.  
 ØIn total, no significant disagreement with the SM is 

           observed.  
 ØAll measurements are dominated by statistical errors  

            and therefore  
 ØRun II offers great opportunities for precision measurements on 

            the Higgs sector  



Spin and CP 
•  From differential distributions we can 

measure Spin and CP 

•  Higgs on SM  Spin = 0 
       CP = Positive 

 
•  Already studied with the  
    first 12 fb-1 at Run 1 



Channels considered 

H à γγ    High background 
       High signal statistics 

        sensitive to spin=2 models 
 
Hà4l      Low statistic,  
                 Low background 

    fully reconstructed event in 3D 
                  allow to study: JPC= 0±, 1± and 2± models 
 
Hàlvlv  neutrinos in the final state, thus limited resolution 
                Large signal yield and lepton angular information  
    



Hà γγ

•  Landau-Yang theorem strongly 
disfavors spin-1 particle decay to γγ.  

•  Sensitive to a possible spin-2 state 
•  Log-likelihood ratio test statistic 
•  cosθ* used to discriminate between 

the spin hypotheses   



H à ZZ 

The 2 production angles  ϑ* and Φ1 of the Z bosons in the X rest frame  
3 decay angles θ1, θ2, and Φ  of the leptons in the V rest frames. 
3		masses: mZ1 , mZ2 , m4l 
 
Main backgrounds:      ZZ*  estimated from MC 

           Z+ X estimated from data in CR 



MELA variables 



H àlvlv 
•  Only partial reconstruction is possible: 
•  Two isolated, high-pT, charged leptons ETmiss due to the presence of 

neutrinos in the final state 
•  Important backgrounds: WW, W+jets, Z+jets, ttbar, single t and 

dibosons 

•  ATLAS: Two BDT classifiers to discriminate 
      0+ vs. bkg and JP vs. bkg  
      both in the spin parity tests  
     and the tensor structure analyses 
     BDT input variables: mll, Δφll, pT

ll, mT 

•  CMS: Two observables used in the final  
     analysis: mll and mT. 



If we assume Spin = 0 
Two different formulations: 
 
CMS: Interaction between Spin 0 boson and 2 vector boson 
 
 
 
 
Pure 0- (a3) or 0+ (a2) states  à 11 anomalous couplings 
 
ATLAS: effective Lagrangian  

a3/a1	
			
a2/a1	AND 



Results 
All the results from ATLAS and CMS for the various final states are in agreement 
with the SM hypothesis, i.e. anomalous coupling consistent with 0 (assuming 
coupling ratios are real) 



Test of Spin 1 and 2 

Hypothesis	tests	0+	vs.	mixture	of	1±	
62	=	0	pure	vector,	62	=	1	pure	pseudo	vector)	

Hypothesis	tests	0+	vs.	spin	2	models	

1	

2	

InteracAon	between	the	spin-1	resonance	and	two	gauge	bosons,	V1	and	V2	

InteracAon	between	the	spin-2	resonance	and	two	gauge	bosons,	V1	and	V2	



Results, CMS 



Example for a 2+ vs 0+ 



Results, Atlas 

All	tested	alternaFve	models	are	excluded	
in	favor	of	the	SM	Higgs	boson	hypothesis	at	
more	than	99.9%	confidence	level.	

Spin	1	rejected	at	99.7%	CL		
(WW	and	ZZ	comb.)	



Next  
We will continue along 2 different roads: 

–  Search for new physics  (the next two days of the workshop)  
–  Precision measurements 

 
To perform precision measurements,  we would need also very 
precise theoretical predictions.  
When confronting them with the data we will understand if we 
are  missing  something. 
 
At LHC, even if we are in harsh hadronic environment, many 
of the  couplings will be measured at the % level.  
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Why getting more precise? 
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Why getting more precise? 
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Loop 
•  Measuring with high precision all the properties, if there 

are new particles in the loop, we will see the effect,  as at 
LEP the data were giving us indications on the top and 
on the Higgs 
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Indirect search via precision measurements 

Direct search 



LEP Legacy 
1996	

March	2012	
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Deviations from SM 

Before the discovery in 2012 the hypothesis was the SM and  
the unknown was mH 
Therefore bounds on mH were derived through a comparison  
with high precision data (LEP, Tevatron…). 
 
After the discovery, at LHC,  given that the SM is fully 
specified,  the unknowns are the SM deviations. 
Thus a definitions and of SM deviations is necessary.  



  LHC is complicated 
Higgs physics at LHC is radically different from Z physics at LEP, 
since we have to work with very different scales, on-shell H decays 
and off-shell Higgs production etc. 
 
Furthermore, at LHC, the EW core (including the Higgs properties) 
is always embedded into a QCD environment, subject to large 
perturbative corrections and we certainly expect considerable 
progress in the “evolution” of these corrections.  
 
The same considerations apply to PDFs when studying high-mass 
(large x) final states. The consequence is that, also for LHC, one has 
to list the assumptions that are made in studying Higgs couplings 
and judge them on statistical grounds.  
 
To repeat the main argument, the huge QCD background and the 
associated uncertainty are such that one can fit the data starting 
from a given parameterization of the SM deviations but for each 
new QCD calculation the result will change substantially and not 
simply multiplicatively.  



How to proceed at LHC 
The procedure that is under suggestion is to write the answers in terms of 
SM deviations, after which, certain combinations of the deviation 
parameters will define the LHC Pseudo-Observables and will be fitted. 
 
Optimally, part of the factorizing QCD corrections could enter the PO 
definition.  
As for the framework for deviations, the parameterization should be as 
general as possible, with a priori no dropping of terms: this will allow to 
“reweight” when new (differential) κ -factors become available. PDFs 
changing is the most serious problem. At LEP the e+e− structure 
functions were know to very high accuracy (the effect of using different 
QED radiators, differing by higher orders treatment, was tested).  
 
It will be crucial to follow the path  
 
 
                   LHC data � PO � SMEFT 



The “kappa” framework 

It is a procedure used at LO, partially accommodating factorisable QCD  
corrections  (proportional to the SM LO)  but not (the non-factorisable) 
electroweak EW corrections.  
It amounts to replace  
 
 
 
 
Where {m} denotes the SM masses, {g} the SM couplings and  
κg are the scaling parameters “kappa” 
 
This framework has been used at RUN1 (Louis Fayard talk) 
 
 
 
 
 



EFT/SMEFT to look for new physics 
•  Effective field theory is useful as a methodology for studying possible new physics 

effects from massive particles that are not directly detectable.  
•  Extension of the SM Lagrangian by introducing additional dimension-6 (or 8) 

operators.  

       with arbitrary Wilson coefficients an
i   Λ the scale of new physics.  

•  These operators have coefficients of inverse powers of mass (Λ), and hence are 
suppressed if this mass is large compared with the experimentally-accessible 
energies. 

•  The underlying assumption of an effective quantum field theory is that this scale 
Λ is large compared with the experimentally-accessible energies. Thus an 
effective field theory is the low-energy approximation to the new physics, where 
“low” means <Λ. 

 
  Limit: Λ so large that the effect is comparable to missing higher order/loops  
                effect in the SM theory 
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Pseudo Observables 
•  The κ-parameters are easy to understand in terms of how they change 

cross sections and partial decay widths (the so- called “peak” 
observables). 

•  Extending the framework is currently seen as expressing the κ-
parameters in terms of Wilson coefficients in some Effective Field 
Theory (i.e. SMEFT).  

•  The rationale in building a Quantum Field Theory (QFT) of SM-
deviations is not so much in the numerical impact of higher orders but 
in promoting a phenomenological tool to the full status of QFT. 
Another reason for having a complete formalism is to avoid a 
situation where experimenters will have to go back and remove a 
provisional formalism from the analyses. 

  
•  For some of the Wilson coefficients it is hard to understand both 

qualitatively and quantitatively what some parameter value does to 
observables; therefore, one question that we would like to answer is 
the following: could we use and translate part of the LEP language 
(e.g. the one of POs), to recast parameters into POs?  



Pseudo Observables 

•  The rationale of using POs at LHC is because the POs are a platform 
between realistic observables and theory parameters  allowing 
experimentalists and theorists to meet half-way between.  

•  In principle, ATLAS/CMS should also publish their fiducial and 
template cross sections since they are are alternative but not antithetic 
to the POs.  

 
•  As already stated, LHC is much more complex than LEP since, as an 

example, in the study of off-shell Higgs physics, resonant and non-
resonant parts are perfectly tied together and there are severe issues of 
gauge invariance that must be taken into account.  



Pseudo Observables 
•  What the experiments observe in the final 
      state is not always directly connected to the  
      theoretical variable.  
      In between there is  
       - the acceptance of the detector (cuts), 
       - the interference of signal and background  
       - and “approximations”  
           (like production x decay) 
 
•  A corrected definition of the Higgs mass and   
      width, i.e. of all the “pseudo-observables” is 
      needed. 
  
•  Ex: The mass is the real part of the complex pole  
       of the propagator à is this correct definition used  
        in the MC generators? 
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PO at LHC 
A Level of PO similar to the LEP PO: 

The kappas – both for decay and for production 
As an example:  

H	à	γγ



G.Passarino,	ICHEP	



Going to NLO 

The	contact	term	(which	is	the	LO	SMEFT)	
SM	b	and	t	loop	

In	the		NLO	SMEFT	we	get	addiFonal	term:		



Summary  

•  Still a long way to go:  
to do precision measurements in order to 
investigate if there is new physics beyond the 
SM we should get 
   1.   high statistics  
   2.  precise theoretical predictions 
 

Not easy at LHC given the harsh QCD     
environment, but it will work.   



Back-up 







Analysis method 
Hypothesis test                Tensor Structure  

          ATLAS 
0+ vs JP MELA or BDT             ME based discriminants 
Signal vs. bkg. BDT                    Signal vs. bkg. BDT 

           CMS 
0+ vs JP MELA           MELA 
Signal vs. bkg. MELA     signal vs bkg MELA 


