                                                Searches for the

                                                                                               Higgs

                                                               Boson at LEP

                                                                                                 Tom Junk

¯

            Review of Higgs Physics in the

      Standard Model

                     Why

                                                                  we think there is a

                   Higgs Boson to be Discovered

                     Where

                                                                              and

                                                                                                        How

 to look for it

¯

            Pushing  LEP to its Limits

¯

            Search C hannels

¯

            Combining LEP Higgs Results

18 April, 2001

UCSB

                                                                                Carleton University

                                                                                            Ottawa, Canada

                                               Preliminary, November 3 Results

Why Must There Be a Higgs Boson

                           ¯   The W

                                                                                       ±
                                                                                              and the Z 0  have large masses,

                               m

                                                         W

                                                                    ~80.4 GeV,  m

Z

~91.2 GeV; the photon

                               is massless

                                SU(2)

                                                                                         L

                                                                                                ´
                                                                                                          U(1)

Y

  gauge symmetry elegantly

                                predicts all electroweak phenomena

                                                    ¯   Precision tests at LEP/SLC ~0.1%

                                                    ¯   Mass terms violate gauge symmetry

                           ¯   Simplest solution -- P.W. Higgs, 1964,

                              following an idea from Phil Anderson

                              (solid state example -- quasiparticle mass

                              from interactions with a background field)

                              Hypothesize a complex doublet of scalar fields.

÷

÷

ø
ö

ç
ç

è
æ

=

2

1

f
f

f

4

                                                                                              2

                                                                            2

                                                                                                                        4

                                                                                                                        1

                                                 2

                                                 1

lf

                                                                                 f

                                                               m +
                                =

              V

                                                                   And a term in the Lagrangian:

with

0

,

0

2 >

< l
m

Physical minimum   chooses an arbitrary phase,

breaking SU(2)

                                                                                                       ´
                                                                                                                U(1) symmetry in the ground

state with a nonzero vacuum expectation value

(VEV)  --  A revival of the ether, perhaps!

Two complex fields:  4 degrees of freedom

¯   One constrained by V -- Higgs scalar!

¯   Three massless Nambu-Goldstone Bosons

                         ¯   Appear as the longitudinal polarization

                             components of the W + , the W - , and the Z 0

                                              ®
                                                               gauge boson masses (no physical

                                   Nambu-Goldstone Bosons)

¯   U(1)

                                              EM

                                                               gauge symmetry unbroken -- photon

    remains massless.

                                The Higgs Mechanism and

                                        Higgs Bosons

V

f

1

f

2

                             More Reasons Why there Must

be a  Higgs Scalar (or something else )

          W ±  couples to left-handed  fermions but not  to

                 right-handed ones!

          Standard Model puts left-handed fermions in

          SU(2)

                                                  L

                                                          doublets, but the right-handed ones

          do not have such a symmetry.

          So f

                                     L

                                             and f

                                                                                  R

                                                                                          have different quantum numbers ;

             -- a Dirac mass term in the Lagrangian

                 violates gauge symmetry.

          -- ^ Yukawa ~  couplings to the Higgs scalar field

               allow f

                                                                             L

                                                                                     and f

R

 to appear together with
f

               in the Lagrangian (Y=1/2 for the Higgs field)

               Fermion masses depend on coupling strength

               and the Higgs VEV.

f
0

                       Top-quark coupling=1!

                       (VEV ~ M

                                                                                                top

                                                                                                                )

                   Yet Another Reason for a

                                                                                Higgs Scalar

Scattering of W + W -  grows with s  and violates

unitarity without Higgs scalar exchange to cancel

it.

(no surprise -- theory not renormalizable without

the Higgs fields)

                                    W +

                               W -

                                                                                            f
                                                                                                    0

W +

W -

f
0

                                                                     W +

                                                       W -

+
g
, Z 0  exchange

                                      Consequences of Believing the

Standard Model up to the Planck Scale

0

                                            L
is t

                                            t
e Sta
arMel ecme im
rtat

                          U
er Hi
s mass bound -- Landau pole -- Higgs
self-c
lirws wit
t as the e
erscale i
creases

                          L
wer Hi
s m

                                                                                       hep-ph/970841anreferences therein

                                      The Vacuum StabilitArgument for

                                      a lower bound on thHiggs Mass

                          O
e-lcrrecti
terms to to the quartic

                          self-c
li:

t

t
t

t
f 0

f 0

f 0
f 0

                                 T
eics aitial

                                 term
rtial t

(amter terms)

                                 V(

                                                  f
                                                           ) t
rs eatie if
m

H
is t

f

V

                             Re
iew: M

SerPsRe()

                             Calc
lait
s wit
meas
rem

t

: Casas

Esisa

                             a

Qirs

                                                         f 0

                                                                f 0
f 0

f 0

                                                         Hints of a light Higgs Boson from

                   Precision Electroweak Datfrom LEP/SLC

Vacm Plarizati
atm crrecti
st

                                       e +

                                e -
f

f

                                                                                      Z Z

                                                                                                               t

                                                                                                                t

                                        e +

                                 e -
f

f

                                                                                                                Z

                                                                                                                  H

Affect all Z 0
serales

str
est: si

2
q

W

fr
m smmetries

L
ritmicece m

H

LEP/SLC
recisi
crss-secti
asmmetries
prdict m

top

TeVatr
meas
res m

top
t

±

GeVResi
al recisi
ifrmati
setreict m

                                                                                                                H

                                            Electrow eaPrecision DatNews

                                     New Meas
reme
ts f rom

                                     ALEPH a

DELPHI (M
ri)

                                     P
lls m

                                                                                       H
reicti

(aas

c
2
te fit)

10^2

10^3

0.23 0.232 0.234

Preliminary

sin^2θ^{lept}_{eff} m_H ΜGeVΝ

χ^2/d.o.f.: 15.5 / 6

A^{0,l}_{fb} 0.23099 Α 0.00053 A_τ 0.23192 Α 0.00052 A_e 0.23117 Α 0.00061 A_l(SLD) 0.23098 Α 0.00026 A^{0,b}_{fb} 0.23240 Α 0.00031 A^{0,c}_{fb} 0.23262 Α 0.00080 ΛQ_{fb}Γ 0.2322 Α 0.0010

Average 0.23156 Α 0.00017

Δα_{had}= 0.02761 Α 0.00036

Δα^{(5)} α_s= 0.118 Α 0.002 m_t= 174.3 Α 5.1 GeV

                                         BES Measurementof R

ha

Usetestimate

-loQCD
acmlarizati
crrecti
s t

a

EM

(m

Z

)

Rececertai
tite -GeV ra
e

0

2

4

6

10_2 m^H ΜGeVΝ

Δχ_2

Excluded Preliminary

Δα^{had} =

Δα_{(5)}

0.02761Α0.00036

0.02738Α0.00020

theory uncertainty

10_{-3}

10_{-2}

10_{-1}

1

100 105 110 115 120 125 130 m^H (GeV) σ (pb)

Total Cross Section

Higgstrahlung

Fusion+Interference

Ρs=206.5 GeV

0

10

20

30

40

50

60

70

200 202 204 206 208 210

Centre-of-mass energy (GeV)

Luminosity delivered per experiment (pb_{-1})

Branching Ratio m [GeV]

H^0

bb

ττ gg cc

WW ZZ tt

100 200 300 500 .01 .02 .05 .1 .2 .5 1

6 %

+ Z ee, μμ τ + 9 %

H bb(ττ ) b b τ _ Z ττ (qq) l l _

H bb b b 60 %

Z qq q q 18 %

H bb b b

Z νν ν ν

H bb b b

0 1 2 3 4 5 6 7 8 9

0 20 40 60 80 100 120

Reconstructed Mass m_H ΜGeV/c^2Ν

Events / 3 GeV/c^2

Ρs^± = 200-210 GeV

LEP S/B=2.0

background

hZ Signal (m_h=115 GeV) all cnd= 24 bgd= 22.79 sgl= 2.74

Γ 109 GeV 4 1.13 1.78

10^{-2}

10^{-1}

1

10

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 Final Variable log10(S/B)

Events

0 50 100 150 200 250

0 5 10 15

Expected Signal

Expected Background

Background Signal+Background

0 5 10 15 20 25 30

0 2 4 6 8 Expected Signal

Expected Background

Background Signal+Background

Background 215.45

Data 243 Signal 16.36

LEP Preliminary m_H=110 GeV

log_{10}(s/b)

Events

LEP Data Background Signal

10^{-3}

10^{-2}

10^{-1}

1

10

10^2

-2 -1 0 1 2 0 5 10 15 20 25 30 35 40 45 50

0 2.5 5 7.5 10

Expected Signal

Events

Signal+Background Background Preliminary LEP Data

m_H=115 GeV

0 2 4 6 8 10 12 14 16 18 20

0 1 2 3 4 5 6 7 8 9 10

Expected Signal

Events

Signal

Preliminary

m_H=115 GeV

LEP Preliminary m_H=110 GeV

log_{10}(s/b)

Events

LEP Data Background Signal

10^{-3}

10^{-2}

10^{-1}

1

10

10^2

-2 -1 0 1 2 0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40

Expected Signal

Events

Signal+Background Background Preliminary LEP Data

m_H=110 GeV

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

106 108 110 112 114 116 118 120

m_H(GeV/c^2)

Event weight a

  b
  c

          d

LEP Candidate Evolution

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

106 108 110 112 114 116 118

q of candidates

Hqq Hνν Hee Hμμ Hττ ττz

M_H, GeV/c^2 log (1+s/b)

-10 -5 0 5 10 15 20 25

100 102 104 106 108 110 112 114 116 118 120 m_H(GeV/c^2)

-2 ln(Q)

Observed Expected background Expected signal + background

LEP 10^{-5}

10^{-4}

10^{-3}

10^{-2}

10^{-1} 1

100 102 104 106 108 110 112 114 116 118 120 m_H(GeV/c^2)

1-CL_b

3σ 2σ

4σ

LEP

Observed Expected s+b Expected b

Total Result

Observed Background signal

-2*log-likelihood

Density

0 0.1 0.2 0.3 0.4 0.5 0.6 x 10^{-3}

-20 -15 -10 -5 0 5

0 0.02

0.04

0.06

0.08 0.1 0.12 x 10^{-2}

-20 -15 -10 -5 0 5

ALEPH

Log-likelihood

Density

Observed Background signal

0 0.02

0.04

0.06

0.08 0.1 0.12 x 10^{-2}

-20 -15 -10 -5 0 5

DELPHI

Log-likelihood

Density

Observed Background signal

0 0.02

0.04

0.06

0.08 0.1 0.12

0.14

0.16

0.18 x 10^{-2}

-20 -15 -10 -5 0 5

L3

Log-likelihood

Density

Observed Background signal

0 0.02

0.04

0.06

0.08 0.1 0.12

0.14 x 10^{-2}

-20 -15 -10 -5 0 5

OPAL

Log-likelihood

Density

Observed Background signal

0

0.05

0.1

0.15

0.2

0.25 x 10^{-2}

-20 -10 0 10 0 0.02

0.04

0.06

0.08 0.1 0.12

0.14 x 10^{-2}

-20 -10 0 10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 x 10^{-3}

-20 -10 0 10 0 0.001

0.002

0.003

0.004

0.005

-20 -10 0 10

LEP results at 115GeV/c^2

Hll Hνν

Hqq

-2*Log-likelihood

Density

Hττ+ττZ Observed Background signal

10^{-6}

10^{-5}

10^{-4}

10^{-3}

10^{-2}

10^{-1} 1

100 102 104 106 108 110 112 114 116 118 120 m_H(GeV/c^2)

CL_s

113.5 115.3

LEP

Observed Expected background

-30 -20 -10 0 10 20 30

100 102 104 106 108 110 112 114 116 118 120 m_H(GeV/c^2)

-2 ln(Q)

m_H=112.5 m_H=115.0 m_H=117.5

Observed Expected b Expected s+b

LEP

10^{-5}

10^{-4}

10^{-3}

10^{-2}

10^{-1} 1

100 102 104 106 108 110 112 114 116 118 120 m_H(GeV/c^2)

1-CL_b

3σ 2σ

4σ

LEP

Observed Expected s+b Expected b 0 0.05 0.1 0.15 0.2

90 100 110 120 ee

0 0.05 0.1 0.15 0.2

90 100 110 120 μμ

0 0.05 0.1 0.15 0.2

90 100 110 120

4jet

0 0.05 0.1 0.15 0.2

90 100 110 120 νν

0 0.05 0.1 0.15 0.2

90 100 110 120 ττ m_h = 100 GeV

m_h = 115 GeV

OPAL mass resolution Ρs^± = 206 GeV

             50 100 150 200

0.05

 0.1

0.15

 0.2

0.25

1

10

10^2

10^2 10^3 m_H (GeV)

Signal significance

H 5 γ γ ttH (H 5 bb) H 5 ZZ^{(*)} 5 4 l H 5 ZZ 5 llνν H 5 WW 5 lνjj H 5 WW^{(*)} 5 lνlν

Total significance

5 σ

Ι L dt = 30 fb^{-1} (no K-factors)

ATLAS