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Couplings at LEP

• Lep & the data set

• Boson-fermion couplings

• Charged triple gauge boson couplings

• Neutral triple gauge boson couplings

• Anomalous Higgs couplings

• Quartic gauge boson couplings

• Conclusions

Summarising the ongoing efforts and the imagination

of O(100) experimental and theory colleagues.

Results are preliminary, unless otherwise stated. Updates at:

http://cern.ch/LEPEWWG (Z properties)

http://cern.ch/LEPHFS (b physics)

http://cern.ch/LEPEWWG/lepww/tgc/ (TGC & QGC)



The Lep complex

POINT 4.
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• The largest scientific instrument built so far
(27 km circumference)

• High precision 1989–1995 (1–2 MeV)

• High energy 1995–2000 (Above 209GeV)
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Delivered integrated luminosities

Couplings at LEP Salvatore Mele



C
o
lle
cte
d
lu
m
in
o
sitie

s

√s


 (GeV)

C
ro

ss
 s

ec
tio

n 
(p

b)

e+e−→W+W−

e+e−→ZZ

e+e−→Zγ
e+e−→Zγγ
e+e−→W+W−γ

e+e−→Weν

L3
preliminary

10
-2

10
-1

1

10

10 2

120 140 160 180 200

At the Z peak:
5 million Z/exp

7 million B-hadrons in total
Above the W-pair threshold:
Year

√
s Lumi/exp

1996 161GeV 10 pb−1

1996 172GeV 10 pb−1

1997 183GeV 55 pb−1

1998 189GeV 180 pb−1

1999 192GeV 30 pb−1

1999 196GeV 80 pb−1

1999 200GeV 85 pb−1

1999 202GeV 40 pb−1

2000 200-209GeV 230 pb−1

720 pb−1
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Coupling of the Z to the fermions

Z

f

f

g
VA

g

At the tree level: ρ = m2
W

m2
Z cos2 θW

= 1

gV =
√
ρ(T3 − 2Q sin2 θW), gA =

√
ρT3

After radiative corrections:

gV = R [GV] = R [√
1 + ∆ρ

(
T3 − 2Q(1 + ∆κ) sin2 θW

)]

gA = R [GA] = R [√
1 + ∆ρT3

]

Asymmetry parameter:

Af = 2gAgV
g2A+g2V

Measurements - Parameters

NF−NB
NF+NB

= A0,f
FB = 3

4AeAf (LEP, SLD)
NL−NR
NL+NR

1
<Pf>

= ALR = Ae (SLD)
NPol
Ntot

= −Pf = Af (SLD, LEP τ )

Γ(Z → ff̄ ) = Nf
c
GFm

3
Z

6
√

2π

(|GA|2RAf + |GV|2RVf

)
+∆EW/QCD
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Z identification at LEP

Z decays into hadrons and lepton are iden-
tified with high efficiency and precision
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Couplings in the lepton sector

Standard Model predictions from:
mt = 174.3± 5.1, mH = [114.1, 1000]
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Before the LEP days...
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The heavy quark sector
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Some deviations for b quarks (with leptons)
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The effective leptonic mixing angle

10 2

10 3

0.23 0.232 0.234

Preliminary

sin2θ
lept

eff

m
H
  [

G
eV

]

χ2/d.o.f.: 12.8 / 5

A
0,l

fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23226 ± 0.00031

A
0,c

fb 0.23272 ± 0.00079

<Qfb> 0.2324 ± 0.0012

Average 0.23152 ± 0.00017

∆αhad= 0.02761 ± 0.00036∆α(5)

mZ= 91.1875 ± 0.0021 GeV
mt= 174.3 ± 5.1 GeV

χ2(leptons)/d.o.f. = 1.6/2 (44.3%)
χ2(hadrons)/d.o.f. = 0.3/2 (84.6%)

χ2(total)/d.o.f. = 12.8/5 (2.5%)

Difference of 3.3σ between hadrons and leptons
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Couplings of the W to quarks

W

q

q'

Vqq'

Described by the Cabibbo-Kobayashi-Maskawa matrix

VCKM =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb









1− λ2
2 λ Aλ3(ρ− iη)

−λ 1− λ2
2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



+O(λ4)

Free parameters of the Standard Model!
Summarised by the unitarity triangle:

(ρ,η)
Vtd

(0,0) (1,0)

γ β
α

Vub
Vcb Vcb
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Vcb at LEP - Inclusive

The semileptonic b → c!ν decay gives access to Vcb

W

Vcb

b c

�

�

|Vcb| = 0.0411×
√√√√√√√√
Br(B → Xc!ν)

0.105
×

√√√√√√√√
1.55 ps

τB
±5%theory

I. I. Bigi et al., Ann. Rev. Nucl. Part. Sci. 47 (1997) 591

0.1 0.105 0.11 0.115

BR(b→Xlν)

0.1107±0.0007±0.0046ALEPH pT
0.1057±0.0011±0.0035ALEPH charge

0.1070±0.0010±0.0034ALEPH average
0.1083±0.0010±0.0029OPAL multi
0.1018±0.0013±0.0024L3 multi
0.1068±0.0011±0.0042L3 lepton
0.1065±0.0007±0.0048DELPHI multi

0.1065±0.0009±0.0021AVERAGE

Vcb = (40.7± 0.5± 2.0)× 10−3
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Vcb from Exclusive decays

dΓ

dω

(
B0 → D%+!ν

)
= K(ω)F 2(ω)|Vcb|2

ω = v
B

0 · vD%+ [ω = 1 ⇒ HQET]
K(ω) = Phase space [Known Function]
F (ω) = Form factor [HQET]

At rest, ω = 1, HQET has with a lower uncertainty.

B

q

b

D(*)

c

q

ν

M. Luke, Phys. Lett. B 252 (1990) 447
I. Caprini et al. Nucl. Phys. B 530 (1998) 153
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Vcb at LEP

Combine the LEP inclusive and exclusive
measurements of Vcb

30 32 34 36 38 40 42 44 46 48

Vcb (10-3)

LEP average 40.6±1.9

Vcb Inclusive 40.7±0.5±2.0

Vcb Exclusive 40.5±1.9±2.3

Vcb Working Group

Competitive with the B-factories result
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Vub at LEP

The semileptonic b → u!ν decay gives access to Vub

W

Vub

b u

�

�

|Vub| = 0.00458×
√√√√√√√√
Br(B → Xu!ν)

0.002
×

√√√√√√√√
1.6 ps

τB
±4%theory

I. I. Bigi, hep-ph/9907270
N. Uraltsev, Int. J. Mod. Phys. A 14 (1999) 4641

1 2 3 4 5
BR(b→Xulν) (10-3)

1.73±0.56±0.51±0.21ALEPH
1.69±0.54±0.39±0.25DELPHI
3.30±1.28±1.46±0.54L3
1.63±0.57±0.48±0.25OPAL

1.71±0.31±0.37±0.21AVERAGE

Vub = (4.09+0.59−0.69)× 10−3

Competitive with the B factories result
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B0
d,s Oscillations

|BL〉 = p|B0
d,s〉 + q|B̄0

d,s〉 |BH〉 = p|B0
d,s〉 − q|B̄0

d,s〉
∆md,s = mBH

−mBL

W

W

WW

Vtd(s)

Vtd(s) Vtd(s)

u,c,t B

d(s)b

u,c,t

u,c,t

d(s)

bd(s)

b

bd(s)

u,c,t

Vtd(s)

d(s)
B

d(s)
B

d(s)B
d(s)

0 00 0

P
[
B0

d,s → (B0
d,sB̄

0
d,s)

]
=

1

2τ
e−t/τ (1± cos∆md,st)

_t

ν
l-

D

D π

K

K

e+ e-
Β/Β

Β

− Tag production flavour
− Tag decay flavour
− Measure decay length

Couplings at LEP Salvatore Mele



Textbook evidence of B0
d Oscillations
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∆md = 0.494± 0.007 ps−1 World average
∆md = 0.484± 0.015 ps−1 LEP only

(Before LEP 0.5± 0.1 from ARGUS and a signal from UA1)
The ∆md measurement constrains |Vtd|/|Vcb|
∆ms > 14.6 ps−1 95%C.L. World average
∆ms > 14.3 ps−1 95%C.L. LEP only
There is a 2.5σ signal around 17 ps−1

(No studies before LEP)
The ∆ms limit constrains |Vts|/|Vcb|
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            sin2βFit=0.73± 0.07     sin2βData=0.79± 0.10

ρ̄

η̄
68% CL 95% CL 95% CL1994

ρ̄

η̄

ρ̄

η̄ |εK| sin 2β

∆ms
∆md

|Vub|/|Vcb|

S. Mele, Fall 2001
PRD59(1999)113011 Update

0

0.5

1

-1 -0.5 0 0.5 1

ρ̄ = 0.22± 0.06, η̄ = 0.34± 0.05
See also:
A. Ali and D. London, Eur. Phys. Jour. C9 (1999) 687

M. Ciuchini et al., JHEP 0107 (2001) 013
A. Hocker et al., Eur. Phys. J. C 21 (2001) 225

A. Buras, hep-ph/0109197
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Charged triple gauge boson couplings

W

W

#
$% #&#

W

W

Z
$% & 'g

1
$ '

'

Couplings at LEP Salvatore Mele



W
p
a
ir
p
ro
d
u
ctio

n

L3

WW−>qqqq

WW−>qq

WW−>qqe

WW−>µν

ν

τνµν

W

e
W

'

We

e
W

#

We

W

e

e

�

C
o
u
p
lin
g
s
a
t
L
E
P

S
alvatore

M
ele



W pair production cross section

0

5

10

15

20

160 170 180 190 200 210

Ecm [GeV]

σW
W

 [p
b]

LEP Preliminary
08/07/2001

no ZWW vertex (Gentle 2.1)
only νe exchange (Gentle 2.1)
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Impressive evidence of the non-Abelian
structure of the Standard Model
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Parametrisation of the TGC

iLWWV =

gWWV [ gV1

W †

µνW
µV ν −W †

µVνW
µν


 +

κVW
†
µWνV

µν + λV
m2

W
W †

ρνW
µ
ν V

ρν +

C/ + P/ + C/P/ + dim > 6]

V = γ, Z, Wµν = ∂µWν − ∂νWµ, Vµν = ∂µVν − ∂νVµ

In the Standard Model:

gZ1 = gγ1 = κZ = κγ = 1; λγ = λZ = 0

gWWZ = e cot θW ; gWWγ = e

Multipole expansion of the W-γ interaction:
QW = egγ1 Charge

µW = e
2mW

(gγ1 + κγ + λγ) Magnetic dipole

qW = − e
m2

W
(κγ − λγ) Electric quadrupole

Five parameters to study deviations:

∆gZ1 ≡ (gZ1 − 1), ∆κγ ≡ (κγ − 1), ∆κZ ≡ (κZ − 1), λγ, λZ

Reduced to three by gauge invariance:

λZ = λγ ∆κZ = ∆gZ1 −∆κγ tan
2 θW

K. Gaemers and G. Gounaris, Z. Phys. C 1 (1979) 259

K. Hagiwara et al., Nucl. Phys. B 282 (1987) 253
M. Bilenky et al., Nucl. Phys. B 409 (1993) 22

I. Kuss and D. Schildknecht, Phys. Lett. B 383 (1996) 470
Physics at LEP 2 CERN 96-01 (1996), eds. G. Altarelli et al.
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Optimal Observables

Given the couplings αi and the phase space Ω:

dσ

dΩ
= c0(Ω) + Σic

i
1(Ω)αi + Σi≤jc

ij
2 (Ω)αiαj

Define the Optimal Observables:

O1
i =

ci1(Ω)

c0(Ω)
O2
ij =

c
ij
2 (Ω)

c0(Ω)

The Optimal Observables contain the same informa-
tion of the phase space angles but for α → 0 all the
information is in < O1

i >: single variable fit!
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Results... no, not yet!

√s


   [GeV]

 σ
(e

+ e− →
W

+ W
− (γ

))
   

[p
b]

LEP

νe exchange

no ZWW vertex

Standard Model

Data

Preliminary
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183 GeV 1.028 ± 0.023

189 GeV 0.985 ± 0.013

192 GeV 1.012 ± 0.029

196 GeV 1.037 ± 0.019

200 GeV 0.992 ± 0.018

202 GeV 1.012 ± 0.025

205 GeV 0.978 ± 0.018

207 GeV 1.014 ± 0.015

LEP combined 1.000 ± 0.009

0.9 1. 1.1

  Measured σWW / RacoonWW

LEP WW Working Group Summer 2001

PRELIMINARY

Improved Born Approximation
Coulomb screening

Leading Pole Approximation
Double Pole Approximation

O(  ) real corrections

YFS exponentiation

O(  ) virtual corrections
α
α
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1998

1999

2000

Lep-2 Monte Carlo Workshop, M. Grünewald et al., hep-ph/0005309

GENTLE, D. Bardin et al., Comp. Phys. Comm. 104 (1996) 161
KORALW, S. Jadach et al., Comp. Phys. Comm. 119 (1999) 272

RacoonWW, A. Denner et al., Nucl. Phys. B 560 (1999) 33
YFSWW, S. Jadach et al., Comp. Phys. Comm. 140 (2001) 432
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The radiative corrections

W

e
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'
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e
W

#
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e
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�

When a photon is added [= O(α)corrections],
things are more complex than described so far...

γ
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The Double Pole Approximation
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W

e+

e�
W

W

f 01
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�f 02
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production decays




W

W




W
W

W




W
W

W

W
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W

W

Consider the corrections
enhanced by the W poles

+ non factorisable contributions

+ coulomb singularity
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How does this affect the TGC’s

0.9

1

1.1

-1 -0.5 0 0.5 1

cosθ(W-)

  8.362    /     8

A0  0.9910  0.1572E-02

A1  0.2260E-01  0.2419E-02

YFSWW3/KORALW (qqµν)

2%
New MC

Old MC

The experiments need:

• to understand the new Monte Carlo program(s)

• to install and test them

• to produce million of events (months of CPU)

• to know a theoretical uncertainty
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Which precision will we achieve?
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TGC Measurements from single W

The WWγ vertex can also be accessed
through “single W” production

0
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Ecm [GeV]

σ(
e+

e–  →
 e

νW
) 

[p
b]

LEP Preliminary
25/07/2001

±5.0% uncertainty

grc4f
WPHACT IFL/α(t)

W → ff
-
’

W

W

#

e �

e e

λγ ∆κγ

ALEPH 490 pb−1 [-0.57,0.44]. [-0.54,0.15] 95% C.L.
DELPHI 180 pb−1 0.4+0.4

−1.2 0.2+0.4
−0.6

L3 490 pb−1 −0.2+0.6
−0.2 0.1+0.1

−0.1

OPAL 180 pb−1 −0.4+0.4
−0.2 0.0+0.2

−0.2

Sensitivity smaller than with W pair production.
Will be included in the global combination.
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TGC’s from single photon

The WWγ vertex can also be accessed
through single photon production

Recoil mass (GeV/c2)

E
ve

nt
s 

/ (
2 

G
eV

/c
2 )

ννγ(γ)ννγ(γ)

ALEPH DELPHI L3 OPAL
130 ≤√s≤ 208 GeV

preliminary
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#

W

W

e �

e �

#

W

e �

e �

e

e

#

�

�

Z

Monte Carlo 189 GeV

λγ ∆κγ
ALEPH 720 pb−1 0.1+0.4−0.4 0.0+0.3−0.3
DELPHI 180 pb−1 0.6+1.0−1.8 0.7+0.8−1.0
L3 430 pb−1 0.6+1.0−1.8 0.7+0.8−1.0
OPAL 430 pb−1 −0.2+1.4−1.3 −0.1+1.1−1.0

Sensitivity smaller than single W and W pair pro-
duction, will also be included in the global combi-
nation.
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Single photon event

L3
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Neutral triple gauge boson couplings

Z

#

#

h1,2,3,4

#

Z

Z

Z
f 4,5

Z

Z

Z

#
h1,2,3,4

Z
f 4,5

#
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Parametrisation of the nTGC

These couplings are forbidden at tree level in the
Standard Model

V ,P

V ,q

V ,q

ie (q ,q ,P).

12

3

V V V

/0102
*

1 2 3 1 2

1

2

Γ
αβµ
V Zγ(q1, q2, P ) = i

s−m2
V

m2
Z

×
[hV1 (q

µ
2 g

αβ)− qα2 g
µβ + hV2

m2
Z
Pα(P · q2 gµβ − q

µ
2P

β)

+hV3 ε
µαβρq2ρ − hV4

m2
Z
PαεµβρσPρq2σ]

Γ
αβµ
V ZZ(q1, q2, P ) = i

s−m2
V

m2
Z

×
[fV4 (Pαgµβ + Pβgµα) + fV5 εµαβρ(q1 − q2)ρ]

hV
1 , h

V
2 andf

V
4 violate CP; hV

3 , h
V
4 andf

V
5 conserve CP

K. Hagiwara et al., Nucl. Phys. B 282 (1987) 253

G. Gounaris et al., Phys. Rev. D 62 (2000) 073012
J. Alcaraz et al., Phys. Rev. D 61 (2000) 075006

J. Alcaraz hep-ph/0111283

Couplings at LEP Salvatore Mele



The h couplings

Use the Zγ production as a probe
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e+e− → Zγ → qq̄γ candidate

e e − Z  − qq

L3

+ − γ γ
_
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Effects of the h couplings

Changes in the e+e− → Zγ kinematics.
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Analysis technique
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Fit the shape variables or build Optimal Observables
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Results
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γ
3 [-0.049, 0.008]

h
γ
2 [-0.045, 0.025] h

γ
4 [-0.002, 0.034]

hZ1 [-0.13, 0.13] hZ3 [-0.20, 0.07]

hZ2 [-0.08, 0.07] hZ4 [-0.05, 0.12]
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The f couplings

Accessible through ZZ production

Z
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LEP Preliminary
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±2.0% uncertainty
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Couplings at LEP Salvatore Mele



e+e− → ZZ → e+e−qq̄ candidate

L3

e e − ZZ −  e e qq+ − − _+
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e+e− → ZZ → qq̄νν̄ candidate

e e − ZZ − qqνν
_ _

L3

+ −
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e+e− → ZZ → µ+µ−τ+τ− candidate

µ µ τ τe e − ZZ − + − + + −−

L3
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Effects of the f couplings

Cross section and scattering angle of e+e− → ZZ
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Anomalous Higgs couplings

H

Z

#

H

#

H

# Z

Z

Leff = gHγγHAµνA
µν + g

(1)
HZγAµνZ

µ∂νH + g
(2)
HZγHAµνZ

µν

+ g
(1)
HZZZµνZ

µ∂νH + g
(2)
HZZHZµνZ

µν + g
(3)
HZZHZµZ

µ

These six CP-conserving couplings reduce to five:

gHγγ = g
2mW

(
d sin2 θW + dB cos2 θW

)

g
(1)
HZγ = g

mW

(
∆gZ

1 sin 2θW −∆κγ tan θW

)

g
(2)
HZγ = g

2mW
sin 2θW(d− dB)

g
(1)
HZZ = g

mW

(
∆gZ

1 cos 2θW +∆κγ tan
2 θW

)

g
(2)
HZZ = g

2mW

(
d cos2 θW + dB sin2 θW

)

g
(3)
HZZ = g

2mW cos2 θW
δZ

δZ, d and dB are new, ∆gZ
1 and ∆κγ are the WWV couplings!

K. Hagiwara et al., Nucl. Phys. B 282 (1987) 253

B. Grzadkowski and J. Wudka, Phys. Lett. B 364 (1995) 49

G. Gounaris et. al, Nucl. Phys. B 459 (1996) 51

O. Eboli et. al, Phys. Lett. B 434 (1998) 340
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Results
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Additional limit for the common coupling F at the scale Λ:
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Limits on δZ from model independent Higgs
searches
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Quartic gauge boson couplings

#

a0

Z

an

#

a0

W

#

W

an

#

a0

Z

#

Z

an

W

W

ac

L0
6 = −πα

4

a0
Λ2FµνF

µν <Wρ · <Wρ

Lc
6 = −πα

4

ac
Λ2FµρF

µσ <Wρ · <Wσ

Ln
6 = −πα

4

an
Λ2εijkW

i
µαW

j
νW

kαFµν

a0
Λ2 and ac

Λ2 conserve CP; an
Λ2 violates CP.

G. Bélanger and F. Boudjema Phys. Lett. B 288 (1992) 201.
W. J. Stirling and Abu Leil J. Phys. G 21 (1995) 517

W. J. Stirling and A. Werthenbach Phys. Lett. B 466 (1999) 369.
W. J. Stirling and A. Werthenbach Eur. Phys. J. C 14 (2000) 103.

New parametrisations with additional couplings are
not (yet) considered.
G. Bélanger et al. Eur. Phys. J. C 13 (2000) 283.
A. Denner et al. Eur. Phys. J. C 20 (2001) 201.

In principle, couplings with W’s might be different
from those with Z’s
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Probing QGC’s with e+e− → WWγ

Standard Model QGC contribution negligible.
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Effects of QGC’s

Larger cross section and harder photons
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QGC in the e+e− → Zγγ process

The e+e− → Zγγ process has no Standard Model
QGC contribution.
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e+e− → Zγγ candidate
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Effects and results
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WRAP, G. Montagna et al., Phys. Lett. B 515 (2001) 197
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Conclusions

•More precision (and more couplings!)
than expected at the start of this ad-
venture.

• Excellent collaboration between the ex-
periments: understanding of the prob-
lems and combination techniques

•Close contact with the theory commu-
nity

• The analyses are still in progress within
severe person-power constraints.

• Final results by this (or the next) sum-
mer conference
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A final remark

LEP, the last “lord of the (e+e−) rings”, unveiled
much of our knowledge on couplings:
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γ
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The next frontier of couplings in the Standard
Model and beyond awaits a huge luminosity at the

Z again, or higher energy e+e− collisions!
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