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EWSB beyond the SM
Supersymmetry?
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Given the successes of the standard model predictions,
why would we need to go beyond

and invent @ NEW Symmetry between
Bosons and Fermions ?
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Why we do believe in the Standard Model

 Standard Model Internal Consistency O EWSB Predictions of the Standard
tested at the 0.1% level Model in agreement with direct
measurements. The presence of a
Q No compelling evidence for any deviation (rather light) Higgs boson seems
beyond the expected statistical scatter to be required.
Measurement Pull  (QMe®_QMsmeas
-3 -2 -1 (l.'l 1 2 3
m» [GeV] 91.1875 +0.0021 .03 e Al except m, : m, I(TEIVPLTII:{bll\II)I
T- [GeWV] 2.4952 + 0.0023 -.48
o—ﬁad [nk] 41.540 +0.037 1.60 200 -~ 68% CL | N
R| 20.767 £ 0.025 1.11 |
Al 0.01714 £ 0.00095 .69 I i
Al( F’T) 0.1465 - 0.0033 -.54
Rb 0.21646 + 0.00065 1.12 ; 1
F!C 0.1719 £ 0.0031 -.12 QJ
ALP 0.0990 +£0.0017  -2.90 )
ARC 0.0685 +£0.0034 -1.71 —
A 0.922 +0.020 -.64 -
AE 0.670 £ 0.026 .06 E I
A(SLD) 0.1513 + 0.0021 1.47 160 I —]
sin“0°P(Q,,) 0.2324 +£0.0012 .86 |
m{=") [GeV] 80.450 + 0.039 1.32 I
m, [GeV] 174.3 +5.1 -.30 i | 7]
m-EY) [Gev] 80.454 +0.060 .93 o
si:éew(vN) 0.2255 +0.0021 1.22 140 Exc""ldEd — ] I . Pr8|lm|nary
2
10 10 10

321012 3
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Why we do not believe in the Standard Model

A few conceptual problems related to EWSB, i.e., to the Higgs sector:

Problems in the Standard Model

Solved in Supersymmetry?

UGLY
Ad-hoc piece added to the model;
Only scalar particle in the spectrum.
Hierarchy problem: 250 GeV <« 10" GeV

NATURAL
Scalars natural partners of fermions;
Higgs bosons (h, H, A, H®) natural partners of
charginos and neutralinos.
Hierarchy problem ?

UNSTABLE
Corrections to the Higgs boson mass not
only infinite, but large in addition.
(Naturalness problem) = H
dmy=A>my*

STABILIZED
Fermion and boson contributions to my cancel
in exact supersymmetry: % ¢
(Naturalness recovered) ‘0
dmy® = o(a/m) x (Mg*-mg°) \\t

INACCEPTABLE?
AV = -A\v*: contribution to the cosmological

constant 52 orders of magnitude too large.

POSSIBLY ACCEPTABLE?
Fermion and boson contributions to vacuum
energy cancel in exact supersymmetry...

SLAC Summer Institute
August 13-24, 2001

Needs gravity quantization (i.e., a coupling of
Quantum Field Theory and General Relativity),
apparently only possible in Supersymmetry..

Probes of Electroweak Symmetry Breaking at LEP and SLC




Why we do believe in Supersymmetry:
Experimental Hints (1)

Q A light Higgs boson is favoured

by precision measurements. LEP 206  LEP 220
A A
Q A 115 GeV/c? Higgs MSSM
boson is hinted at
by direct searches. SUGRA

d Just in the range
predicted by SUSY

GMSB

ASB

<—| Standard Model —»
(Vacuum Stability Bound)
>

T T T A T
90 100 110 ¢ 120 130
115 my, (GeV/cZ)
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Why we do believe in Supersymmetry:
Experimental Hints (11)

O New Physics at a scale below 106 GeV would modify the predictions for the
EW precision measurements, with radiative corrections parameterized
according to €, &,, & (or S,T,U)

6 | | | [ | [ [ | | | |
i +: measured values

O In the Standard Model, for instance | solid curve: 1 ¢ Y~ 7N
L dashed curva:

n,]2 51— !
Elep:grntop_ g log—- /: /
T, 4m T o et /
2 = i ° /
a m, X 4
Z, = + log—; o /
w
12~ m;

d Supersymmetry does not change much Sp
these predictions (better agreement /

. —> : SM, my=113 GeV —+» 135 GeV
with measured values ?)

2 i ] 1 1 | ] 1 ] | 1 ] | 1
3 4 5} &
g, x 103
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Why we do believe in Supersymmetry:
Experimental Hints (111)

A Grand-Unified Theories (GUT), favoured. o
e.g., by non zero v masses, predict the 3
coupling constants (QED, Weak, QCD) to
unify at GUT scale.

Q This unification does not happen in the 1/a;

Standard Model (+GUT), but does in
Supersymmetry with a 1 TeV scale.

INVERSE COUPLING STRENGTH
Lad
=]

Standard Model + GUT

| 1
10% 10* 108 1r:r5 m g 1|::- = m'* m“*
MASS SCALE (Gev)

Q Starting from the measured values of
Ooep(My) and sinz6,,, one finds:

&

as(m,) = 0.073 + 0.002 (Standard GUT)
ag(m,) = 0.129 £ 0.010 (SUSY GUT)

[
o

INVERSE COUPLING STRENGTH
[
(=]

p—
=
T

2 3 SUSY at 1 TeV + GUT
Gs(mz) = 0.118 £ 0.003 117 10 10 108 10 10 10+

MASS SCALE (GeW)

10 107
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Why we do believe in Supersymmetry:
Experimental Hints (1V)

 Large scale structures in the Universe require the presence of
cold dark matter (LSP, the Lightest Supersymmetric Particle ?)

 Half of the particles have already been discovered...

.BUT

» Supersymmetry can't be exact (e.g., m, 2 m,), thus needs to be broken.

» Supersymmetry is therefore a economy of principles. It is neither an
economy of particles nor an economy of parameters.

Not the end of the story ! @

Extremely rich phenomenology

SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC
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Phenomenology: Minimal Particle Content

d Gauge / Gaugino Sector

Standard Bosons

Supersymmetric
Partners

 Particle / Sparticle

W= (3) HE (1)

Charginos (2 x 2)

X5 Xt

Y2 Z (3)
hoH@AQ

Neutralinos 4 x 2)

X1 X2° X3P Xa°

g; B8x2)

Gluinos

[Two Higgs doublets]

And also ...

[All fermions]

Graviton G

O
Gravitino G

SLAC Summer Institute
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Sector
Standard Supersymmetric
Particles Partners
Leptons (2) Sleptons (2 x 1)
Z gR, L
Neutrinos Sme%r]mos
V, V,
Quarks Squarks
q Or.L
[All scalars]
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Phenomenology: R-Parity conservation

Baryonic

Number Spin

/V
R, =(-)*La "

number

+1 for Standard Particles

-1 for Supersymmetric Partners

//\\\
?~
o

<X

R, Conserved

R, Violated

/

e SUSY particles are pair-produced

e The LSP is stable (- neutral,colourless
— good dark-matter candidate)

» All SUSY particles decay into the LSP

» The LSP decay into standard particles
(no candidate for dark matter)
» And so do all other SUSY particles

Experimental

Signature

e The LSP (neutral, colourless) interacts
only weakly with matter: it is invisible.

- MISSING ENERGY

e SUSY particles decay into quarks,
leptons, neutrinos.

-~ Multi-jet, multi-leptons final

states, missing energy or not.

SLAC Summer Institute
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Phenomenology: Supersymmetry Breaking
Y

Gravity-Mediated

e Heavy gravitino;

e LSP: Neutralino,
or Sneutrino.

Gauge-Mediated:

Anomaly-Mediated:

» Massless Gravitino;

e Small x* and x°
mass difference;
» Chargino Unvisible.

L]
* X,° - Gy: final states
with photons.

SLAC Summer Institute _
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Phenomenology: Models, Parameters (1)

The Minimal Supersymmetric extension of the Standard Model (MSSM):

o mA : pseudoscalar Higgs boson mass

X tanB : ratio of vacuum expectation values of the two Higgs doublets

: Higgs mixing parameter

B |\/|1, |\/|2, |\/|3 : Gaugino sus/Y mass terms (give masses to )(0, X, @)

X mzR ; mZL , m7L ; maR , maL : “Sfermion” W mass terms

o A ; A ; A , «... Stop/sbottom/stau/... mixing parameter
t b T

SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 12



Phenomenology: Models, Parameters (11)
The constrained MSSM (C-MSSM): ?t\

Constrain the gauginos and sfermion
with GUT universality relations:

ass parameters

Q Unify M, M,, M, to a universal gaugino mass m,,, at the GUT scale
MM, M, m,=0a,:0,:0a,. 0y
<M1 = O.5mj/2;<M2 = O.8n}/2;<l\/|3 = 35“]/2

X° X* E (at the EW scale)
d Unify all sfermion mass parameters to a universal scalar mass m,

2 _ A2 2 » Scalar and gaugino masses related

m; - =mg+ 0.1omp, +
2 5 5 » Third family sfermion masses may have

mz 5 = m, + 05 WZ +-.. large mixing corrections (0 m?,,, m%,, m?))
L ~ =
2 2 2 Stop - m(t), m(t), A

Mg, =Mp+  6my,+-- Shottom: m(b), m(b,), A

SLAC Summer Institute Stau : m(Tl)’ m(T2)1 Ar

August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC
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Phenomenology: Models, Parameters (111)

Ky
Minimal SuperGravity (mSUGRA)&
&

Q Unify Higgs and scalar sector at'the GUT scale

— m, fixed by (m,,tan S.,...)
Q Unify all trilinear couplings at the GUT scale
= all A's unified to A,

d Break radiatively the ElectroWeak Symmetry

= || fixed by (mg,m,,,tan B,...)

My, My,, tan 5, A, Sign(u)

SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 14



Phenomenology: The Higgs Sector (1)

In the Standard Model In the M.S.S.M
* One Higgs doublet e Two Higgs doublets
V.ev. Vv v.ewv's v,andyv,
e One physical state  Five physical states
H h, H, A, H*, H-
CP-even (a) CP-odd Charged
* One parameter e Two parameters (at tree-level)
m, m,, tan3 = v,/v,
H H
H @ H , |:|
____________ 1 t I'

Depend on , : A, U, tans, ...
SLAC Summer Institute P r-nIOIO rnﬁ rnfz A H IB
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Phenomenology: The Higgs Sector (11)

In exact Supersymmetry

m, < m,|cos2f3

tanf3

0 20 40 60 80 100 120 140
m, (GeV/cd)

SLAC Summer Institute
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In broken Supersymmetry

2 4
Ay = 39 - rn[g'olog m;lszz +o.
8" sin” B m, me,
% mwp 175 Gev/c M (SFV/C)

L Moy, = 1 TeVie
B Maximal mixing

10

0 20 40 60 80 100 120 140
m, (GeV/c?)

m. <130GeV/c?, m, =130GeV/c?
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Phenomenology: The Higgs Sector (111)

« H too heavy to be produced at LEP; « In the MSSM: mﬁi =m;, +m; + 92, (small)
e Therefore, look for h and A Charged Higgs bosons too heavy for LEP2, too.
ta- = "SRR N N R TP S :
o e'e” - hZ g i..m, =175 Gﬂng___________: ____________________ L ?_‘:‘_.@?7_' ____________
: M, %YITEWC .................... AN
- 001 ;

s s RSN SRR

0.1 pb
107 fffffffféfffffffffffffffffffffiffffffffffffffffffffféfffffffff@?iififiifi:éffffffffffffffffféffffffffff """
e’ 2 h et A A
Osn*(B-a) = | © T
e €' - hA | B — / %99 -----------
7" L 1 L —
0.1 pb . e
/ \;; 0 20 40 60 80 100 120 140
€ 2
m, (GeV/c")
Ocos®(B-a)

= Look for both processes !

SLAC Summer Institute
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Searches at LEP: ete- = hZ (1)

Usual topologies:

d Standard Model-like decays (mostly bb and )

Four Jets -

b

= Limit in the [m,, sin?(-a)] plane:

A

E‘;Jlﬁld :—I L | L | L | L | L | L
212 b LEP vs = 161-210 GeV R
ﬁ 08 _ 115 GeV excess B VAcopIanar Jets
- Observed /b
oy »
&6 0000 - Expected for background —
X f
g4 - \
8.2 F . v b
ﬂ - I I | | /71 1 1 | | 1 1 1 | | b B
6 70 14 ,%( 108 118 126
e*e” - hA takes over here m H(Gg Vfgz) \

|+

)

d SUSY-specific decays? -

_ Energetic Leptons
SLAC Summer Institute

August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC
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Searches at LEP: ete- = hZ (11)

Q Invisible decays: h - x,° ,°

 Decays into Higgses: h - AA

3y 0 - t - — . -
X10 Z - qq q Xz o1 | with, e.g., A bb : Z W
/ y
Efficiency at least
as large as for the
. Standard-Model-decay
Xy q X1 I h - bb
Acoplanar Jets Acoplanar Leptons v
(Hwv) (W*W-)
A Flavour-Blind Search: h - bb, cc, gg
E: E HZ FLAVOTR BEIND BYPOTHESTS 5 <208 GeV f
: i, /
g T 7
& : = i
% R Y
= _/,\\'/\'j—— :
A : : % 10 * —’/T-/ ” el
1 e e Similar limits g J - :::“ :rv:;‘tﬁr hackgronnd
"""" 1 as in the visible case imilar limi ®
_-T“T- 1 1 | 1 1 1 1 | 1 1 1 --I- | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 Slml ar Imlts
90 95 100 105 110 115 120 . as for h - bb
MH’GEV"HCE 1060| I TIO — SICI 9Il] IIOO I Il]ﬂll
SLAC Summer Institute m, (GeV)
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Searches at LEP: ete- - hA

Topologies: h, A - bb, L

bbbb b bbtt : > Fit jet energies with the energy
5 b and momentum constraint, as for
the W*W- events;
/\ » Determine the h and A masses as
" T - for the W+W- events.
b
m,+m,, Vs = 189 GeV . Mytmy, Vs = 200-210 GeV
= 0 E 5
S 5 £ Notmuch of a mass peak < *5 | Not much of a mass peak
g <4 LEP data combined : ; 35 ;— + LEF{ADLO ) 4t Data
= “f [ ] bpackground i E 3 ;— [] v ackgroundg
S HA-Signal ”E 25 [ A Signal
4 ;— (my,,m,) = (80,80) I o _ (9030) Ge¥
3 F 15 [
2 - 1 B —= ==
1 j T s [ :- LT
E H;'r.;;:i. L L | L L L | L L | L L L | L = 11 L L L L L 1 L1 1 1 L 1 1 L1 1 1 1
o 80 100 120 140 160 180 0 S0 1010 120 140 160 150 200
Reconstructed Mass mg+m , [GeV] o+ [Ge¥id™]

SLAC Summer Institute

August 13-24, 2001
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Searches at LEP: Limits from ete- - hZ, hA

— Limit in the [m,, cos2(B-a)] plane: Combining hZ and hA results
cos?(B-a) + sin?(B-a) =1 (V)

-
T T | T T T T T T | T T T | T T T

= Limit in the [m,, tanf3] plane:

1 [ MS %MZ@Z@H IleEl'ﬁllChjllg N 'Fra F;I@:é@:::::j: __________

________________________

____________________________________________________

___________________

...................

i at 95% C.L., any tanp.

[LEP 88-209 GeV Prelin_lilnlaljvl -

_ From e+e- - hA """"""""" : mh' mA > 91‘92 GeV/cz

___________________

with m,, O0mg,

..................

..........................

60 80 100 120 140 160 180 200 1o
m,+m, (GeV/c’)

10

O5<tanf <24
excluded at 95% C.L.
Note: LEP 220 would have covered
the whole MSSM parameter space... Lnaccessible
I.e., found/excluded Supersymmetry 0 20 40 60 80 100 120 140

2
SLAC Summer Institute M. (GeV/cT)
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Searches at LEP: ete- - H'H-

Topologies: H™ & T+VT, CS (like W*W- events)

LIMITS ..

a

I Bé(Hi - wr)

wm
1
wm
Br(H—tv)

X |

T C
_ LEFP 189-209 GeV
T+ V.[ VT S 0.4
02

J} Mass Distributions: No excess over exp. background.
'1;; [ . - - N% 120 B .- - 0 - m
9 am HH —qqqq <} i HH —wvqq T T A A A A B R
* L =200 - 210 GeV 3 F o NE=200- 210 GeV 60 65 n & 80 & % »
5 33 B0 [ c s o !
™ [ + LEF(ADLD}) data combined . o : '+‘ LEF (ADLD ) data combined mH (GeV/C )

3o - L

r |:| Tbackground + 80 R |:| tackground 2

0 i Bl signal [ [ signa mH + 2 78-6 GeV/C

200 i {(my = 75 G eV) 80T iy = 75 G eV}

@ © | at 95% C.L.

100 [ | i

by 20 B byl - e
a0 - : - A= -
ok o s e, Not too useful in the MSSM:
0 100 110

Ll
40 50 60 70 50

SLAC Summer Institute
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FETEN BT A A M
20 100 110
Reconstructed Mass m [GeVid"]

s e riL S I
40 50 60 70 80
Reconstruoted Mass m [GeVid]
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M. =My, +m, + 9, (small)
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Searches at LEP: Charginos, Neutralinos (1)

Production Processes

Decays

Final States

< X

Destructive interference. Cross section
may vanish for small sneutrino masses (m,)

Four fermions
(quark or leptons)
with missing E

Visible energy
proportional to

AM

- 0] 0

Two fermions

e X e X (quark or leptons)
\/ with missing E
+ L
/ 1 o
g 0 +/\ 0 Visible energy
e X € Xi proportional to
Xo - VU — x v (invisible) may AM
become dominant for small m,
SLAC Summer Institute
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Searches at LEP: Charginos, Neutralinos (11)

Final State Topologies:

WW - qqqq WW - Ivqq WW S viv Z - qq Z - I
0 + 0 0 0 +
%0 X1 | X1 v X1 X1 |
1 \\ \\ .\\ — N .\\
\\‘ - - N V ~
P |+ ) )
;0 0 ;0 _ ;0 -
X1 X1 X1 | X1 X1° |

Hadrons + E miss

Mixed + E miss

Acoplanar leptons

Acoplanar jets

Acoplanar leptons

Candidate events selected: N ot Candidate events expected:
100 jADLO s > 207.5 GeV 100 ADLO s > 207.5 Gev
I 2 1.4 :
- m,, (Gev/c?) . m, (GeV/c?)
L X
80 i o 1z 80 1
60 I 60 |-
40 ¢ s 40 B
20 u 20 e
m . (GeV/c?)
0 L .X. Lo v a1y | o O . | =
50 60 70 80 90 50 60 70 80 90 100
SLACI (S VIR RINRLwY | plriouviILuLe
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 24




Searches at LEP: Charginos, Neutralinos (111)

Large AM

Four-Fermion Background Processes:

€

@w |

Y

Lepton, Jets

NS
D

and missing energy

Topologies:

SLAC Summer Institute
August 13-24, 2001

Acoplanar Leptons

N
d

y4 e e e Vv,
v . w
e ¥
v
Z | " Z e’ e’
k/ e- Ve
W
¢
//‘ W
/ e’ v,
Small AM
e e
v n
Acoplanar Jets q,1
' g, 1
v
e e
25
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Searches at LEP: Charginos, Neutralinos (1V)

Presentation of the result

O Model Independent: 95% C.L. upper limit on the x*x- and x,°%x,° cross sections in
the (m.,m,) and (m,,m,) planes.
X Xf )(g Xf Small Am

_OPAL Prefiminary OPAL Prefiminary

> 3 N

0 O 100 | &

2 - = S N I 5<0.1pb
22 0<0.12pb] = oY I 0<0.15pb
€ = ’  0<0.2pb

0<0.2pb

50 0<0.3pb _|

. 5<0.6pb |
25 '

.
i 0<1.2pb _

e'e - x' xy searchj
PRI S R IS S M S A NN TN N N T N TR
85 90 95 100 103 110 150 .
m(xD) [GeV] | | EP] m(x3) [GeV]

| .. And SO WHAT ?
SLAC Summer Institute
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Searches at LEP: Charginos, Neutralinos (V)

d In the MSSM:

The chargino and neutralino
production cross section can
be computed as a function of
the x* and x° masses, under
the assumption that masses
of sfermions are large (-
negligible interference in
the cross section).

95% C.L. excluded regions
in the (M,.,M ;) and the

(ng , leo) planes

SLAC Summer Institute

%)) [GeV]

my

M) [GeV]

20 40 60 80 100 120 140 180

m(y3) [GeV]

OPAL (1998, Vs = 189 GeV)) ( Small Am
0 (2 ~ 3ol G -
80 | tang =15 980:— tan 8
70} SZ70f
o rcluded Eeop
[ xclude [ :
o o z
40 A0 'E
30 30 N 1
20 Anticipation: ;
0 Not allowed in the j
10 Small mg H 10 Constrained MSSM 1
i
4550556065?0?580859095 455)556065?’0?580859095
m(xy) [GEV] ( ) [GeV]
o0 | S 0| L '
(4] [
80 Q 80}
70f S3 70}
60 | £ 6o}
40 F 40§
o Excluded 20k Excl.at
of L3t 95% CL of B%C ;

Y20 40 60 80 100 120 140 160

m{xz) [GeV]

Still not extremely exciting ...
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Searches at LEP: Charginos, Neutralinos (V1)

d In the C-MSSM: The chargino and neutralino masses unify via m,,, (M,) and can
be expressed as a function of M., 1 and tanp.

The chargino and neutralino searches results can therefore

Limit on the be combined, and the result reported in the (M., 1) plane
LSP mass (m,,,) for different tanp values.
] M; (GeV)  ALEPH preliminary (1999) 2@% (GeV) ALEPH preliminary (1999)
Limiton M, | %
1 3 0,,0 ]
(mqreases o - XoX1 250 -
with tanp) _
| _ _
\\ 200 200 ]
\
\
\\\ 150 | 150
For smaller m,, th~e~: ~~~~~ 100
excluded domains

shrink, leaving no
limit on M,... but ...

50

exclnded at 95% C.L. excluded at 95% C.L.

l]|IIII|IIII| |||\III‘IIII|I\II|O |||||||| ||||II‘I\II|IIII|IIII|
Sleptons become 359 200 -100 o 189 200 300 -300 -29@/ 100 O 100 200 30(

light... -
'ant AF® <62MeV  AM™ <1.7MeV 1 (GeV)

SLAC Summer Institute
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Searches at LEP: Sleptons (1)

Production:
o
V7
+
e

This graph depends only
on the slepton mass

Decay:

SLAC Summer Institute
August 13-24, 2001

e+\ ;s é+
~+ X1’
e_ / \\‘ ~
e
Topology:
X" A
X1° a

Acoplanar Leptons

Probes of Electroweak Symmetry Breaking at LEP and SLC

Results for smuons (2000)

m (GeV/c?)

100

80

60

40

20

0

50
m, (GeV/c?)
100 F

80

60

40

20

Smuons
Candidates

Vg = 205-208 GeV
Exp: ADLO

AM

60 70 80 90 100

Smuons

Expected hackground
Vs = 205-208 GeV
Exp: ADLO

50 60 70 80 90 100

m; (GeV/c®) X

80
80
70
a0
30
40
a0
20

10

0
a0
70
a0
50
40
30
20
10

0
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Searches at LEP: Sleptons (11)

: Vs = 183-208 GeV ADLO Preliminar
Result expressed in terms f o

of 95% C.L. excluded §100 Sealectrons Small AM
domains in the 3 % <
(M;, M) plane <80 e

N

20"

o , - — Observed
Limits for AM > 10 GeV/c? : - — Expected
2 20 -
m, 299GeV/c - Excluded at 95% CL
2 L
m; =295GeV/c 0L .

50 60 70 80 90 iocl)vI
i

R

m; >80 GeV/c*

Again, not terribly exciting ...
But it allows a LSP mass limit
at 95% C.L. _
to be set in the C-MSSM
SLAC Summer Institute
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Interpretation: LSP Mass Lower Limit (1)

» Large m, (= 100 GeV/c?)

— Large chargino and neutralino
Cross section;

Limit on M, for each tanf3 value

ALEFPH preliminary

excluded at 95%

C.1..

W (Gev/cH

T T ‘ T T T T |
200 300

1§

My (GeV)

— Constrain m,,, as a function of tan3

— Constrain m(x,°) for each tanf3

SLAC Summer Institute
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T %
3 ———Mx3
Prellmlnary

Xs?
x°
e ,,,,,,,,,,,,,, ,,,,,,,,,,,, MX(Q)

 mesoo@en

2 3 45678910 20 30 4050

tan 3

m(x,.) >39.6GeV/c* ALEPH
m(x°) >38.7GeV/c®> DELPHI
m( ;. ) >39.4GeV/c® L3
m( x, ) >38.0GeV/c® OPAL

(Large m)
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Interpretation: LSP Mass Lower Limit (11)

» Small m, (< 60 GeV/c?) ij — m§ + O.lSij + m§ sin? ﬁw‘c032ﬁ|

m, (GeV/c?) 10 |-

L Smuons
- +fs = 183-208 GeV

80 |-

— A limit on the slepton mass can [ [ Observed
constrain my,; L e \O
60 >
0@
= ... and therefore m(x,% O
©

(small m,)

20

— But the limit starts to vanish

for my in excess of 60 GeV/c?. :
Excluded at 95% CL

O 1 1 | | 1 1 | | 1 1 | 1 | | 1 1 | | 1 1 | 21 |
50 60 70 80 90 100

m; (GeVi/c?)
R
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Interpretation: LSP Mass Lower Limit (111)

» Moderate m, (60-80 GeV/c?) ALEPH (1997)
”g 140 4 my=75GeVfc’ 140 4 my =75 GeV/c"
= Chargino cross section may & 120 4 tnB=12 120 4 tanp =12

vanish (neg've interference) =g 4
ina (M,, y) corridor —— 4 ]
60 é

100

LEP 1 X' x

80

— Neutralinos may become
invisible:

0 S 0,
X, = VUV > Y Vv
-200 -100 0 -200 -100 0

= The limit from sleptons w (GeV/e) w (GeVic)
slowly vanishes due to
limited centre-of mass

energy;

m, = 75 GeV/c* 140

m, = 75 GeV/c’
Mnﬁ=¢2

A

100

— Weaker constraint from 80

each of the searches on
the LSP mass

1l

COMBINE THEM ALL!

SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 33

0
1 (Gevich) 1 (Gevieh)



Interpretation: LSP Mass Lower Limit (1V)

With all searches combined

ALEPH

M, (GeVic?)

1204 Mgy =75 GeV/c?
tanB =v2

Get an m,-independent limit
on m,,,, i.e., on the LSP mass,
for each value of tanp.

SLAC Summer Institute
August 13-24, 2001

Large my

Any mg

PAL Preliminary

— I
> | |
Q
0 :jS.OGeV
5o, 40k
T><
S
20 Excluded
at 95% CL
0
1 10

Limit slightly reduced to: tan B

m( x, ) >36.3GeV/c® OPAL
m(x°) >38.7GeV/c> DELPHI

obtained for small tanf values
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Interpretation: LSP Mass Lower Limit (V1)

55

» Impact of the Higgs searches. With LEP Combined results

m ;_ 1 TGV/C
*nggs{ Loy = 175 GeV/c
— The small tanf3 values (up to 2.4) g o ; .

are covered by the hZ searches
for all my values up to 1 TeV/c?;

m, (GeVich)

— For large tanf3 values, there is
no absolute limit from Higgs
searches The LSP mass Iimit

= While tanf3 decreases, Higgs
searches start playing a role
again in the corridor (small
my, < smaller rad. corr. to
m,,, thus excluded by searches)

—
1 2 5 10 tanf3

— Stronger overall limit on the

LSP mass (in the C-MSSM). m()(lo) > 46 GeV/c® ALDO
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Interpretation: Constraints in mSUGRA (1)

In MSUGRA, the Higgs boson mass itself (not only the radiative corrections to
the Higgs boson mass) Is fixed by m, and m, .
ADLO preliminary

(&)
: 3 tanf3 =50
For moderate m,, m,,,, the Higgs @& 3% u>0
Boson mass remains accessible ES

A,=0

to LEP searches even at large
values of tan.

Scan of the (mj/z,mo) plane:

Regions excluded by:
1.

2.

3.

4. Sleptons o |

5. Higgs > LEP 1
6. Stable heavy charged

O 200 400 600 800 1000
2
m, (GeV/c")
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Interpretation: Constraints in mSUGRA (11)

Even tighter limit on the LSP
mass when the mSUGRA
constraints are enforced.

m(x,) =55-60 GeV/c*

at 95% C.L.

SLAC Summer Institute

Scaninthe m,, ,m,,tan 5, A, space

M)I(im(GeV/cz)

20 ADLO prelimi nary | A,=0, m<1 TeV/c?
00 St
60+ S ” ,,,,,,,,,,,,
70 ) S S
A0
- u>0 * M, —17SGeV/c
0 x———'M—Q"— """ 180"GeV'/C """""""
C | | ! top
Coooo b L I
20 10 20 30 40 50
tanp3
80 :
()| !\: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
6()* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
50: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0
- u<0 e M, -17SGeV/c
B0 r’M"Qp:lso”c;ev/c ”””””””
B | | | top
T ol I L I
20 10 20 30 40 50
tan3
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Conclusions of the 3" Lecture

Twelve years of searches at | EP put severe constraints on Supersymmetry
» In mSUGRA: m()(f) >55-60 GeV/C* (with a lot of theoretical assumptions)

» In the C-MSSM (SUSY + GUT mass relations):
m(x,) =46 GeVic?, m(x*) =91GeV/c*®
m(e) =77 GeV/ic?, m(iz) =283GeV/c?*, m(T) =65GeV/c?

» In the MSSM:
m()(lo) > 40 GeV/c ° for heavy sfermions and with gaugino mass unification

m(h) =91 GeV/c* tan B = 2.4

» But much weaker LSP limit in the MSSM with light sfermions
» No LSP limit without gaugino mass unification
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Overall Conclusion: The LEP/SLD Legacy

O LEP and SLD led to unprecedented precisions tests of the electroweak
symmetry breaking mechanism, favouring a rather light Higgs boson
(between 114 and 222 GeV/c? at 95% CL in the Standard Model).

Q In this respect, the Standard Model has been very successful and was
shown to be internally very consistent, up to a precision of 0.1%.

O Notwithstanding these successes, the Standard Model suffers from
conceptual diseases, which can be cured in practice (with today's
theoretical knowledge) by Supersymmetry only.

O Amazingly enough, several experimental hints of Supersymmetry were
observed by LEP and SLD. (Mostly indirect, with maybe a light Higgs
boson with mass 115.6+1.0 GeV/c?, just in the range predicted by SUSY)

d However, Supersymmetry is already very constrained by LEP1 and LEP2
searches: m, > 91 GeV/c?, tanf3 > 2.4. If GUT mass relations are assumed
in the MSSM, the LSP mass exceeds 46 GeV/c?at 95% CL.

O Direct evidence for SUSY is expected to show up soon (Tevatron, LHC, NLC)
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