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Outline

Triple Gauge Couplings (TGC)
Charged Current (CC): WWy, WWZ
Neutral Current (NC): Zyy, ZZy, 7.7.Z.

Quartic Gauge Couplings (QGC)
Charged Current: WWyy, WWZy, WWZZ, WW W W

Neutral Current: Zyyy, ZZvyy, 2.1Z 1y, 2.1 7. 7.

Only CC couplings exist in the Standard Model
WWZZ, WWWW, ZZZv, ZZ277 are not accessible at LEP
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Gauge Couplings in the SM

Gauge Couplings are direct consequence of the non-Abelian nature of
the electroweak su@)xu@) theory.

Gauge invariance dictates:

Ww = 8ﬂWV —GVW# —gWﬂ xW,
(W+W)A/2
W=|i(W-W)A2
Asin®  +Zcos0

To test the SM we have to:

« measure the effect of the SM TGC and QGC terms
e search for other, non-SM, TGC and QGC terms.
The effect of the SM QGC term is too small at presently available

energy and statistics.
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L, =—sW* W, =

_%(aﬂw —0 Wﬂ)-(&“WV —GVW“) K.E.

+%<a/lwv _aVWﬂ ) ' (Wﬂ x WV) TGC

—£ (W, xW, )-(W*xW") QGC
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CC Triple Gauge Couplings

General expression for the Wwv (v =v,Z) eff. Lagrangian:

WWV
iL [

g V(W WY -W W)
A

it - v V [TRY +p -
+KVWu WVV +m_2V ‘KIv va
W

C,P conserving

eV p -1 +v -u p +V
+igle, ((O°W™)W™ -W™(5°W
5 Cpvp (( ) ( CP Conserving
e V - + v v
vigd WiW! ("V" +0 VA”) C violating
IO Sp—

uvpo 2m af

|
} C,P Violating
|
|

P violating

va=aqu-aqu V =0 Vv-ava
Swwy = € Swwz = eCOtO

Standard Model: g, =1, x, =1. All others vanish.
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Anomalous couplings: Ag)=g'-1, AxY=x"-1, A,, g, &), &y» A

Physics interpretation: 9w = €8/ charge
My = 7me (g1 +K, +4 ) magnetic dipole moment
Oy =— mi (K‘ -1 ) electric quadr. moment
dy =35 (12 + ) electric dipole moment
me ( ) magnetic quadr. moment

Constraints: QED gauge invariance: g/ =1, g:=0
Custodial SU(2): Ax, =Ag—Ax tan'0y, 1,=1

K, =—k tan'0,,, A=A
8 TGCs are left: 4 CP-conserving: Ak, 4, Agl, g2

Z

+4 CP-violating: IGZ, /{Za gZ, 84
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LEP Physics Processes (TGC)

e \\ A~
Y/Z,

e'e > W'W

e'e” > Wev:

e'e” > vy
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Available Data from LEP2

~ 200

Total LEP2 luminosity: % | 1998 |
= 700[)b'1 g 150 2000
(per experiment) E
~ 100 1999 ||
Corresponding to: j 1997 ]
=10000 W -pairs SO '
1996 H H
Fm—T 200
Ecy (GeVY)
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W-pair Production
3 event topologies:

WW > qqlv (43.9%)
WW - qqqq (45.6%)
WW S FIv - (10.5%)
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WW Cross-Section Measurement

30

l1 1/07/2003

Topology Efficiency Purity

g 2 'LEP
qqqq 90% 80% é | PRELIMINARY ]
q(_]l\’ 70-90% 90% v
= 20 1
Ivlv 60-80% 90% P
,’/ ,// ¢ y ' -
Measured O WV‘;Expected (YFSWW): 4, ,,,I;’,':'I"/ + i
WW 7 )
R — 00997 i 00010 i I,I'I',I’I ___:Eg\\llvvwwlseaggg (éVeVr\I/tle) 4
/’3 ___.only v, exchange (Gentle)
e : . 01— ' ' ' '
Sensitivity to TGCs is relatively 160 180 200
weak! \/g (GeV)
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Total cross - section

24 |

16

Agf

A
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0.5 | 1
TGC parameter
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do/dcosO (arbitrary units)

S
'

Expected TGC Dependence

Angular distribution

0.8 r T ' T
L —— g0
0.7
-------- Agi=0.5
0.6 R Agf= 0.5
[ (0,0)
0.5 N

(£1,0),(0, +1)

02 |

0.1 |
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WW Angular Information

OPAL cERN-EP/2003-042
_ e Mt i

— 5 600

200 -

~ 200 |- ]
. . DRSS —— —_‘f T — - - _|'__
929¢2 180 0 180 4 0 1
. . . ] €050,
= most of the information in 4, : —— W'W s qalv
I §400 R | data +
= no flavor tagging LA | v
= W charge tagging in 200 - 1 s
— i A=05 0 e
W+*W- — qqqq channel (80%) ] eckgrouwna

0 %0 180
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TGC Extraction from Angular Information

Optimal Observables (OOs), based on quadratic TGC dependence,

doldQ=S"(Q)+ Za SH(Q)+ Za a,87(Q) a, - TGCs

Q:(cosew, cosd., ¢ , cosb,, ¢2) — phase - space point
0" =851(Q)/SV(Q) 0. =S7(Q)/1S”(Q)

y

All the relevant information is included in O'", 0,.(1.2)
.. but for n TGCs there are n+n(n+1)/2 optimal observables!
OPAL, ALEPH apply small & approximation and use only the
mean values of the optimal observables.
L3 uses full OO distributions only as a cross-check for 1 TGC fits

DELPHI and L3 are using binned maximum likelihood.
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Example:

OO analysis of Ax,
using 189 GeV data
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TGC results from W-Pairs

OPAL

Systematic error sources: CERN-EP/2003-042

T , 1 T , 1

Illll_ q3_ll

99499 -

Hadronization *

qglv. —

Background
O(a)correction *
Detector simulation 17
TGC matrix element _
ISR, FSR
Vs, M, :
Bose-Einstein correlations * &
Color reconnection * T
O ww prediction *
Luminosity
MC statistics

Ttorrelated between experiments

Ivlv —

eventrate — |

combined —

R
-0.4 -0.2 0

= (0.5 — 0.7) X
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TGC from Single W Events

Final state Fraction Signature Efficiency Purity
qqev 67% 2 jets+ E (30-50)% (20-50)%
lvev 33% 10+ E  (40-60)% (45-80)%

Sensitive only to WWy coupling, but the high WW

background is sensitive also to WWZ coupling1$6.

= 15 e 1 0 Data 161 — 209 GeV
2 |LEP e om L3
- WPHACT and GRACE | 1.4
%, : 95% C.L‘. ................................. .
© . _ 1 _2_~
//% ] lo)
— - < 1 o
// I
0.5 i 084 e
0.6-
0 , , | o4+
180 190 200 210 06 -04 -02 0 02 04 06
Js (Gev) A,
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TGC from Single Photon Event

e vV  Sensitivity only to WWy coupling, much lower than single W
W y but no TGC-dependent background.
W. Use event-rate and E,, cos&, distributions.
e % ALEPH preliminary
) 3 prrp ) 3 prprreryer T T B
40 F E \?;025? \g’nz.sf E
5 E . 3 2 3 2 |
D 30 = 1 B 1 ]
§ . E 15 £ 15 3
Z 2 7 7 i E 1 E 3
% :: : : 05 - 0.5 - =
o £l ; %2 n 0 0570550 025 05
-1 1 AKY
| a ; e e WW (183-209 GeV)
e ] E25 |- =
E — c ]
=8 < 2F S e Wev (183-202 GeV)
T 10 - E 15 - ‘f
S [ ] b E vy (183-209 GeV)
0.5 - .
10 -17 : bl EJ _ ["77'4'3'9'-0-".\"L':‘i“i-‘\-\‘ ot Combined
0 : 100 %2 01 o 61 o2
Friday 5/9/2003 ! Gideon Bella QFTHEP'2003 Ay 16



CC TGC Results

2-parameter fits

(<>~0.25 E' Na 0.3
02 14
015 | 02
01 = 01
0.05 |-
0 F 0
005 — .
01 e
045 - 02
_0.2 ?,v,\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, r : : \ : :
-0_25:‘| | N | | _0_37~|HHIHHIHHIHHIH
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025 —— e :
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015
= 95'¥ c.l.
01 -
E B 68¥Fcl
0.05
5 E X 2d fit result
E H 95Y c.l incl syst
-0.05
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e %

Y
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A-InL

A-InL

Combined LEP CC TGC Results

1-parameter fits

Friday 5/9/2003

LEP

A"Y

LEP preliminary

— +0.042
Ak, = -0.016 3047

;\'Y

— +0.021
=-0.016 .5

_ +0.022
Ag$=-0.009 o,
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2-parameter fits
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CC CP-Violating TGCs

Aleph measurement Eo R dectldeFeIe
Assume no relations between the TGCs. 183-207 GeV Data (684.0 pb™)
Fit for each coupling, assuming that all e | | : | T o anie
others vanish. Refi,) e 0.059 £ 0.091
Relk, ] I—Hf -0.089 + D.UE5
Opal measurement: Refi,) - 0.064 £ 0.05D
Use spin density matrix for 189 GeV data: Rt N 0.058 £ 0.166
= T T T — Reigi ] I - : -0.043 £ 0.208
= [ - |
b - Relg}) —e— 0134 £0.111
Relgs ) I—-—5—| -D.0B4 £ 0.128
i Imik, ) |—'4.—| -0.036 £ 0.0B1
0 1. ! : ” |m|;i¥]| I:—'l—i 0.041 £ 0.048
1w<:z Im, ) I—lHEi -0.034 + 0.044
« Imid ) e 0.032 £ 0.0G5
g s |
R Imig¥] - 0.051 £ 0144
migi ) [ - : | -D.168 + D 246
i |n'||:gz4]I i!—l—| D02+ 0087
0_2' | 2 migs ) | '|—._i_| | .| -vorazoass
g, 0.4 D2 D 02 04
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WW Spin C

P, (cosO,,) = Z
AT,

,TT

OPAL prellmmary
0-8 :l T 17T I T T 17 I T T 17T I T 1T |: 08 :I T I 1T I T T 17T l T 17T I:
07 F W —>qq/lv 3 0V E Wy — & —;
06 4 06 [ 1 =
05 £ —SM 1 osE } T =
S 04 —JFTTL 404 F - =
03 [ - I 3 03[ L 3
02 | 1 R ERN YRS =
01 [ 4 o g 3
0 E 11 1 I 11 1 I 1 I 11 3 0 :I 11| I 1111 I 1111 l 11 1 I:
1 05 0 05 1 -1 05 0 05 1
cosOy, cosOy,
0.8 :l T TT I T 17T I T 1T I T T |E 2-5 —_I 1T I T 1T I T 1T ] LI I__
0.7 & — = - _ ]
- W qq/lv 3 . W—>qq/lv =
2 06 | B 2 - -
o5 E 12 | !
B OE i B15 [ -
2 04 | 1% - — ]
< £ i 1L -
Sl RIS F - +
=02 | % 4% C ]
E — 3 05 — - —2 =
0 :| 11 1 I 11 11 I 11\ I 11\ I: TI.TI 1 I 11 1 I 1111 l 11 1 I_
-1 05 0 05 1 1 05 0 05 1
cosOy, cosOy,
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’ensity Matrix (SDM)

L3 Preliminary : 189-209 GeV

1 CPT test (tree level) CP test
® |3 B
0.5 f +"" SM 02 7 +
0 +++$+++ 0 ____'"_:+___--.%"'" I=9=
C -0.5
P T T B I N
—1 —0.5 0 0.5 1 —1 -0.5 0 0.5 1
Im(p,¥) + Im( p¥") Im(p") - Im( p¥")
1 -
s b 05 o A =05
-0.5 f L +
C —0.5 =
P S L 5 L s
—1 —0.5 0 0.5 1 —1 —0.5 0 0.5 1
Im(p,y) + Im( pYy") Im(p,y) - Im( pYy)
1
0.5 F 02
: ﬂﬂﬂ# 0 % ------- %—-H
-0.5 o +
—-0.5
_“ :\ L1 1 ‘ L1 1 1 I | T I N T | 1
—1 —0.5 0 0.5 1 — 70.5 1
Im(pY )+ Im( p.%") Im(pY) - Im( pYy")
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Neutral Triple Gauge Boson Couplings

sk

Y Z" 7"

7" 7 7*
Most general approach yields 15 CP-conserving + 29 CP-violating couplings

At LEP2 we consider only processes where
the final bosons are on mass shell.

Ae separath

e'e"—> Zy ete"— ZZ

8 h-couplings — | vz, 2" vz V27,777 | «— 4 f-couplings
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h-couplings from e*e~— Z Y

2

irgy (qlqu):pz_#x

ZyvV m,

{hlvv(‘lfgaﬂ -4;8") CP-

h violatin

+ L P (P g q”P”) )

“ © non-sm 1 & SM

+ h;fé‘”aﬂqu CP

By } conserving
+m;42P“gﬂ/’”PVq20}

Z

Use: Z—>qq,vw
event and angular distributions

e.g..
a’- Z decay angle in its rest-frame

> a hj =-0.2
g g or 62 03 @4 05 04 0F 08 @9 J
cosL
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h' results — 1 parameter fits

Preliminary
LEP ALEPH+ L3+OPAL  —0.056 < h/ < 0.055

—0.045 < h; < 0.025
—0.049 < 1] <—0.008
—0.002 < /2] < 0.034

Bude) hx
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h’results — 1 parameter fits

Preliminary
LEP ALEPH+ L3+OPAL —(.13< hIZ <0.13

—0.078 < h, < 0.071

—0.20 < h; <—0.07
—0.05< h; <0.12

0.1 0.2
hg
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0.2

LEP

0.1

" Preliminary

L | L L
-0.1 0 0.1 0.2

—0.16 < A/ < 0.05
—0.11< /) <0.02

| correlation=0.79
~0.35<h <0.28

-0.21< hf <0.17
correlation=0.77

0.35

=

-0.35

h results — 2 parameter fits

" | LEP

Preliminary

0.2 :
LEP 0.7
{—0.08 < hg <0.14
0.1r 1-0.04 < h} <0.11 035 - _
| correlation =0.97
= 0+ 7 , iﬂ'o | .
........ -0.37< h; <0.29 ,
0.1 ¢ ] —0.19< h4Z <0.21 035 - §
| — 68% CL ) _
~~~~~~~ o * SM correlation=0.76 68% CL o sm
0.2,5— el e 95% CL 1
-oi 0.1 0 0.1 0.2 0.7 7035 5 055 o
hg i hZ
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f couplings from e*e-— ZZ

N Z
“ 2_ 2 €
['Zgé(ql,qz,P)zpm%Vx ”{/Z =
{if ' (P*g"’ + P¥ g"*) CP-violating
+if, """ (q,—q,),} CP-conserving e 7 €

C
non-SM SM
! |

1 1107/2003

' | ' [
| LEP PRELIMINARY
ZZTO and YFSZZ

Final Fraction Signature Efficiency Purity
state

4Gq7  49% 4 jets 30%  (15-35)%
qgvv  28%  2jets+ E  30% 60%

ggl'l” 14% 2 jets+2/'s (50-80)% (80-90)%
Flvii 4%  20's+E  30%  (45-55)%
FIFE 1% 40's (40-60)% (60-80)%

G, (pb)

Extract anomalous couplings from total o——

event rate and angular distributions. 180 190 200
= (o
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f-results — 1 parameter fits

ALEPH+DELPHI+L3+OPAL
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f-results — 2 parameter fits
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Quartic Gauge Couplings

* No hope to measure SM QGCs

« Consider only anomalous couplings which are genuine QGCs —
they do not contribute to triple gauge vertices.

L=- ;;j;FWF wew, | |
¢ WWyy, ZZyy terms (CP -conserving)
L,=-4“F"“F, W'W,

L =—§—2%Ww-(WV x W * )F”V WWZy term (CP - violating)

(Wf) =Z"/cos0O,

In a more general approach:

Different couplings for WWyy (¢, ") and ZZyy (a”, a”)
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LEP Physms Processes (QGC)
v,q Y
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e e —)VV’Y’Y

Analyses by Aleph, OPAL, L3 '3
Sensitivity to anomalous QGC: 10
| e Data192-207 GeV -
% | — Standard Model
_ N T o | - a/A?=0.05 GeV?
2 - 4 = o E N
Ch - 1 sM ] Ch - L sM ] £
b 0.12 - 4 b1 012 | A E O, |
o1 b —— a=500 ] i | ,1;—%500' 35
F a=1500 7 “F - a%=1500-
0.08 |- = ] 0.08 |- M
0.06 A I X [ 3
0.04 | 1 0.04 | = %nj
L Y iy . 20 40 N
Lo L s FEREE L1 Lots . ]
00 50 100 150 200 09 50 100 150 200
Recoil mass (GeV) Recoil mass (GeV) 30
0
30-09:""l""l""l"'w: 30-095""|'1j'|""|""|; ;
£0.08 ] SM 4 20.08 & Caasm 4%
6007 F  — a0 4 5007 F a0 4 O 0f Vs = 189209 GeV
006 - @ L1500 4 0.06 F oy oo a=1500 4 O
0.05 £ =My 4 005 w=My 4 2
0.04 - 4  0.04 | i B 10f
0.03 - 4 003 | i g
0.02 £ 1 002 F - - ’ Wh
0.01 | , 1 o001 . = 0 & — '
0 = R B 3 = T 0 E. T B = | IR 0 25 50 75 100 125 175 200
0 25 50 75 100 0 25 50 75 100
E , (GeV) E,, (GeV) Missing mass (GeVic )
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L3 analysis of e"e” = qqyy

Signal definition: E, >5GeV

1.5 cosd, < 0.97
’ ° eDf:g Zypqqylv 3 cos ﬁyq‘ <0.98
_ BN vt o Js'—m,|<2r,
2 ey ® Data130209Gev |3
c 1 0.2 \ + \ + [ ] Zyy MC
o | " <40 <11 [ Bkgd. MC
kT o + ----- a,/A3=0.05 GeV >
@ } O ||| a /A*=0.10 GeV"
w | lo g reeereeeeen :
Boe |l | N S I T 55 5 R R s s
8% | N | B0 TR
O | + M > T S
-t
| =T e
0 * 0 I||I||WM
100 125 150 175 200 10 20 30 40 50

\/E (GeV) Eyz(GeV)
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e'e” > WWy

Signal definition:  E, >5GeV,

‘cos 6?7‘ <0.95

Analyses by Delphi, L3, Opal cosd,; <0.90 |my —my|<2Iy,
13/07/2003
' [ ' [ ' [
| EP PRELIMINARY /% oF 3 of
1998 data g 1998 data
0.6+ EEWWG a/A=02/ 1 3 o S 0F
2 i 40 a A = . 2 4 aA:= — _
— RacoonWW 2 b Rt A o -
1 < ¢ S F
S0t 0 s T s T % 0 0 s w00
EY (GeV) Ey (GeV)
% 15 - % 15
S 1999 data| © [ 1999 data
w L La} L
5 F S
: 0 1 . 1 (+\ ‘ L | - : 0 1 ‘ 1 \+\ ‘ LA L -
0 10 20 30 40 50 0 10 20 30 40 50
E, (GeV) E, (GeV)
15 | S T
S 2000 data| © o[ 2000 data
g 8T
0 | | | § 5 ; + § 5 :, Jr
180 190 200 210 o H T
~§ 00\ | \].oi L ‘ || . I \40 50 ~§ 00’\ 1 N ‘ L1 | ‘ L1 \3‘0i L 40 50
\/g (GEV) E, (GeV) E, (Ge?)
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CC QGC results

95% C.L. Limits in GeV™
a, /A a /A a /A’
Aleph viryy [-0.060, 0.055] [-0.099, 0.093
Delphi WWy [-0.020, 0.020] [-0.063, 0.032] [-0.18, 0.14]

13 vvyy [-0.031, 0.031] [-0.090, 0.090
WWy [-0.017, 0.017] [-0.052, 0.026] [-0.14, 0.13]

opAL [V7TY  [0.054,0.052]  [-0.15,0.14]
WWy [-0.020, 0.020] [-0.053, 0.037] [-0.16, 0.15]
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NC QGC results

Preliminary L3 OPAL LEP

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

777777777777777777777777777777777777777777777777777777

\ 0 E AW i [
0.02 -0.1 0.05 0.1
CRIN a_z/\?

~0.008 < a’/A* < 0.021GeV?  —0.029 < a’/A* < 0.039GeV
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Summary

Charged Current TGCs are measured at LEP from W-pairs, Wev, vvy
events with a precision of 0.02, 0.02, 0.045 for Ag?, A, Ak,
Other TGCs, C- and/or P-violating are also measured.

Measurements of spin density matrix, W-polarization, (correlations),
search for CP-violation.

Constraints on anomalous Neutral Current TGCs:
h-couplings from ZY events with 95% c.l. limits= 0.05 —0.20
f-couplings from ZZ events with 95% c.l. limits = 0.20 - 0.35

Constraints on anomalous CC QGCs are measured from WWy, vvyy
events with 95% c.l. limits = 0.02, 0.05, 0.15 for a,'/A*,a) /A%, a /A’

Constraints on anomalous NC QGCs are measured from qqYYy, VvV Yy
events with 95% c.l. limits = 0.015, 0.035 for a’/A*, a”/A’

Results are almost final, no large improvement is expected.

All results are (unfortunately) in agreement with the Standard Model.
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Outlook

Expected TGC accuracy in future colliders:
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