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Programme

* Introduction to SUSY and its phenomenology
* open questions in the Standard Model
» motivations for low-energy supersymmetry
* Minimal Supersymmetric Standard Model (MSSM)
« MSSM particle content
« MSSM Higgs sector

» Searching for low-energy supersymmetry
* Accelerators and detectors
* Inclusive searches for supersymmetry
» Exclusive searches and determination of properties
« MSSM Higgs searches

« Searching for dark matter
« SUSY candidates for dark matter
e direct and indirect searches
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Literature

Useful references:

« S. Martin, “A Supersymmetry Primer” , hep-ph/9709356

L. Pape and D. Treille, “Supersymmtry facing experiment”,
Rept.Prog.Phys.69:2843-3067, 2006

Useful books:
* H. Baer and X. Tata, “Weak-scale Supersymmetry” , 2006
* Drees, Godbole, Roy,

“Theory and phenomenology of sparticles”, 2005
* |. Aitchinson, “Supersymmetry in Particle Physics” , 2007
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This lecture

Today:

« why go Beyond the Standard Model?
» are there theoretical models for BSM physics?

« are there experiments that may reveal BSM physics?
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Particle Physics

There are two basic questions 1n Particle Physics:

« What are the fundamental constituents of matter?

» What are the fundamental interactions between them?
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Elementary Particles

1) Leptons and quarks are the
fundamental constituents of matter

Quarks Leptons

tructure witl

the Atom
Quark Generation 3 Top . Bottom Tau Tau-neuttino

Size < 10“9\m
R

*\‘\
Generation 1 Up ; Down @ Electron , 0 Electron-neutrino

Size ~ 10719m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm i
siza and the entira atom would he about 10 km across.

Leptons and quarks together are
called fermions
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Basic Forces

2) There exist four fundamental interactions
between the matter particles

mm Electromagnetic mme | Weak mmmmn mssss Strong S mmmm Gravitational s

Photon M\ 75 Bosons (W,Z) ﬁ Gluons (8) m Graviton ? Q
P g
A
© ,

v e

- 000
Quarks
IL\It:;rt\s s o Neutron decay /‘;.Q 9/ e @ Solar system
Chemistry Beta radioactivity - Mesons , Galaxies
Electronics gﬁ:‘;‘i':‘“g%?:il::t:gns ¢ Baryons Nuclei Black holes
. Matter field
The forces are communicated to the matter
particles by means of messenger particles Force field
ﬂ Matter field e o4

bosons
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Messenger particles

ETH Institute for
\ Particle Physics

Interaction |Messenger Range (m)  Relative Example
particle Strength

Strong gluon 10 -15 1 proton
(quarks)

Electro- photon infinite <10 -2 atoms,

magnetic chemistry

Weak W=, Z boson <10 17 10 -> radioactivity,
sun

Gravity graviton? infinite 10 -38 solar system,

galaxies
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The Standard Mode¢

Theory

The Standard Model (SM) describes the fundamental laws of the
Universe 1n terms of only a few input parameters

* Such a theory must include the two pillars of modern physics:
(special) relativity and quantum mechanics

—  relativistic quantum field theory

* (Local) gauge symmetries dictate the form of the fundamental

Interactions: T
U(1) X SU(Z) X SU(3) (works for 3 of the 4 forces,

gravity is missing)

Has been tested to very high precision
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Why we’re still not happy with 1t

Still many open questions:

« What about particle masses? Does the Higgs boson exist and
what is its mass? And why is u?<0?

 Can gravity be included in the theory?

e Can the forces be unified to one fundamental force?

* Why is My, ; << Mpy, ? (hierarchy problem)
 What i1s dark matter?
 What about neutrino masses?

e Are there 3+1 =4 dimensions or more?
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Where are the masses?

Problem with the Standard Model: all particles are massless.
Introduction of mass terms ruins the gauge invariance. Oops.

Solution proposed by Brout-Englert-Higgs:

* assume the existence of a scalar field that pervades the universe

e particles interacting with this field acquire mass — the stronger
the interaction, the larger the mass

* the particle associated with the Higgs field 1s the Higgs boson
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EWSB mechanism

+
More technically: scalar SU(2) doublet: & = (('b )

Higgs potential: V (¢) = p? |®7®| + X |@T@|*, X >0

u? < 0: spontaneous symmetry breaking

Whyis p? <0 ? “Because it is.”

Either sign of 1+~ is possible in principle; there is no preference.
Supersymmetry facing experiment -- Feb 09 Filip Moortgat (ETH Zurich)



ETH Institute for
k Particle Physics

Liiges = (D, ®) T (D*®) — V(®); unitary gauge: ® = | v+ H

\ )

VV®® coupling: \ ’

= VV mass terms:  1gv? = M3, L(g?+ g2)v? = M2

3 components of Higgs doublet
— longitudinal components of W=, Z

H elementary scalar field, Higgs boson
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Fermion mass terms: Yukawa couplings

S
U oy o e my=vgs  free parameters
f
Mass of the Higgs boson: self-interaction
U x . H
Ny Mg =vV\  free parameter
vy’ ’ SO H

= Higgs couplings proportional to masses of the particles
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Hierarchy problem

Classical Quantum

| | I
| I
I |
o = X +
I I
| I
1 1 I

2 .2 _ 272
H = Hpare 16#2)\ A

In the SM, m,, is naturally ~ A, the largest energy scale

m, ~ 100 GeV, A ~ 10'® GeV - cancellation of 1 partin 1034
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Higgs mass limits

From LEP and Tevatron experiments:

My 2008 m =154 GeV
6 . . * e <
| Direct limit My, > 114.4 GeV
S — 0.02758+0.00035 7
A WY i owCRrin | Indirect constraints < 154 GeV
| (95%CL)
3_ ]
, | Preferred value:
- M,=84 +34 46 GeV
1 -
oL Excluded NG 7 Prefiminary Significant tension!
30 100 300

m, [GeV] it the Higgs boson exists, we will find it with the LHC
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Unification (1) Gipstutefor

Magnetism

Example: unification

Long range

magnetism -

Electroweak gMaxwell Electricit

¢ Mode Fermi
c>/-) Weak Theory = Weak Force

orang DStandar Short range

Unification =~ @  model J

Quantum

Gravity QCD Nuclear Force
2 o A
U .f.SUt[.)el’ Kepler Celestial

nification :
Universal Gravity
“““““““““““““““““““““““““““““ Gravitation Long range
“one string that rules them all ...” ? Einstein, Newton ‘&, 1 €rrestrial
Galilei Gravity

Theories:
STRINGS? RELATIVISTIC/QUANTUM CLASSICAL
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Dark matter and energy

Content of the Universe: Main evidence: CMB radiation

Main evidence:
telescopic observations

Main evidence: rotation curves
Also “direct” observation
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How to go beyond the SM?

A good BSM model should:
* incorporate the SM
and extend it

* solve one or several of the
SM defects

* describe all (present and
future) experimental results
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Supersymmetry

A possible extension of the SM :

a symmetry between fermions and bosons
= supersymmetry

Solves several problems at once:

 dark matter candidate (= lightest supersymmetric particle)
* opening towards a theory of gravity

e unification of gauge couplings

e hierarchy problem

* allows to explain why the Higgs mechanism works
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New sparticles

Need to introduce new particles :

leptons (1)

quarks ()
gauge bosons (b)

Higgs bosons (b)

(f = fermion, b = boson)
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€ Supersymmetric |
"shadow " particle

sleptons (b)

squarks (b)

gauginos (f) 1 neutralinos
higgsinos (f) J charginos
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Extra dimensions? El CTH stiute for

What if the Planck scale is actually IS around the EW scale ...
but it just looks much further because there are additional
(curved) extra dimensions?

New phenomenology of KK states and/or particles
that can travel in the extra dimension ...

Mo = M2 RY

planck

with n the number of the extra dimension
and R their radius
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Experiment (D il

... and how do we know any of the above 1s right?

—»  Experimental search for new physics
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The LHC Collider

Ecm =14 TeV
40M collisions/s

ALICE

Superconducting
magnets (8 T !!)

. 27TKm —* N

Compact Muon Solenoid
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The Compact Muon Solenoid )Exz

SUPERCONDUCTING  gcaL scintillating PBWO, CALORIMETERS
COIL ~_ Fyigd | Crystals HCAL Plastic scintillator
copper

sandwich

—— IRON YOKE

A

TRACKER

Silicon Microstrips

Drift Tube Resistive Plate
Chambers (DT) Chambers (RPC)
strips
Total weight : 12,500 t
Overall diameter : 15 m MUON ENDCAPS
Overall length : 21.6 m Cathode Strip Chambers (CSC)
Magnetic field : 4 Tesla Resistive Plate Chambers (RPC)
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The CMS detector

N~
=\

|




Event selection at the LHC

Per year, the LHC will provide about 10'¢ pp collisions.
An observation of ~ 10 events could be a discovery of new physics.

One has to find these 10 events among 1016
non-interesting ones!!

—

Searching for a needle in a hay stack?

e typical needle: 5 mm?

e typical haystack: 50 m3 » needle : haystack =1 : 1017

Looking for new physics at the LHC 1s like

’ looking for a needle in 100000 haystacks ...
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,A*

- Extra Dimens
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Supersymmetry algebra

Surnwfbg/vmwe‘frg

qu—ge/@rb‘vz
fa, ,a f=2/" P,
°” "f» S o
{QJ/aﬂi 3[7;”/ Q,7: [?M/'Pm].:d

. . — T v
(Qd :o}o;mo—r:q/ &-’-‘Q/

e = 0/1,2/3 J Wess
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Consequences

Q. changes spin of particle by 3

Q«|boson) = |fermion), Q. |fermion) = |boson)

Consider fermionic state |f) with mass m:
= bosonic state [b) = Q,|f)

P%|f) = m?|f)

= P?|b) = P?Qa|f) = Qo P?|f) = Qam?|f) = m?|b)

— For each fermionic state there is a bosonic state with
the same mass

= States are paired bosonic « fermionic
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Supermultiplets El A

Number of degrees of freedom is constrained:

ngp =ng
SM Fermion SUSY Scalar
(real spinor) (complex field)

+1/2\ 0

—1/2 0
SM fermions = sFermions |
SM Higgs (complex scalar) = higgsino, L/R with [ = 1/2

SM Gauge boson SUSY Fermion
(vector, m = 0) (gaugino)

+1 o +1/2

—1 —1/2
Supermultiplet components have same gauge transformation
properties: gauge bosons and gauginos are self-conjugate
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Names spin 0 | spin 1/2 | SU(3)¢, SU(2)L, U(1)y
squarks, quarks | Q | (ur dr) | (ur dr) (3.2, %)
(x3 families) u UR UR (3.1, %)
d dR dR (3* 11 _%)
sleptons, leptons | L | (v er) (v er) (1,2, —3)
(x3 families) e €R ER (1.1, —1)
Names spin 1/2 spin 1 | SU(3)¢c, SU(2)., U(1)y
gluino, gluon q q (8.1,0)
winos, W bosons | W+ WY | W= W0 (1.3, 0)
bino. B boson BY BY (1.1, 0)
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Higgs doubling

SUSY requires 2 Higgs doublets to cancel anomalies and to give mass
to both up- and down-type particles

E.g., anomaly cancelation requires XY*® = 0, where Y is hypercharge and
the sum is over fermions. This holds in the SM

SUSY adds an extra fermion with Y = —1:

0 70
WO = (Fa )5 ((Ha
h h, H,

To cancel the anomaly we add another Higgs doublet with Y = +1:

1 -
h% = | &0
hy Hy
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New sparticles

Need to introduce new particles :

leptons (1)

quarks ()
gauge bosons (b)

Higgs bosons (b)

(f = fermion, b = boson)
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€ Supersymmetric |
"shadow " particle

sleptons (b)  ~
squarks (b) 79
gauginos (f) 1 neutralinos
higgsinos (f) J charginos
(0’ X2 X35 X3)
O 22)
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Hierarchy solution

: Claslsical Quantum Quantum
1 |
1 | - |
I | ;M
® = X o+ + 1 f }@2
| | \ P
| | S
' i |
2 2 _ 1 5. 1 2,2
M = Hpare 1672 772)‘ A
1 2, 2 2
+ 1671'2)\ ('mf — -7nf) INn(A/my,)

Dependence on A is softened to a logarithm

SUSY solves the hierarchy problem, even if broken, provided that
superpartner masses are < O(1 TeV)
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Gauge coupling evolution

1 1 ;ﬁ)
_ +B8In (— . B =const.
2(p?) g?(ud) I

g(r): “running coupling”, m(x): “running mass”

= effective coupling «(Q) varies with scale Q
a =g’ /4w

a(Qo)
E.qg. QED: a(Q) = 2
J 1+ 478 a(Qo) In (870-)

B <0in QED: g8 =b/(167%), b= —4/3 (1-loop)

= a(Q) increases for increasing Q (Q > Qo),
a(me) ~ 1/137, a(Mz) ~ 1/128
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Gauge coupling evolution(2)

0.5 7

a (@] B &5
E.g. QCD: o4 | ol“v
| *EX
L S ?
CD 1 03 g s 88 o o
b =§(11NC—2nf)>0f0rnf=6 82 58 14 & §%
© gy e =8dv
¢ . ’ 0.2 ] E Tﬁég
= a5(Q) — 0 for Q@ — oo: “asymptotic freedom e R
For Ia'rg.e Q:. perturbation theory applicable, 0. N
description in terms of quarks and gluons useful
° 1 10 100
Q/1GeV]

as(Q) becomes strong for small Q:
quarks and gluons bound together to form colourless hadrons

= “confinement”
127

(@)= (11Ng — 2np)In (72=)

Adep
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€ ” » 5 7 TH Institute for
Gauge coupling unification

E_ 60 — : L 60 —
20 — 20 _
10 Bt 3
I 7 i
90 5 10 15 0% 5 10 5
, log Q(GeV) Yog Q (GeV)
o, =g /4r . .
 meetin | point
(1 = electromagnetic, 2 = weak, 3 = strong) » energy scale ok with proton decay
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MSSM gauge couplings EI e

SM multiplets — MSSM supermultiplets

by including superpartners differing by 1/2 unit in spin
Supermultiplets: Chiral = (10, ¢) ; Gauge = (A, A)
Same supermultiplet = same couplings in interactions
But: amplitudes must be scalar in spin space

Replace pair of SM particles by their superpartners

Gauge Interactions : | (shorthand notation)
Trilinear interactions, as they determine production and decay

couplings:
: WEWE) o goI3
s ¥(¥) o eQ = gasinéw Q
Z0 (ZCI) x g2 .:13 — Qs-z'.n'zt?‘.x-')

(AU))  (Agdd) A1) SM(AAA) (AAN)

More formally: obtained from covariant derivatives
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Supersymmetry breaking

* Unbroken MSSM
® Unbroken SUSY introduces new interactions but no new parameters
= All particles have the same mass

®  Superpartners must be heavier than SM particles =» SUSY broken

* Soft SUSY breaking (soft = no quadratic divergences)

2 2
ov =X 5y, Mo D, |” +m,,, ,A, A, +hc.

1.Hy,
Tig Terri i1, NErr] i1 TTC LT :
+ Ay Ly EHy + Ay O, hp D Hy + 4y, Q11U Hy + ByuH  H, + hec.
" 1m;are the scalar masses (matrix in generation space),

o \ 1
m, , , are the gaugino masses.
" A, are the trilinear couplings,

u 1s the Higgsino mass parameter
* Parametrization of our ignorance of the SUSY breaking mechanism
=>» Effective Lagrangian to derive phenomenology

Supersymmetry facing experiment -- Feb 09 Filip Moortgat (ETH Zurich)



( ' ETH Institute for

Particle Physics

Most general gauge-invariant and renormalizable superpotential
with chiral superfields of the MSSM:

%)&'J"CIL?;LJ-E,c + N9 L:Q; Dy, + ' L H, + %,\"ij’“UiDjD,g

w w
violate lepton number violates baryon number

VY = Vussm +

If both lepton and baryon number are violated
= rapid proton decay

Minimal choice (MSSM) contains only terms in the Lagrangian with
even number of SUSY particles = additional symmetry: “R parity”
= (=1)\3(B-L)+2S
Rp = ( 1 ) (B-L)
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Particle Physics

# SUSY particles can only be pair-produced, e.g. gg — §g

# Decay of SUSY particles into SM particles + odd number of
SUSY particles = Lightest SUSY particle (LSP) is stable

# All SUSY particles will eventually decay into LSP

= Decay cascades of heavy SUSY particles

» LSP stable = some LSP must have survived from Big Bang

= Weakly interacting massive particle (“WIMP”)
(otherwise ruled out from bounds on exotic isotopes etc.)

= Candidate for cold dark matter in the Universe

#® LSP neutral, uncoloured = leaves no traces in collider
detectors = Typical SUSY signatures: “missing energy”
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Particle Physics

Simplest assumption: the Constrained MSSM

Assume universality at high energy scale (Mgur, Mpy, ...)
» Universal scalar masses: m? = m3

» Universal gaugino masses: M; = m;» ("GUT relation”)
» Universality of soft-breaking trilinear terms:

L = Ao(HyQuut + HpQyad + HpLy;e)

Yu, Yd, - - - are the same matrices that appear in Yukawa
couplings (“proportionality”)
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CMSSM(2)

Universality ansatz results in five parameters, if possible
phases are ignored:

m%, m1/2a AO, ba 2

Require correct value of My
= |u|, b given in terms of tan 8 = v, /vy, sign p

- CMSSM characterised by my = VML gjp

mé, my /o, Ao, tan B, signp
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SUSY breaking scenarios

“Hidden sector”: —— Visible sector:

SUSY breaking MSSM

“Gravity-mediated”: SUGRA
“Gauge-mediated”. GMSB
“Anomaly-mediated”: AMSB
“Gaugino-mediated”

SUGRA: mediating interactions are gravitational

GMSB: mediating interactions are ordinary electroweak and
QCD gauge interactions

AMSB, Gaugino-mediation: SUSY breaking happens on a
different brane in a higher-dimensional theory
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Particle Physics

SUGRA: mediating interactions are gravitational

< Connection of gravity and electroweak physics

Flavour off-diagonal and CP-violating effects?

SUGRA with universality assumptions == CMSSM, ) LSP

Other possibility:
Gravitino LSP, compatible with CDM, 7 NLSP

7 could be long-lived charged particle, + — G, interesting
phenomenology
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SUGRA with universality assumptions = CMSSM
mo, M1 /9, Ag: GUT scale parameters

= Spectra from renormalisation group running to weak scale

Lightest SUSY particle (LSP) ~“"|
Is usually lightest neutralino

Gaugino masses run in same

way as gauge couplings
= gluino heavier than
charginos, neutralinos

“Typical” CMSSM scenario

(SPS 1a benchmark scen.):

Supersymmetry facing experiment -- Feb 09
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Squark and slepton masses(1)

* First two families: start from m, at GUT scale

® Yukawas are negligible

® Running dominated by m,, and o;s

= Splitting by D-term (sfermion)?(higgs)? after SU(2)xU(1) breaking

® At weak scale (approx. formulae)
m”(u,)=my +5.9m;, +0.35cos 2B M
m’(d,)=mg +5.9m;, —0.42cos 2]3111%
mi(lNlR) =m, +5.5m;,,+0.15c0s2BM,
m’(dy)=m; +5.4m;,—0.07cos2BM,
m>(e,)=m; +.49m;,—027cos2BM;
m’(V,)=m; +.49m;, +0.50cos 2BM
m’(ey)=m; +.15m;,,—0.23cos2BM,

2
D-term sum rule: ms=

€r

2 _ .2 2 _ _ag2 ,
m; =m; —m; =—M,; cos2[3

L

note that m,;,, is at most ~1.2 mg, ., (for m;=0)
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Squark and slepton masses(2)

® Third family: Yukawa couplings cannot be neglected
" At weak scale (tanB =10)
m (l Yy=m, +. 69m0 +5.0m;,+0.35cos2BM

m (b )= m# + 69m90 +35. O”’,w 0.42cos 2[311172
m- (t y=m,; +.33m,+3.7m,,,+0.15cos2BM,

m- (b y=m, +m’ (dR)
® =>» Yukawa couplings decrease mass
® Also L-R mixing: SUSY breaking and F-term

( m’(1,) m,(A, —ncot B)J

m, (A, —pcotP) m’(1,)
RN m%’ =% m~ +m~ +\/(m~ —m ) +4m, (A, pcotB) ]

Similar for sbottom/stau replacing cot3 by tanf3

Lightest squark: 7, (low tanP). b, (high tan p)
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Radiative EWSB

Universal boundary conditions at GUT scale,
renormalisation group running down to weak scale

My=300 GeV, M, ,,=100 GeV, A,=0 |arge corrections from
00| ] 1 top-quark Yukawa
coupling

&) 1300: .
- | = m7; driven to
g | negative values
S [ T = ew symmetry
5wl /oW IlIzza breaking
- ~ emerges naturally at
3_1 ...............

o s we? e geale ~ 102 GeV for
Q (Gev) 100 GeV < m¢ S 200 GeV
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Gaugino mass RGEs El Al

* If universal gaugino masses at GUT scale

- Renormalization Group Equations (RGE):
M, M, M,

o o, o
* Weak scale values:

M,=M,=27m,,
M, =038m,, M,=04m,,, =0.5M,

* SU(3) unbroken: M;=physical gluino mass, up to QCD corrections
* After SU(2)xU(1) breaking, Wino and Bino masses are mixed
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Chargino/neutralino masses E

* Gauginos mix with higgsinos
® Off diagonal coupling (7“ . y) = (W H H d)
* Mass matrices:
® Charginos (2x2) matrix: M, p. tan
Neutralinos (4x4) matrix: M;, M,, p, tan3
In limit where neglect terms in tanf, simplify to

M(x;) =M, M(x;) =1
M) =M, M) =M, M(x3)~ M)~

" = two exfreme cases:

Uw>> M, —— Lightesty are “gaugino-like”
M, >>pn —— Lightest y are “higgsino-like”

In MSUGRA (+GMSB): usually gaugino-like, x,°=Bino. x,%y,*=Winos
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\_ Particle Physics

Gaugino and scalar masses arise from loop contributions
involving messenger fields

= Typical mass hierarchy in GMSB scenario between strongly
interacting and weakly interacting particles ~ as/as/a;

LSP is always the gravitino =« .
(also possible in SUGRA) =t
next-to-lightest SUSY particle

(NLSP): ! or 7

can decay into LSP inside or .|, . . L
outside the detector
GMSB scenario with # NLSP ™[ o, —

(SPS 7 benchmark scen.):
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AMSB: SUSY breaking happens on a different brane in a
higher-dimensional theory

Problem of tachyonic slepton masses
= further source of SUSY breaking needed

Summary on SUSY-breaking scenarios:

“We are still far away from a Standard Model of SUSY breaking”
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How heavy’

How heavy are the sparticles?

independent arguments for 1 TeV scale:

- Gauge coupling unification
- Hierarchy solution

- Dark matter (?)

- EWSB relation
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Higgs potential in MSSM ()5

MSSM Higgs potential contains two Higgs doublets:
V = (lel* +miy,) (|hal® + [RE1?) + (Iuf® +md;,) ([hal* + 1hg )

+ [b(hihy — hohg) + h.c.]

2 12 12

g +g v 2 g . L2

+ = (R + 1R = [hal* = [hg ")+ 5 |Riha™ + huhy
N s

gauge couplings, in contrast to the SM

Five physical states: h°, Y, A°, H+

Parameters (besides g, ¢'):
1.: mixing term of the two Higgs doublets in superpotential, pH;H,
my,, my,, b: soft SUSY-breaking parameters
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Vd; Vu, (|N|2 +m%{u) ) (l”lz + m%{d) , b

Relation for MZ,, M2 yields 1 condition:
1 1
My = 59° (i +v3), Mi=5(g"+9)(v +v})
Minimization of V w.r.t. neutral Higgs fields 49, A2
= 2 conditions

= only two free parameters remain in the Higgs potential,
conventionally chosen as

tan B = Z—u, M% = —b(tan 8 + cot 3)
d
= My, My, mixing angle «, My+: derived quantities

can be predicted
E.g., lowest-order prediction: M2. = M3 + MZ
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Higgs mass bounds

Prediction for My, My, ...

Tree-level result for M, My:

Mg, = 5 [Mﬁ + M7 + \/(Mﬁ + M7)? —4M23M1§c0322ﬁ]

= M, < M, at tree level
MSSM tree-level bound (gauge sector): excluded by LEP!

Large radiative corrections (Yukawa sector, .. .):

2

Yukawa couplings: 22—, ——

2Mysw’' Mysw'’ """

= Dominant one-loop corrections: G,m In (ﬁn%l) 0(100%) !

t
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CMS . . ] . '
% Higgs mass radiative corrections [§ )t

* Top loop corrections: 1-loop leading log approximation

4
3m1 ln m’lmtz\_

47t *y? mt2 /—

A(m;) =

— Introduces a dependence on top and stop masses

— More accurate calculation:also on stop mixing X.=A -ucotfl

* In MSSM, m,° has upper bound
— Increases with tanf3

— Increases from min X/Mg5,=0
To max (X/Mgygy)*=0

m, <130 GeV

(for Mgy = 1 TeV, m=175 GeV)
=>» Lower than preferred SM range
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MSSM Higgs sector

« MSSM contains 2 Higgs doublets, therefore 5 physical
Higgs states: h?, H°, A%, H*

L—» ~ degenerate in mass for high m,
looks like Hg,( (but my, < 130 GeV)

* masses & couplings depend at tree level only on 2
parameters, say m, & tanf3: (1< tanf <60)

2 2 2
m. . =mgq,+m,.

-

Al
2 _ 1,2 2 = [r,.2 2 \2 _ 2 2 2
Mo o =3 (",4“ +my, + (my+m,) =4m  m ,cos” 2p

« radiative corrections can be important (e.g. for h? !1)
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Myices (GeY)

MSSM Higgs masses, summary

300 | | | | | | |
Maximal stop mixing
H, tan p=2
250 — mSUSY=1 GeV B
200 — N
H-=, tan B= 20
150 — H * tan B=2 - ’/
________ Hﬁ—'~"’§,§5?ﬁ_wq__ h, tan 3= 20
100 A -
' h, tan =2
b)
o | | I | | I I | |

75
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Prediction for My in the SM an

M, [GeV]

= Slight preference for MSSM over SM

80.70 -
_ LEP2/Tevatron (today)
i Tevatron/LHC
80.60 " —— | c/Gigaz e
fight SUS|
80.40 |-
80.30 |- -
80.20 both models EEEEEES |
B ] Hetlnemeyef. Hollix, lS!ocknger. Weber, Weiglein '07:
160 165 170 175 180 185
m, [GeV]

SM versus MSSM

] ] 1 T 1 I ] l I
_experimental errors 68% CL:
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SM versus CMSSM(2) [EE=S

x2 fit for M, without imposing direct search limit
SM CMSSM

~
)

3.5

.. 3
Electroweak precision

observables in CMSSM 2.5

2
1.5
Less tension than in SM

1

1 L L l
40 50 60 70 80 90100 200
my [GeV]
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Why SUSY is a good idea

One of the most appealing extensions of the Standard Model:

TeV-scale supersymmetry

[= a symmetry between fermions and bosons,
duplicates the SM particle spectrum, but not the couplings]

Solves several problems at once:

* hierarchy problem

 opening towards a theory of gravity

e unification of gauge couplings

 dark matter candidate (=lightest susy particle or LSP)

* allows to explain why the Higgs mechanism works
(radiative EWSB)
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