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2L LEP

et e Collider at CERN
12 years of data collection

with excellent performance!

ﬁz 130-136 GeV (1995)
Js = 161-209GeV (1996 —2000)

-ALEPH, DELPHI, L3, OPAL
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L EP Performance

Integrated luminosities seen by experiments from 1989 to 2000
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number of scheduled days ( from start-up )

The updates and combinations of the final resultsare at the last stage
LEP Working Groups: for combination of measurements
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L EP Performance
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L EP Physics

* High precision extensive tests of the SM have been achieved to ~0.1%

fit,, _meas

Measurement Fit E{D'—"“E—D

N, = 2.9841% 0.0088 |

my [GeV] 91.1875+0.0021  91.1875
I [GeV] 24952+ 0.0023 24960
G Inb]  41.540+£0.037  41.478

R, 20767 +0.025  20.742

Eﬁ

T LA

Al 0.01714 + 0.00095 0.01636
AP 01465+ 0.0032  0.1477
R, 0.21638 £ 0.00066 0.21579
R, 01720+ 0.0030  0.1723
Ac® 0.0997 +0.0016  0.1026
A 0.0706 +0.0035  0.0740
A, 0.925 + 0.020 0.925
A 0.670 + 0.026 0.668
A(SLD) 01513+ 0.0021  0.1477
sin%e=F Q) 0.2324+ 00012 0.2314

my [GeV]  80426+0.034  80.385
Iy [GeV] 2,139 + 0.069 2,003
m, [GeV] 174.3+5.1 174.3
sin“By vN) 02277 +0.0016  0.2229
T TR ATETI TR TS PRETE FRTE EETEE REE T
| [ 1] n n [ k] [ 1] | |

Enmrgy (Gev} Summer 2003 6o 1 2 3
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& LEP Combined m,,and T, results
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my, (LEP) = 80.412 +0.029 (stat) + 0.031 (sys) GeV
I, (LEP)= 2150 % 0.068 (stat) *+ 0.060 (sys) GeV
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Comparison with Other Results
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"o Direct vs. Indirect results
Electroweak fit
'-‘J-I". .‘r ET II'l I I LB | I LI [N II IIII 1 I L} Il B .!I T Iil
) _]r: i v ! -
10k LEP L Ag = '
: | —0.02761+0.00036 /]
0k . { —0.02747£000012 ff .
F 4 1 L= Without MuTey / ; —
Y 1
10 Jenet oL | /o
) _;é |1..T3K-£[I;1|I:Sr -::f r'll i
10k 1 I
-5 27 |
10k _ |
”-ﬁ:l.J||l||||II|IL.J|_II ||}'-l"r‘|-.:51'Jl.Jl_J||: | ; :
100 102 104 106 108 110 112 114 ug f :: .-F” o [Excluded % x /" Preliminary
my(GeVic') 20 100 400

L EP final resultsfor SM Higgs:
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|mportant LEP legacy !

my, [GeV]

Higgslimit :
my, <219GeV at 95% CL
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Higgs mechanism & alter natives &

« Elementary Higgs— Spontaneous Symmetry
Breaking

- SM Higgs ( 1 Higgs doublet)
- MSSM Higgs, 2HDM ( 2 Higgs doublets)
ex: Search for Fermiophobic Higgs

- other models
e Dynamical Symmetry Breaking

( Compositeness)
- Technicolor
- Chiral Color Theories (High Color scenario)
ex: Search for Axigluons

v

Physics beyond SM » Experimental results?
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Fermiophobic Higgs
2ZHDM — Model :  2—-Higgs—doublet
Typel—-Model : Onedoublet couplesto fermions,
the other to bosons

2 CP even neutral Higgs bosons: h (light) , H ( Heavy)
* mixes with scalar field with angle a

e coupling to fermionsis cos(a) for h & sin(e) for H
Therefore L] h is fermiophobicinthelimit g — 71/2

We search for thelight h :

» hZ withh—vyy, Z—qq,IIl,vv
» hA withh —»yy, A —Dbb

» hA withh - vyy, A »hZ, ZQqQ

DESY 28 Oct. 2003 11 Th. D. Papadopoulou



Fermiophobic Higgs

#events

hechannel (. s=183-209GevV)
aqyy 32 (27.2+0.4)
vy 19 (19.5+1.1)
Iy 3 (5.0+0.6)

DELPHI limit :
m,, > 104.1 GeV at 95% CL

Assuming SM
+ No Couplingsto ff:

L EP Combined
liImit at 95% CL

m, >108.2 GeV/c?
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Fermiophobic Higgs

hA production: searched for

« hA —yybb
e hA —=hhZ — yyyyqq
rl:‘-D lr l-l|_.-
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et Technicolor

* New (strong) interactions: ( Aqc >> Agcp )
Technifermions T ( coupledtoW, Z)
 Alternativeto Higgs Mechanism
EW symmetry is broken dynamically
e But thereareproblems:
— precision measur ements of EW quantities
— mass of top quark
— flavour-changing neutral currents ( FCNC)

» Extensionsof TC solvethe problems. “ topcolor- assisted
technicolor ” (TC2)
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7e" Technicolor

New particles: Technicolor scalar = and vector
meson p. light enough to be observed at LEP

N, techidoublets

1) Search for &y
ete—> pr W,y , 7p g
4 jet final state

semileptonicdecays: lvqq

TVv(Q
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Technicolor

2) Searchfor p;

e e —> pr (v) with M <vV's
. p,° ?
L»bb(~90%) b tagging
ee ~pr (1) with M, >2?2
[ow, w,

additional contribution to W* W- cross section

ee —~pr (v)
L» hadrons(qq, @ @ )
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e Technicolor with DEL PHI

Excluded at 95% CL :

90 GeV <m, <206.7 GeV/c? m_ > 79.8 GeV/c?
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Technicolor with OPAL

T I L — 10—
140 §1 OPAL Preliminary - Z OPAL Preliminary

) EnlyobbyM,=200GeV | %
120 UE%T—*hE‘T M, =100GeV =

.':l:{. n.— bgbq’

250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
m,,, [GeV] m,, |GeV]

m(7mp)>62GeV at 95% CL
6 (upper limits ) ~50 - 300 fb
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) Technicolor

DELPHI

’j: PYTHIA v6.139 : M, =M,=200 GeV
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Contact Interactions

signatures of conventional compositeness at L EP 2—» Contact interactions

*Parametrisation of new physics Model | nrr | nrr | Lk | nee
g o f : LLE | +1 0 0 0
ue to composite fermions or T o T T 0 o
New heavy mediators (m, >>+s ) W N N N
AA= | 1 | £1 | F1 | FI
. e i LR= | 0 0 [ £1 ] 0
A istheenergy scale \ / e 5 0 S
/ P A0+ 0 0 +1 +1
5 e
g _ v |
— e. _ . . g = unknown coupling
vy D> 1@V e ) Sy, f;) o= tmknom
= ER 3 = 1for Bhabhas,
Limits set by looking for deviationsfrom SM predictions O otherwise

Observables: 2-fermions cross-sections [ o(e*e — f f), do/dcosf] , Asymmetries, R, ,R.,,...

:> limits A, , A_ correspond to constructive, destructive interference with SM
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Contact Interactions

1

Fully Leptonic

Il — LEP Preliminary
H-7

LL
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w
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VO |
AD [ |

1 I | 1 1 1 L |
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Ai‘
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Contact Interactions

cc — LEP Preliminary bb — LEP Preliminary
LL LL %
RR RR
vV Vv
AA AA
LR - LR N
RL RL
VO EE— VO E—
AD - AD ot
| | | |
25 Tev AN 25 Tev 25 Tev AN 25 Tev
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L eptoquarks

® appear in many unification theories beyond the SM
(GUT, Compositeness, TC, Superstring theories Eg )

e Color-triplet bosons with Couplings to quarks and lep-
tons

» Scalars (8) and Vectors (V) ; F=0 (e7! g) and F=2 (e7! ¢

F=3B + L
® Only family diagonal Couplings
(to avoid FCNC processes | — LFV also considered {HERA )

e Chirality conserving LQ (Very strong bounds from rare
decays)

—> 14 species { 7 Scalars and 7 Vectors)

(BRW effective model : 6 isospin singlets,6 doublets and 2 triplets)

b e(p)
e Pati-Salam LQ)
Search for B, — € p decay " LQ
(CDF : Myg(B,) > 19.3 TeV at 95 % CL ) S n(e)
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(Nexp;

Expected number of events

DeDo — mcu'c |
I 3 0 > wew L eptoquark
DoDe — eue'u |
eew Nexp DDy —> wcu'c i a LEP 1
oo\ e Nexp Dobo —> e ue'u .
\\
] Mg >65 GeV (Irst-gen)
o | | my g >73 GeV (2nd-gen)
ar LU 3y ‘ at 95% CL
Single LQ
i with a=a. | Single LQ production gives
K - the opportunity to explorea
] mass region up to ~ 80 GeV/c?
195% CL upper"r:rm_;ty‘.‘T\ DEL PHI
NTU-Athens
||x|I|1|15:1.x1i1||||11:i=|«|"'J?||11
30 40 50 60 70 8 90
D, mass (GeV/cd)
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Pair Leptoquark at LEP 2

OPAL results
Vs =189 =209 GeV

M(LQ) limitsfor p=1: 96 -102 GeV
OPAL

Topologies |_'.w;_ [ '_. l'lll.'J;-l LR RN RLLRY RRLLY ) LN RLLLY LEa
I qq vE Sup(-213) vt Vaa(-13)
I I E
lvgq 15 £ 15 £
T T
vvaq ik ik

for I=e,p,t :ll: / : :jl: / :
I§||||||||||||||||||||IE | ool ol [EETARTENY I:

u!l LILLAL L UL L L L L L Ll I;
(I T T O 1 L 1 O 1}
My (GeV) My (GeV)

— ["pm, — ["pm
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Single Leptoquark at LEP 2

. — ¥ I P 2 y 2 5 -z
:"[f:-l-f’- —* 5‘]‘.-{3 ~X) 'I-'l-fij.-rﬂ[d&‘"ll I} _.I':-r el Xy 8) Jr*]'.'r"r ["HIJ'.Q-"' lxe), "H'IJ'.(J"' T

Perturbative approach( PA | Resolved photon (RP)

X (remnant)
e

Lvantages A dvantages

e [ull |-:i]|i']||el[.'l-;'r-i [ subprocess| e Includes H.0. QCD
® Scalar and Vector LQ) » non-perturbative terms
Dizadvant ages
e No H.O effects
o Non-perturbative QCD effects

Disadvantages

e Kinematics is limited to Pp=0
e No description of the nature

not included of LQ (8.V)
ERATO-LA) generator PYTHIA generator | Decay modifica-
C Papadopoulos tion | M.Demcheskt et al eross section

*Under the same conventionsfor the Couplings (Chirality)
both procedures are consistent.
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SingleLQat LEP 2

. 2 -
Pertubative Approach: % DELPHI () PRELIMINARY
= ; | SCALAR Leptoquarks
ERATOQO generator = 189208 GeV
8 PYTHIA T
Tg Lq g e B B=1.0, Iq}=2/3,4/3
L _______ fa e ----- B=0.5, 1g=1/3,5/3
i r —— B=L.0, Ig=1/3,5/3
) i I N IR AN AT AT AT AP IR
MLQ(GEVICE)
Resolved photon : $ | DELPHI(b) PRELIMINARY
PYTH I A gener atOF @ E . L VECTOR Leptoquarks
. . =
Doncheski et al. cr-section 3 189-208 GeV
PYTHILA
_J I = alie, Iqi=2/3,4/3
9 r e B=0.5, Ig=2/3,443
S — B=1.0, lq=1/3,5/3
-I|||||||||||||||||||||||||||||||||||||||I

(GeV/ich)
For A=+47Ta@ : m(LQ)>160—189GeV at95% CL ™
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Eventet e — e+ Jet

i Dwmm "m.1 Cww Fims 1 Ta-Jan-zo00 | Ao WooLas u a9 u u bl
{ njasa Y ofam) oj of o1
DAR . IE-Jmi-awmes Bman i TA-Jan-IOOD
CFRFE Y -1 ] LAan+Tm L -] -] ] ] ] ] a
Tt
{ [ &YX 0O N} OF DI &]

DEL PHI

E,.,, 0200 GeV

Signature: e +jet =>M (ej ) ~ 180 GeV
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SingleLQat LEP 2

6, (IQl = 13.513)> 6 (IQ =23 4/3)

Scalar Vector
8, (509 =1 - — W, -5 = QOPAL
L Y OPAL TP e

L — 5, 1

-1
10

L I 1 L 1 L I 1 L 1 L I L I 1 L 1 L I 1 L 1 L I
100 150 im 100 150 20

My, [GeVY) Mg [GeV)

For A=+/4ma : m(LQ)>183-202GeV at 95% CL
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| ndirect L

search at LEP 2

— 1 -
Ew (q) 1L3 prE_l.-"axcludad &
+ - _ ' LQ. F=0 ) 0.8 O -
c e - 49 i L 06] .
e~ Ta@ 5,,] - e
047 T e e (L)
. 02" 5 e
with LQ /squark exchanges DE e See )
- 100 200 300 400 500
In t/u channels 1 |
1L3 prel.
t-channel exchange F=0 0% axciudad
- 0.6 95% CL. .~
u-channel exchange F =2 S 0 "
b — 8, el (L)
For A=+4ma at 95% CL : 0.2; - gaeledth
D-"|""|""|"'I:T|""
m( LQ) > 112 — 375 GeV (Scalar) 100 200 An0D 400 500
M ~[GeV]

m( LQ) > 159 — 557 GeV (vector)

» Likefour fermion contact interactions at scale A >> \/E
* Limits on LQ Couplings up to high values ; mrg >> /s
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R-parity Violation

« What i1s Rp and why go beyond ?

» adiscrete multiplicative symmetry in SUSY models
connected to matter parity

1\285+3B+L
R,=(-1)

Rp= 1 for SM particles

Rp= -1 for SUSY particles
0 SUSY particlesproduced in pairs

0 LSP isstable

0 experimental signatureof SUSY E T miss
— fast proton decay Is suppressed
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RpV Superpotential 40

« Rp can be explicitly broken by trilinear terms in the superpotential
W :}Iijk LL.E, +Aijk L,Q;D, +Aijk U.;D.D,
AL Z0 AL %0 AB %0
9 Couplings (i # ) 27 Couplings 9 Couplings (J#k)

v (P - Lv (7°) g T
() < S _
A _1‘ AH
I 1y 7 T

0 single sparticle production viaa AL # 0 or a AB # 0 operator

0 Unstable LSP !

o0 Signature of multilepton or multijet events in excess
— fast proton decay issuppressed if Lepton and Baryon number Violating
Couplings not ssimultaneously present
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Decaysviatrilinear RPV Couplings

Decay topologies
9 Aij + 27\, ik tOA " = 45 new couplings

H|erarch|esm RpV Coupllngs expected (asfor Yukawa Couplings
gener ating fer mion masses)

e direct decays
grE (g d I
2 () (£7) ; 4 . 7 ’/,_
aj) v (£7) b) B c) A

e indirect decays

i -0

d) ~f e R &
=) multileptons - multijets
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LSP Decay Length -£0

~0
Decay Length of X

3 e 1ot

] m7 | GelV ¥ decays outside De[e:'[nzfﬂf
L = 2 ﬁf;’ecuﬁ msile L:Iete:'tm;f'rl
A OOGe V m)? Lo ;”ﬂ Displacad veniuiilrf
il -
o -
i -

« LEP analysesaresensitive ¢4
only if the L SP hasa negligible
lifetime (L <lcm)

> m.>10GelV

)

¥ decays within lem
10

Excluded

0 10 20 30 40 S0 G0 70 S0 90
—~ 10 -5 < ;\, < 10 —2 -1 M) (GeVich)

Displaced Vertices< A < indirect SM bounds
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Search strategies
» Supposeone Coupling X;,0 )#0

» Consider that many channels have to be combined
» Optimize Signal selection on various topologies

--with sequential cuts: ALEPH, OPAL, L3, DELPHI (LLE)
--using lepton identification and lepton isolation criteria(LLE , LQB)

-- with neural network methods: DELPHI (U ﬁﬁ)

--using jet algorithm, b tagging (LQD,UD D)
» Calculate signal reconstruction efficiency

-- optimization on different mass combinations depending on the
decays and the kinematics

> If nosignificant deviation from the SM, set 95% CL limitson:

*cross-sections * couplings and sparticle masses * exc:Iusiont Iolt\ﬁiSnSM
e
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ot Theor etical Framework of sear ches

Minimal SUSY scenario:
- Topologies predicted in a Constrained MSSM => | CMSSM

e gaugino mass unification (M, = 0.5M,) at EW scale

« Massuniversality at GUT scale=> g, tanf, my

* Trilinear termsaresetto 0=>A,,, =0

* Mixing anglesfor stop and sbottom => -, ¢5

Boundson RpV Couplings at EW scale:

A :~510%2 XL :~2.102%(131) upto 0.56 (232)

A7 ~05upto~1.23 (except A 15= A 15~ O(109), A7 5 = X7 115=104)

(for a sparticle mass of 100 GeV/c?)
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resonant sneutrino production
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Single gaugino production

n~ry @@ Y

. . . 2
Resonant sneutrino I/’u , Vr production g /]

ijk
sl Drobes massesup to E /
o | . [ - r'-'.I]_f.] e BT
» Single gaugino production >_::_-E_:1-t< ?‘3 ,
Analysis of final states: 3topologies - A Py o 1 3 X

» 2leptonsand E .« ~

1 D—'I excluded by precisicn measurements {indirect limit)

> 4 or 6leptons

(with or without E ;o) Excluded by this analysis

> leptons+ jets m—i:_
« Couplings Ajp; , Ajgq EDELPHI
(A, tang=1.0
limitson A O e T T e 180200220
—» 1.—3. 103 | for tanp=1.5or 30. M,(Gev/c?)

DESY 28 Oct. 2003 40 Th. D. Papadopoulou



e

et/ Single sneutrino production
e single sneutrino Ve ,V/J ,VT production : e y — Vj lk
AL EPH
9
e e -
v =
é & 1 :E
S S T g
£
-
« Couplings kljk and Aygq < e
« multi —lepton final states | ;::t’fj"'
(direct /indirect) /
— Direct d
—> 6 analyses 10 2 | ALEPH - Il:;:ftt nf:tﬂ;y
Upper |imitSOn)\« 60 B0 100 120 140 160 1850 3
~ 7. 10% - 3. 10? MW (GeVie
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Gaugino pair production

A N '\
2, 4 and 6 leptons 2, 4 | ets +lepton(s) multijets + leptons
(+ Emiss) (+ Emiss) (+ Emiss)
* Final states

XU A+E 1,20+ 45+ F 6J
21 + 4j
Xt x* (dir.) 2,4, 60+ 1,20+ 45+ 8 6j
X XE (ind) | OX°HWW YOXHWW XEOXCHWW

> +nj+f >4j+nl+F >65+nl

* X indirect decay isthe dominant decay channel in aimost all the
MSSM parameter space
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Limits from Gaugino sear ches
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« Limitsin MSSM parameter space

Scansin p, M,
for different
valuesof m,
and tanp

2200 —1e ¢ P 200 L200 -100 o 100 200
i (Gev/c?) o e/

ALEFH ALEPH

n_=

530 GeVic]

1t (GeVic)

I (GeV/ic)



Gaugino mass limits ADLO

G 55| | DELPHIL : = 192248 Gev
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slepton pair production

~ ~ ~  °Directdecay: e"e" - [ 1 - 4 fermions
€, ILI > r o Indirectdecay: e‘e” - Il X' X, — 8 fermions
A OPAL
ALEFH
— 05 -
CO
J o4

2]k
20 ?‘“’111{ i
0 Lifetime Signature  :
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slepton pair production
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Sneutrino pair production

v,,V, V. *Directdecay: ¢"e” UV - 4 fermions

© H e Indirect decay : o* " 70 y0 :
Y e'e -VVX X, — 8 fermions(2V)
0.4 ALEFH 10
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Squark pair production

OPAL Preliminary

o ‘le D‘Hftdecayslf

 Direct decays:

=> a“ a’ => 4 fermions
* Indirect decays:

=> ¢ q)N(IO)N(IO:> 8 fermions
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Squark pair production

t,b . Mixing: 4 =1, cos¢, +1,sing,

A
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% Conclusions for RpV searches

RpV hasinspired new interesting scenarios of SUSY sear ches
RpC and RpV aretwo complementary ways of SUSY sear ches

Searchesfor SUSY with RpV performed by all LEP
collaborations ( ADLQO) in ...many channels

No evidence for SUSY with RpV sofar at LEP

Limitson SUSY particlesand RpV Couplingsare set at 95% CL

Limitsfrom RpV arein the majority of cases
mor e conser vative than the RpC ones
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Extra Dimensions

*\Why extra dimensions ?
 Why not ? String people believethat d =10

* Extra dimensions compact on somesize R~1/M,

« Why isgravity soweak ? M,=v 1/ G ~108GeV

Scenario

» SM particlesareconfined to 3+ 1 space—time dimension

» Gravity propagatesin 4 + 6 dimensions
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rot Extra Dimensions: Motivation

» Gausslaw must work in 4 and 4 + 6 dimensions
M’r m”r-

My isthe fundamental Planck scalewhen r =R

Hence M, =M} R°

If Mp~1TeV , wehave @
60 =1 2 R=108m - excluded by macroscopic gravity

d =2 =2 R=10mm =2 limit of small-scale gravity experiments

d=7 2> R=10Fm

=> Extra dimensions are compactified over R <1 mm
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Extra- Dimensions

Arkani-Hamed, Dimopoulos, Dvali (ADD)

Our worldis(4 +d) dimensional

SM fieldsliveon a4 —branewhile
gravity can propagatein thed extra
compactified dimensions( “ bulk " )

Bulk

Thegravity isstrong in the “bulk” but weak at the 4-brane

R can belarge( ~1 mm) @

| nfinitetower of KK excitations of Graviton G K

Investigation in the production cross-section of tt pairsat theLHC
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Cross section at 208 GeV (th)
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Extra- Dimensions
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Extra Dimensions

Graviton

Combined Limitsat LEP

for indirect search

OPAL preliminary

S 5 pTTTTTTTIE T

Tis g OPAL preliminary
: Mp (A =+1)>1.03TeV
: Mp (A =-1) >1.17 TeV

& 4 -3 -2 -1 0 1 2 X% 4 S
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Conclusions

* Resultsfrom 4 LEP experiments are consistent
and in good agreement with each other.

e Preliminary LEP combined resultsarein good
agreement with SM expectations

- No evidencefor New Physicsat LEP

I nteresting new physicsis expected to appear
at the TeV range at LHC & NLC
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As an Epilogue

|l EP2 HERA Tevatron LHC e NLC

27?7

New Physics ?
»All hopes are shifted to future colliders!

“ Ithaki gaveustherewarding travel ......1 ”

C. Kavafys
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