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Status of Higgs Particle Searches
Abstract

The Standard Model (SM) of particle physics offers a very successful
description of the interactions of the fundamental constituents of matter

at the smallest scales and highest energies accessible to current
experiments.  In particular, the global analysis of electroweak

observables yields superb agreement with the SM predictions.  A key
ingredient of the SM is the postulated existence of a self-interacting

scalar field, the Higgs field, with a non-zero vacuum expectation value
responsible for the spontaneous electroweak symmetry hiding and the
generation of the W and Z mass.  Within the SM, it is their interaction
with the Higgs field that gives rise to the mass of quarks and charged

leptons.  An experimentally important by-product of the SM electroweak
symmetry hiding mechanism is the existence of the Higgs particle.  The

minimal supersymmetric extension of the SM yields five Higgs particles.

The search for the Higgs is central to many particle physics efforts.
After a brief theoretical introduction, the status of the search for the

Higgs (LEP and Tevatron) and prospects for future discoveries (Tevatron
and LHC) are summarized.



WRNPPC, 17 February 2001Michel Lefebvre, University of Victoria 3

Theory: gauge invariance, interactions, mass term
LD         = − ≡ψ γ ∂ ψ ψ ψ γµ

µi m † 0

ψ=ψ′→ψ ε−ε ie
Consider the free Dirac field
invariant under global phase transformation

LM = - 1
4 F Fmn

mn ( )F x A Aµν µ ν ν µ∂ ∂≡ −

( )A A A f f xµ µ µ µ∂→ ′ = + ∀      
Consider the free Maxwell field
invariant under gauge transformation

Impose Dirac field local phase, U(1)Q gauge, invariance to the theory  
Obtain L = - -y g ym

m
mn

mni D m F F1
4 D iqAµ µ µ∂= +

( ) ( )

( ) ε∂+=′ →

ψ=ψ′ →ψ
µµµεµ

ε−ε

q
x

xix

AAA

e
1

ψγψ−= µ
µ AqintL

invariant under the gauge transformations
The interaction is obtain from 

intMD LLLL ++=

1
2

2M A Aµ
µTry to add a mass term to the Maxwell field 

This violates U(1)Q gauge invariance!!

In the SM, the EW interaction is from U(1)Y×SU(2)L gauge invariance
ALL ad hoc mass terms violate gauge invariance in the SM
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Theory: Goldstone model
We want:  gauge invariance to generate interactions                    
We need:  gauge invariant mechanism to generate mass                   

hidden symmetry (spontaneous symmetry breaking)

Consider a model where the equilibrium state is not unique
nature makes a choice, hiding the invariance of the theory
equilibrium state:  all fields null, except one ϕ(x)≠0
Lorentz invariance          ϕ(x) is a scalar

Goldstone model: consider
( ) ( ) ( )

( ) ( ) 0       
22 >λϕϕλ+ϕϕµ−=ϕ

ϕ−ϕ∂ϕ∂=

∗∗

µ∗
µ

V

VL

µ
λ2

ϕ

( )ϕV µ2 0<

µ2 0>

µ2 0< Self-interacting Klein-Gordon field where m2 2= −µ

µ2 0> ( ) 0
2

v
24

v 22
2

0
2

22

min >≡
λ

µ=ϕ=ϕ⇒µ−=ϕV

θ
0 =

v
2
ei

θ ϕ= → = >0 00
v
2

ϕ(x) is a complex scalar

The equilibrium is characterized by ϕ

Nature spontaneously chooses, say,  
always possible because of global U(1) phase invariance 
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Theory: Goldstone model (continued)

We write                                         where          measure the 
deviation of ϕ(x) from equilibrium.  We get

( ) ( ) ( )[ ]ϕ σ ηx x i x= + +1
2 v ( ) ( )σ ηx x   and 

( )( ) ( )( )
( ) ( )222

4
122

int

int2
122

2
1

v η+σλ−η+σσλ−=

+η∂η∂+σµ−σ∂σ∂= µ
µ

µ
µ

L

LL

σ µ
η η

→ =
→ =

real Klein - Gordon field
real Klein - Gordon field

   
    0 

21
2

2m
m Goldstone 

boson field
                                    

        2
   1
   1    

n.d. f
Initially:   complex 
After    :   real massive 
                real massless

ϕ
σ
η

→
→
→

We can interpret

and ndf do add up

π0, π+, π- come 
pretty close...No truly massless Goldstone bosons are observed in nature

We need a hidden symmetry mechanism that does not 
generate physical massless Goldstone bosons
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Theory: Higgs model

Generalize the Goldstone model to be invariant under U(1) gauge 
transformation

Obtain

∂ ∂µ µ µ µ→ = +D iqA

( ) ( ) ( )ϕ−−ϕϕ= µν
µνµ∗

µ VL FFDD 4
1 ( ) ( ) 0       

22 >λϕϕλ+ϕϕµ−=ϕ ∗∗V
( ) ( )

( ) ε∂+=′ →

ϕ=ϕ′ →ϕ
µµµεµ

ε−ε

q
x

xix

AAA

e
1

Invariant under

µ2 0< 2 2= −µScalar electrodynamics with self-interacting Klein-Gordon field where m

( ) 0
2

v
24

v 22
2

0
2

22

min >≡
λ

µ
=ϕ=ϕ⇒

µ
−=ϕVµ2 0>

θ
0 =

v
2
ei

θ ϕ= → = >0 00
v
2

The equilibrium is characterized by ϕ

Nature spontaneously chooses, say,  
always possible because of global U(1) phase invariance 

( ) ( ) ( )[ ]ϕ σ ηx x i x= + +1
2 vagain, use



WRNPPC, 17 February 2001Michel Lefebvre, University of Victoria 7

Theory: Higgs model (continued)

( )( ) ( )( ) ( ) ( ) int
2

2
1

4
1

2
122

2
1 vv LL ′+η∂++−η∂η∂+σµ−σ∂σ∂= µ

µµ
µ

µν
µνµ

µ
µ

µ AqAAqFF

Obtain

aaarg!
σ µ→ =real Klein - Gordon field    21

2
2mcan interpret

but cannot interpret η η
µ

→ =

→ =

real Klein - Gordon field

real Proca field                

    0 
  v
m

A M qA
                                          n.d.f

Initially:   
complex               2 

real massless     2
  4

After    :   
real massive         1 
real massless        1

real massive       3

  5

ϕ
µ

σ
η
µ

→

→
→

→
→

→

→

























A

A

!
and n.d.f would NOT add up

L contains an unphysical field which 
can be eliminated through a gauge 
transformation yielding the form

( ) ( )[ ]ϕ σx x= +1
2 v unitary gauge

η(x) would-be Goldstone boson field
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Theory: Higgs model (end)
In this gauge, we obtain

can interpret
σ µ
µ

→ =

→ =

real Klein - Gordon field

real Proca field  

    
                v

21
2

2m
A M qA

                                         n.d.f

Initially:   
complex               2 

real massless     2
  4

After    :   
real massive         1 

real massive       3
  4

ϕ
µ

σ
µ

→

→
→

→

→
→

















A

A

( )( ) ( )
( )22

2
14

4
13

int

int
2

2
1

4
122

2
1

v2v

v

σ+σ+λσ−σλ−=

++−σµ−σ∂σ∂=

µ
µ

µ
µ

µν
µνµ

µ

AAq

AAqFF

L
LL

and n.d.f do add up

The massless Goldstone boson field η(x) 
has disappeared from the theory and has 
allowed the Aµ(x) field to acquire mass!!

σ(x) is a Higgs 
boson field

vector boson acquire mass without spoiling gauge invariance     Higgs mechanism

and we get a prescription for the interactions between σ and Aµ!
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SM Higgs Interactions
SM         Higgs mechanism with U(1)Y×SU(2)L gauge

ϕ(x) is a complex doublet W+, W-, Z acquire mass
left with one massive Higgs boson 

ϕ(x) coupling with massless fermion fields            fermion masses
( ) GeV 2462v

2/1
==

−
FG

Higgs couplings proportional to mass 2
WF

2 24 MGg =

H

H
H

H

H H

HH

H
f

f

H
W+

W-

H
Z

Z

γ

γ

H

g

g

H

H

W+

W-

H

H

Z

Zcharged

coloured

W

f
2M
igm− µνgigMW

W

Z
cosθ

µνgigM
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SM Higgs decays

BR(H)

bb
_

τ+τ−

cc
_

gg

WW

ZZ

tt-

γγ Zγ

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

due to c reduced running mass

WW opens up

ZZ opens up
Fat!
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Theoretical constraints on MH
MH is a free parameter of SM
but it must lie in a limited region 
for electroweak symmetry 
breaking to work

0

perturbativity

vacuum stability

MH is too large: the higgs self-
coupling blows up at some scale Λ

22 )(2 vmm HH λ=

λ

Λ
E

New 
physics

MH is too small: the higgs 
potential develops a second 
(global!) minimum values of the 
scalar field of the order of Λ

Λ
φ

)(φV
ν

New 
physics

GeV 180GeV 130 H ≈<≈<M
then, in principle consistent with Λ=MPL 
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0

2

4

6

10 10
2

10
3

mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02804±0.00065

0.02755±0.00046

theory uncertainty

MH < 185 +/- 20 GeV 
(95% CL)

2.7

Experimental constraints on MH

H enters into loops…     Global 
fits to precision EW data where MH is 
the only unconstrained parameter

Measurement Pull Pull
-3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021    .05

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023   -.42

σhadr [nb]σ0 41.540 ± 0.037   1.62

RlRl 20.767 ± 0.025   1.07

AfbA0,l 0.01714 ± 0.00095    .75

AeAe 0.1498 ± 0.0048    .38

AτAτ 0.1439 ± 0.0042   -.97

sin2θeffsin2θlept 0.2321 ± 0.0010    .70

mW [GeV]mW [GeV] 80.427 ± 0.046    .55

RbRb 0.21653 ± 0.00069   1.09

RcRc 0.1709 ± 0.0034   -.40

AfbA0,b 0.0990 ± 0.0020  -2.38

AfbA0,c 0.0689 ± 0.0035  -1.51

AbAb 0.922 ± 0.023   -.55

AcAc 0.631 ± 0.026  -1.43

sin2θeffsin2θlept 0.23098 ± 0.00026  -1.61

sin2θWsin2θW 0.2255 ± 0.0021   1.20

mW [GeV]mW [GeV] 80.452 ± 0.062    .81

mt [GeV]mt [GeV] 174.3 ± 5.1   -.01

∆αhad(mZ)∆α(5) 0.02804 ± 0.00065   -.29

Osaka 2000
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Large Electron Positron Collider

OPAL ALEPH

L3
DELPHI
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LEP data sets and SM Higgs production

e-

e+
Z

Z

H
Higgstrahlung

e-

e+

HW-

W+

ne

ne

Rob McPherson

Fusion
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SM Higgs topologies
Rob McPherson
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LEP Higgs candidates

ALEPH

L3 DELPHI

LEP Higgs working group, 
03/11/2000

OPAL



WRNPPC, 17 February 2001Michel Lefebvre, University of Victoria 17

LEP reconstructed Higgs mass spectra
M
H
recw

ith increasingly tighter selection criteria

…
 not the w

hole story

high purity medium purity low purity
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Combining LEP SM Higgs searches
4 decay modes   
4 detectors         
many s

order of 100 “channels” with different sensitivities

Reconstructed Higgs mass

Global discrimination variable 
(b-tag, kinematics, jet properties)

rec
HM

G for each event in each channel

( )
i
i
i

N
b
Ms

                         Data
      backgroung MC
                 signal MC true

H
i is a bin in                space for each channel( )GM ,rec

H

( ) ( )

( ) ( )
( )

∑∑

∏









+−=−

+
=

−
=

i i

i
i

i
i

i i

N
ii

b
sNsQ

b
bsMQ

N
xxx

i

1lnln

!
 exp

true
H L

L

L

set of all events:  s+b or   b ?

Likelihood

Likelihood ratio
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Statistics

bCL−1
bsCL +

expected curves using 
MC instead of data

σσσσσσ 54321
107.5103.6107.2046.032.01 753

n
CLb

−−− ×××−

b

bs
s CL
CLCL +=

P. Igo-Kemenes

P. Igo-Kemenes

Fixed 
MH

true

measures compatibility with “b”
measures compatibility with “s+b”

set lower bound on MH
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LEP SM Higgs results
LEP Higgs working group LEP Higgs working group

σ9.21 =− bCLGeV 0.115 3.1
9.0H

+
−=M

Probability that what is observed 
is background is 0.4%
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LEP SM Higgs lower bound
LEP Higgs working group

CL @95% GeV 5.113H >M
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Probability densities per detector
LEP Higgs working group
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Probability densities per decay mode
LEP Higgs working group
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Evolution with luminosity

LEP community 
requested another 
200 pb-1 in 2001 to 
reach 5σ

LEP is now being 
dismantled, to install 
the LHC

When will we know if 
LEP really detected 
a Higgs?

LE
P 

H
ig

gs
 w

or
ki

ng
 g

ro
up
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The Tevatron at Fermilab
pp collider Run I           = 1.8 TeVs

6+6 bunches, 3.5 µs       
≈1.6×1031 cm-2s-1

≈ 2 pb-1week-1 per exp.

Run IIa        = 2.0 TeVs
36+36 bunches, 396 ns 
start March 1st 2001       
goal, by end 2002     
≈2×1032 cm-2s-1

>2 fb-1per exp.

Run IIb        = 2.0 TeVs
more bunches, 132 ns       
goal, by end 2007     
≈5×1032 cm-2s-1

>15 fb-1per exp.he
p-

ph
/0

01
03

38
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SM Higgs production at the Tevatron

typical cross-sections (       TeV)2=s

gg    H→
WH

M.Spira

E.
 B

ar
be

ris

σ[pb] (mH=100 GeV)

1.0
0.3
0.18ZH

WZ 3.2
Wbb 11

tt 7.5
tb+tq+tbq 3.4

QCD O(106)

WH/ZH production are preferred
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SM Higgs searches at the Tevatron

10
-1

1

10

90 100 110 120 130

Higgs Mass (GeV/c2)
σ(

pp
 →

 V
H

) ×
 B

R
(H

 →
 b

b)
 (p

b)
-

-

  95%  C.L. upper limits

CDF  PRELIMINARY  Run I

ll bb -   -

νν bb- -

lν bb- -

qq bb- -

VH combined

Standard Model

CDF: SVX b-tagging

WH → ννbb 1 and 2 b-tag
WH → lνbb 1 and 2 b-tag
ZH → ννbb 1 and 2 b-tag
ZH → llbb 1 b-tag

one order of magnitude 
away from prediction
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SM Higgs discovery at the Tevatron

LEP2 searches EW fits

E. Barberis and hep-ph/0010338

15 fb-1 by ≈end 2007 ?

2 fb-1 by ≈end 2002 ?

pe
r e

xp
er

im
en

t

2 fb-1 95% CL barely extend the LEP2 result
10 fb-1 95% CL exclusion to MH≈180 GeV in the absence of signal
15 fb-1 discovery potential for up to MH≈115 GeV 
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Aerial view of CERN 
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Large Hadron Collider at CERN

pp collider         = 14 TeVs
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Large Hadron Collider at CERN
pp collider         = 14 TeVs
2835+2835 bunches, 25 ns
octan test in 2004                   
ring cooled by end 2005      
beam for physics 2006       
≈2×1033 cm-2s-1 after 7 months     
latest: 10 fb-1 by March 2007
expect 10 fb-1/y for first  3 years 
design:1×1034 cm-2s-1, 100 fb-1/y 5000 superconducting

magnets (1296 dipoles) 
Cu-clad Nb-Ti cables 
to operate at 1.9K with 
up to 15kA

Dipole field of 8.36T       
(Tevatron 4.5T, HERA, 5.5T)
“Contracts for all main components of 
dipoles are now placed and series 
production has started”. L.R. Evans, 
Scientific Policy Comitte, CERN, 11/12/2000

LHC: 25×E and 10k×L 
of SPS for same powerATLAS pit 

3/11/2000

Extract of Natural Training Quenches at 1.8K to Reach Ultimate Field of 9 Tesla

7.0

7.5

8.0

8.5

9.0

9.5

Quench Number

M
ag

ne
tic

 F
ie

ld
 a

t Q
ue

nc
h 

B
 [T

es
la

]

MBP2O1.T1 MBP2O1.T2 MBP2O1.T3
MBP2O1.T4 B nominal = 8.36 Tesla B ultimate = 9T
First Th. Cycle Second Th. Cycle Third (Fast) Th. Cycle
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The ATLAS Detector

Alberta 
Carleton 

CRPP
Montréal
Toronto 

TRIUMF 
UBC 

Victoria 
York
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LHC PP cross section

1mb

b1µ

1nb

1pb
310

610

910

1210

1510 inelastic

bb

QCD jets  (PT > 200 GeV)
eνW →
eeZ →

GeV) 175(mttt =







=

=

=

GeV800Hm

GeV200Hm

GeV100Hm

Higgs
 

 

 

TeV 1)qm()gm( SUSY ≈≈ ~~

Events for 10 fb-1 (one year at 1033 cm-2 s-1)(14TeV)ppσ
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SM Higgs production at the LHC

q
W,Z

q

W,Z
q′,q

q

q
W,Z

H

W,Z

g

g

g

g

H

H

t
t

t

t
t

t
t

H0

q′,q
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Main SM Higgs search channels

Large QCD backgrounds:

( )
( ) b 500bb

pb 20bbH
µ≈σ

≈→σ

BR(H)

bb
_

τ+τ−

cc
_

gg

WW

ZZ

tt-

γγ Zγ

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

MH=120 GeV, direct 
production

No hope to trigger on or 
extract fully hadronic final 
states

Look for final states with 
photons and leptons
Detector performance is 
crucial: b-tag, γ/l E-resolution, 
γ/j separation, missing energy 
resolution, forward jet tag,...

ZH 2MM <

ZH 2MM >

νν→→
→→

γγ→
+→

∗

∗

 l l
l

l

 WWH
4ZZH

H
Xbb Htt

j j WWH
j j ZZH
  ZZH

4ZZH

ν→→
→→

νν→→
→→

 l
 ll
 ll

l

MH > 300 GeV
forward jet tag

Gold-plated channel!

low branching ratio

large backgrounds
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H→γγ at ATLAS

10000

12500

15000

17500

20000

105 120 135
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E
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/ 2
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0

500

1000

1500

105 120 135

mγγ (GeV)

Si
gn

al
-b

ac
kg

ro
un

d,
 e
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nt

s 
/ 2

 G
eV

)(reducible6

γγ

jj,

γγ

jγ,

γγ
γγle)(irreducib

H

102~
σ
σ

1000~
σ
σ

backgroundjet  QCD

GeV) 100(mfb/GeV  1200~
dm

dσ backgroundγγ 
GeV)100(mfb43BRσSignal

         , ×

=

==×

Analysis:

Two isolated γ’s: pT
1>40 GeV, 

pT
2>25 GeV, |η|<2.5         

Good γ/jet separation: QCD jet 
background at the level of 10 to 
20% of the irreducible γγ
background                       

Good mass resolution:  
σm=1.3 GeV for mH=100 GeV

6.3σ6.9σ4.7σcesignifican lStatistica
390044006700backgroundjet -jet jet,-γ

208003030044700backgroundγγ 
9301200960events signal
140120100(GeV)mH
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ATLAS SM Higgs discovery potential

LEP LEP

SM Higgs can be discovered over full mass range with 30 fb-1

In most cases, more than one channel is available.                    
Signal significance is S/B1/2 or using Poisson statistics



WRNPPC, 17 February 2001Michel Lefebvre, University of Victoria 38

LHC SM Higgs discovery potential

need 10 fb-1 for 5σ
115 GeV Higgs 
discovery      
(during 2007)

larger masses is 
much easier!
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SM Higgs mass and width
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Beyond the Standard Model
In principle, if                                          then the SM is viable to MPL GeV 180GeV 130 H ≈<≈<M

But, SM one loop corrections

( ) ( ) ( )  theorylfundamenta ofparameter  is0H
22

0
2
H

2
H         1~             MObbgMM Λ+=

The “natural” value for MH is gΛ, which leads to the expectation

( )TeV 1~~ H O
g
M

Λ

If Λ >> 1 TeV, need “unnatural” tuning

( ) 2
2

2
H

2
0

2
H gMM

−
Λ

=
Λ

If Λ=MPL, need adjustment to the 38th decimal place!!!

Violation of naturalness = hierachy problem

Low-energy supersymmetry is a way out...
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Supersymmetry
}

earsuperPoinc 

nstranslatio SUSY

 ePoincar 
nstranslatio 4D

 Lorentz boosts pure
 rotations 3D

′







′





Maximal extension of 

the Poincaré group

SUSY actions are invariant under superPoincaré
they are composed of an equal number of bosonic and fermionic degrees of freedom

SUSY mixes fermions and bosons
exact SUSY         there should exist fermions and bosons of the same mass                 
clearly NOT the case          SUSY IS BROKEN         WHY BOTHER WITH SUSY??

A solution to the hierarchy problem
If the Higgs is to be light without unnatural fine tuning, then (softly broken) SUSY 
particles should have MSUSY<~ 1 TeV.  SUSY can be viable up to MPL AND be natural!

GUT acceptable coupling constant evolution
The precision data at the Z mass (LEP and SLC) are inconsistent with GUT’s using SM 
evolution, but are consistent with GUT’s using SUSY evolution, if MSUSY ≈ 1 TeV

A natural way to break EW symmetry
The large top Yukawa coupling can naturally drive the Higgs quadratic coupling 
negative in SUSY

Local SUSY is SUperGRAvity
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Minimal SUSY Higgs sector
MSSM:  SM + an extra Higgs doublet + SUSY partners

SUSY breaking
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EW symmetry breaking

5 massive Higgs particles, with Mh < 130 GeV

At tree level, all Higgs boson masses and couplings can be expressed 
in terms of two paramerets only

 H vev
Hvevtanβ         and       m
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~~~~
~~~~
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Note that we also have 
the following mixings

with off-diagonal elements 
proportional to fermion masses
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MSSM Higgs search

Full parameter space covered, 
SM and MSSM can be 
distinguished for almost all 
cases

Most part of the parameter 
space covered by at least two 
channels, except low mA region 
(covered by LEP200)

if h was “seen” at LEP200:    
A/H should be observable at 
LHC for mA<~ 2 mtop

If A or h was “seen” at LEP200: 
the charged Higgs should be 
seen at LHC
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Conclusions
The SM Higgs sector still requires direct experimenta verification

Origin of electroweak symmetry breaking                   
Origin of mass

LEP results tantalizing

GeV 0.115 3.1
9.0H

+
−=M if signal… 2.9 σ

CL @95% GeV 5.113H >M

Must now wait for the Tevatron and the LHC

If MH ~ 115 GeV both Tevatron and LHC may discover it in ~2007
If MH larger then LHC rules

New physics at O(1 TeV) very likely, supersymmetry is a big 
favorite

This is going to be a very exciting decade !
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