Four fermion production and limits
'--on,;_;anim_alous couplings at LEP-2
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Accelerator and detector performances : excellent !
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Outline

1. Four fermion production :
WW - ZZiy* - eeZly* - evW

2. Gauge boson self couplings :

Charged and neutral - Triple and quartic

o4 ' . o
— cupnbilned resiliy
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Four fermion processes at LEP-2

o

ZZ 10°

10

ceZ

evW

lﬂ—ﬂllllllltllllilll

~ picobarn

Ly e g by s g1y

100 120 140 1s0 180 200 220 240

Energy (GeV)

MOTIVATIONS:

Check SM :
* non Abelian structure {¥¥'W)

* precision calculations

(radiation, choice of scale)

Search beyond SM :

* Anomalous gauge couplings

* Backgrounds for new particle
searches (ZZ.... )

— Linear Collider...
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WW production : analysis

First LEP candidate at 161 Gel’

1996 - 2000 — total ~ 4 x 10000 events
ete— — WW - four jets

qqqq (1) 45.6 %
[ s - _ topologies qqlv (3) 43.8%
| lulv (6) 10.6 %

i * . ALEPH himua
Four jets: 4 » preliminary
= E=207 GeV
Main correlated error: = 1 ww )
. :E Bl AW _d,-
QCD fragmentation and 7

hadronization models

* #1085 Fesolition
» backeromund

qqgg J

& T —
DELPHI, July 9, 1996 5 4a NN output
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WW production : combined results (1)

30 | - 160712002 .
5 TEP i_' Clear evidence of
2 SUR) x U(1)

b K ___r

20 - -~ gauge structure

+ +
t ¢ 0 E :
10- - ZU —
YFSWW/RacoonWw
1 Ly __no ZWW vertex (Gentle) -
5_}& ....only v_ exchange (Gentle) \ P H
D - 1 ; 1 ' T
160 180 200
Vs (GeV) CC03 grﬂphs
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Syww (PD)

WW production : combined results (2)
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= 0.9974+0.007 (stat) + 0.009(syst)
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Accurate predictions :

YFSWW and RacoonWWwW

« Full non leading, non factorizable (}{c)
EW radiative corrections : LPA / DPA

* Precision ~ 0.5%

« NEEDED ! old calculations ~ 2% too high
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Z.Z production : analysis (1)

Best L3 candidate at 183 Gel” - z ¢ }{: qqqq (1) 49.0 %
) . . qquu (1) 28.0 %

et+e— —> ZZ —> qqee j[if N ©
e T e e 111} (6) 1.0%

NCO2 graphs ., & 400
DELPHI : CERN-EP/2003-009
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1. Small cross sections — refined selection methods -
2. Similar to SM Higgs search — useful benchmark Discriminant
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Z.Z. production : analysis (2)

1.1, — pAp—ptu—

Ecms =199.5 GeV

Msc =90.8 GeV

R

\\Hw%%

cross section ~ 11b

expect ~ 3 in tull

LEP data set
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Z1.Z. production : combined results

—e, 077 - §,969+0.047(stat) + 0.028(syst)

— I I i I
Q | EP PRELIMINARY | Ozzro
~ ZZT0 and YFSZZ L
D = [ LNy -3 E ] 25
1 1 1T _._ 14 L
05 ) R
* Statistics limited
; 1 * Accuracy of prediction ~ 2.0 %
(sufficient)

1éu | 190 | 260 * Main correlated systematics :
Vs (GeV) background modeling
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Ziy* production : analysis

DELPFPHI analvses :

qqluL, qqee
qquU (monojet), Il

OFAL : Phys. Lett. B344 (2002) 259
L(LIY*) = qquu  Z(L ¥*) — qqee

1" P R
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cel/y* productlon analysis
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Signal definition (an graphs)

Mit > 60 GeV

12 > Qe > 120 degrees (visible)
Oet+ < 12 degrees (lost)

Ee- = 3 GeV (alsoe- <> e+)

L3 b S S —— L3
| 1 r

L3 : CERN-EP/2002-103

Issues in calculation :

Collinear singularity — masses in calc.

« &cale for oem and for QED radiation
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ee/Z/y* production : combined results (ADL)
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e Statistics limited

* Accuracy of prediction ~ 5.0 %
(just matches...)

0
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200

010 * Main correlated systematics :

Vs (GeV) detector + background models
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Events / 0.05

coW production : analysis
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L3 : CERN-EP/2002-064
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Signal definition
(t-channel — gauge inv.)
Mqq > 45 GeV  (qq)
Ept>20GeV (1)
lcos(0 e-)| > 0.95 (e)
lcos(0 e+)| < 0.95
E e+ = 20 GeV

Issues in calculation :

(a5 for eely™)

Collinear singularity

—3 masses in calc.

Scale for dem and for
QED radiation
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coW production : combined results
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e Statistics limited

* Accuracy of prediction ~ 5.0 %
(just matches...)

210 * Main correlated systematics :
Vs (GeV)
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Four fermion production - Summary

EXPERIMENTAL RESULTS THEORY
* Gww/ovrsww = 0.997 + 0.007 (stat) + 0.009 (syst) & ~ - 0. 005
« Confirms SU(2) x U(1) gauge structare ~ “wesses®’

* Probes SM calculation at loop level

* Gu/Gmo = 0.969 + 0.047 (stat) + 0.028 (syst) ~ 0.02

* Experimental cross-check for Higgs search

* Gur/Gwemacr = 0.951 + 0.068 (stat) + 0.048 (syst) ~ 0.05
* Gow/Gorace = 0.949 + 0.067 (stat) + 0.040 (syst) ~ 0.05

* Tests predictions in several unexplored regions

¥ also : do/dcosOw, BRyw, £oy%, WWy, Zyy resultis —> LEP combination

Successful program - Solid basis for new physics searches
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Charged triple gauge couplings : analysis

* VWW vertex (V=2.,%) : general Lorentz invariant Lagrangian — 14 parameters
* Models with symmetries asin SM : C and P, U(1)em, SU(2)L X U(1)Y

— 3 independent couplings : &'z (=1) , Ky (=1) , Ay (=0)
related to Wweak charge, magnetic dipole and electric guadriupole moments

../‘

WW: gz Ay (K v)
Wev: Ky (AY)

TVV via WW fusion

(less sensitive)

Fhilip Batnbade

im . Effects from deviations in the couplings :
W . .
| Total cross sections - Boson production polar angles -
'|LI| - L] L]
“im Polar and azimuthal decay angles — Aver. polarisation
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Charged triple gauge couplings : combined results

(single-parameter analysis) Systematic effects (correlated) :
ALEPH i L3 OPAL LEP
| | = ? | | / | J Sonree i Ay K
25
. O 0ty ) COTTECEIOND D015 1 0015 | 0.039
1.5 fyw prediction U003 | U0 | 0.014
1 Hadronisation 0,004 | 0.002 | 0.004
03 \\ Bise-Einstein Correlation | 0,005 | 0.004 | 0.009
%01 085 0 005 01 Colour Reconnection 0,005 | 0.004 | 0.010
Feinatewr prediction TN
LEP pmlimi"ﬂw L e — c e emeaa i R—— —_—
total rates
. 3% CL. O(a) EW corrections
k, =0.943 *J0c0 [ 0.8351.052] angles
A, =-0.020 5050 [-0.067,0.028]
Z - +0.023
97 =0898 o0z [0.95L1.043] largest error : reduce factor 3 ?
~ GOOD AGREEMENT !
sensitivity ~ 2-5 9% without O{ct) EW corrections
» Combine likelihood func. from each experiment Kyss 0.982 Ay —0.005 g'z=1.013
« Careful treatinent of correlated systematic errors (elso pood urreement)
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Neutral triple gauge couplings : analysis

* SM — no tree level couplings between neutral gauge hosons
* Lorentz and U(1l)em invariance + Bose svmmetry for id. bosons — 12 couplings
_ A o E’,' / Zly . s - E f ¥ Zily
CP-conserving : FV fé CP violating : ﬁ

« SU2w > Uiy synmletry ]ml{s Iy + 1L terms (for some operators) —> fﬂifer couplings
* New parameterizations allow bosons to be off-shell

¢ 2R || ¢ 2 Effects from deviations :
“‘“‘w o '- H“:\ | oy Zxy : photon energy - production angle - angle/jet
J * X ~* ZZ : Total cross section - Z Polar angle - Polar.
Y Ve ’ i E‘ém DELPHI preliminary + DATA m
¢ A Z||e Z 3 - ) o .
Standard Model Am:én;?luus " :,::—~—+—_+_c - sl B o
Ly (radiative return) 1,2.3.4 G e Fers
Z.Z (on-shell) | 4?5*“ Yo s =15
Ly*(off-shell) 12V E e P m s

Fhilip Batnbade
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Neutral triple gauge couplings : combined results

Preliminary ]
(Zy single-parameter analysis) Lep ALEPH+DELPHI+ L3+s0PAL (Z% two-parameter analysis)
= 1 . | S
Parameter 95% C.L. 515 Parameter |  95% C.L,
) i -
. — | I [-0.17, +0.19]
hy ~0.056, +0.055] | * fi, 030, 4028
.II 4 | WAy 1 waal
hy -0.045, +0.025] | *“f \ A A 1 —0.34, +0.38]
1 —0.049.  — 0.008 bR A | fE (—0.36, +0.38
3 u iy " A r1.1 3 1 .
E = I I.'I 13 i 1 ! LEF ! ! F'mlim-r'u'n.r:.-
hi —0.002, +0.034] | 7= /I Ea
r : ,l'!". lo? 05 T
hZ ~0.13, +0.13] | st fJis w o (D)) |
I / 1 e A
hé —0.078, +0.071] | s Y Y X ]
h? |—ﬂ2ﬂi -|—ﬂ[|T| “_-u.'.: e Y .-”ll-il By D' 5"'“ |
- b b Zf ] J."r
hf I_Uﬂﬁa + ﬂi?] Iy and 7.7, : CP-conserving terms h:“'r 4j{ and ,fSZ 7

* Separate Zy and ZZ treatments - Future : also SU(2)L X U(1)Y constraints

» Statistics dominated - Only correlated error from cross sections ~ 1- 2%

NO DEVIATIONS ! Sensitivity ~ 0.09 — 0.30  (s101 as pood a5 charged couplings)
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Quartic gauge couplings : analysis

et YW+ Tree level quartic couplings in SM very small

* New physics in scalar sector may vield anomalous
W quartic contributions without affecting triple

/ Z/y y sauge cnu?]ings - Lagrangians :
. V“Y Lo = ‘5 N PR, WOW,  WWyy, 22y
‘:.!:: L, = ";ﬁ e Jant J SWSW VW, 224y

. vahy 0= =W (W, X W)F™  WWZy (creoda

7 ( q9 Effects from deviations :

e+
¥ VV « WWy rate +y spectrum : a‘ﬂ csdn
. 7 » Zyy rate + 2™ y spectrum : Q¢ c
* vvyy (fusion) rate + recoil mass ¢y
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Quartic gauge couplings : results

L3 Phys.Lett. B327/1-2 (2000) 29

WWry signal definition :
+ DELPHI 2002-059 (pre]]m]nmjf)

|V — MwW| <2T"'w

|c0s0 1.1] < 0.90, [cosOy| < 0.95
Ey> 5 GeV o +
Rate combination for WW<y with
channels WWy — qqqqy

|_EF=' r*r-zrl |Mrmr-.rw
0.6 - .

'jlmn i LFED,I

(D+L) WWT —> qq\-'l Y EPT 190 200 210
Je (GeaeV)
WWY results from DELPHI, OPAL, .3 : ‘ﬂéw SN2 "GEV ’ < 0.02-0.05

(single-parameter analyses] (95%CL) anl 2 ‘IGeV 2 { 0.14

Zyy results from L3, OPAL - vuyy resulis from OPAL. —» N0 anomalies
Prelim. LEP (L+O) comb. for : ‘ag{c/ A2 ‘-Gev > < 0.03-0.05
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Gauge boson self couplings - Summary

% Charged couplings agree with SM within... ~2-5%
* SM loops ~ 0.001  SUSY loops — a few 0.001

* Excludes new physics giving anom. contributions O(few %) —» 72°... 7

« Future : Tevatron(10 fh-1) —3 Ay ~ 0.003
LHC(100 fb-1) —> Ay ~ 0.0003 xy ~ 0.02
TESLA(S00 fh-1) — Ay, Ky, g'Z7 ~ 0.0005

* Main systematics : O(c) EW cor. = factor 3 reduction feasible

% Neutral couplings ~ zero, but errors.... ~0.05-0.30

* Less precise & sensitive to new physics — < 0.0001
(operators of higher order) - No unexpected effects

#* Quartic couplings ~ zero within.... ~ 0.01-0.14

* Expected “natural” size (Belanger et al hep-ph 9908234) : a/A? ~ 10-7
* First look at LEP-2 !
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Conclusions

All final exp. results + LEP combinations

expected summer 2003 LEP W.G.D>
'
] DELPHI : ZZ CO-OPETION
Final so far
< L3 : eeZ, e0W, all quartic couplings
(CERN_EP)
LD'PAL : Iy*

Measurements of 4 fermion production
and gauge boson self couplings :
—_— 1mpurtant part uf LEP legacy

D T omw omm omm omw omw o owwE w w
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Add. 1: O(x) corrections - Four fermion simulation

f1
e— o - fg

***‘ '}l “:".
oy
W @

Y h* 4 W<

Non-leading non-factorizable contributions full calculation restricted to CCH3
important at 1-2 %o precision level expansion about W-pole : LPA, DPA

T

RacoonWW: full virtual O(at) in DPA, YFSWW: O(at)in LPA, Agreement:
exact real single ¥ correction,... multi ¥ corrections.... 0{0.002)

Need full 4-f phase space for WW + other topics — include O{c) correction from

YFSWW by reweighting matrix elements in “complete” generators :

1. Koralw (built on GRACE.,...), 2. Wphact (match to generation of ¥y process,...)
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Add. 2 : Treatment of correlated errors in combinations

Four fermion cross section : yf min.

e 8 x 4 measured values

* 8 x 4 measured statistical (or expected) errors
* systematic errors grouped in 4 classes (100% correlated among

experiments and/or energies, or not) :
— 32 x 32 cov. matrix — 7* minimized via matrix algebra

Gauge couplings : 2 log(L)
* QGC — correlated errors neglected

* neutral TGC — global rescaling of £ log(£))

* charged TGC — X log(L) expressed w.r.t. the gauge coupling and
free parameters accounting for 5 correlated errors (each weighted
by sensitivities of each experiment) — simultaneous minimization
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