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The Standard Model and 
the Higgs mechanism

One pseudo-scalar doublet F (4 degrees of freedom)

After spontaneous symmetry breaking: 

• W± and Z acquire masses (3 degrees of freedom)

• the last remaining degree of freedom (4-3=1):

scalar CP-even Higgs of unknown mass

After the LEP limit (mH>114.4), the Higgs 
hunting requires an higher energy Collider !



What do we know on Higgs mass

Precision electroweak data are 

sensitive to Higgs mass

Global SM electroweak fits

provide (recent) upper limit :

(July 2008, with recent Tevatron results)

r = f (m2 
top , log mH)

After the LEP limit (mH>114.4), the Higgs hunting 
requires an higher energy Collider !

MH=9145
32 <186 GeV @ 95% C.L.



What type of particle to store in a Collider?

• Particles must be
– charged

• accelerated by electric fields   ( Energy = charge * Voltage-difference)

• steered and focused using magnetic fields (p = q 0.3 R B)

– long lived

• best : infinite life-time

• but : due to Lorentz factor gt, the life-time in the accelerator can be 
reasonably long

• example : 
– Pions, t=2.6x10-8 sec, E=200 GeV, g = E/m = 200/0.140 = 1428.6, gt =0.04 msec, v  c, 

average distance travelled = c g t = 11 km, good enough for fixed target experiments (CERN, 
PSI,...)

– Muons, t=2.2x10-6 sec, E=200 GeV, m = 0.1 GeV/c2  gt =4.4 msec !, average distance 
travelled = 1320 km! ( there are ideas for a muon collider!)

• In practice for colliders up to now:
– electrons, anti-electrons, protons, anti-protons



Synchrotron Radiation

• Energy loss per revolution
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 Example : LEP, 2R=27km, E=100 GeV (in 2000)
 E = 2 GeV!!

 LEP at limit, need more and more energy just to compensate energy loss

 Note : for ultrarelativistic protons/electrons ( 1)

E[p]/ E[e] = (me/mp)
4 = 10-13 !!

Lepton vs Hadron Colliders



How much beam energy is really 
available for producing new particles?

• In an e+e- collider :
– practically all of it

– However: Photon radiation in the initial 
state can reduce the effective ECM

– particularly important when close (in energy) to 
a resonance 

• Advantages:

– energy very precisely adjustable, for example, to 
be at a resonance (e.g. Z: 91 GeV, 
Upsilon: 9.46 GeV) where the cross section 
is large

• Disadvantages:

– When looking for new particles with unknown 
mass: Have to scan “manually” the beam energy 



Proton structure

 (Anti-) Protons are a quark-
gluon soup
 3 valence quarks bound by exchange of gluons

 Gluons are colored and interact with other gluons

 Virtual quark pair loops can pop-up generating 
additional quark content (sea-quarks)

 Proton momentum is shared among all constituent 
partons (quarks& gluons)
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2006-I Semestre

How much beam energy is really available for 
producing new particles?

• In an proton collider :
– hard interaction due to partons

– Effective ECM
2 = xa xb ECM

2

– xa, xb << 1

• Advantages:

– because in every collision the xi are chosen 
“at random”, there is a natural scan of 
effective ECM : good for exploration of 
new energy regime (for new particles)

• Disadvantages:

– effective ECM not adjustable by operator

– since in general xa  xb : centre-of-mass 
system boosted w.r.t. to lab system

Valence

quarks

gluon

Sea

quarks



2006-I Semestrex = momentum fraction

Lepton vs Hadron Colliders
• take e+e- annihilation to quarks 

– e+, e- are point-like particles (to our present 
knowledge)

– colliding particles do not carry colour
charge  no interference between initial 
and final state because of strong interaction 
(gluon emission)

–  theoretical calculations are “easy” and 
precise

 take proton-proton collisions:

 protons are made out of quarks and 
gluons, actual interaction is between these 
partons

 parton distributions cannot be computed 
from first principles, only determined from 
experiments

 colliding particles carry colour charge 
interference 

  theoretical calculations are very 
“difficult”, and not very precise

gluon



Fermilab TeVatron 
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DØ Run IIa
2001-2005
ECM = 1.96 TeV
~ 1.2 fb-1

Run IIb 
2006-2009
ECM = 1.96 TeV
expected~8 fb-1

Run I
1992-1996
ECM = 1.8 TeV
~120 pb-1

(0.63 TeV ~600 nb-1)



Tevatron Collider

Running well…
• surpassed design instantaneous luminosity
• delivered over 5 fb-1 to each experiment

DØCDF



• p p collisions at √s = 1.96 TeV

• Peak luminosity ≈360 × 1030cm−2 s−1

• Tevatron delivered ≈5.5 fb−1

• DØ collected ≈4.7 fb−1

• CDF collected ≈4.5 fb−1

• Tevatron is performing extremely well
• Integrated over 250 pb−1 of data

in January 2009 
• Expected 6-8 fb−1 by end of 2009
• Run in 2010

THE TEVATRON AT FERMILAB

-





The Detectors
DØCDF

Large tracking volume
Vertex trigger
Large trigger bandwidth

Compact tracker,
Large muon coverage



Higgs Production

      1 pb @ 115 GeVpp H X

• dominated by ggH,

• sizeable contributions from WH/ZH

• use all contributions in analyses





Low Mass SM Higgs Searches

 WH  e(m)n bb  

 ZH  (ee/mm)nn  bb

 Measurements rely on 
 b-tagging

 Lepton identification + 
Missing-ET  resolution

 Dijet mass resolution and 
light/b-jet calibration
 Z  bb 

 Understanding of backgrounds
 W/Z + heavy-flavor/light jets  

B

Impact Parameter
Decay 

Length Hard Scatter

(Signed) Track

b-tagging (B lifetime (1.570.01 ps)
Based on signed impact parameter 

resolution
Jet Lifetime Impact Parameter algorithm

Based on decay length resolution
Secondary Vertex Algorithm



Identification of b-quarks (b-tagging)

Jet-Flavor Separator

Neural Network Output

“b-tag” = Identified 

2nd vertex

• Most sensitive channels have Hbb

• Silicon detectors used to find secondary vertices

• Efficiency ~40 - 70%

• Fake rate (mistags) typically 0.5 - 5%

• D0 uses Neural Network tagger based on b-lifetime 

information. Can use multiple operating points.

• CDF utilizes secondary vertex and Jet Probability 

algorithms + additional NN flavor separator

• Use either single tag or looser double tag

CDF

D0

b-likec/l-like

CDF



• The Challenge: 
extract Higgs signal from a background 10 

orders of magnitudes larger

1. Trigger 
• High pT e,m triggers

• MET + Jets triggers

• Track + MET + Ecal t-trigger

2. Reconstruct final state 
• Leptons ID (optimized on large W/Zsamples)
• Efficient b-jet tagging (NN tagger based on    

b-lifetime information)

• Good jet resolution

• MET reconstruction

3. Background estimation is crucial
• MC predictions: W/Z+jets, diboson, top,...

• Data driven: mistags, QCD

• Exhaustive checks in control regions

4. Advance analysis techniques to separate   
signal from background 

• Neural Network, Matrix Elements, Boosted

Decision Trees,...
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(Low mass Higgs )



Tevatron CDF & D0 combined (March 2009)

mH  135 GeV/c2



Conclusions for low mass Higgs at TEVATRON

•Higgs physics at the Tevatron is getting exciting! 

•Low  mass region has large backgrounds, but can be suppressed by multi-

variant techniques and understood in control regions

•Additional improvements actively in progress
- Further extending signal acceptance for leptons and b tagging

- Improved jet resolution

- Extended b-tagging and flavour separators

• Expect 2-3 times current analyzed lumi (more if we run in 2010)

•Details on each analysis is available at:
•CDF: http://www-cdf.fnal.gov/physics/new/hdg/hdg.html 

•D0:  http://www-d0.fnal.gov/Run2Physics/WWW/results/higgs.htm

http://www-cdf.fnal.gov/physics/new/hdg/hdg.html
http://www-cdf.fnal.gov/physics/new/hdg/hdg.html
http://www-cdf.fnal.gov/physics/new/hdg/hdg.html
http://www-d0.fnal.gov/Run2Physics/WWW/results/higgs.htm
http://www-d0.fnal.gov/Run2Physics/WWW/results/higgs.htm
http://www-d0.fnal.gov/Run2Physics/WWW/results/higgs.htm


































Tevatron CDF & D0 combined
March 2009





Higgs searches at TEVATRON

Summary

• SM Higgs excluded at 95% C.L. in the range 160 < MH < 170 GeV

• Tevatron and experiments are continuing to run well

• CDF and D0 currently have recorded about 5 fb-1 of data

• Expect 7-8 fb-1 or more of analized data  by the end of 2010











Z(nn)H(bb) Search (1)
 An important channel for low-mass Higgs 

search
 Large B(Znn) ~ 20%

 Trigger on events with large missing HT
 HT is defined as the magnitude of the 

vector sum of jets’ ET

 Analysis was based on 261 pb-1

 Selection: 
 2 Jets:

 ET > 20 GeV, |h|<2.5
 Missing ET > 25 GeV
 Veto events with isolated tracks (pT8 GeV)

 To reject leptons from W/Z
 HT = S|pT(jets)| < 200 GeV

 To reject tt events
 Reduce “instrumental” backgrounds

 Jet acoplanarity f(dijet) < 165

 Use various missing energy/momentum 
variables

 Form asymmetry variables

Jet1

Jet2

ET HT

PT
trk

PT.2
trk

PT
trk = – |SpT(trk)|              … tracks

PT,2
trk = – |SpT(trk in dijet)| … tracks in jets







Other channels sensitive at low mass

Dijet Mass

Andrew Mehta

t

n

b

bW*
H

W

 Signature t had+ t lep+2 jets

 Simultaneous search in       

WH+ZH+VBF+ggH

 Use NN to extract signal

 Good proof of principle for LHC

Analysis Technique

Analysis Technique

 Hadronic  t + MET + 2 b jets

 Use Dijet mass to extract signal




