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Standard Model of Particle Physics



01/2010 Xuebing Bu 4

Mass puzzle

Why is the photon massless, 
and W/Z massive  ?

Why do the fermions have 
mass  ?

How do they acquire the 
mass  ?
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SM Higgs mechanism

➔ Our universe is filled with a quantum field, called the Higgs field
➔ All elementary particles are massless
➔ They interact with the “Higgs fluid” and thus appear to be massive
➔ The quanta of this Higgs field is the Higgs boson
➔ Higgs boson is the only unobserved SM particle 
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SM Higgs at Tevatron

production

● Major production mechanisms
1. Gluon fusion (gg→h)

2. Associated production 
with a vector boson   
(qq→W/Zh)

3. Vector boson fusion 
(qq→qqh)
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SM Higgs at Tevatron
decay

● Major decay channels
H>bb @ MH<135 GeV
H>WW @ MH>135 GeV

135 GeV

● Current results (limits @95% CL)
● SM LEP direct  search: MH>114.4 

GeV
● SM indirect constraint + LEP direct 

search: MH<185 GeV

Tevatron is sensitive over the whole “interesting” mass range.
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Tevatron SM Higgs combination

● Combination of 75 (CDF: 23, 
DØ: 52) mutually exclusive 
channels.

● SM Higgs excluded for 
163<MH<166 GeV @ 95% 
CL

● Expected limits < 3XSM for 
MH<200 GeV
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Why searching for H    at Tevatron→ γγ  
● Within SM, the BR (H  → γγ) is small (~0.2%)

➔ Current direct experimental search + indirect constraint prefer to a light 
Higgs boson.

➔ Contribute to the Tevatron SM Higgs combination, especially in the 
difficult intermediate mass region around 125 GeV.

➔ Golden channel for the discovery of SM Higgs at LHC.

● Beyond SM, the BR (H  → γγ) 
could be significantly large          
 

          :suppressed couplings to all fermions. 
 

            :suppressed couplings to top and 
bottom quarks.                                                 
 
            :suppressed couplings to only down-
type fermions.

h f
hew

hu

arXiv:hep-ph/0001226
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Integrated Luminosity

4.2 fb−1
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EM

EM

FH
FH

FH CH

CH

CHCH

Liquid Argon active medium  
uranium and Fe,Cu absorber
46K readout channel            

4EM layers with ~20 X0
EM transverse segmentation:

 ΔηxΔΦ=0.1x0.1
→ except in EM3, where it is 0.05x0.05 
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H  → γγ

● Modelindependent approach:
➔ Examine the inclusive di

photon dataset ( +X) γγ to 
search for the high mass 
resonances

➔ SM Higgs is used as a possible 
model:

➔ Gluon fusion (ggH) 
➔ Associated production 

(VH)
➔ Vector boson fusion (VBF)
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Photon identification
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➔ Central photons ( -1.1 < η < 1.1) 
are selected from EM clusters 
(reconstructed within  R=0.2 cone):

1.Most energy in EM 
calorimeter: EM energy 
fraction > 97%.

2.Isolated in the calorimeter: 
iso<0.07.

3.Isolated in the tracker:             
                                GeV  

4.Shower width in the third-EM 
layer is consistent with the 
EM.

➔  Difference between data and 
MC simulation is calibrated 
with using Z→ee  events. 

Reconstruct EM cluster

∑0.05dR0.4
pT
track2
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Separate γ and jet

➔To suppress the jets misidentified as photons
➔ Training samples:   and jet MCγ

➔ Testing samples:                 data&MC,  
                                           data

➔ Input variables:
➔ # of EM1 cells in R<0.2
➔ # of EM1 cells in 0.2<R<0.4
➔ Tracker isolation
➔ # of CPS clusters in R<0.1
➔ Energysquaredweighted width 

of the energy deposited in CPS

Z ee
Z l ll=e ,

Photon candidatess: ONN>0.1
~98% efficiency for photons.
~50% reduction for jets
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●To suppress the electrons mis-
identified as photons

● No-spatially well-matched 
track;

● No pattern of hits in the tracker 
in a road around the EM cluster 
consistent with electron. 

● Difference between data and 
Monte Carlo simulation is 
calibrated with using                    
                                             
events.

Separate γ and electron

Z l ll=e ,
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Event selection

➔Select two photons with pT>25 GeV

➔Diphoton mass Mγγ>60 GeV

➔Trigger efficiency: ~100%
preliminary

➔Signal efficiency (~20%) is dominant by the 
geometrical acceptance, and independent of production 
mechanism.
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Backgrounds

● Reducible background
1. Z/ *    ee→γ , both electrons 

are misidentified as photons, 
estimated with Geant MC. 

2. Non  γγ (  +jet,jet+jet), γ
when the jet(s) is(are) 
misidentified as photon(s), 
estimated from data.

● Irreducible background – 
direct γγ
estimated from data
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4X4 Matrix Method

Using ONN=0.75 as a boundary to separate the 
events to 4 categories:
➢Npp: both pass the ONN>0.75
➢Npf: first passes, second failes
➢Nfp: vice-versa
➢Nff: both fail
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are jet ONN>0.75 efficiencies.
       are photon ONN>0.75 efficiencies.

 j1 , j2
1 ,2

= E

The quoted uncertainties are statistical only.

Includes potential signal.
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Non  ( +jet, jet+jet) backgroundγγ γ

1. Shape from reversing the ONN cut (0.1) for one photon candidate.

2. Normalization to the number of events from 4X4 matrix method.

Ratio 
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Direct   production (DDP) – irreducible γγ
background

● Challenge to model by 
theoretical prediction so far, each 
generator has its own deficit

● Pythia

● Resbos

● Diphox

● In the high mass region 
(Mγγ>50GeV), Mγγ spectrum 
agrees reasonably very well 
between diphox and resbos.
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Direct   production (DDP) – irreducible γγ
background

● DDP background is estimated 
from data with using side-band 
fitting after subtraction of the 
reducible background

● avoid ~20% uncertainty on the 
theory cross section

● Fitting range: [70,200]GeV, 
with excluding the ±15GeV 
signal regions.

● Validate the shape from the full 
pythia MC after reweighting to 
diphox at generator level.

prelimiary

prelimiary
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systematic uncertainties

dominant one
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Event yield
● Good agreement between data and SM background prediction:
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Results: SM Higgs
● 95% C.L. Limits

● Use diphoton mass spectrum.

● Almost mass independent.

● Contributes ~5% for 115<MH<130 GeV in the DØ SM Higgs combination. 

● Improved ~20% by comparison with the 2.7        published results (PRL 102 
231801 (2009))

fb−1
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Results: Fermiophobic Higgs
● No Higgs couplings to all fermions

● no gluon fusion contribution
● Using the same technique as SM Higgs search, except

pT
 35GeV
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Results: Fermiophobic Higgs
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Results: Fermiophobic Higgs
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Conclusion
 SM  Higgs search

 2.7       results has been published in PRL 102 231801 (2009).

 4.2          preliminary results contributes significantly to the DØ SM Higgs 
combination in the intermediate mass region ( 115 < MH < 130 GeV).

 Almost mass independent.

 Fermiophobic Higgs search

 Set world's most stringent limits on the branching ratio (H  → γγ) of a 
fermiophobic Higgs.

 Achieve the same sensitivity as a single LEP experiment.

 Provide access to MH > 125GeV region which is inaccessible by LEP   

 The combination of CDF and DØ results could potentially exceed LEP 
results. 

fb−1

fb−1



01/2010 Xuebing Bu 37

back-up
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Work in progress

Currently working on the direct  γγ cross section measurement (paper in 
preparation)

The direct γγ is the largest and irreducible background for the H    → γγ
search, and just di-photon invariant mass used for the final limits setting.

Better understand the direct  γγ generator, then use multivariate technical 
method to bring in some other information, for instance, the azimuthal 
angel between the two photons, to improve the sensitivity for the H    → γγ
search (as well as other di-photon involved new phenomena searches).
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Tevatron Accelerator

Current status

Peak instantaneous luminosity:    

Integrated lumi/week: >             ~ 2X 
Run I dataset in 2 weeks 

End of FY11: ~ 

3.5×1032cm−2⋅s−1

70 pb−1

12−13 fb−1
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Hits in the road
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CL Limits calculation 
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Primary vertex: highest track
multiplicity
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