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Couplings at LEP

e Lep & the data set

e Boson-fermion couplings

e Charged triple gauge boson couplings
e Neutral triple gauge boson couplings
e Anomalous Higgs couplings

e Quartic gauge boson couplings

e 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)



e The largest scientific instrument built so far
(27 km circumference)

e High precision 1989-1995 (1-2 MeV)
e High energy 1995-2000 (Above 209 GeV)
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At the Z peak:
5 million Z/exp

7 million B-hadrons in total

Above the W-pair threshold:

Year V'S Lumi/exp

1996 161GeV 10pb~—!
1996 172CGeV 10ph—1
1997 183GeV 55ph 1
1998  189GeV  180ph~!
1999 192CGeV 30ph~!
1999  196GeV 30 ph~1
1999 200CGeV 85 ph 1
1999 202CGeV 40 ph~1

2000 200-209GeV  230ph—+

720ph~1
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BZi Coupling of the Z to the fermions ™

f

g, &

f

2
At the tree level: p = W =]
mZ cos= Oy

gv = /p(T5 — 2Qsin” Oy), ga = \/pT5

After radiative corrections:

gv =R [Gv] = R [VIF 8p (Ts = 2Q(1 + Aw) sin® )
ga = R[Ga] = R[VT+ ApTy

Asymmetry parameter:

Ay = gAg\/
I ga+ed

Measurements - Parameters

Np=Np _ A0S %AeAf (LEP, SLD)

Np+Np
Meomeps = A= Ao (LD
Ni?tl = —Pr = A; (SLD, LEP 7)

NNZ— ff)= NJCG;\F}RZ (IGal*Ray + |GvI*Rvy) + Apwigen
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MSA Z identification at LEP . i

Z. decays into hadrons and lepton are iden-

tified with high efficiency and precision

Couplings at LEP



B2 Couplings in the lepton sector L i

Standard Model predictions from:
my = 174.3 £ 5.1, my = [114.1, 1000]

00 T T gimindy
-0.035 - —
_ |
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A Before the LEP days... L

1.0 , , . . | .
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|dentify b quarks with hard leptons and displaced vertices

3o ellipses

dHT e uorjedyrjuapl jrenb q

.':'-.ITL—.'?E.F.'



0.53

T, Uit L
A The heavy quark sector i
1] T TPleminary] 08T "~ Pleliminary ]
tim
H
| SM Z ' | _
_ TN i m. i
0.9- i \| 0.7- S
e, Nt/
<-Q AG X < o “‘~<<<< 4 ™ Z% -
0.81 SR B .
' 0.b ' E
Arg
0,c
1 1 AFB
0.7 L L T T 0.5 — T T — T — T
013 014 015 016 017 013 014 015 0.16
AI AI
0.29 | P'relir'ninéry_ 0.22 | Prelir'ninary_
-0.311 4 0.2 |
o] O
> >
o (@))]
-0.33 4 0.18- |
SM
.0.35 - 68.3 95.5 995 % CL 0.16 - 68.3 95.5 995 % CL
.0.54 -0.52 -0.50 -0.48  0.47 0.5
gAb gAc

Some deviations for b quarks (with leptons)
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B2l The effective leptonic mixing angle ™

Preliminary
A e 0.23099 + 0.00053
A(P.) . 0.23159 + 0.00041
0,b
Ay —v— 0.23226 + 0.00031
Arl *—— 0.23272 + 0.00079
<Qq,> X 0.2324 + 0.0012
Average ally 0.23152 + 0.00017
x?/d.o.f.: 12.8/5

10 3—_
>
O
Q

T

= Aa) = 0.02761 + 0.00036

104 0 M= 91.1875 + 0.0021 GeV

- i iy mEm= 174.3 + 5.1 GeV
0.23 0.232 eot 0.234
. 2A'€P
SIN“0

Y (leptons)/d.o.f. = 1.6/2 (44.3%)
x?(hadrons)/d.o.f. = 0.3/2 (84.6%)
Z(total) /d.o.f. = 12.8/5 (2.5%)

Difference of 3.30 between hadrons and leptons
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A Couplings of the W to quarks L

q
W
Vqq
q'
Described by the Cabibbo-Kobayashi-Maskawa matrix
Vaud  Vus Vb
Vekm = [ Ved Ves Vep | &
Via Vs Vi
2
1—7% A AN(p — i)
4
) A AN O
AN(1 — p—in) —AN 1

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

A (p.n)

Vub

(0,0)
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S V., at LEP - Inclusive L

The semileptonic b — clv decay gives access to V4,
¢

[]
W,

Vb

Br(B — X lv) [1.55ps
Vel = 0,041 ===~ x TBi5%theory

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

ALEPH p. 0.1107+0.0007+0.0046
ALEPH charge 0.1057+0.0011+0.0035
ALEPH average 0.1070+0.0010+0.0034
OPAL multi 0.1083+0.0010+0.0029

L 3 multi 0.1018+0.0013+0.0024

L3 lepton 0.1068+0.0011+0.0042
DELPHI multi 0.1065+0.0007+0.0048
AVERAGE % 0.1065+0.0009+0.0021

0.1 0.105 0.11 0.115
BR(b - XIv)

Ve, = (40.7 £ 0.5 £2.0) x 1073

Couplings at LEP Salvatore Mele



oA V. from Exclusive decays L i

7] p—
- (B" = D" v) = K(w)F*(w)[Vau "
dw
w = vg - vp+ |[w=1= HQET]
K(w) = Phase space |[Known Function]

F(w) = Form factor [HQET]
At rest, w = 1, HQET has with a lower uncertainty.

_ {
G
B

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

D(*)

<

/
V2
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V., at LEP L

Combine the LEP inclusive and exclusive
measurements of V

LI | TTT | LI | LI | rrrorrTT TTT | TTT | LI
Vcb Exclusive 40.5+£1.9+2.3
Vcb Inclusive 40.7£0.5£2.0
LEP average 40.6+1.9
V., Working Group o "

30 32 34 36 38 40 42 44 46 48
-3
V,, (109

Competitive with the B-factories result
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A Vb at LEP

The semileptonic b — wlv decay gives access to Vg,
¢

[]

Vub

Br(B — Xfv) [1.6ps

Vb = 0.00458 X +4%
‘ ub ‘ 0002 TB theOfy
I. I. Bigi, hep-ph/9907270
N. Uraltsev, Int. J. Mod. Phys. A 14 (1999) 4641
ALEPH 1.73+0.56+0.51+0.21
DELPHI 1.69+0.54+0.39+0.25
L3 3.30+1.28+1.46+0.54
OPAL 1.63+0.57+0.48+0.25
AVERAGE 1.71+0.31+0.37+0.21

1 2 3 4 53
BR(b - X V) (107)

Vip, = (4.09742) x 1073

Competitive with the B factories result
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Bgi s Oscillations o el

)

‘BL> :p‘B?i,s> + Q‘B§175> ‘BH> :p‘B?i,s> _ Q|B?1,s>

Amd,s — Mpy — Mp;

Vd(s)

- 1
P [B&S — (Bg,SBg,Sﬂ = Ee_t/T (1 4 cos Amg st)

— Tag decay flavour

- Tag production flavour W K
— Measure decay lengthb /! .7V

Couplings at LEP Salvatore Mele



pZl Textbook evidence of By Oscillations ™

0.5

DELPHI

=

Like-sign fraction
o
w
(like—sign)/(like—sign + unlike—sign)

o
(V)

0.1

Fraction of Like-sign leptons
o
[41]
al

Fraction of B that went into B

++ -
(N7 +N") /N,

R N R R R 7
0 2 4 6 8 10 12 b

0.15

t [ps]
=

Time

Amg = 0.494 + 0.007ps—t World average
Amg = 0.484 +0.015ps~t LEP only
(Before LEP 0.5 4+ 0.1 from ARGUS and a signal from UAT)
The Amg measurement constrains |Viq|/|Vep|

Amg > 14.6ps~ 95% C.L. World average
Amg > 14.3ps™! 95% C.L. LEP only
There is a 2.50 signal around 17 ps™*
(No studies before LEP)
The Amy limit constrains |Vis| /| Ve

Couplings at LEP Salvatore Mele
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sin2p™=0.73+ 0.07  sin2p"*?=0.79+ 0.10

1 L AOOA

570070
o

‘CO.S - le

s S e

S Mele, Fall 2001 ¢ : ' -
O PRP59£1999)1%301£L Ug;datJe o ' ;

-1 -0.5 0 0.5 1

p=02240.06, 7=0.3440.05

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

o[3uerr) Ajrrejmun ay J,
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BZICharged triple gauge boson couplings™™

W
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W pair production
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B2y W pair production cross section ™

- W e W

oo

: w - \%Y% 08/07/2001 \%WY%
\ LEP

Preliminary/
20 - /
I . 4 o? ¢o
g A
2 15 - C
= -
; K
o - -
- ¢
10 —
I ; RacoonWW / Y FSWW 1.14
I o e no ZWW vertex (Gentle 2.1)
5 - g - only v_exchange (Gentle 2.1)
O i | \ | | \ | | \ | | \ | | \ | |
160 170 180 190 200 210
E. [GeV]

Impressive evidence of the non-Abelian
structure of the Standard Model
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A Parametrisation of the TGC L i
Z-LWWV _
gwwvl gl (WhLWHVY =WV, W)+
sy WIWL VI S W WV 4
¢+ P+ @P+ dim > 6]

V = s Z7 W,Ml/ — a,MWV o 8VWM7 VILW - aﬂv’/ B ayvi“

In the Standard Model:
gwwz = ecot Oy gww, = e

Multipole expansion of the W-~ interaction:

Qw = egl Charge
HW = g (g1 + Ky +Ay)  Magnetic dipole
qw = ——3(ky — Ay)  Electric quadrupole
myy

Five parameters to study deviations:
Agl =(gf = 1), Ak, =(k,—1), Akz=(kz—1),\, Az
Reduced to three by gauge invariance:

Az =\, Arz = Ag{ — Ak, tan® Oy

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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Lz

Optimal Observables

Given the couplings «; and the phase space (2

do

d§?

Define the Optimal Observables:

— Co(Q) + ZZ'C%(Q)CYZ' + ZZ'S]'CZ] (Q)cviozj

011:01() O@Zj:CQ()
co($2) co($2)

The Optimal Observables contain the same informa-
tion of the phase space angles but for &« — 0 all the

information is in < @} >: single variable fit!

Number of Events/0.2

400+

3009

200

100

¢ 1999 data: qqlv (3
J1 signa e
71 background -
R
- Agi=-1 +

= I —
:
* ........ *
1 0.5 5 =
COSeW_

Events /0.2

® data I L3
250 F o signal
background prel-
- Ag z=+1
200 - Ag,z=-1
150 -
100
50 -
By
O2.5 -2 -15 -1

O-Ag,2

-05 0 05 1

15
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Results... no, not yet! L

Preliminary

LEP T T 7 T
g »11998 . ]
3
| .
= | ;
"
§T 10-
ICD ] ® Data
*o Standard Model T
\6 - - - no ZWW vertex 7
*+ v, exchange
160 170 180 190 200
Vs [GeV]
Vs > 189 GeV: preliminary
LEPI — T 7 T
i 20_ 1999 -'..‘/// 7]
| R 4
o/
g
% 10- -
Iﬂ) 1 ® Data
+CD 1 Standard Model 1
\6/ ] - - - no ZWW vertex T
.~ e v, exchange
O T T T T T
160 170 180 190 200
Vs [GeV]
21/07/2000
LEP Preliminary
aor RacoonWW / Y FSWW 1.14
| === Gentle2.1(+0.7%) . * o hb
£= 2000
g L
S L
f $
ol o/
L ) C
/ — YFSWW 114
—— RacoonWW +
5L
¢

E.m [GeV]

PRELIMINARY

Measured 0"V / RacoonWw

183 GeV + 1.028 £ 0.023
189 GeV + 0.985 £ 0.013
192 GeV + 1.012 + 0.029
196 GeV —e— 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
R AV

LEP WW Working Group Summer 2001

O(a) virtual corrections

O(a) real corrections
L eading Pole Approximation

Double Pole Approximation
Improved Born Approximation
Coulomb screening

Y FS exponentiation

Lep-2 Monte Carlo Workshop, M. Griinewald 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
YESWW, S. Jadach et al., Comp. Phys. Comm. 140 (2001) 432

Couplings at LEP
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A The radiative corrections %

Lo P

When a photon is added |= O(«)corrections],
things are more complex than descrlbed SO far...

i W vy Y
W W W
W v W W
W w W
o 114
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B2l The Double Pole Approximation ™

o J
: | j
e
S,
production decays
Consider the corrections
enhanced by the W poles

+ non factorisabl e contributions

Couplings at LEP Salvatore Mele



B2l How does this affect the TGC’s 5

11 X>/ndf 8362 / 8
AO 0.9910 + 0.1572E-02
Al 0.2260E-01 £ 0.2419E-02
204
New MC
14 ® ®
| YESWW3/KORALW (gQquv)
0.9 ' I ' I \ Old M C
-1 0.5 0 0.5 1
cosO(W-)

The experiments need:
e to understand the new Monte Carlo program(s)
e to install and test them
e to produce million of events (months of CPU)

e to know a theoretical uncertainty

Couplings at LEP Salvatore Mele



Which precision will we achieve?

gt

——

i e

e e e il

v

0% ~ o0z 0o bt

- - -

AS! :-rﬂ..g'ﬁ +

" |
AR 2 oo ti0-07F ~» 0.01 0.05 @-08 0-02 v

' ' ; .01 y #
| 004003 ~p0-04 001 T3 7

K e !

o avgf

b
V?é Lzz_’, Do0cg |/

(oA &sTT/R TR Ao/ ANkLy S¢S e

1|

A aPu #RacopwhW 1 W;W#h@-?h/az_@fyq
. 3t/i1f 200l .
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pZl TGC Measurements from single W ™

The WW+~ vertex can also be accessed
through “single W” production

25/07/2001

s LEP Preliminary

= 1

2

§ +5.0% uncertainty

>

o |

T — WPHACT IFL/a(t)
o i grecaf
+GJ 1
I51

0.5

W - ff
0160‘ - ‘1%0‘ - ‘1é0‘ - ‘150‘ - ‘260‘ - ‘210
Ecm [GeV]
Ay AV

ALEPH 490pb~! [-0.57,0.44]. [-0.54,0.15] 95% C.L.
DELPHI 180pb~! 04704  (.204

0.6
L3 490ph~t  —0.2195 0.1593
OPAL  180pb~! —0.4+04 0.0193

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

The WW+~ vertex can also be accessed
through single photon production

130 sv's< 208 GeV
preliminary ALEPH DELPHI L3 OPAL

S ]
% 5007 [ vwy(y) \
) 1
S}l/ i
@ 400
o
L
300—:
] t
200 =
B (2]
(e}
O
B ©
100 - $ . ~ ol I
7 = r i
¢ <
o1 i Monte Carlo 189 GeV
\\\\‘\\\\ \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘ L L
0 25 50 75 100 125 150 175 200 7 208-06-04-02 01902 0.4 06 08 1
Recoil mass (GeV/cZ) cos
)\7 A/i7

ALEPH 720pb~! 0.1704  0.0703
DELPHI 180pb~t  0.651%  0.7195
L3 430pb~1t  0.671 O.7+(1).E(%)
OPAL  430pb~! —0.2714 —0.174]

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
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2l Neutral triple gauge boson couplings ™

z -
hyr34 45

Z
Z
Z /
f4,5
Z
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A Parametrisation of the nTGC x s

These couplings are forbidden at tree level in the

Standard Model

Vo4,

V39q2
2
O (01,02, P) = i

hV
RY (ghg™P) — ¢5'ghP + PP a2 gho — b PY)

LY
_|_h§))/€:u@ﬁ/0q2p — _ZLTP@E,LWPUPIOQQU]

af _s—my
lyzz(a, a2, P) =i 51X

[f (PYghP 4+ PPgha) 4 £ enaBp(q) — go) ]

hY, hY and f} violate CP; hY , hy and fY 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
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A The h couplings L

Use the Z~ production as a probe
[

45 .
ol L3
Preliminary

35 - ® Data

o, (pb)

10 |

160 170 180 190 200 210 220

A o (%)

160 170 180 190 200 210 220
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o)

Effects of the h couplings L

Events

300

Events

250 |-

200 |-

00
250/
200|
150
100]

50|

150
100"

50|

Changes in the eTe™ — Z~ kinematics.

OPAL 189

Events
=
0
(@)

GeV

L]

Background
OPAL data

Couplings at LEP
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Analysis technique

B3 ¥ 8

(qd)uonoes sso1)d

Fit the shape variables or build Optimal Observables

N
) ;
n 1w 5
— s o :
- o + 1 .f.u |
— TR i
_.“ i—e- V.h4 Vh4 _..m
Lo i K
TR AN
L Le |' v
: |
! e r
5 )
I - il i
ool |7 N :
ToRTe} | o[ i '
?c J H
c 1N = )
TS M i -4 ln
Aph<<c .m_ ]
° I ._
i -
| | | gw Lo g v 1 |
— —
0 /Seng NS /fyoney
~
o
T
Y
K
L ]
i
0l
il
il
0 | 8
o O b
+ 1 h.."
TR TR
NS N e
£ <« 0
re
| _.m. N
Vi
) ]
o ]
TR
g g 8 ° a8
9T0°0 /SleAZ NS / U otey

-2 0

-4

Optimal Variable for hY

-0.1 0 0.1 0.2
Optimal Variable for h%

-0.2
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W Ligg L
S Results o
0.2 T T T T . T 0.2 T T T . T . T
LEP Preliminary LEP Preliminary
0.1 01r
='o =or
01F{ T -0.1F
O 2 ‘ 915% CL | n | n 0 2 ------- 915% CL | n | n
%0.2 0.1 0 0.1 0.2 20.2 0.1 0 0.1 0.2
hj hy
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A The f couplings L

Accessible through ZZ production
\ f
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A Effects of the f couplings L

Cross section and scattering angle of ete™ — ZZ
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A Anomalous Higgs couplings

Lojr = gumHALAM 4+ git) A 710V H + gity HA,, 7
+ W Zw 20N + gip 12,70 + g1y, 1Z, 70

These six CP-conserving couplings reduce to five:

Gy = ﬁw (d sin® Oy + dp cos? QW)
ggZ)7 = miw (Aglz sin 20w — Ak, tan 9W>
G, = 5l sin20w(d — dp)

ggz)z — miw (Aglz cos 20w + Ak, tan® Oy )
gg%z = ﬁw (dcos® Ow + dp sin® Ow )
91({32)2 = Jmy (;qosz e 07

07, d and dp are new, Agf and Ak, 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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A | Results 5
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B2 Quartic gauge boson couplings ™

0 T Q) - o
= T e 1,
7TCYa ' - L
= —4Age@-jkwg&vvgw « v

Aﬁ and conserve CP: 7’\” 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) 3609.
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 eTe™ — WW~ L

Standard Model QGC contribution negligible.

Z/1]

W

OPAL
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A Effects of QGC'’s L i

Larger cross section and harder photons
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QGC in the eTe™ — Z~yy process Ut

The eTe™ — Zry~y process has no Standard Model

. QGC contribution.

Select events with two jets and two photons.
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e~ — Zryy candidate
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Effects and results

L L
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WRAP, G. Montagna et al., Phys. Lett. B 515 (2001) 197
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A Conclusions L

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

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

e Close contact with the theory commu-
nity

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

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

Hﬁ'_r"'f.l\‘_.'

LEP, the last “lord of the (eTe™) rings”, unveiled
much of our knowledge on couplings:

-0.032 ————

-0.041
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9l

-0.501

Preliminary
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a"" [pb]
&
T

10

RacoonWW / YFSWW 1.14
------ no ZWW vertex (Gentle 2.1)
------ only v, exchange (Gentle 2.1)
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Agree with the Standard Model

The next frontier of couplings in the Standard
Model and beyond awaits a huge luminosity at the
7, again, or higher energy e™e™ collisions!
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