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Higgs
❒ MSSM with CP violation (LEP,O)
❒ Flavour independent hA (D,O)
❒ Two Higgs Doublet models (O)
❒ Fermiophobic h→WW* decays (A,L)
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Extra dimensions
❒ Branons (L)
❒ Radions in RS (O)
Exotica
❒ 4th generation quarks (D) 
❒ Single top via CI  (D,L)
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Introduction
LEP2 data sample
❒ ~700 pb-1 per experiment at 130-209 GeV
All results at 95% CL
❒ 'Almost' model independent upper bounds on cross-section times

branching ratios
❒ Limits on particle masses and parameters in specific models
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❒ 2 Higgs doublets resulting in 3 neutral and 2 charged Higgs bosons
❒ CP violation introduced via radiative corrections by the phases of the trilinear

coupling A and mgluino. It leads to sizable off diagonal contribution to the mass
matrix

❒ H1, H2, H3 mass-eigenstates do not correspond to h, H, A CP-eigenstates
❒ Main production mechanisms for neutral Higgs bosons

All Hi can couple to Z in Higgs-strahlung in CPV MSSM
❒ CPX scenario designed to maximize CPV effects
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Neutral Higgs bosons in MSSM
❒ h and A are excluded by LEP in CP-conserving benchmark scenarios up to at

least  m~87.3 GeV and 93.1 GeV (except for a tiny region with tanβ<0.7 in the
no-mixing scenario)

❒ In CP-violating scenarios, a light Higgs boson is not excluded

FeynHiggs2.0 FeynHiggs2.0 AND CPH
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Effect of top quark mass

169.3 GeV 179.3 GeV174.3 GeV

  Small change in maximal theoretically allowed mH1
  Large change in prediction of σ, mH1/mH2 for given (mH1, tanβ)
     (new feature w.r.t. CPC MSSM)
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Flavour independent
neutral Higgs boson searches

❒ Motivated by models with
suppressed couplings to bb (e.g.
MSSM large-µ scenario, 2HDM)

❒ hZ and hA (H1H2) followed
by h,A (Hi) → qq, gg

❒ Experimentally challenging to
separate the signal from VV and
qq(g) production (loss of b- and τ
-tagging)

C2=1 for maximal σ allowed by 
EWSB and Br(hadrons)=1

Note: Similar model independent
presentations of the LEP results are 
available for MSSM Higgs searches
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Neutral Higgs bosons in 2HDM(II)
❒ 2HDM type II without

additional particles
❒ CP-conservation assumed
❒ Parameter scan:

1 ≤ mh ≤ 130 GeV
3 ≤ mA ≤ 2000 GeV
0.4 ≤ tanβ ≤ 40
α = 0       (Br(h→bb)=0)
      ±π/4  (max. mixing)
      ±π/2  (min. mixing)
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Higgs decays to weak gauge bosons
❒ In SM Br(H→WW*) increases with

mass: Br≈5% for mH=115 GeV
❒ In fermiophobic Higgs models it is

the dominant decay for high masses
❒ Benchmark scenario - SM with

direct fermionic decays switched off:
Br≈75% for mH=100 GeV

❒ e+e–→ HZ →W+W–*Z leads to 96
different 6 fermion final states
grouped into 6+ topologies
depending on the number of jets,
hard and soft leptons and missing
energy in the event

ALEPH preliminary
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❒ LSP: light (< 1 MeV) gravitino
❒ NLSP: lightest neutralino, stau or mass degenerate charged sleptons
❒ Gravitino couples very weakly to heavier sparticles, they decay in cascades to

NLSP
❒ Signatures: from 2γ /2l to high multiplicity final states with jets, l’s and γ’s
❒ NLSP decay length depends on SUSY breaking scale (√F=100 - 2000 TeV)

and is unconstrained
❒ Signatures with increasing decay length:

❒ Energetic l’s or γ’s  + Emiss
❒ Tracks with large impact parameter
❒ Kinked tracks
❒ Heavy long-lived charged particles

❒ Many (sometimes overlapping)
channels need to be combined to get
lifetime (→ √F ) independent results

Gauge Mediated SUSY Breaking Topologies
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Cross-section limits
❒ For direct NLSP production and (for the first time) cascade decays
❒ Independent of NLSP lifetime and intermediate particle masses
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NLSP mass limits

MNLSP > 87.4 GeV
            (87.6 GeV)

MNLSP > 93.7 GeV
            (93.6 GeV)

MNLSP > 60.1 GeV
            (60.0 GeV)

LEP preliminary:
σlimit ~ 0.015 pb

Neutralino NLSP (τ<10-9s)

M > 96.8 GeV

Slepton NLSP

Slepton co-NLSP:
sleptons are mass
degenerate, the best
(smuon) limit sets a
common mass limit:
93.7-Mτ =91.9 GeV

LEP preliminary:
m > 86.9 / 96.3 / 65.8 GeV

OPAL
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Exclusions in GMSB parameter space

 Lower limit onLower limit on the mass scale  the mass scale Λ, Λ, validvalid  for all for all tantanββ, ,   sign(sign(µµ), ),   messenger massmessenger mass
MM  and NLSP lifetimes (and NLSP lifetimes (→SUSY breaking scale))::
ΛΛ  > 40, 27, 21, 17, 15 > 40, 27, 21, 17, 15 TeV  TeV  (messenger index N=1, 2, 3, 4, 5)(messenger index N=1, 2, 3, 4, 5)

 In neutralino NLSP scenario, this implies a limit on the neutralino mass:In neutralino NLSP scenario, this implies a limit on the neutralino mass:
53.5 GeV (N=1) and 94.0 GeV (N=5)53.5 GeV (N=1) and 94.0 GeV (N=5)

Higgs massHiggs mass  
constraintconstraint  
sensitive tosensitive to  
uncertaintiesuncertainties

OPALOPAL
µµ>0>0
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Extra dimensions
❒ A novel way to solve the hierarchy problem, inspired by string theory
❒ Basic idea: extend the 4D theory with n extra dimensions. Allow gravity to

propagate in the full space (bulk) but constrain the SM particles into a 4D
subspace (brane). Many variants, extensions…

❒ Arkani-Hamed - Dimopoulos - Dvali (ADD) model (1998):
MPlanck in 4D appears enlarged w.r.t. the fundamental value MD (~ EW scale)
in D=4+n dimensions due to the hidden volume Vn of extra dimensions:
MPlanck

2=Vn MD
2+n

❒ Randall-Sundrum (RS) model (1999):
One extra dimension. Generate the hierarchy by a
specifically chosen “warped” geometry → gravity
will be located close to a 2nd brane and its
propagation in the ED is exponentially damped

❒ Experimental signature: Gravitons propagating in the bulk give rise to a
Kaluza-Klein tower of massive excitations on the SM brane
– contribution to ff and VV production
– direct graviton production (γ/Z + Emiss)

Gravity
SM

r0
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Branons
❒ In a general ED theory where SM particles live on a 3-brane, the presence of

brane fluctuations with typical size of 1/f   (f: brane tension) manifests themself
as new scalar weakly interacting particles: branons (possible dark matter
candidate)

❒ On flexible branes (f<<MD), graviton KK modes decouple from SM particles
→ first ED signal: branons,

❒ Study γ+Emiss and Z+Emis   final states

assuming 1 branon
of mass M
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Excluded

Radions in RS model
❒ Radion: new scalar corresponding to local

fluctuations of the inter-brane distance (r0)
❒ Radion mixes with Higgs boson giving a

radion-like and a Higgs-like state
❒ Radion and Higgs couplings are similar

grxx ~ v/(√6ΛW)  ghxx but radion also couples
to gg (dominant)

Energy scale
on SM brane,

Reinterpret 
SM, flavour 
and decay-
mode inde-
pendent 
Higgs 
searches
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Mass limit on Higgs-like state

Mass limit on radion-like state



Moriond EW, 2005 G. Pasztor: Exotic searches at LEP 16

4th generation b’ quark
❒ In SM, number of fermion generations and their mass spectrum not predicted
❒ EW data allows for the existence of an extra, heavy fermion generation, if

|mt’-mb’|<60 GeV
❒ For mZ<mb’<mH:

b’→bZ (FCNC), cW (CC)
❒ Search for b’b’ → bZbZ, cWcW
❒ Br depends on RCKM,  mt’,   mb’

RCKM =|Vcb’/(Vtb’Vtb)| 
DELPHI preliminary

DELPHI preliminary
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FCNC

Single Top Production via CI
❒ Traditionally: study FCNC process

(anomalous couplings: κγ,κZ)
❒ More general approach: consider also 4f CIs

eetc vertex: SRR, Vij, TRR couplings (i,j=L,R)
Ztc vertex: aj

Z couplings
❒ Different scenarios: S, V, T, SVT, a, V-a, V+a
❒ DELPHI placed limits on physics scale Λ

studying cblν, cbqq’ final states:
0.69, 1.07, 1.20, 1.40, 0.50, 1.09, 1.06 TeV
(consistent with earlier L3 results on S, V, T:
0.65, 0.75, 1.24 TeV)

❒ S/Λ2<2.1•10-7 GeV-2 , T/Λ2<6.9•10-7 GeV-2

4f contact
interaction
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Conclusion
❒ Final LEP search results are mostly published… a few papers still

to come
❒ LEP could react to new observations, ideas (e.g. pentaquarks)
❒ No surprises, no significant excess   
❒ Huge number of BSM physics scenarios studied and constrained
❒ LEP results (precision measurements and searches) can give hints

where to continue the search at LHC and beyond   
❒ Surprises may still come from Tevatron while LHC physicists are

completing the accelerator and the detectors
❒ We are entering an exciting and data-rich era
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Backup slides
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Exited Leptons
❒ Models with substructure in the fermion sector at scale Λ predict  L* =(l*, ν*)
❒ At LEP s-channel pair- and single production via γ/Z:   e+e–→L*L*,  LL*

with t-channel contribution for 1st generation L*

❒ L* decay: l*→ lγ,  νW, lZ,   ν*→ νγ, lW, νZ
❒ Many final states from γ+Emiss to 4j+2l
❒ VLL* coupling ~ gf/Λ,  g’f’/Λ 
❒ Customary to fix the f/f’ ratio

f=–f’ (EM decay forbidden for l*)
f=f’    (EM decay forbidden for ν*)

❒ For e* if  f ≠–f’ mass reach can be
extended by studing e+e–→ γγ process

❒ Mass limits from pair-production
searches: 91-103 GeV
(depending on L* flavour and assumption
on coupling)
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Models with two Higgs Doublets
❒ Higgs sector

 h, H (CP-even) , A (CP-odd),
 H+, H− (charged)

❒ Cross-sections
σhZ = sin2(β−α) σSM
σhA  = Cphase × cos2(β−α) σSM
σHZ = cos2(β−α) σSM
σHA = Cphase × sin2(β−α) σSM

❒ Couplings in type II
(ld,qd⇔Φ1, qu ⇔ Φ2)
hcc ∝ cosα / sinβ  
hbb ∝ - sinα / cosβ
Hcc ∝ sinα / sinβ  
Hbb ∝ cosα / cosβ
Acc ∝ cotβ
Abb ∝ tanβ
hAA ~ cos(2β)sin(β+α)

Higgs-strahlung              Pair-production

WW-, ZZ-fusion             Yukawa production

h
e+

e–

e+/νe

e–/νe

e+

e–

Z

h

e+

e–

A

h

e+

e–

b

b

h/A

SM-like

v2 = v1
2 + v2

2 = 4mW
2/g2,  tanβ=v2/v1 (0<β<π/2)

α: Higgs mixing angle
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Neutral Higgs search topologies
❒ e+e- → hZ → bbff, ττff, qqττ (SM like)

                       qqff, ggff (flavour independent)
❒ e+e- → hZ → AAZ → bbbbff

                                    fff’f’ll (low mass, f=c,τ,g, l=e,µ,ν)
❒ e+e- → hZ (decay mode independent)

❒ e+e- → hA → bbbb, bbττ, ττττ
                       qqqq, ggqq, gggg (flavour independent)

❒ e+e- → hA → AAA → bbbbbb
❒ e+e- → hA → hhZ → bbbbqq

❒ e+e- → bbh → bbbb, bbττ (Yukawa)
❒ e+e- → bbA → bbbb, bbττ (Yukawa)
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Constrained MSSM
2 Higgs doublets resulting in 3 neutral and 2 charged Higgs bosons
Parameters describing the Higgs sector:
❒ tanβ v2/v1 ratio of the two Higgs doublet v.e.v.
❒ mH± (or mA) charged (or CP-odd neutral) Higgs boson mass
❒ µ SUSY  Higgs mixing  parameter
❒ MSUSY soft SUSY breaking mass parameter (~msfermion)
❒ M2 SU(2) gaugino mass
❒ A(=At=Ab) common tri-linear Higgs-squark coupling

                         Xt = A – µ cotβ,  Xb = A – µ tanβ:  mixing parameters
❒ mgluino gluino mass
                             arg(A), arg(mgluino)≠0 in CP violating scenarios
CPX scenario: maximize CPV effects and fulfill e and n EDM constraints

0.4< tanβ < 40, 4 GeV < mH+ < 1 TeV,
µ = 2 TeV,  MSUSY = 0.5 TeV, M2 = 0.2 TeV,
A = 1 TeV, mgluino=1 TeV, arg(A) = arg(mgluino)=90°
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MSSM benchmark scenarios

mh-max (a):  µ>0
mh-max (b):  µ>0, Xt<0
no-mixing (a): µ>0, MSUSY=2 TeV

CPX variants:
arg(A)=arg(mgluino)=0, 30, 60, 90, 135, 180 deg
µ=0.5, 1, 2, 4 TeV
MSUSY=0.5, 1 TeV
MSUSY=1 TeV but keep A=mgluino=µ/2=2MSUSY
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MSSM Higgs search

New dominating phenomena:
H2Z→H1H1Z→bbbbZ 
With mH2≈100–110 GeV

Open areas only with 
cos2(β−α) ≈1 and 
where hA production is 
kinematically inaccessible  

H1 H2 → H1H1H1
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Effect of arg(A) and arg(mgluino) phases

0˚ 30˚ 60˚

90˚ 135˚ 180˚
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Effect of µ and MSUSY

µ=0.5 TeV MSUSY=1 TeV

µ=4 TeV
MSUSY=1 TeV 
A=mgluino=2 TeV

µ=4 TeV
µ=2 TeV
MSUSY=0.5 TeV
A=mgluino=1 TeV

µ=1 TeV

CPX
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Gauge Mediated SUSY Breaking
Hidden sector   ⇒   Messenger sector   ⇒   Visible sector
as low as ~10 TeV                  SM gauge interactions

❒ LSP: light (< 1 MeV) gravitino
❒ NLSP: lightest neutralino, stau or mass degenerate charged sleptons
❒ Gravitino couples very weakly to heavier SUSY particles, they decay to NLSP

❒ Minimal model: 5 new parameters + 1 sign
√F - SUSY breaking scale (100 - 2000 TeV)
M         - messenger scale
N         - messenger index
Λ       - mass scale (→ SUSY particle masses at messenger scale)
tanβ     - ratio of the two Higgs doublets vev
sign(µ) - sign of Higgs sector mixing parameter
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GMSB signatures
❒ Direct NLSP production and cascade decays to NLSP
❒ Signatures range from 2 photons or leptons to high

multiplicity final states with jets, leptons and photons
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Minimal GMSB model scan

❒ Mgravitino= 2 eV (√ F~100 TeV, BR(NNLSP →gravitino) ~ small)
❒ Mtop = 175 GeV
❒  √ s  = 182.7, 188.7, 191.6, 195.5, 199.5, 201.5, 205.1, 206.7, 208.1 GeV
❒ Formulae of Nucl. Phys. B 488 (1997) 39 (Dimopoulos, Thomas, Wells) generalized to

include the full mass  treatment for all three generations, embedded into SUSYGEN

+1, -1sign(Higgs mixing param)sign(µ)

1-50 (0.2 steps)vu/vd, ratio of Higgs vev’stanβ
1, 2, 3, 4, 5Number messenger setsN

1.01 Λ, 250 TeV, 106 TeVMessenger massM

5-150 TeV (1 TeV steps)Sparticle mass scaleΛ

No scan (arbitrary τ)(or MG) SUSY breaking scale√ F
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Example for channel combination
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Cross-section limits
Direct NLSP production
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,Z

LEP lower limits on Ms (Hewett):
λ=+1: 0.93 TeV (γγ), 1.20 TeV (e+e–)
λ=–1: 1.01 TeV (γγ), 1.09 TeV (e+e–)
now surpassed by Tevatron

Kaluza-Klein gravitons in ADD
❒ Gravitons propagating in the bulk give rise to a Kaluza-

Klein tower of massive excitations on the SM brane which
couple to energy-momentum tensor

❒ KK gravitons contribute to ff and VV production
with Born-level amplitudes ∝ λ/Ms

4

→ differential cross-sections sensitive to UV
cut-off scale Ms [~ O(MD)]

❒ Graviton emission (γ/Ζ +Emiss) is sensitive to MD


