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» Z physicsat LEP |
* W & other SM physicsat LEP |1

» Higgs sear ches
* New phenomena
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= ALEPH DELPHI L3 OPAL

N 9 o

" LEPI (1989-1995) +vVs=m,
- Z boson physics
= LEPII (1995—-2000) 130 GeV <Vs< 208 GeV
- W boson physics
- searches
* High luminosity
= 1 fb-Y/experiment collected
= > 4[10° Z decays& =10k WW events

* Precise beam energy calibration:
<x1MeV (LEPI) =zx15MeV (LEPII)

» Todate = 1300 publications by the four experiments
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* The SM iscorrect
- up to 209 GeV
- & beyond treelevel

= Many high precision
measur ements
- €.0. Cross sections

* The only missing piece:
The Higgs boson

- ete- - HZ not observed
= my > 114.4 GeV

* No new phenomena observed
- .. no SUSY particlesfound
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= | EP resultsfrom cross section and
Arg measurements around the Z pole

m, = 911875 + 0.0021 GeV
r, = 24952 + 0.0023 GeV
g%, = 41540 + 0037 nb
R, = 20767 + 0025

A%, = 00171 + 0.0010

eg. Am,/m,=+23010°

40
L3 . O 1990-92
- ¢'e” — hadrons [ L0
30 H L A 1994

.\% @ 1995

88 90 9 o1
Vs [GeV]

Number of neutrino families:
N, = 2.9841 + 0.0083



= Comparison of LEP experimentsto SM prediction

Experiment I, [MeV] Experiment Ri=Thq/T

ALEPH '» 24959+4.3 ALEPH —e— 20.729 £ 0.039

DELPH| —@— | 2487.6+4.1 DELPHI of— 20.730 + 0.060
1 1

L3 ' | —e— 2502.5+4.1 L3 Lo 20.809 + 0.060

OPAL O 24947 +41 OPAL | 1—@—— 20.822+0.044
1
! x?/dof = 7.3/3 ! x?/dof = 3.5/3

LEP o 24952+23 LEP ' 20.767 +0.025
1

common error : 1.2 common error 0.007
1

10 %4 : 10 35

1
1
1

> B

S 2 S (2

210 2 210 24

I ] . L]
= ag = 0.11820.002 = ag = 0.1180.002
linearly added to linearly added to
. M, = 174.315.1 GeV M, = 174.315.1 GeV
J. Mnich 10 10
2.483 2.495 2.507 20.65 20.75 20.85
5.10.2004 r, [GeV] R
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» |_epton universality in neutral currents

(incl. SLD results)

= Lepton couplingtotheZ
Ratios of coupling constants:

g.Mg,e = 1.0002 * 0.0014
g.vg,e = 1.0019 * 0.0015
oMo, = 0962 + 0.063
og,/9,° = 0958 + 0.029

L epton universality
tested to 103in g,

= Comparison to SM:
preferencefor light Higgs
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= All cross section and Ay
measur ements expressed in
terms of fermion couplings

g and g,

- high precision for charged
leptons and c- & b-quarks

- larger contoursfor light
guarks

- [, Strongly constrains
(9a)* + (9 V)?

0.8 | "Preliminary |

0.4—: }
5 o :

-0.4—: }

'0'?0.2'8%9%0'4' 0 04 08



» Asymmetries at the

0.l

Final
0.23099 + 0.00053

0.23159 £ 0.00041
0.2324 £ 0.0012

Preliminary
0.23210 £ 0.00030

0.23223 £+ 0.00081

0.23147 £ 0.00017
x?/d.0.f.:9.7 /5

& Aajo,= 0.02761 + 0.00036

Z-pole Aty
- forwar d-backward AP
- left-right (SLD) Q"™
- tau polarisation
Ary
sin2@ = 0.23147 + 0.00017 A
.- - Aver
70104 precision! T
>
= Preferencefor a (3
light Higgs N
(consistent with Z widths) < 107
J. Mnich
5.10.2004 0.23
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—
0.232
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g m, = 178.0 + 4.3 GeV

0.234
lept
eff
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» Cross sections and FB asymmetries at high energy

Cross section (pb)

Gmeas/ GSM

preliminary
| V575> 0.85 |l EP
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= 7" boson

lons;

teract

N

= Contact

m,. >1.786 TeV (SSM)

= Example

N>0(10TeV)

= Example

left-right model

- WS, TT
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» |[mportant testsof QCD
performed at LEP, eg.

= gluon salf coupling 018 |

- SUQR)c

= M easurement of the strong 016 Hs

coupling constant a(m.) i
cf

from hadronic event shapes 14 |

a(m,) = 0.1202 + 0.0050

= Running of a established
between 40 — 208 GeV

0.12

0.1

J. Mnich 0.08 -

5.10.2004
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& JADE

B LEP (preliminary) =

—— QCD NNLO
%Ny =9.8716

L1 1 e I | | 1 1 1 1 | 111
75 100 125 150 175 200
Eqy [GeV]
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= Total cross section

ee - WW-

30 | L E P' | I1 6/07/?—0—(3'2

| PRELIMINARY

20

10 1

y YFSWW/RacoonWW
....no ZWW vertex (Gentle)
ﬁ ....only v, exchange (Gentle)

160 180 200
Vs (GeV)
2> ZWW & YWW vertices exist

V/Z w*
i W-

ete - 27
18/07/2002
o) ' | ; | ; !
a | LE P PRELIMINARY
e ZZTO and YFSZZ
N
(o)

180 190 200
Vs (GeV)
> N0ZZZ or YZZ vertex
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= F-rom etes - WW~-events
» useinvariant mass spectra
= and kinematic constraints

>p=0 Y E=4s

= fully hadronic & semi-leptonic
= channels useable
ee - W' W~ - ggqq
- qqglv (I=e,u,1)

» = 10 k events/expt.

» Absolute energy scale given
by LEP beam energy

AE, =+ 17 MeV




» Sample spectra:

= | EP Result:

m,, = 80.412 + 0.042 GeV

" in agreement with
Tevatron Run |
m,, = 80.452 + 0.059 GeV

J. Mnich
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Number of Events / 1 GeV

WW — qqev

o 80 RS R RS L R R R D R LN
2 r .. 1
2= | ALEPH Preliminary +s=188.6GeV |
O 70 & eyqq selection 3
= [ e Data (Luminosity = 174.2 pb™)
5 [
S 60— MC (m,, = 8035 GeVic) ]
g I W Nonww background
& 50 - q
40 [ .
30 3
20 - 4
10 - e
0 5;) 55 60 65 70 75 80 85 90 95
My, (GeV/c)
WW — qqTv
preliminary
50 T ——
® Data qqtv L3
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40 - EIM.C. background © |
30 - —
M,y = 80.19 + 0.35 GeV

events / 2 GeV/c®

9 [
80 |
70 |
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50 |

=
%
S
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et
2

WW — qq uv
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e
WW — gauv 3

¢ data
qauy simulation B
(my=80.35) ]
r H ogvsimulation E
B 7(»)+7) simulation *

50 55 60 65 70 75 80 85 90 95 100
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WW — qqqq
OPAL Preliminary, \s=189 GeV
T T T T T

—  MC (WW-+bkgd)
@ Vs=189 GeV data

95
M, (GeV)
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W-Boson Mass [GeV]

= Comparison of direct

& Indirect W mass TEVATRON —te— 80.452 + 0.059
measur ements LEP2 —a  80.412+0.042
Average —P- 80.425 + 0.034
%%/DoF: 0.3 /1
NuTeV ~ —a— 80.136 + 0.084
LEP1/SLD —a- 80.368 + 0.032
cos® =m,/m, -
LEP1/SLD/m, -a- 80.379 + 0.023
| 810 o I80|.2I | I86.4I | I80|.6I o
m,, [GeV]

— SM iscorrect at tree-leve

or: p=1+rad. corr.



= Comparison of top massesfrom LEP & Tevatron

- Indirect measurement of m at LEP & SLD
leading contribution to weak W
radiative corrections
Ary, O (M?mg?)
.. —_ +12
- From precision Z observabless m; =2 g GeV

- Compareto direct messurement: m, =@ +4 GeV

— TheSM iscorrect at one-loop leve
J. Mnich Thisisthediscovery of LEP & SLD

5.10.2004
Slide 17
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80.6 T ,
| —LEP1, SLD Data
| -~ LEP2, pp Data
80.51 68% CL
>
()
©. 80.4-
=
S
80.3 1
m, [Ge ]
80.2 .1.14. :,30. 000" IPIrelllmllnalry
130 150 170 190
m, [GeV]

210

L |

Gy _ Ta 1

J2 2 m%a 2oy 1-Ar|

1-Ar =
(1- Aa)(1-Ary,)

Sub-leading
contribution to Ar,,:
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(5)
A0y g =

. i —0.02761+0.00036
R ¢ == 0.02749+0.00012
i e« incl. low Q° data

| Excluded

/=*Preliminary

20

m, [GeV]

400

= 9500 CL upper limit
m, < 260 GeV

= NB: higher my limit due
to increased m,



= Sear ch for the SM Higgs boson

- before LEP: no solid mass limit
- Higgs sear ch needs copious sour ce
of heavy particles, e.g. Z bosons

= Higgs search started with LEP

= Higgs-strahlung e'e” » HZ d Vs =200.0 Gev

at LEP I 10-1;Higgs-Strathng

H — bb 85%

e™ Vd — 7t~ 8% 10-2_
* r a 2
. Q | Ww-Fusion
— o=
© 10 =
r ZZ-Fusion

e Z —qq, L0, v

= Production of areal Z boson
J. M .h - - '5—.1..|....|....|....|....|....|....|....|,...
5.10.2:;;4 @MaSSIHformatlon mff = mZ 1050 60 70 80 90 100 110 120 130 140
giceso |  @Max. sengitivity my, =vVs-m, m,, [GeV]

4]
10 ¢
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\ mass=5.

SJ‘;GeV L3
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= Example: massdistribution of best candidates

- 2 Sigma excess at
high masses

- from likelihood

analysisfinal
LEP result:

my > 114.4 GeV

(95% CL)

Events / 3 GeV/c>

LEP

Vs =200-209 GeV Tight

-+ Data

D Background
I Signal (115 GeV/c)

all > 109 GeV/c?

i Backgd

Data

Signal

18 4
14 1.2
2.9 2.2

+ + &

; ‘

20

40 60

L J_\ Il L L

80 100 120
2

myrec (GeV/c™)



= MSSM: five Higgs bosons

h,H CPeven
A CPodd
H* charged

= Example: search for neutral Higgs bosons
main production mechanism:
ee -hZ (m<my) = - b

ete” - hA >“ZN< >,5\4:
odsn?B-a) oO c:osZ(B—O()A

* H and A decaysdepend on MSSM paramters
SM analysish - bb to be complemented by
_ flavour independent sear ches
>MN e Consider herem, max. mixing scenario
5.10.2004 . .. .
Sideo3 designed to maximise theor etical upper bound on m,,
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= Exclusion in the

m, —m, plane

N
- [m,-max
L il

Theoretically
Inaccessible

~ Excluded

by LEP

0 20

P T T
40 60

[ I I
80 100 120 2140
m,. (GeV/cT)

= Projection in them, —tan 3
planeusing M SSM relations
= Exclusonof tanf3=1

lTlho-lTlElX

10
Excluded
by LEP
1 F -
Theoretically
Inaccessible
1 I 1 1 I 1 1

I L1 P P I ST (NI E Ly |
0O 20 40 60 & 100 120 2140
m,. (GeV/c")
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Events/2 GeV

= 2HDM: Higgs decays predominately into bosons
* Benchmark: all fermionic decaysturned off
» LEP: Searchfor H - yyand H - W*W-

L R DI N GRS R ER
Photonic Higgs Search
LEP Combined

263 obs / 289.6 expected @ data | LEP Combined ?%
1 SM Background %
Bl m=110 GeV signal r %

+ 1 Excluded Region

Upper Limit on B(h'—vy)

o vl by I o L
20 40 60 30 100 120 20 40 60 80 100 120

M., (GeV)

M, (GeV)

my < 108.2 GeV
BR(H - vy) < 6%

Result:
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= Search for Higgs bosons decaying into invisible particles
e.g. neutralinos, majorons, ...
» Exploit Higgs-strahlung process

e+ " = Signature of invisible Higgs:

cross section, pb

o
(9}

g
[Se]
W

<
i

0.15

w7

__________________________________________________________-___________9‘________4____________________-

----------------------------------------------------------------------------------------------------

.......... SM rate

________________________________________________________________________________________

-
-
-

______
__________
-
-
-
_____

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

90

95 100 105 110 15 120
M,, GeV/c’

- acoplanar jet pair or
- acoplanar lepton pair

| f SM cross section

my > 114.4 GeV



= Search for supersymmetric particles
was a key element of LEP physics 7, APLO Preliminary

'ICI (INLSP) 5= 189-209 GeV
ag 100 —> :0_1'%
= Various models investigated: S |
- Constrained M SSM Ry
- GMSB with gravitinoasLSP  » i S
- R-parity violation o M © RS
- g TS stes c. I '

= Searchesfor almost all SUSY partners
septons, squarks, charginos, neutralinos

* |[nterpretation in termsof limitson

Cr 0Ss sections, masses & SUSY paramters
J. Mnich

5.10.2004

| * Herejust a few examples
Slide 27




= Fasiest case:

- scalar muons " Result: | o
- pair produced in s-channd M ass exclusion closeto kinematic limit
et E* Vs = 183-208 GeV ADLO
/Z NQIOO I~ é+é_
> | RR
Q
4 's 3
=80
= Scalar muon decay =
i px°
= acoplanar muon pair 60
bkgd from WW - pvpuv

40 °
= Other leptons more mode - — Observed
dependent B Expected

- L-R mixing for scalar taus 20 |

Excluded at 95% CL |
| - t-channel x° exchange for [ 200 Gevieh ) i)
1300 Scalar electrons 050 6'6' - .'70 780 - '9‘(5' ~ '15(])0'
5.10.2004
| M. (GeVi/c?)
Slide 28 R




* Complementary to TEVATRON

= Example: o
scalar top in the
decay channel

- cx° = | S

= Sentivity at LEP also | g o
for small | AemmeE cpp

1 A ; L =
Am=m,-m

| A
O-E=== 5 5 B

3. Mnich 60 80 100 120
5.10.2004 Mstop(GeV/Cz)

Slide 29




= Chargino pair production
- t-channel y/Z exchange
or s-channel selectron
(sneutrino) exchange

» Chargino decay through
W* (Z*)
Xt - W*X° - aq x
- luy°

= Signatures.
-largeAm (> 3 GeV)
prompt lepton or jets
- small Am:
 heavy stable charged
particles

J. Mnich e tracks with kinks
5.10.2004 » soft eventswith | SR
Slide 30

6upper limit (pb)
2

100 FADLO Vs >207.5 GeV

" large Am search

80 -

50 60 70 80 90 100
My (GeV)

= Result for any Am
m,, >91.9GeV

0.8

0.6

0.4

0.2



= No direct absolute limit
on neutralino (L SP) M SSM neutralino mass limit versustan 8

ete _, XOXO _ Wlth LEP ‘Comblned Results
vanishesfor pure photino N§ o - m,. S__l___.T_e_Y/_c _____________________________
& heavy selectrons @ = 178 Gewc
. . . g @ - 175 Govi)
* Limit obtained using > -
- MSSM relations &

- other SUSY searches 0 NRNNARR

Higgs

chargino 48

sleptons
J. Mnich ' NN
5.10.2004 )
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= Signature of many SUSY processes.
single photon or acoplanar photons

€0. €€ 5 Xo X1 — X1 X1Ys €€ 5 XoXo - Xa X1 MSSM
ete - X1 X; -» GGvyy GSMB with x1 NLSP

» L EP combined recoil massdistributions
» Perfect agreement with SM processese*e” —» vuyand e'e” - Vuyy

130 <Vs< 208 GeV 130 <\s< 208 GeV
ALEPH DELPHI L3 OPAL ALEPH DELPHI L3 OPAL
~1000 —~ 80
S single photon L2 acoplanar photon pairs
E : l:l VV’Y('Y) E 70 - I:I VVY(Y)
I 800 NI
= 1 % 60
= = i
e 5
M 600 @ 50
] 40 -
400 ]
. 30
200 — 20
J. Mnich 10
5.10.2004 0 P . PP t ++,
O 25 50 75 100 125 150 175 200 O_P\\\lll\\1|II1!l\I\\‘\\\1‘I\\1|I1II[III!‘\
Slide 32 o pee— (GeV/cz) 0 25 50 75 100 125 150 175 200
Recoil mass (GeV/cz)
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= | EP exclusion of SUSY

Inter pretation =

of the CDF event é

(efeyy+ miss. energy) g
qq - e

- e*e‘é[)jé
- e'e Gy Gy

~ 120

110

100

90

80

70

60

50

ALEPH DELPHI L3 OPAL
e'e > i) — GGyy
130<Vs<209 GeV

"/ Excluded at 95% C.L.

m(e) (GeV/c?)
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» SUSY in general doesnot require R-parity conservation

Baryonic

umber Spin + i
Numbe - 1 for Standard Particles

R, =(—1)""L2

number = -1 for Supersymmetric Partners

R, conservation: R, violation:
Pair production of SUSY particles Single production possible
All SUSY particle decay into L SP L SP and other SUSY particles

decay into standard particles

L SP isstable and interactsonly weakly | LSP isno dark matter candidate
(good dark matter candidate)

Main experimental signatures:

Missing ener gy Multi-jet and multi-lepton final
states
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= Example: scalar muon exclusion

= For high Am: —
Limitsreach values  © 100 |- 95% CL ALEPH DELPHI L3 OPA
. > I .
comparable R-parity  § - preliminary
conserving M SSM 5, 80 -
sear ches = |
[] 60
40 expected
i observed
mg > 96.6 GeV [
mfj > 96.8 GeV 20 -
>
me 9.9 GeV o |Lifc—;tirrre Sign|ature | |
OIIIIIIIIIIIIIIIIIIIIIII

50 60 70 80 90 100
M:(GeV/c?)
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» L EP experiments established the validity of the SM
with high precison
- up toacmsenergy of 208 GeV &
- beyond thetreelevel

* The (SM) Higgs boson islight
- m, >114.4 GeV from direct search
- m, <260GeV from rad. corrections

* No new physics observed
- limits, e.g. on SUSY, often close to kinematic limit

» Legacy for theLHC
- completethe triumph of the SM with the Higgs
- replace it by a New SM
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= Moreinformation on LEP resultsfrom
LEP Working Groups.

e Electroweak

« SUSY Searches
 Enerqy Calibration
e Exotica Searches

« QCD/Two-Photon
 Heavy Flavour




