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1. Review of SM Higgs theory & experiment 



Questions 

Why is there such a large range of quark masses ? 

Why is there such a large range of lepton masses ? 

Why are the neutrino masses so small ? 

Why do the W and Z have mass, but the photon and the gluon 
do not ? 
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Electroweak Force Unification and the Higgs Mechanism 

1961 – 1968  Glashow, Weinberg and Salam (GWS) developed a theory 
that unifies the electromagnetic and weak forces into one electroweak 
force.  

Electromagnetic Force – mediator: photon (mass = 0) interact with 
charged particles 

Weak Force – mediators: W+,W-, Z0 (mass ~ 80-90 GeV/c2) interact 
with quarks and leptons 
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SM EW Theory 

    The theory begins with four massless mediators for the electroweak 
force: Wμ

1,2,3 and Bμ.  

This transformation is the result of spontaneous symmetry breaking. In the 
case of the electroweak force, it is known as the Higgs Mechanism.   

Wμ
1,2,3, Bμ                    W+, W-, Z0, γ 

SSB                            
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Higgs Field and Higgs Boson 

The neutral Higgs field permeates space and all particles acquire mass 
via their interactions with this field.   

Higgs Boson 
• charge (neutral),  color (none),  

• spin (= 0),  coupling to (gauge, Yukawa),  total width 

• mass (~ 100GeV),  CP (even, odd, mixture?)  

  Theoretical arguments (or prejudices) suggest 

                                           (with new physics at the TeV scale) 
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SM Higgs-boson mass range (from EW precision fits) 

Radiative corrections are sensitive to the mass of virtual particles!  

EW data prefer a light Higgs, 114.4GeV < MH < 185 GeV, at 95%  CL ! 
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Tevatron Run II 
    Large potential for a light SM Higgs boson. 

  Exclusion region very important for LHC search strategies ! 
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Improved analysis techniques and more data have made the Tevatron 
experiments more sensitive to the Higgs boson. CDF and D0 exclude 
a significant portion of the high-Higgs-mass range. 



ATLAS and CMS analyse the data samples of up to 2.3 (1/fb), 
combined results: exclusion SM Higgs mass range of 141-476 
GeV at  95% CL,  or 146-443 GeV at 99% CL . 

November 18, 2011 

LHC (ATLAS, CMS) 

http://atlas.ch/news/2011/figure-111114-Mu95.html�
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SM Higgs exclusion in summary 

        MH < 114 -140 GeV   most difficult ! 

 Need  precise theoretical understanding of both 
signal and background ! 
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2. Precise Predictions for Higgs hunting 
   Why we need precision Higgs physics @ LHC ? 
 

        The Higgs physics potential @ LHC depends on  very accurate QCD  

    predictions (including  EW corrections): 
 

     −→ precise prediction of both SM Higgs signals & backgrounds; 
 

     −→ precise input parameters,   αs  uncertainty…; 

                (MZ) from 0.1176(20)→0.1184(7), (2006-2010); 
 

     −→ luminosity monitors, PDF errors for LHC analyses... 

            the predicted event number for gg->H 

            N=L      ~ L       3×fg/p
2 ⇒ very sensitive to αs , L  and PDFs! 



     −→ poorly convergent perturbative corrections (: gg → H);  

                especially for QCD,  theoretical uncertainty of  μf  and μr   … 
 

     −→ several massive particle productions (ex.: Htt/Hbb, W/Zbb, ttbb, . . .);   

                numerical calculation errors in loop integrals,  
 

     −→ high multiple final states and subchannels (ex.: VVV , V + 3j, ttbb , . . .). 

                statistic errors in multi-final state  phase space integration 
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Precise predictions for production rate depend on good knowledge of 
‘strong coupling constant’,  ‘PDFs’ and ‘ partonic cross section’ !! 

nonperturbative quantities perturbative evaluation ! 
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SM Higgs Production 
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(1) g-g fusion 
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(2) Vector boson fusion 
VBF is very important in the Higgs-boson search  @ LHC. 
The cross section is almost one order smaller than for gg 
fusion , but this channel is very attractive both for 
discovery and for precision  measurements of the VVH 
couplings. 

• QCD corrections  increase the LO cross section 
by +5-10% . 
                                                   T. Han, S. Willenbrock (1991) 
• Evaluated for distributions  @  NLO      
                           T. Figy, C. Oleari, D. Zeppenfeld (2003)  
                                                       J. Campbell, K. Ellis (2003) 
• EW+QCD corrections have also been evaluated 
                               M.Ciccolini, A.Denner, S.Dittmaier (2007) 
• NNLO contributions computed within the 
structure function approach, the scale uncertainty 
reduced to the 1-2% level.  
                    P.Bolzoni, F.Maltoni, S.Moch, M. Zaro (2010) 
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    Higgs boson production via VBF is the mechanism with the second largest 
rate in the SM and  a clean experimental signature.  
 
    In BSM, VBF can become the leading production mechanism. 
 
• Factorizable contributions in QCD. It provides the bulk of all QCD  
corrections up to order        to a precision better than 1%. 
 
• Non-factorizable contributions in QCD. This class starts at order       /N2

c . 
It is estimated  to contribute less than 1% to the total VBF cross section. 
 
• Electroweak corrections to diagrams. A combination with the NNLO QCD 
ones to Higgs production via VBF has been reported. 
                                                                                         Paolo Bolzonia, (2011) 
              

(2) Vector boson fusion (continue) 
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(3) WH/ZH production 

• Most important channel for low mass Higgs @ LHC.  
 

• Final lepton(s) provide the necessary background rejection. 
 

• Probing information on the HWW and HZZ couplings. 
 

1. NLO QCD corrections can be obtained from those to Drell-Yan: +30%. 
                                                                                                        T. Han, S. Willenbrock (1990) 

 
2. Full EW corrections to cross section by -5 to -10%. 
                                                             M.L. Ciccolini, S. Dittmaier, M. Kramer (2003) 

 
3. NNLO QCD corrections are essentially given by those of Drell-Yan. 
                                                                                                             W. Van Neerven e al. (1991) 



2011/11/26 22 

There are additional diagrams where the 
Higgs is produced  through a heavy quark 
loop. 
These diagrams are expected to give a small 
contributions.          W. Van Neerven et al. (1991) 

(3) WH/ZH production (continue) 

For ZH at NNLO additional diagrams 
from gg initial state must be considered: 
important at the LHC (+2-6 % effect). 
            O. Brein, R. Harlander, A. Djouadi (2000) 

scale uncertainty up to NNLO  reduced to the 2% level 
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(4)         production 

It is related with measuring             
Yukawa coupling. 
 
 LO calculation         
                                     Z. Kunszt (1984) 

It was considered as an important discovery channel in low mass region: 
H ->b   , trigging on the leptonic decay of one of the top.  It requires good b-
taggering  efficiency . 
 
NLO corrections  increase the cross section by about 20 %. 
                                         W.Beenakker, S. Dittmaier, B.Plumper, M. Spira, P. Zerwas (2002) 
                                                                                                              S. Dawson, L. Reina (2003) 
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Why higher order? 
• Stability and predictivity of theoretical results,  less sensitivity to 

   μf  and μr scales.  

 
• When higher order corrections are large.  ( test the convergence of the  
perturbative expansion)  This may happen when: 
 
→ processes involve multiple scales, leading to large logarithms of the 
     ratio(s) of scales; 
→ new parton level subprocesses first appear at next higher order; 
→ new dynamics first appear at NLO; 
→ . . . 
 

• When a really reliable error estimate is needed.  
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Calculation challenges : 
• Multiplicity and Massiveness of final state: complex events leads to complex   

   calculations. For a 2 → N process one needs: 

−→ calculation of the 2 → N +1 (NLO) or 2 → N + 2 (NNLO) real corrections; 

−→ calculation of the 1-loop (NLO) or 2-loop (NNLO) 2 → N virtual corrections. 

• Flexibility of NLO/NNLO calculation  programs: 

−→ general efficient algorithms suitable for automation; 

−→ easily satisfy experimental requirements . 

• Good precision control of theoretical predictions: 

−→ theoretical  uncertainty,  numerical stability…. 
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State of the QCD calculation at hadron colliders 
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3. NNLO calculation 

    What we meet in NNLO calculation ? 
 
• At NNLO we find problems, such as, complex matrix element and 

integration over multiparton PS et al.  
 

• The IR manipulation in NNLO computation as in NLO. 
 

• The problem in numerical calculation: 
        Although IRs up to  NNLO cancel between real and virtual contributions, 

they prevent a straightforward implementation of numerical techniques. 
 

• The results at NNLO are very stable with respect  the μf   and μr scales.  
 



This approximation builds on the absence (or smallness) 
of the QCD interference between the two inclusive X1 and 
X2. 

                 DIS hadronic tensor Wμν  

Where                ,                     ,                  ,  
 
Apart from these interference effects, the  factorization 
in above equation is still exact at LO and NLO.  

Structure function approach 
                                   double deep-inelastic scattering  (DIS)        
                                                                  T. Han, (1992) 

         

 a.  NNLO (VBF) 
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   Then we can get the NNLO QCD predictions with explicit expressions  
for the DIS structure functions  Fi

V (i=1,2,3, V=Z,W) for Higgs production  
in VBF.  
 
 
   But the factorization is not exact at NNLO and  the  we need to add the 
non-factorizable  corrections. 
                                                                                                
   P. Bolzoni , (2010), C. Csaki, (2004)  



 
   
•  crucial background for VH0 production (V=W,Z0) 
•  important part of the NNLO QCD correction for VH0 production   

(1)  WH0 + jet  production at LHC 
 
    The LO partonic processes for the WH0+jet production process: 
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 J.J.Su, et al,  (2010) 

b.  Hadronic VH0 +jet at NLO QCD 
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Real emission partonic processes: 



2011/11/26 34 2011/11/26 34 

5FNS,  

inclusive scheme:(I) 
Jet algorithm: 
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exclusive scheme: (II)  the event with the second jet                             is rejected .                      
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(2) Z0H0 + jet  production at LHC 
 
        
   The LO partonic processes for the Z0H0+jet production process: 
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 J.J.Su, et al,  (2011) 



Real emission partonic processes: 

There are totally 95 real emission partonic channels ! 
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2.  Progress in QCD activity for Higgs production, but there raised new 
problems. 

3.  QCD/EW NLO or NNLO corrections to Higgs physics studies could be  as 
significant as ~O(10%), which are at the same level to or larger than the 
expected experiment accuracy and have to be taken into account. 

1.  The understanding of higher order QCD at LHC is very crucial. 

4.  Need more precision studies for Higgs physics,  require good control of 
theoretical predictions: 

4. Summary 

    multi-point integrals;  multi-body PS integral; 
      resonance problem;    computing power;   
      convergence  of perturbative  calculations; 
      MC techniques , etc . 
  We have to handel the loop and PS integrations case-by-case  in most cases.  
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Thanks ! 
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