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It iz with great sadness that we learned about the sudden death of
Juline Wass on Angust, Sth, 2007, Only two weeks age Julius still
gave a special colloguium at the University of Karlsruhe on how he
and Brune Zomine introduced SBupersymmetry inte particle physics
in 1973, Julius was then professor in Karlsruhe and Bruno held a
pesition at CERN. Thiz special colloquium, entitled "From
Symmetry to Supersymmetry" was part of the PreSUSY07 schocl
of the 15th International conference on Supersymmetry and the
Unification of Fundamental Interactions, which was held in
Karlsruhe from 26.7.2007-1.8.2007. Julius gave also the cpening
lecture at this STUSYO7 conference and participated actively in his
charming manner.

Juline Weszz wasz one of the most rencwned and successful
theoretical particle physicists as exemplified by important awards:
Julius Wess lecturing at the he was reciplent of the Max Flanck medal, the Wigner medal , the
SUSYQT conference on Gottfried Wilhelm Leibniz Prize. He also received an honorary
July 25%, 2007 in Kadsruhe PhD. from the Humbeldt Universitit in Berlin.

Wess was born in 1934 in Austria and received his Ph.D. in 1957 in Vienna where he was a student of
Hans Thirring. His Ph.D. examiner was the famous quantum mechanics physicist, Erwin Schrédinger.
His scientific career brought him first to CERN. In 1966 he became associate professor at the Courant
Institute of the Univerisity of New York, in 1968 full professor at the Universitit Karlsruhe (TH). In
15850 he left Karlsruhe to become director of the Max-Flanck-Institut fiir Physik (Werner-Heisenberg-
Institut) in Munich and professor at the Ludwig-Maximilians-Universitit. After his retirement he
worked at DESY in Hamburg.
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Motivation for SUSY

\ The Standard Model (SM) cannot be the ultimate theory

— The SM does not contain gravity

— Further problems: Hierarchy problem
Up to which energy scale A can the SM be valid?

800.0

— A < Mp, : inclusion of gravity
effects necessary 6000 |

— stability of Higgs potential: =

400.0 |

— Hierarchy problem :
Higgs mass unstable
w.r.t. quantum corrections 2000 |
SM3 ~ A?

(but what does this mean?) 00

10°

M, (GeV)

Landau pole

Potential bounded from below

10° 10"
A (GeV)




Ideas for New Physics since 1970

(1) New Ingredients
— Technicolour: Higgs a bound state of strongly-interacting particles

(2) Symmetries for cancellation of quantum corrections

— Supersymmetry: Spin-statistics = corrections from bosons and fermions
cancel each other

— Little Higgs models: Global symmetries = corrections from like-statistics
particles cancel each other

(3) Nontrivial Space-time structure eliminates hierarchy

— Additional space dimensions: gravity appears only week
— Noncommutative space-time: coarse-grained space-time

(4) lgnoring the Hierarchy
— Anthropic Principle: parameters have their values, because we (can)
measure them




Mass is what determines the properties of the free propagation of a particle

H H
Free propagation: —~~~~~ =~~~ inverse propag.: i(p® — M%)

Loop corrections: Q ~ ' inverse propag.: i(p> — M% + %1,

QM: integration over all possible loop momenta &
dimensional analysis:

1 2m2
f 2 4 f
Xy o~ Nf)‘f/dk<k2—m2+(k2—m§)2>

f
" d*k dk
for A — oo : EfH ~ Nf)\?c(/kz +2m?/k)
~ A2 ~InA

= quadratically divergent!




For A = Mp;:
SEox MG ~ M2, = MY ~10% M%
(for My S 1 TeV)

— no additional symmetry for My =0
— no protection against large corrections

= Hierarchy problem is instability of small Higgs mass to large corrections

in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): 6M% ~ M&yr

Note however: there is another fine-tuning problem in nature, for which we
have no clue so far — cosmological constant




Supersymmetry:

Symmetry between fermions and bosons
Q|boson) = |fermion)
Qlfermion) = |boson)

Effectively: SM particles have SUSY partners (e.9. fo.r — fr.r)
SUSY: additional contributions from scalar fields:

fL,R
fLr 2
H T mow \ / H
—_d R D S
\ 7/
fL,R
7 1
! )2 4 : L
Sy~ Nj Af/d k <k2 _m% 2 mi >+terms without quadratic div.
R




= quadratic divergences cancel for

Nj, =Nj, = Ny
2 o 2
M= )

complete correction vanishes if furthermore
mf = mf

Soft SUSY breaking: mfg = m? + A2 )\fg — )\fc

= S~ Ny AL AT 4L
= correction stays acceptably small if mass splitting is of weak scale
= realized if mass scale of SUSY partners

Msysy ,S 1TeV

= SUSY at TeV scale provides attractive solution of hierarchy problem
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SUSY Field Theory — Symmetry and Algebra

Symmetry: a group of transformations that leaves the Lagrangian invariant
Generators of the group fulfill certain algebra

Examples:

0. Angular rotation: ¥ — We#"Le
theory is invariant under rotation
generators: L, algebra: [L,, Ly] = icqpe L€
Quantum numbers: (max. spin)?, spin  [[(I +1),m = +I...—1]
1. Internal symmetry: SU(3) x SU(2) x U(1)
gauge symmetry for description of strong and electroweak force
generators: Ty, algebra: [T,,Tp] = i fapeT*
Quantum numbers: color, weak isospin, hyper charge
2. Poincaré symmetry (includes rotation)
space—time symmetries:
Lorentz transformations: A#” | translations: P?
Quantum numbers: mass, spin — Exercise #1




Ex. 1: Spinor Representations of the Lorentz Group

The Lorentz group (SO(1, 3)) has the following algebra (generalization of angular momentum
commutation relations):

[J/w J/M] _ ( ve ghe 4 gupJvo _ “PJMU _ g/w vo)
a) Define the generators for rotations and boosts as:
i 1 @]k Jjk 7 01
L' = 3¢ J K'=J",

i, j, k = 1,2, 3. Aninfinitesimal Lorentz transformation can be written as

Find the commutation relations for the operators L*, K. Show that the sets

Jp = ;(L+ZK) Jl:%(szK)

commute with each other and are each a SU (2) angular momentum algebra.

Hence, representations of angular momentum (multiples of 1/2) imply representations of the
Lorentz algebra as (5, j_ ). Use J = &/2 to find the transformation Iaw for the two fundamental
representations (4, 0) (undotted or Ieft handed spinors (11)) and (0, 3) (dotted or right-handed
spinors). Proof that ewL with € = io? transforms like v and —ep Ilke v r,. (Dotting by complex
conjugation and raising by ¢).

=

® — (1 —4ifL — ifK)®.
e ——————————————————————tieiinii et el




Lorentz group: Representations of Lorentz group are labelled by
two ‘spins’, ji, j2 = 0, where ji,jo = 0,1,1,...

Basic representations M act on:

(1,0): LEFT-handed 2-component Weyl spinor, v,

(0,2):  RIGHT-handed 2-component Weyl spinor,  ¢*

they transform under Lorentz transformations as follows:

v,o= MM @ = (M) [,
W= (MY @ = (M) 0

M = exp(iZ(J — i), J and & are the three rotation angles and boost
parameters, respectively

= spinors with undotted indices (first two components of Dirac spinor)
transform according to (3, 0)-representation of Lorentz group,
spinors with dotted indices (last two components of Dirac spinor)
transform according to (0, 1)-representation




Our world (the SM) is described by:

— internal symmetry: T,
— Poincaré symmetry: A#¥, PP

internal symmetry is a trivial extension of the Poincaré symmetry:
[AMVaTa] =0, [vaTa] =0
= direct product: (Poincaré group) @ (internal symmetry group)
Particle states characterized by maximal set of commuting observables:
|m75;15:53; QaIaI37}/a"'>
—_—

space—time internal
quantum numbers




| Wanted: extension of the SM \

Theorem # 1: No-go theorem [Coleman, Mandula '67)
Any Lie-group containing Poincaré group P and
internal symmetry group G must be direct product P @
|m, 50,835 G, -)
N——— N~
space—time internal
quantum numbers

New group G with generators Q* and
A", Q% #0, [P",Q%]#0

impossible

Direct product = no irreducible multiplets can contain particles with
different mass or different spin

= new symmetry must predict new particles with the same mass and spin
as in the SM

= experimentally excluded, no such symmetry possible




Theorem # 2: How-To-Avoid-the-No-go theorem
[Gol'fand, Likhtman '71] [Volkov, Akulov '72] [Wess, Zumino ’74]

No go theorem can be evaded if instead of Lie-group (generators fulfill
commutator relations):

Anticommutator: {4, B} = AB + BA
= Generator Q° is fermionic (i.e. it has spin 1)
= Particles with different spin in one multiplet possible

Q|boson) = |fermion), Q|fermion) = |boson)
@ changes spin (behavior under spatial rotations) by 3
E.g.:

spin2 — spin3 — spin 1
graviton gravitino photon




Simplest case: only one fermionic generator ), (and conjugate Qﬁ-)

= N =1 SUSY algebra:
Qu Pl = [Qp P = 0
[Qa, MH]
{Qanﬁ}: {de@[}} = 0

(00} = 20M5
[MM MPT] = —i(g"7 M* 4 ghP MY — g"P MMT — gho MVP)

|
~.
—
Q
=
R
N—
R
O
=
—~
*
N—

Energy = H = Py, = [Q., H] = 0 = conserved charge
(*) = Qa (QB) is a left-handed (right-handed) spinor

= SUSY: symmetry that relates bosons to fermions
unique extension of Poincaré group of D = 4 relativistic QF T

— Exercise #2




Ex. 2: SUSY Basics: Harmonic Oscillator

a) Consider a (bosonic) harmonic oscillator. For simplicity assume: h = ¢ = w = - - - = 1. There are
the usual relations

1 1

V2 V2

For the eigenstates |n) we have: a [n) = /n|n — 1), af|n)=+vn+1|n+1) .Uptonow
everything is bosonic. Number and Hamilton operator:

lg;p] =4, a (q+ip), a (g — ip), [avaf]=1-

1
Ng =a'a, Hp= 5(112 +q>) =1

What do we get for [N, al, [NB, aT], Ng |n)and Hp |n) ?
b) Add a 2-state system (analogous to Spin-1/2 states \g 2.8.)):

1 1 1 1
|57+§> =1+, |51—5> =1-).
What is the algebra of the S;? Use S = S, + .S, to define fermionic annihilation and creation
operators:

di:=5,, d:==5_.

What are the anticommuation relations of d', d?
Analogous to a spin in a magnetic field define fermionic number and Hamiltonian operator:

Np =d'd, Hp =8, =?

How do d', d, N acton the states |£) . |—) ? |

T —




¢) Now couple the fermionic and bosonic systems:
H:=Hp+ Hp =7
The coupled states are:
n,+) =In) @ |+), In,—)=In)®]|-).

What does the spectrum of H look like? What about degeneration?

d) Now we derive the SUSY generators. They should do the following:

QI1,+) =2,-) @alg.: Qn,+) = vVn+1|n+1,-))
QMz, =y =11,+) (allg: Q' [n, =) — Va|n —1,+)).

What follows for Q, Q1 ? Calculate [NB,F, Q(”] . What do you get for
{Q(T),Q(T)}, [H,Q(T)]?

What are the energy eigenvalues?




Can SUSY be an exact symmetry?

Consider fermionic state |f) with mass m
= there is a bosonic state [b) = Q.| /)

P?(f) = m?(f)
= P%|b) = P?Qa|f) = QuP?|f) = Qum?|f) = m?|b)
= for each fermionic state there is a bosonic state with the same mass

= states are paired bosonic « fermionic
= (still) experimentally excluded

= SUSY must be broken




More on spinors:

The components of the spinors are Grassmann variables ,
i.e. anticommuting c-numbers

Raising and lowering of indices through the totally antisymmetric e-tensor:

Y 0 1 0 —1
B oh = : =
= _<—1 0)’60‘5_60"5_(1 0 )

= 1 = cagt®s P = PYp; s = e, 500 P = Py

In particular 0 N 10
65:67%2%2(0 1)

The product of two Grassmann spinors is defined through

0¢ 0%capl’ = —€apC’0% = (Pegad™ = (P05 = (O
o — (%9, = (h

0“Ca =
N

¢
— Exercise #3




Exercise 3: Grassmann numbers

A Grassmann number, 6, is an anticommuting entity: {6,0} = 0.

a) What follows for the Taylor series of the function ¢(6)?
b) If we impose translational invariance for the integrals

/de¢(x)/idx¢(x+c)

for Grassmann variables, what integration rules do we get?

0
— ?
/d&, /Hdﬂ, 20 !

Use the most simple normalization for [ 6d6!

c) What are the changes in the rules if there is a set of Grassmann
variables, © = {01, 0,,65,...}?




The ~-matrices are defined by

0 (") o123 _( -1 0
H — , . _
/A < (&H)aa 0 9 27 ’Y vy fy O 1

Where (Uﬂ)ad = {170.1’0.2,0.3}ad; (6;1,)61@ = {1’ _0.17 _0.2’ _0.3}15401;

(Uu)ad = guv(o'y)ao'z; (6u)da = guu(&u)da'
The convention for the metric is: ¢/” = g,,, = diag{1,—1,—1,—1}.
The ~-matrices have the usual commutation relation, {y*,~"} = 2¢".

This follows from

(0")0a (67)% = Tr(at5") = 2g".

Furthermore,
17 1 =V vV —
ot = = (dta" —o¥a"),
4
— Lo -
g = = (ato” —a"c").

4




The Lorentz-covariant expressions involving 4-component Dirac spinors
can be written in two-component notation using

o= () =00 )

TP = YA +96=x"Na + Pad"
T°0 = Pd—xA = Pad® — X Aa
T "® = x0"d— A" = X" (6")aad® — A*(0")ac
Ve = xo"§+ Aot = X (0")aad” + AN (0" )act®
Ty D = xo"5"A+$5"0" = X" (0")aa (@) N5 + b (@) (07) 556"

1 1 0 1 0 0
Pr=—(1—~:)= Pr = —(1 J) — )

= P,® = )\, left-handed Weyl spinor (LHWS)
= Pr® = ¢ right-handed Weyl spinor (RHWS)
— Exercise #4




Exercise 4: Majorana Spinors
A Majorana spinor (real 4-spinor) has the property

U =CU mitC = iy24° .
a) Show C~!' =CT = —C, as well as:

FT — +Crc_1 r= ]L 75’7/””75
- —cret! L=, [y",9"]

b) With the help of a) proof that

pr_ { +erett T =1, 759*,~®
—cret L= [y,9"]

c) Express C with the help of the epsilon tensors.

d) What has to hold for the left- and righthanded components of a

4-spinor being Majorana?
e) Show for 2-spinors: #2607 = —1e*7(69)

(1)

(@)




Further consequences of the SUSY algebra

{QuQs} =201
= {Qu. Qoo = 20" 5" P, = 4P,
—_——
29",
v=0=H=P=}{QuQ;}5" =} ({@.Ql} + {@.ql})
where Qs = (Qa)f

{Qi, Qj} = Q;Q! + Q!Q;: hermitian operator, eigenvalues > 0

= for any state |a): (a|H|a) >0

spectrum of H is bounded from below, > 0

= no negative eigenvalues




State with lowest energy: vacuum state |0)
if vacuum state is symmetric, i.e. Q |0) = 0, QT |0) = 0 for all Q

= vacuum has zero energy, (0|H |0) = Ey.c =0

For spontaneous symmetry breaking: vacuum state is not invariant

= If (global) SUSY is spontaneously broken, i.e. @, |0) # 0,
then (0|H |0) = Fyac >0

= non-vanishing vacuum energy




Further consequences for SUSY multiplets:

{Qa:@s} =002 —0(@nd @2 = 0)

Consider multiplet, start with state of lowest helicity \g
application of @, = one additional state with helicity Ao + 1
further application of ) = 0, no further state

= one fermionic + one bosonic state

(N SUSY generators = 2V~ bosonic and 2V~ fermionic states)
SUSY multiplet contains equal number of bosonic and fermionic state




Most relevant multiplets (possess also CPT conjugate ‘mirrors’):

» chiral supermultiplet: —1,0

Weyl fermion (quark, lepton, ...) + complex scalar (squark, slepton)
» vector supermultiplet: —1, —3

Gauge boson (massless vector) + Weyl fermion (gaugino)
» graviton supermultiplet: —2, —3

graviton + gravitino




SUSY Theory — Superfields and Superspace

Translation transformation: 7, , parameter: x*

SUSY transformation: Q... Q) , parameter: 6,0,
— anticommuting c-numbers ("Grassmann variables")

= Extension of 4-dim. space—time by coordinates 6%, §<: superspace

Point in superspace: X = (z*,0%,0%), Superfield: ¢(z*, 0%,0%)

Taylor expansion in Grassmann variable: 00707 = 0 (a, 3,7 = 1,2)
= Taylor expansion terminates after 2nd term, i.e. ¢(0) = a + 0y + 00 f

Integration: [df =0, [df6 =1

= /d29¢(9)=/d29(a+0w+99f)=f




With Grassmann variables:
SUSY algebra can be written in terms of commutators only

0Q,00] = 200"0P,
[0Q,0Q) = [0Q,0Q] = 0
[P".0Q) = [P*.0Q] = 0

= can be treated like Lie-group with anticommuting parameters

SUSY transformations:

(Lagrangian should be invariant!)
Group element of finite SUSY transformation:
S(y,&,6) =exp [i (€Q +EQ —y'P)]

in analogy to group elements for Lie-groups
¢, € are independent of y#: global SUSY transformation




Hausdorff’s formula (eA+5 = eAeBe~ 2148l for [A, [A, B]] = [A, [A, B]] = 0):
and SUSY algebra [(£Q), (£Q)] = 2(¢0*€) P,

Group Multiplication law:

representations of generators from infinitesimal superfield transformation
= P,=i0,, Qao=0n—1i(0"0)a0,, Q4= —0s+i(00")s0,

with 0, = 57+, 0 = - — Exercise #5




Ex. 5: Superspace Representation, Chiral Superfields

Use the following definitions for supercharges and covariant derivatives:

19} 17}

Qa =350 — ok, %0, Do =502 +iol, 0%,

_ 3] ) _ 19}

Qa Z—Mﬁ“eﬁ"ga‘% Dq =—ﬁ—z9 ok O
a) Calculate all anticommutators.
b) Proof

s 9 (00) = 4.
00« 895

c) The left-handed superfield @ is defined by the irreducibility condition D ® = 0. (Why is it invariant

under SUSY trafos?) Transform supercharges and covariant derivatives to the variables: 6, 6,
y# = z¥ + 00" 6. What is that good for?

Show that the chiral multiplett can be written as:

2

L (y,0) = p(y) + V20%Pa(y) + 00 F(y).

(Historical normalization!!!) Which fields are in with how many components? If you like, expand back
to the old variables.




e)

Qe

Proof that the SUSY trafos in that representation are (e infinitesimal):

0% = 0% 4o

¢ — oz +2i00"E.

Derive the SUSY transformations of ¢, 1 and F'?

Total derivatives in integrals can be rewritten as (vanishing) “surface terms”. Which term can
therefore be used for the construction of an action invariant under SUSY transformations,
S = [d*zL?

Let 6 be a Grassmann spinor. Let’s define:
2 1 o el
d®e .= 7160,@ de” de” .

With ¢(6) = a + 64 + 00 f, calculate [ d%6 ¢(#). How can we now write the SUSY-invariant term?

What about the products of chiral superfields?
Which terms built from products of two or three left-chiral superfields can therefore be used for the
construction of an invariant action? Interpret these terms.




Definition of covariant derivatives:
D, =—i0, — (U”é)aaﬂ, Dd = igd + (9(7”)0'(6“
Anticommutation relations of Q, D,:
{QazDﬁ} = {Q_(X?Dﬁ} = {QQ7D/B} =0
{Qanﬁ} = {QO'HQ&} =0
{Do,Dgs} = {Dd,DB} =0
{Qm Qa} = 2@’(0“)0@3# = 2(0u)adpu
{Dade} = —21’(0“)0@8“ = —Q(Uﬂ)adpu

= D,, D4 anticommute with SUSY generators
= are invariant under SUSY transformations

[(£Q+£Q)7Da] =0, [(£Q+£Q)aDa] =0




General superfield in component form

Most general form of field depending on z, 6, 6:

®(z,0,0) = @(x)+0y(z) + 0x(x) + 00F (x) + 00H (z) + oA, (x)
+ (00)0N(x) + (00)0(x) + (00)(60)D(x)

Further terms vanish because of 666 = 666 = 0

Components (can be complex):

o, F, H, D: scalar fields

A, vector field

¥, X, A, £ Weyl-spinor fields

= Too many components in 4-dim. for irreducible representation of SUSY
with spin < 1 (chiral or vector multiplet)

= representation is reducible
(not all component fields mix with each other under SUSY transf.)




= Irreducible superfields (smallest building blocks) from imposing
conditions on general superfield
conditions need to be invariant under SUSY transformations:

D4® = 0: left-handed chiral superfield (LxSF)
D, ® = 0: right-handed chiral superfield (RySF)

® = ®f: vector superfield

= chiral superfields describe left- or right-handed component of
SM fermion + scalar partner

LxSF in components:

L (00)(O,(2)0)

b(z,60,0) = gp(:c)—k\/ﬁ@w(:r:)—i@a"é@”(p(m)—l—%

_ i(e@)(éé)aﬂauw(m) — (66)F (x)

o, F: scalar fields , ¢»: Weyl-spinor field




Ly SF: Transf. of component fields with infinitesimal SUSY param. ¢, ¢:

5¢(x,0,0) = i(€Q + £Q)o(, 0,0)

Comparison with

5p(x,0,0) = dp(x) + V2000(x) — i05"00,00(x) + %(99)(6M5’d)($)0”§)

- 211(99)(9_5)3”8H5cp(x) — (00)5F(x)
= determination of d¢, Jv, 6 F:
S = V284 boson — fermion
0o = V2FEy +iV2(0"€) a0, fermion — boson
SF = 0, (iv/2E5+ ) F — total derivative

RxSF: analogously




SUSY Theory — Supersymmetric Lagrangians

Aim: construct an action that is invariant under SUSY transformations:
) / d*zL(x) =0

Satisfied if £ — £ + total derivative

Fand D terms (the terms with the largest number of § and @ factors) of
chiral and vector superfields transform into a total derivative under SUSY
transformations

= Use F-terms (LySF, RxSF) and D-terms (Vector SF) to construct
an invariant action:

S = /d% </d26£F +/d29d29,cp)

If ®is aLySF = ®"is also a LySF (since D4®" = 0 for Ds® = 0)

= products of chiral superfields are chiral superfields, products of vector
superfields are vector superfields




F-term Lagrangian:
LFz/foz:aéwfmw@@wfaw¢¢@k-+ha
o () 9 1] *1*] 3 1] 1X7

Terms of higher order in ®; lead to non-renormalizable Lagrangians

= F-term Lagrangian contains mass terms, scalar—fermion interactions
(— superpotential), but no kinetic terms

D-term Lagrangian:
LD:/fwwv
= D-term Lagrangian contains kinetic terms

— Exercise #6




igenR SUs Exeici Maii

Exercise 6: Wess-Zumino model
The only other SUSY-invariant combination of chiral superfields is the product of left- and
right-chiral superfields. This product is a vector superfield whose highest component again
transforms into a total derivative. It has the form

OLon| = [R006Lon) = FF* ~ 00,0" 0" — 00, 0"
0000
For hard guys: Take the expanded form for chiral fields:
6(2,0,0) = p(x)+ V209(x) — i0"00,p(x) + %(99)(%1#(1)0“9)

~ $(06)(80)9"0,0(x) ~ (06) ()

and check it. At least, make it plausible to you...
Take the following ansatz for the Lagrangian density
m g m g
£ = (9} 41) — (ool — (el + 3|

(66)(80) (66) (69)
m mass parameter, g coupling constant
Interpret the first term of L, especially with respect to the number of physical degrees of
freedom.
Write £ with component fields. What'’s the equation of motion for F'?
Use the result to eliminate F' from £. What follows for the masses and couplings of the fields

@ and ¥?




Example: the Wess—Zumino Lagrangian

Construction of Lagrangian from chiral superfields ®;
= &, (I)Z'(I)j, q)iq)j@k

®!®;: vector superfield, (&/®,)" = &},

(@l = FTF+(0,6)(0"0) + %wwam — Bt ) + B[

Auxiliary field F' can be eliminated via equations of motion

1 - . 1 -
= Lp = 5(1/%0“ wthi — (Outi)otas) — §7nij(¢i'¢'j + ity)
o 1 1 ’
+ (0u7)(0"0i) = > |ai + 3P+ 3 Xik PPk

P

- )\ijk:@id]jq;[}k: - A;jkwrijjq/_)k:




L can be rewritten as kinetic part 4+ contribution of superpotential W :

1 1
W(®;) = a;®; + -mi; PP, + gAijkcbi(I)j(I)k

2

Mass and interaction terms can be gained by derivatives of the
superpotential as a function of the scalar components only:

1 1
W(pi) = a;pi + —Mmijpip; + g)\ijk%@jsﬁk

2
= L o= W00 — Oub)o"h) + (0.60)(0 1)
2 -
1 0°W 1 92w+ _ -
Y [55] ~ 5505 250

W determines all interactions and mass terms

| Special case a; = 0: Wess—Zumino model




SUSY Gauge Theories

» Gauge trafo has local scalar phase: ¢(z) — e~ (@) ¢(x)

» Mismatch between trafo of 9¢ and (9¢)" is cured by
Ay(z) = Au(x) — %auv(x)

» We have SUSY! (Theoretically!) = Trafo must contain a superfield A,
not only a scalar

6—¢ =e @y  demand Dsd’' =0  Hence, DsA =0

B B T i(AT=A)
Liin. = @ ‘I)’ (06)(00) ole @ (66)(66)

» Introduce vector superfield

Liin. = T2V D| ) g Invariant, if V-V =V 4 - (A AT)

» But now not SUSY invariant any more:
— Exercise #7




Exercise 7: A little bit of SUSY gauge theories

a) Use the series expansion of the general real superfield

V(x,0,0) c(z) + i0x(z) — i0x(z) + 00" 0A,, (x)

+ S 0)(M(@) +iN@) — £ (@0)(M(z) — iN(2)
+ 00000 (@) + 30ux(@)0” ) — 1090 (A@) - 30" 0,x(x) )
+ 7(09)( 0) (D(a:) — 78“8 c(a:))

and the SUSY gauge transformation V' — V' + (¢. o' )

to derive the trafos for the components. Show that one can choose the Wess-Zumino gauge:
V(w,0,0) = 0040 Au(x) +i(00)0X(x) — i(00)0A(x) + 5(06)(06)D(x)
Calculate ¢/

c) For the kinetic terms of the gauge fields we need again chiral superfields:

1 o
“WeW
4 (00) 4 (56)

with W, = ——DDD Vand Wy = ——DDD V. Are these fields really chiral?

For people addicted to calculations: consult the literature for non-Abelian gauge theories. There is

always a more complicated calculation!
- 4
s

2




Vector superfield in components:
V(z,0,0) = c(z)+i0x(z) —i0x(z) + 05" A, (x)

T L0 (M) +iN(@) — L (OO(M ()~ iN@)
+ i(00)0 (5\(1') + %8“)((1‘)0”) —i(00)6 ()\(m) — %o’“(’)“)_((w))

+ %(09)(55) (D(:v) - %GHB,LC(@))

Number of components can be reduced by SUSY gauge transformation:
Wess-Zumino gauge: ¢(z) = x(z) = x(z) = M(z) = N(z) =0

Vector SF:
V(x,0,0) = 000 A, (z) +i(00)0\(x) —i(00)0\(x) + %(60)(0_0_)D(m)

6D = —Eot O, N (@) — O\ (z)aHE
=0, [—ga#X(x) — )\(ac)a“f} D — total derivative




Auxiliary fields are eliminated via equations of motions:

abelian: F = mp" + gp*’
non-abelian, gauge group G : D¢ = ... > g (%T(TG)“%»)

(internal indices of Tz, ¢; suppressed)

* 1 G NG
= Lp=FF +§ZG:D DE ...

Lagrangian for scalar fields ¢; and spinor fields v; with the same mass m;;
contains couplings of type Af f and hf f with the same strength

= SUSY implies relations between masses and couplings




Combined SUSY and Gauge Transformations

Non-Abelian groups (like QCD): [T%, T®] = i febeT®

Gauge covariant derivatives

D, ¢i
DH¢*i
Dyt
D, "

Chiral Superfields

Vector Superfields

i — (eigTaua(m)d)) .
= Oudi +igAL(T" )

= 9u¢" ' —igA (¢ T ¢)’

= Outhi +igA; (T Y)s

8‘L>\a + gfabCAZ)\c

5g07; \/561/)7.
§p; = iV2(c"€)Dypi + V2Fye
6F; = iV2ea" (Dytp)i + g(T% )i (EX*)

a 1 - a Na —
545 = L(@3,) + (A5,0)
c\a % _v a a
SN = E(o‘"o— e)F;, +eD

§D% = % (6" (DuN)® + (DA% e)

T




Summary of Lagrangian terms

> Kinetic terms for matter (chiral) superfields:

/ d20d2607¢20V & = | D, gpl? + i(TPW) + |FI? + V29(TT A" + g(o! ) D"

kinetic terms of SM fermions + sfermions incl. their gauge couplings + F' terms +
“SUSY gauge Yukawas” + “D term couplings”

> Kinetic terms for vector (gauge) superfields

_ i — 1
/d2ewawa + /dzewawa = —iF;}l,Fa W (PN + DD

» Superpotential

/ d*0W(®) + hc. = —Favg;”) Tavggf) 62;‘:(”) TS U %F@L
“Matter Yukawas” + scalar potential
» Eliminate auxiliary fields by E.O.M.:
W () IW(p)

i =_

D* = —g(p'T%) F=- Bt »




Supersymmetry breaking

’ Wanted: spontaneous SUSY breaking

Remember:
{Q.O}~P, = QQ~P,
Py=H = QQ~H

{Q,Q} ~QQ+QQ (with @ = QT): hermitian Operator = Eigenvalues > 0
= For any state |a): (| H |a) > 0
spectrum bounded from below

Vacuum: |0)

No spontaneous symmetry breaking: vacuum symm.: @ [0) = 0, Q [0) = 0
= (0| H|0) = Eyae =0

Spontaneous symmetry breaking: vacuum is not invariant: Q |0) # 0
= (0| H |0) = Evac >0

= non-vanishing vacuum energy




There are basically three different mechanisms for SUSY breaking

» D-term breaking for U(1) gauge groups (Fayet/lliopoulos, 1974)

1
Lr=—rD = V:h:D—iDz—gDZQiWiF

is gauge invariant and supersymmetric

2
1
= V:m?\¢i|2+§ <H—gzqz‘|¢i|2>
5

= Fermion masses: m?  Scalar masses: m? — gqr

» F-term breaking (O'Raifeartaigh, 1975)
— Exercise #8

» Dynamical Symmetry Breaking (Witten, 1981)
Strongly coupled superfields condense and break SUSY




Exercise 8: O’Raifeartaigh model

» How to pronounce Lochlainn O’Raifeartaigh?

» F-term breaking is only possible with at least three chiral superfields.
Consider the superpotential

W = —k®) + mdydg + %@@3

» Minimize the potential unter the assumption m? > yk. Why has
supersymmetry to be broken?

» Evaluate the masses of the scalars and fermions. What about the

Calculate the scalar potential.
spectrum?




SUSY breaking

Exact SUSY: my = m, ...
= in a realistic model: SUSY must be broken

Most satisfactory way for model of SUSY breaking:

spontaneous SUSY breaking ‘

Specific SUSY-breaking schemes (see below) in general yield effective
Lagrangian at low energies, which is supersymmetric except for explicit
soft SUSY-breaking terms

Soft SUSY-breaking terms: do not alter dimensionless couplings

(i.e. dimension of coupling constants of soft SUSY-breaking terms > 0)
otherwise: re-introduction of the hierarchy problem

= no quadratic divergences (in all orders of perturbation theory)
scale of SUSY-breaking terms: Msysy S 1 TeV




Classification of possible soft breaking terms:

[L. Girardello, M. Grisaru '82)
> scalar mass terms: m3, |¢;|

» trilinear scalar interactions: A;;i¢;¢;¢x + h.c.

> gaugino mass terms: 1mA\

v

bilinear terms: B;;¢;¢; + h.c.

» linear terms: C;¢;

= relations between dimensionless couplings unchanged
no additional mass terms for chiral fermions




N > 1 SUSY

So far: N =1 SUSY, simplest case, only one fermionic generator and its
hermitian adjoint: Q,, Q°

= one superpartner for photon: photino

N-extended SUSY: N generators Q4, Q; A=1,...,N
= N superpartners for the photon, ...

Generalization of anticommutator relation:
{Qé? Qg} = EaﬁXAB

XAB — _ X BA: “central charges”




helicity +% and helicity —% fermions are in same supermultiplet
(e.g.: hypermultiplet for N = 2 SUSY)

= helicity +3 and —3 fermions need to transform in the same way under
gauge transformations

not possible for chiral fermions of electroweak theory
= N > 1 SUSY theories are ‘non-chiral

= N =1 SUSY theories are the best candidates for a realistic low-energy
theory (extension of the SM)

However: N > 1 SUSY have interesting properties
e.g.. N = 4 SUSY field theory (flat space) is finite

Problem:
Seiberg-Witten solution in N = 2 SUSY, ...




Outline

Gauge Coupling Unification

Exercise 10

The MSSM Higgs sector

Exercise 11

The Sfermions

Charginos, Neutralinos, Gluino

Exercise 12

Models for SUSY-breaking communication
mGMSB

mAMSB

The Minimal Supersymmetric SM (MSSM)
Exercise 9




Minimal Supersymmetric Standard Model (MSSM)

MSSM: superpartners for SM fields

SM matter fermions have different quantum numbers than
SM gauge bosons

= need to be placed in different superfields
= no SM fermion is a gaugino

no Higgs is a sfermion (e.g. scalar neutrino)

agnostic about how SUSY breaking is achieved

no particular SUSY breaking mechanism assumed

parameterization of possible soft SUSY-breaking terms

= most general case: 105 new parameters: masses, mixing angles,
phases




1. Fermions, sfermions:

left-handed chiral superfields give SM fermions/sfermions
(= the conjugates of right-handed ones appear)

LxSF Q: quark, squark SU(2) doublets

LxSF U*: up-type quark, squark singlets

LxSF D¢: down-type quark, squark singlets

LxSF L: lepton, slepton SU(2) doublets

LxSF E<: lepton, slepton singlets

= one generation of SM fermions and their superpartners described by
five LxSFs




2. Gauge bosons, gauginos:

Vector superfields:

— gluons g and
— W bosons W+, W° and
— B boson B° and

3. Higgs bosons, higgsinos:

LxSF

Standard-Teilchen SUSY-Teilchen

d s b GO o E\ s b Higgsino.
Qs @ Loptonen (@) Katoichen s @ Sevonen @) SUSY-attsicnen
gluinos g
winos W=, W0
bino B°

In MSSM: two Higgs doublets needed = two LxSFs




Supersymmetrization of SM Yukawas

Lsm = yaQ Hdp +y,Q Hup

d-quark mass u-quark mass
mq = Yav My, = Yu U

QL:<Z> . H=ioHT, H—><O), ﬁ_><“>
I v 0

In SUSY: not both terms simultaneously allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ®;, not on &/

No soft SUSY-breaking terms allowed for chiral fermions

= Hy and H, needed to give masses to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences




Chiral supermultiplets of the MSSM

spin 0 spin 1 | (SU@3)., SU(2), U(1)y)

squarks and quarks Q (ir,dr) | (up,dr) (3,2, %)

Ue al uf, (3,1,-2)

D¢ % d% (3,1,3)
sleptons and leptons | L | (#,é) | (v,er) (1,2,-3)

E° €n eq (1,1,1)
higgs and higgsinos | H, | (hf,h%) | (hf,h0) (1,2, 1)

Hd (h27h¢;) (~d7~¢; (1a27_%)

— Exercise #9




Exercise 9: The superpotential of the MSSM

H SU(2) Singlett ‘ SU(2) Doublett ‘

chiral SF ue D¢ | E° Q L H, Hy
Hypercharge Y -2/3 | 1/3 1 1/6 | -1/2 | 12 | -1/2

a) Construct the most general superpotential from these chiral superfields, subject to the
following constraints:

> SU(3)e x SU(2)r, x U(1)y gauge invariance

What follows from these constraints for the general structure of the allowed terms?
Which interaction terms appear?

b) Which terms appear to be strange? What can you do against them? Consider the
combination
Pp = (—1)3(B-1)
with the baryon number B and lepton number L. This matter parity is often rephrased
as R parity acting on the component fields, (—1)3(5—L)+2s where s is the spin. What

> Renormalizability
does this for the interactions?
4




Vector supermultiplets

spin 1 spin1 | (SU(3)., SU(2), U(1)y)

gluinos and gluons g g (8,1,0)
winos and W-bosons | W*, W0 | W+, Ww?° (1,3,0)
bino and B-boson B B (1,1,0)

= MSSM has further symmetry: “R parity” (see below)

Restricts the superpotential of the MSSM:

Wassm = UYWQH, — DYaQHy — EYLHy + pnH, Hy

Get used to signs, matrix and group invariant structure!




Particle content of the MSSM

Superpartners for Standard Model particles:

[u,d, ¢, s, t, b]L,R [e,u,T]LR [VEM’T]L Spin %

[a,d,a,g,ﬂz}]L’R [é,u,%]m [eur] Spin 0

g W* H* ~ Z HY HY Spin 1/ Spin 0
g WHH* 5,7, H) H
~ Y ——
N - - 1
g sz X(1),2,3,4 Spin 5

Enlarged Higgs sector:
Two Higgs doublets, physical states: 1", /7", A" 11+
as usual: Breaking of SU(2) x U(1)y (electroweak symmetry breaking)

= fields with the same SU(3).., U(1)em quantum numbers mix after EWSB




R parity

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

1. g . 1,
W =W + AV LiL By + NVPLiQ; Dy + p" LiHy + SNV ULD Dy

violate lepton number violates baryon number

= rapid proton decay

Minimal choice (MSSM) contains only terms in the Lagrangian with even
number of SUSY particles

= additional symmetry: “R parity”

If both lepton and baryon number are violated
= all SM particles have even R parity, all SUSY particles have odd R parity




The Lightest SUSY Particle (LSP)

MSSM has further symmetry: “R-parity”
all SM-particles and Higgs bosons: even R-parity, Pgr = +1
all superpartners: odd R-parity, Pr = —1
= SUSY particles appear only in pairs, e.g. ete™ — X1 X1

= lightest SUSY particle (LSP) is stable
(usually the lightest neutralino)

good candidate for Cold Dark Matter

= Mgusy 5 1 TeV

LSP neutral, uncolored = leaves no traces in collider detectors
= Typical SUSY signatures: “missing energy”




Spontaneous breaking of global SUSY

If global SUSY is spontaneously broken = (0|H|0) = Ey.c > 0
= fields need vacuum expectation value

= either (F) > 0 (F-term breaking) or (D) > 0 (D-term breaking)

= requires that F; = 0, D® = 0 cannot be simultaneously satisfied for
any values of the fields
F-term breaking:

need linear term in superpotential W((bZ) = a;¢; + %mij(bi@ + %)\Uk¢z¢]¢k
= requires a chiral superfield that is a singlet under all gauge groups
= not possible within the MSSM

D-term breaking:

Does not work in the MSSM (leads to charge and color-breaking minima)




Problems can be overcome if SUSY breaking happens in a ‘hidden sector’,
i.e. by fields which have only very small couplings to ordinary matter

SUSY breaking in the hidden sector:
— tree-level (like F- and D-term breaking)
— dynamical breaking (similar to chiral symmetry breaking in QCD), ...

SUSY-breaking terms in the MSSM arise radiatively via interaction that
communicates SUSY breaking rather than through tree-level couplings to
SUSY breaking v.e.v.s

= phenomenology depends mainly on mechanism for communicating
SUSY breaking rather than on SUSY-breaking mechanism itself

If mediating interactions are ~ flavor-diagonal
= universal soft-breaking terms




“Hidden sector”: — Visible sector:
SUSY breaking MSSM

“Gravity-mediated”: mSUGRA
“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

(more details later)




Soft breaking terms

1 ~~ —
Lot = —3 (V1BB + MoWW 4 Magg ) + hc.
—m?%, HiH, —m3 HyHy — (0H,Hy +h.c.)
— (ﬂRAu@Hu —dpA QH, — éRAeZHd> fhe
- @Tn’lé@ —Ltm?L - Gpm’ il — dpmidy — épm’éh

Most general parameterization of SUSY-breaking terms that keep relations
between dimensionless couplings unchanged
= no quadratic divergences

m?, A;: 3 x 3 matrices in family space

= many new parameters




Gauge Coupling Unification

[RGE: equations that connect parameters at different energy scales]
— use RGE’s to evolve gauge coupling constants from
electroweak scale to the GUT scale
Q; (Qelectroweak) — Oy (QGUT)

Unification of the Coupling Constants
in the SM and the minima MSSM i
. gauge couplings do not

S 60 et /o Se i meet in the SM

N SM © MSSN

. ~7 0 they unify in the MSSM
E 1/« ] .

R yd . : although it was not
/ T designed for it!

20F e 20 o

10; 17 10 va, = Mguysy ~ 1 TeV

05 5 10 0 0 5 10

15
. 1°Iog Q
— Exercise #10




Exercise 10: SUSY GUTs and sin? 0y

The renormalization group equations for the coupling constants g;, ¢ = 1, 2, 3 are given by:

bou_ _y 0 1)
Olnp “or’

In the SM, the coefficients b, for the gauge groups SU(%) are:

bs = —11—‘,—%]\@7
by = — 24 iINg+ Inm,
373 6
b1 = §Ng+lNHs
9 6

where N, is the number of generations and Ny the number of Higgs doublets.
a) Why has b, a different form as b> and b3? Show that the solution of (1) is:

1 1 bi w
— - BRI (A 2
ai(m)  oulpo)  Am o (MS) @

b) In a Grand Unified Theory (GUT) we should have the following relation at the GUT Mx :

5/391(Mx) = g2(Mx) = gs(Mx) = gcur- 3)

Ina GUT like SU(5) X SU(3). x SU(2)1 x U(1)y, d°, L are together in a multiplet (5), as
well as u°, e, Q (10). Demand that tr [T“Tb] = %5‘“’ to find the normalization of hypercharge.




Furthermore, we have:

a(w) a(w)
a; = 200 as = 2 4)

c) Forthe scale uo = Mx take the the GUT scale. Express s3, () as a function of a (i) ans
In(Mgur/1). Replace the logarithm by a corresponding relation containing a() and
asz(p) = as(p). Keep the b; explicite.

¢) Wo do you get with a(Mz) ~ 1/128 and ovs (M z) = 0.12 for s%V(MZ), Mx and aguT?
Experimentally, the weak mixing angle has the value s%v = 0.2312(3).

d) Due to the additional particle content of the MSSM the coefficients of the renormalization group
equations for the coupling constants are changed with respect to the SM. In the MSSM they are:

by = —94 2N,
1
ba = —6+2N+ 5N,
10 1
by, = ?Ng — §NH,

Repeat the above calculations for the MSSM. What changes?




SUSY relations among parameters

Symmetry properties of MSSM Lagrangian (SUSY, gauge invariance) give
rise to coupling and mass relations

Soft SUSY breaking does not affect SUSY relations between
dimensionless couplings

E.g.: . .
gauge boson—fermion coupling

gaugino—fermion—sfermion coupling
4

for U(1), SU(2), SU(3) gauge groups
In SM: all masses are free input parameters (except My —M_ relation)
MSSM:

» Relations between neutralino and chargino masses
» Sfermion mass relations, e.g. mZ, = m7; — My, cos(20)

All relations receive corrections from loop effects
& effects of soft SUSY breaking, electroweak symmetry breaking




The MSSM Higgs sector

Higgs mechanism needed to give masses to W and Z bosons:

+
SM: Scalar SU(2) doublet: @ — ( (ZO )

Higgs potential:

V(9) = pdy |70 + A@Ta*, A>o0

V(s|jel)

pgy < 0: Spontaneous symmetry break-
ing

2
minimum of potential at  |[(®g)| = ;i""

Sl

SM: sign of ugy has to be set by hand




MSSM: negative sign of ;. comes for free provided that ...
— assume GUT scale (as motivated by coupling constant unification)

— take universal input parameters at the GUT scale (see mSUGRA below)
— run down to the electroweak scale with RGEs

Mp=300 GeV, M, ,=100 GeV, A,=0
400 \ ] \ \

Exactly one parameter turns

negative: the “1” in the Higgs
800 PE LI H QIETE potential

=
o
S 1
% [N H s :
g AR i 1 But this only works if
200 — ~<” —
9 i PR 1 my = 150...200 GeV
3 [ . ~—e ]
E r ':!’ _ Tt~ and Msgysy ~ 1 TeV
S wor— S ow o= - =
2 7T T T ]
A ]
[/ B ]
ol Lo L ‘
103 108 109 1012 1015




Exercise 11: The MSSM Higgs potential

a,

Derive the scalar potential for the Higgs fields in the MSSM. There are two contributions from the
superpotential, three soft-breaking terms and two D terms.

Show that performing SU (2) 1, rotations allows to rotate the VEVs to the neutral components in the
potential

12 2
+
V= (Il 4 QP+ (el iy )| H P —b(H HG +hie) + T2 (|HEJ = [HY )

Although the quartic term is positive, there is a D-flat direction | H®| = |HY|. Show that the
requirement for the potential to be bounded from below for large values of the fields along the D-flat
directions leads to

Show that the requirement for one linear combination of Hg and HY has a negative mass squared
implies

b > (|ul? + mi ) (Iul® + m) )
Next, we set the VEVs equal to (H?) =: v, (H}) =: vq and introduce tan 8 := v,, /vg4. Then,
v? =2 + 02 ~ (246 GeV/+/2)?. Show that both VEVs being positive implies 0 < 8 < /2.
Minimize the potential with respect to H2 and HJ and proof that this leads to

myy, + ul® = beot B — (m%/2) cos(28) = 0 (3a)
mi, + ul® = btan 8 + (m% /2) cos(28) = 0 (3b)

2b<2|u|2+mi{u+mH3< ™
Check that these equations satisfy the conditions (1) and (2).




f) Taking |u|?, b, m7,,, mild as input parameters, show that the solution of (3a) is given by

2b

mpys +my +2luf?

sin(28) =

(4a)

Img2 +mi |
my = —uTd (M2 +m, +20ul) (4b)

/1 — sin2(28)

g) Use the following rotations

H? _ Uy 1 cosa sina RO i sin3 cosf3 G°
HY - P +\/§ —sina  cosa H° +ﬁ —cosfB sing A

®)
H:’ _ sinf8 cosf at
(H )" - —cosfB sinpf HT
to find the masses for the states h°, H®, A°, H*, G* and G°. Express sin(2a)/ sin(23) and
tan(2a)/ tan(2/3) as functions of the masses of the Higgs and gauge bosons.

h) Derive the bound for the lightest Higgs boson

mpo < mz|cos(206)]. (6)

Why is this not already ruled out?




The MSSM Higgs sector

Two Higgs doublets:
0 - <w>:<m+w+mmﬁ>
Hy bq
o= (1) (o)
Hy) vu + (65, +ix5)/V2

Higgs potential:

Vo= (g, ) Ha o+ (g, 0P A~ bew HHG +hie)
/2 2 2
+
O (Hl? — [HPP + 5 (P

—— ~~
gauge couplings, in contrast to SM

Mixing of CP-even, CP-odd, charged fields:

HY Y\ cosa  sina o
R —sina cosa 2




A0 _ sin 8 cos 8 XY H* _ sin 8 cos 8 oft
G® )\ —cosfsing )Gt )\ —cosB sin 3 b
M?% + M2
M3 — M7
Three Goldstone bosons (as in SM): ¥, G+

tan(2a) = tan(20)

— longitudinal components of W*, Z
= Five physical states: h°, H?, A%, H*

h, H: neutral, CP-even, A": neutral, CP-odd, 7 +: charged

Gauge-boson masses:

1 1
My = 595 +03), ME=5(e% + 9@+ D), M, =0




Problem:

MSSM contains term @ H, H, in superpotential

w: dimensionful parameter

For ew symmetry breaking required: i ~ electroweak scale

But: no a priori reason for y £ 0, p < Mp
(problem mainly in GMSB scenario, easier to overcome in mSUGRA)

1 related to v.e.v. of additional field
= Introduction of extra singlet field S, v.e.v. s = “NMSSM”

Superpotential: V = AH, HqS + $£5% + ...
Physical states in NMSSM Higgs-sector:

Possible solution:
Sl, SQ, Sg (CP-even), ]:)17 Py (CP-Odd), o+




Parameters in MSSM Higgs potential V' (besides ¢, ¢'):

Vd, Vu, ME,, MH,, |1, b

relation for M3,, M% = 1 condition
minimization of V' w.r.t. neutral Higgs fields HJ, H? = 2 conditions
= only two free parameters remain in V', conventionally chosen as

tan 3 :/U_u’ M3 =b(tan 8 + cot3)
Vd

= mp, my, Mixing angle «, my+: no free parameters, can be predicted

In lowest order:
mis = M3 + M3,




Predictions for my,, myg from diagonalization of tree-level mass matrix:

o4 — ¢, basis:

2 2
Mtree — [ Moy Mo, |
Higgs 2 2

M3sin® B + MZcos?3 —(M3 + M2)sin B cos 3
—(M3 + M2)sin 8 cos§ M3 cos® 3 + Mg sin® 3

ﬂ «— Diagonalization, «

2,tree
(7 2
,tree
0 my,




Tree-level result for my,, mg:

2
mgp =

1
3 [Mi + M3z + \/(Mg + M2)2 — 4M2Z M3 cos? 23

= my, < M at tree level

= Light Higgs boson h required in SUSY

Measurement of my,, Higgs couplings

= test of the theory (more directly than in SM)




Higgs couplings, tree level:

ghvv

gHVV

9hAZ

Ihvbs Ghr+r—

9htt

9Abb) JAT+HT—

sin(8 — a) giyy, V=W*Z

cos(f3 — a) 9?{1\6\/

/

g
cos(8 - a) 2 cos Oy

Sln [0 SM
g
cos /[3 Hbb,Hr+7—

cosa gy
R SM
sin g 7H!

5 tan gls,{l\gl_)

= gnvv <9y, 9nvv, gV, grhaz cannot all be small

Inp» Inr+-— Significant suppression or enhancement w.r.t. SM coupling

Invls nr+-— - POSSIble




Higgs mass bounds in SUSY theories

MSSM predicts upper bound on my,:

tree-level bound: m;, < My, excluded by LEP Higgs searches!

Large radiative corrections:

2

Yukawa couplings: 552 S

2Mw sw?® Mwsw?® """

mg, mi

= Dominant one-loop corrections: G,m{In (—m%l)
t

Present status of m,, prediction in the MSSM:
Complete one-loop and ‘almost complete’ two-loop result available




Upper bound on m,, saturated for large M 4 , large tan 3,
significant mixing in £ sector
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Upper bound m;, < 135 GeV reduced by

~ 7,12,11 GeV in mSUGRA , GMSB , AMSB scenarios
[S. Ambrosanio et al. "01]

Upper bound on my, in extensions of MSSM: m;, < 200 GeV
(no new gauge groups!)
[G. Kane, C. Kolda, J. Wells 93] [J. Espinosa, M. Quirds 93, 98]

Remaining theoretical uncertainties in prediction for m,, in the MSSM:
[G. Degrassi et al. '02]

— From unknown higher-order corrections:
= Amy ~ 3 GeV

— From uncertainties in input parameters
My, ..., My, tan 3, mg, , Mg, 07, mg, ...
Am; ~ 2 GeV = Amy, =2 GeV




The Sfermions

Scalar potential terms for the sfermions:
> Soft-breaking mass terms: m73, | fr|> + m7, | fr|*
» F terms from the superpotential:
Y7 Hyafo? + YP Hujafrl? + |0 (Hujafo fr +h.c.)
» Soft-breaking A terms: Ay H,,qf1f5 + h.c.
» D-term contributions: o< ¢?|fz|?|Hyyal? + ¢' | f1?|Huyal?

= Characteristic mass matrix structure for up/down-type sfermions:
XszAfT—y/tanﬂ Xflefl—p,tanB

2 0~ 2
M?; _ ( M7 +me +ADfTL . meXfT ) 2 me,l 0
X M AD z
1 1 +me + FI 0 R

2 2 - 0z 2
M = My, +myp +ADg . X I M 20
£ mlefl M=% +mfl +ADfL " 0 m=

fIRrR

AD;=(T; 5 — Qf sin® Oy) cos(26)m2Z




Sfermion Systematics

vvy VY

Off-diagonal element prop. to mass of partner quark (tan 8 = vy /vq)

= mixing important in stop sector (sbottom sector for large tan 3)
Taken into account also for stau sector

Mixing makes (often) 71 lightest slepton (NLSP), #; lightest squark
gauge invariance = relation between m;, ,m;, , 0, my, s mg,, 05
No right-handed sneutrinos (GUT-scale ?)
Characteristics from renormalization group equations:
mi =mi + Ks + Ko + gKi + ADg
3, =mg + Kz + Ko + K1+ ADg
m3,  =mj + Ks + 4K1 + ADg,
mZ-R =mj + Kz +  §Ki + ADg,
mZ,  =mg + K + 1K1 + ADg,
m;  =m + K, + iK1 + ADg
m? =~ =mj + K1 + ADe,

K1 = 0.15 mj ,
Kz = 0.5m7 ,

Ky ~ (4.5 —6.5) m7 ,,




Neutralinos
In gauge-eigenbasis v° = (B, W°, HY, H?), the neutralino mass
matrix is:
M, 0 —g'va/V2  gvu/V2
M. — 0 M, gua/vV2  —gvu/V2
N —g'va/V2  gva/V2 0 —u
gvu/V2  —gvu/V2 —u 0

Origin of terms:

» M, and M, soft-breaking gaugino masses
» —pu entries: SUSY Higgs(-ino) mass term
» g, ¢ terms: Higgs-higgsino-gaugino “SUSY gauge Yukawas”

Rotate this to the mass eigenbasis:

myg, 0 0 0

- 0 mg 0 0
N ? *M-N"! = Ny

N; =Ny;99,  N'MgN 0 07 mg, 0

0 0 0" mg

if EWSB negligible: a “bino-like" Y9 ~ B; a “wino-like" X3 ~ W°; and
“higgsino-like” 3, ¥% ~ (A + HY)/\/2




Neutralinos
In gauge-eigenbasis ¢° = (B, W°, HY, HY), the neutralino mass
matrix is:
M,y 0 —cosf swmz sin 8 sw mz
Ma — 0 Mo cos B cw mz —sin B cw mz
N 7T | —cos3 swmz cos B cw myz 0 —u
sin 8 sw mz —sin B cw mz —p 0

Origin of terms:
» M, and M, soft-breaking gaugino masses
» —pu entries: SUSY Higgs(-ino) mass term
» g, ¢ terms: Higgs-higgsino-gaugino “SUSY gauge Yukawas”
Rotate this to the mass eigenbasis:

mg, 0 0 0

N 0 m 0 0
_ . 0 * N -1 _ N-.

Ni=Nip;, N MgN-" = 0 0 my, 0

0 0 0 mg

if EWSB negligible: a “bino-like" X ~ B; a “wino-like" X3 ~ W°; and
“higgsino-like" %9, X9 ~ (HY + HY)/v/2




Charginos

In gauge eigenbasis ¢* = (W+, H}, W=, H;):

0 X7
M**:<X 0)’

X (MQ gvu> _ < M, \/isinﬁmw)
gua  p V2 cos B mw 1 '

Rotate into mass eigenstates by two unitary matrices:

o+ v+ v 1 — -
)5 @)l ox-(r L)
X2 Hu X2 Hd 0 m)22

Often: 1Y degenerate with y+
1

with




The gluino
Color octet fermion = cannot mix with any other MSSM state
Pure QCD interactions

GUT-inspired models imply at any RG scale (up to tiny 2-loop
corrections):

3
My = L sin? 0y My = 222 cos? M,
« 5 «

Translates to mass relations near TeV scale:

Ms:My: M ~6:2:1

Crucial for SUSY detection:

» Proof its fermion nature
» Proof its Majorana nature

» Proof its octet nature
4




Exercise 12: Structure of MSSM Feynman rules

Consider the structure of the Feynman rules of the MSSM. First, recall
what general Lorentz structures are possible.

v

Gauge self-couplings

v

Fermion gauge interactions

v

Sfermion gauge interactions

v

all sorts of Yukawa couplings

v

Triple and quartic scalar couplings

v

Never try to count!




Models for SUSY-breaking communication

Remember:
= phenomenology depends mainly on mechanism for communicating
SUSY breaking rather than on SUSY-breaking mechanism itself

“Hidden sector”: — Visible sector:
SUSY breaking MSSM

“Gravity-mediated”: CMSSM, mSUGRA
“Gauge-mediated”: GMSB
“Anomaly-mediated”: AMSB

SUGRA: mediating interactions are gravitational

GMSB: mediating interactions are ordinary electroweak and QCD
gauge interactions

AMSB: SUSY breaking on a different brane in a higher-dimensional theory

All constrained models are special versions of the MSSM !!!




Gravity-mediated SUSY breaking (aka mSUGRA)

= Quantum field theory of supergravity: graviton and gravitino
QFT with spin 2 and spin * field is not renormalizable

= cannot be extended to arbitrarily high energies

= QFT of supergravity has to be interpreted as effective theory

contains non-renormalizable terms prop. to inverse powers of Mp)

SUSY breaking in hidden sector:

= supergravity Lagrangian contains non-renormalizable terms that

Best candidate for fundamental theory: string theory
communicate between hidden and visible sector ~ 1 /M[;




Dimensional analysis:

SUSY breaking in hidden sector by v.e.v. (F) (dim (F) = mass?)
coupling ~ 1/Mp,

require mgos, — 0 for (F) — 0 (no SUSY breaking) and for
Mp; — oo (vanishing gravitational interaction)
(F)
Mp,

= Mgoft =

Wanted: .., = 1 TeV (hierarchy problem)
= /(F) ~ 10" GeV : scale of SUSY breaking in hidden sector

iE)
Mp

= M3 A Msoft, gravitational interactions

In general: mgravitino = ms ~

= gravitino not important for collider phenomenology




Non-renormalizable terms in supergravity Lagrangian:

1
L = —F AN +he. — —5FxF5% k‘l *
NR Mm X}@ f + h.c. M, xFx
1 1 .. 1 ..
- F — gk e = i e h.c.
Vo x (Y eipjon + Gu pipg) +hue

Fx : (auxiliary) field for a chiral supermultiplet X in the hidden sector
©;, A%: scalar and gaugino fields in the MSSM

If /{Fx) ~ 101°=10'! GeV
= soft SUSY-breaking terms of MSSM with 1., ~ 10°-10° GeV

Assumption of a “minimal” form of the supergravity Lagrangian

= soft-breaking terms which obey “universality” and “proportionality”




Results in exactly the known MSSM Lagrangian

1 -~ —
Lot = —3 <M1BB FALWW + z\/fggg) Fhe.
(i, PV Hy — (%, + [0 )H Ha — (0HuHa + )
u d d
— (ﬂRau@Hu — dRadQde — éRaesz) + h.c.
- @*‘mé@ — LYm? L — apm?at, — dgmids — épm?éy

with 5 independent parameters at the GUT scale:

]\/’11 = ]\12 = Z\fg = m1/2
m?qu = m%,d = sz = mi = mfl = mﬁ = rng = mg
ay=ag=—a. = A
b
2
|1l

Still to do: parameter(Qcur) — parameter(Qelectroweak)
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Low-energy parameters (at the electroweak (EW) scale) via
"Renormalization group equations" (RGEs)

[RGE: equations that connect parameters at different energy scales]
= My, My, M3, m¥; ,m%,,mg, mi, m2, m3, m3 |2

L, mdvmefauaadaaeabv |N
at the EW scale

u)’

Example:
My=300 GeV, M, ,,=100 GeV, A;=0

400

Sparticle Mass (GeV)




Five new parameters, if possible phases are ignored:
mga m1/2, AO7 ba H

Final "trick": require radiative electroweak symmetry breaking:
Require correct value of Mz at the EW scale:

> +m3, = btanB— Mz/2cos2p
lu>+m3, = beotB + Mz/2cos23

= |ul, b given in terms of tan /3, sign

= Scenario characterized by

mg, my 2, Ao, tan 3, signpu

Usually called ‘CMSSM’ (constrained MSSM) or mSUGRA’

In agreement with all phenomenological constraints (see below)




Summary: “supergravity inspired scenario”, “mSUGRA”

characterized by five parameters:
ma, my 2, Ao, tan 3, signpu

mo: universal scalar mass parameter

my 2. universal gaugino mass parameter

Ao universal trilinear coupling

tan 5: ratio of Higgs vacuum expectation values

mo, My /2, Ao: GUT scale parameters
= particle spectra from renormalization group running to weak scale

Lightest SUSY particle (LSP) is usually lightest neutralino

gaugino masses run in same way as gauge couplings

sign(p): sign of supersymmetric Higgs parameter
= gluino heavier than charginos, neutralinos




“Typical” mSUGRA scenario 800
(SPS 1a benchmark scenario): ™€V
700 |
SPS home page:
600 | § — o
www.ippp.dur.ac.uk/ :q 2
~georg/sps Z;’,?fz= by
500 | by
400 | B0, 40 ——H* " . -
’ Xg XZ —tl
XZ_
300 |
w0 A== p__ @
% " n
wf "/ W
0



www.ippp.dur.ac.uk/~georg/sps
www.ippp.dur.ac.uk/~georg/sps

Gauge mediated SUSY breaking: GMSB

New chiral supermultiplets, “messengers”, couple to SUSY breaking
in hidden sector

Couple indirectly to MSSM fields via gauge interactions

= mediation of SUSY breaking via electroweak and QCD gauge
interactions

= = flavor-diagonal

SUSY breaking already in messenger spectrum

= SUSY particle masses from loop diagrams with messenger particles,
gauge-interaction strength

For mgory S 1 TeV = /(F) ~ 10*-10° GeV
= scale of SUSY breaking in hidden sector much lower than in SUGRA




Gravitino mass: ms ~ L ~ 10-° GeV
2 Pl

= Gravitino is always the lightest SUSY particle (LSP)

Gaugino masses generated at one-loop order, m) ~ *

messenger scalar
RN

B.W.,5 [/ v BW,g

YR

messenger fermion
N2
Scalar masses generated at two-loop order, m? ~ (§)

4

-

P ~ messenger scalar




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

GMSB scenario characterized by

A1m6357 Nmess-, A7 ta‘n /67 Slgn(/’[/)

M ess: Messenger mass scale
Nmess: Messenger index (number of messenger multiplets)
A: universal soft SUSY breaking mass scale felt by low-energy sector

LSP is always the gravitino
next-to-lightest SUSY particle (NLSP): x! or 7,

can decay into LSP inside or outside the detector




1000
GMSB scenario with 7 NLSP ™ [GeOV]

900 |
(SPS 7 benchmark scenario):

800 |

700 L

600 L

500 |

400

300 L

200 L

RO lr

100 L




Anomaly mediated SUSY breaking: AMSB
mAMSB scenario characterized by

Maux, Mo, tan 3, sign(u)

1400 L
maux. Overall scale of m [GeV]

SUSY particle masses 1200l G —b

i
H* - b

HO, A
1000

mo: phenomenological
parameter: universal scalar
mass term

AMSB spectrum (SPS 9):

2

800 L

600 L

400 |

-1
u,lf{

typical feature: very small
neutralino—chargino mass dif- 200 | i
ference h
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SUSY Phenomenology
MSSM Higgs searches
SUSY at colliders — Sparticle searches
Exercise 13
SUSY Simulations
Electroweak precision observables
Muon anomalous magnetic moment
MSSM Dark matter




Search for neutral MSSM Higgs bosons at LEP:

ete” — Zh,ZH

Ohz o sin? (8- aeg)osg

onz x cos?(8 — ozeff)alsqkz’I




Constraints from the Higgs search at LEP [LEP Higgs Working Group "06]
Experimental search vs. upper m,-bound

mjy**-scenario (m; = 174.3 GeV, Mgysy =1 TeV):

mp > 92.8 GeV

(expected: 94.9 GeV)
95% C.L.

My > 93.4 GeV
(expected: 95.2 GeV)

Theoretically
Inaccessible

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




Parameter region where experimental lower bound on my, is significantly
lower than SM bound, My > 114.4 GeV, corresponds to sin” (3 — a.q) < 1

“Excluded” tan /3 region:
0.7 < tanf < 2.0

Note: this exclusion bound assumes
my, Msusy fixed, my = 174.3 GeV, Msusy =1 TeV
no theoretical uncertainties included

Note: new m; value: m; = 171.4 + 2.1 GeV [Tevatron EWWG "06]
Note: new m; value: m; = 170.9 & 1.8 GeV [Tevatron EWWG "06]

para

parametric uncertainty: om; " ~ om;




Effect of new corrections and m; — m; + 2 oy,
[Heinemeyer et al. "05]

e e e e | T
| ——— m, ™, FH2.4, m = 1725 GeV |
= + 3 GeV theory unc.
—— m, ™™ FH2.4, m = (172.5+4.6) GeV
e + 3 GeV theory unc.

10— -
a L 4
S B SM exclusion bound | T

i -
N I B B A
80 90 100 110 120 130 140 150

m, [GeV]
= precise knowledge of m, important!
= Low tan 5 LEP exclusion region can vary strongll




Constraints from the Higgs search at LEP [LEP Higgs Working Group "06]
Experimental search vs. upper m,-bound

no-mixing scenario (m; = 174.3 GeV, Mgysy = 1 TeV):

Q
&

my, > 93.6 GeV

(expected: 96.0 GeV)
95% C.L.

My > 93.6 GeV
(expected: 96.4 GeV)

Theoretically
Inaccessible

20 40 60 80 100 120 140
m, (GeV/c’)




Current Higgs search: Tevatron (Fermilab)
Tevatron: pp accelerator:

Dominant production processes:

Search for SUSY Higgs at the Tevatron:
= very similar to SM Higgs search




Expectations for Higgs discovery at the Tevatron:

&, _ combined CDF /DO thresholds

"e ‘|O T T T T

I 30 fb
(]

>

3 10! 410 fb™
.

€

S

- 2 b
.."_6‘ — 95% CL limit

5100 F — 30 evidence E

.."C_% — 30 discovery

80 100 120 140 160 180 200
Higgs mass (GeV/c?)
Unfortunately: luminosity problems in the start of Runll
= progress slower than anticipated
For SM Higgs boson with My ~ 120 GeV:
~ 2007/08: sensitivity for 95% C.L. exclusion
~ 2009: sensitivity for 30 evidence
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Current status of SM Higgs search:
[CDF, D¢ '06)
Tevatron Run 2 Preliminary
= 103 T
% - , CDF 289 pb™
E CDF 320 pb™ ZH—vvbb CDF 360 pb_1
= WH—>tvbb
- 102 CDF 360 pb!
%) WW—{viy
S DO 325 pb™
N WW vty
g 10 | - i
F DO 378 pb! DZ?-I 261 t‘)’;’ ;
[ WH—tvbb w DO 950 pb-!
combined
1 ]
L | | | | | | o
110 120 130 140 150 160 170 180 190

Can they close the gap?

m, (GeV)




Tevatron search for a “SM-like” light Higgs:

Prediction in “simplified” versions of the MSSM:
(my™® =172.5 GeV, dm;™® = 2.3 GeV, Msysy S few TeV)
[A. Dedes et al. ‘03] [Heinemeyer et al. '04,’05]

max. my [GeV] | dmy/dm; | for m{*P + 26m,

mSUGRA/CMSSM 125.5 0.65 128.5
mGMSB 119.9 0.70 123.1
mAMSB 121.4 0.58 1241

Exclusion potential of the Tevatron: M/5M < 130 GeV

mSUGRA/CMSSM, mGMSB, mAMSB: no suppression of hV'V coupling
= SM bound applies

= Tevatron can exclude mMSUGRA/CMSSM, mGMSB, mAMSB, ...
= potentially huge impact on search strategies at LHC




Existing Tevatron data allows bounds on SUSY parameter space:

IR0 e o o o e o

MSSM Higgs bosons DG| =

bbg( - bb), p=h, H, A W Hop
./

100

9F
80F

@ 70f
c VF
o] £
= 60E
50E — m,"™ u=-200
20F —— no-mix, u=-200
20 — m =20 ]
§ =—— no-mix, y = +200 1
20 =
E — m,", u=-300 3
10 . =
E no-mix, p = -300 |
Evva v v b b b 1 d
my (GeV) 90 10 110 10 130 140 150

M, [GeV]
[Dp "05] [Theory prediction]




Future search: LHC (CERN)

LHC: pp accelerator: start: summer 2008

Important production channel at the LHC:

Gluon Fusion:

T L

Important decay for Higgs mass measurement:

- gl . y
ho--- W ho--- t
W gl ! g

SM Higgs search at the LHC: = full parameter accessible




MSSM Higgs discovery contours in M 4—tan 3 plane
(mp** benchmark scenario):

50  EEEEEE -
Sw ! ATLAS- 300 b S ——
had = | maximal mixing

30

20 ] R HOAH

10

9

8

g

6

5 CMS, 100 fb™

4

maximal stop mixing

w

~——\{

Lot Fxeluded by TEP
300 400 500 600 700 800

m, (GeV)

200




Higgs searches at the Tevatron and the LHC
MSUGRA scenario with CDM constraints i > 0, tan 8 = 10, 50:

[0(99 = m) x BR(h = 77)] ___/[o(9g — 1) x BR(h — 77)]

CMSSM SM

400

300

200

m, [GeV]
m, [GeV]

85< 0 X
z 0.90<¢*BR <095
100 0.95< 0 *BR <1.00

tanf = 10, Ay =0, p >0, m = 175 GeV

200 400 600 800 1000 1200 1400

anp = 50, AQ =0, >0, m =175GeV
1000 1500
m,, [GeV] m,, [GeV]

= no significant suppression of o(gg — h) x BR(h — ~v) compared to SM
= Discovery of lightest Higgs boson within about one year at LHC possible




Future search: ILC

ILC: eTe™ accelerator: possible start: 2020-25

Higgs-Strahlung: Weak boson fusion:
q
w
-—h
w
i
= Measurement of masses, couplings, ... in per cent/per mille

= Theory prediction have to be at the same level of accuracy!

= Strong sensitivity to high scales of the (and beyond the) MSSM




Precision physics in the MSSM Higgs sector

Precise measurement of Higgs branching ratios
= Sensitivity to deviations SM / MSSM

E.g.: Prediction for o(ete™ — Zh) x BR(h — WW*) in parameter region
allowed by cosmology: comparison mSUGRA — SM:
[J. Ellis et al. '02]

u >0, tan 8 = 10, 50:

400 [T

%00 = In allowed parame-
ter space: sizable devi-
ations from SM predic-
tions for precision ob-
servables in the Higgs

sector possible

200

m, [GeV]

100

my, [GeV]
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SUSY at colliders — Sparticle searches
In order to establish SUSY experimentally:

Need to demonstrate that:

— every particle has superpartner

— their spins differ by 1/2

— their gauge quantum numbers are the same
— their couplings are identical

— mass relations hold

= Precise measurements of masses, branching ratios, cross sections,
angular distributions, . .. mandatory for
— establishing SUSY experimentally
— disentangling patterns of SUSY breaking

= We need both: hadron colliders (Tevatron/LHC) and high luminosity ILC




SUSY searches at the Tevatron, Run II:

compared to Run I: =~ 100x higher luminosity, slightly increased energy
(1.8 — 1.96 TeV)

Limited mass window in which discovery of SUSY particles above Run | is
possible

Best prospects for:

— ‘Trilepton signal’: Y3%; — ¢T¢~ M+ vxt

— 1, b, g searches

— SUSY Higgs searches in region of large tan 3

SUSY searches at the LHC:

Dominated by production of colored particles: gluino, squarks

Very large mass range in the searches for jets 4+ missing energy
= gluino, squarks accessible up to 2-3 TeV




Search for gluinos, squarks and stops :

600,

a1
(=3
o

UAL

Squark Mass (GeV/cz)
W B
8 3

[N)
(=3
o

i
o
o

D 1A

UAZ

LEP 1+2

100

D@ Run Il Preliminary L=310 pb
LA

CDF 1B

bg 18

200

-1
T

[Er2 1]

LEP2 T

[no mSUGRA
solution

DO Il

m(@)<m(x))

300 400 500 600
. 2,
Gluino Mass (GeV/c")

250

200

100

50

LEP excluded

t — 1 X open

. .
100 125 150 175 200 225 250

mgl




Discovery reach contours in mo—m, s, plane (NSUGRA scenario) for
various final states with 100 fb—!: [CVS 99

JL dt=100fb™
L tanB=35, u>0

m, (GeV)

= discovery of SUSY particles expected if low-energy SUSY is realized



Production of SUSY particles at the LHC will in general result in

complicated final states, e.qg.
g — ad — qaxs — q4FT — qqrTXY

Production of uncolored particles via cascade decays often dominates
over direct production

Many states are produced at once

= Main background for SUSY is SUSY itself!

Searches for MSSM Higgs bosons:

good prospects for detecting light Higgs h
H/A discovery possible in significant part of parameter space




In order to establish SUSY experimentally:

Need to demonstrate that:
— every particle has superpartner

their spins differ by 1/2
— their gauge quantum numbers are the same

their couplings are identical

— mass relations hold

= Precise measurements of masses, branching
ratios, cross sections, angular distributions, ...
mandatory for

— establishing SUSY experimentally
— disentangling patterns of SUSY breaking




Requires clean experimental environment, high luminosity, beam
polarization, ...

= High luminosity ILC necessary, complementary to hadron machines

SUSY searches at the ILC:

Clean signatures, small backgrounds
Thresholds for pair production of SUSY particles

= precise determination of mass and spin of SUSY
particles, mixing angles, complex phases, ...

Limited by kinematic reach
Good prospects for production of uncolored particles

= LHC / ILC complementarity




Example for SUSY physics at the ILC (I):

Determination of mass and spin of /i from production at threshold:
[TESLA TDR '01]

I ~ o~
egel —>
10 SRrCL ‘MRMR‘

—
=)

=
IS

Amy
2Mir 1 %1073
My

= test of J = 0 hypothesis

= Il L Il L Il L Il L Il
264 266 268 270 272 274
Eems [GeV]
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Example for SUSY physics at the ILC (Il):

Determination of ¢, ¢ in neutralino sector from measurement of
efe” — X x; and P.- = +80%, P.+ = £60% L = 500 fbo~:

[K. Desch, J. Kalinowski, G. Moortgat-Pick, M. Nojiri, G. Polesello 03]

1

09 r

0.8

0.7

0.6 [

05

0.4

0.3 . . . f . .
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

= cos2¢, = [0.62,0.72], cos 2¢r = [0.87,0.91]




Example for SUSY physics at the ILC (ll1):

Determination of m; , 6; from o(eTe™ — #1£1) with polarized beams:
[R. Kerédnen, H. Nowak, A. Sopczak "00]

stop into ¢ neutralino 80/60 pol

o
0.64 | Py Amf}
% = —1 ~0.5%,
062 BN mi,
Vo Oy
o6f * B 2cosb 1 5%
& ov cos 05
D 058}
3
0.56 |-
0.54 -
052}
T IR U RAEN B S SR

R S Lo N N
0870 172 174 176 178 180 182 184 186 188
m(stop) (GeV)




Example (I): SUSY parameters at LHC and ILC

Reconstruction of sparticle masses at the LHC
[B. Gjelsten, E. Lytken, D. Miller, P. Osland, G. Polesello,
M. Chiorboli, A. Tricomi]

Complicated decay chains for squarks and gluinos

oW 5

Examples worked out for SPS1a from ATLAS and CMS
main tool: dilepton “edge” from 5 — ¢+ ¢=x%
— Exercise #13




Exercise 13: Dilepton edges
Consider the following decay chain:

X

a) Show that in the rest frame of the particle A, the momentum of the
particles B and C in the decay A — B + C'is given by
7o —= | — 1 2 2 2
|pB| - |pC| - 2MA )‘(MAambvmc)
with
Ma, b, ¢) = a® + b* + ¢ — 2ab — 2ac — 2bc .

b) Calculate the dilepton edge, i.e. the maximum invariant mass the
lepton pair can have. Neglect the lepton masses.
The result should be
(m?(g - mfz)(mﬁ- - m%g)

max.\2 __
() .

Mg




Sbottom/squark and gluino reconstruction:

Edge in same flavor-opposite sign lepton distribution (left), invariant mass
distributions with kinematical endpoints (right)
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Strong correlation between slepton mass and LSP mass, LSP mass can
be constrained at LHC at the 10% level only:
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m(x3)

= Take LSP mass as input from ILC
= feed LSP mass from ILC in the LHC analysis

= Get sbottom/squark mass if LSP mass is known




Squark peak (left) and gluino reconstruction from (x9bb) invariant mass
distribution (right):
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Accuracies for the case of the LHC alone (left) and with the ILC
measurement of the LSP mass with émpsp = £0.05 GeV:

[LHC/ILC Study Group report '04]

LHC [GeV] LHC + ILC [GeV]

Amg 48 0.05
Amgy 4.2 0.08
Amy, 4.8 0.05
Amy, 7.1 5.7
Amg, 8.7 4.9
Amg, — 7-12 5-11
Amg 8.0 6.5

= |ILC input improves accuracy significantly




One step further:

Determination of the mass of the heaviest neutralino at the LHC
using ILC input from the neutralino/chargino sector:

[J. Kalinowski, G. Moortgat-Pick, M. Nojiri, G. Polesello 03]
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= Need besides LSP mass also masses of sleptons and charginos
from ILC in order to correctly identify x

= Feeding m(x9) back into ILC analysis improves accuracy of parameter
determination at the ILC




Even further:

Full reconstruction of stop/sbottom parameters with LHC @ ILC
[J. Hisano, K. Kawagoe, M. Nojiri ‘03]

Complete set of electroweak SUSY parameters (from ILC) and branching
ratios used to exploit LHC rate measurements

£/b sector determined by 5 parameters, e.g. m;, , m;_, my,, 0;, 0;

» Take mj , mj, from previous study
» = need three more observables:
— tb invariant mass distribution
— rate of “edge-events” in my, distribution (chargino chain)

— rate of events in £¢b distribution (y9 chain)




myy, distribution for SPS1a:

A\H‘\H‘\fm
200 400 600 800

My (GeV)
Involved couplings are stop—sbottom—-W, top—sbottom—chargino and
stop—bottom—chargino

E
© [T T T

= If chargino couplings 4+ BRs are known then observed rates are
sensitive to sbottom/stop mixing parameters




Necessary improvements in accuracy of theoretical prediction in order to
match experimental precision at LHC, ém;” ~ 0.2 GeV:

» Uncertainty from experimental errors of input parameters:
= Complementarity example:
In order to match
experimental precision at LHC, ém;™® ~ 0.2 GeV
need
ILC precision on my, dm;* < 0.2 GeV

» Uncertainty from unknown higher-order
corrections:

= Need improvement by more than a factor 10!




LHC/ILC synergy example (ll1):

If all low-energy parameters are known: Extrapolation to high scales
from combination of LHC and ILC results, precise measurement of masses

of SUSY particles, couplings

E.g.: Test of gaugino mass unification
[G. Blair, W. Porod, P. Zerwas '01]
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SUSY Simulations

Need precise predictions for cross sections and arbitrary distributions

Off-Shell and Interference effects important: O(10 — 30%)
[Hagiwara et al., '05; Berdine et al., '07)

Monte-Carlo event generators for multi-particle productions

» WHIZARD [Kilian/Ohl/Reuter]
http://whizard.event-generator.org

» Sherpa [Krauss/Schumann et al.]
http://www.mc-sherpa.de

» Madgraph [Maltoni/Stelzer et al.]

http://www.uiuc.edu/~madgraph
Validated by

» Unitarity checks
» Gauge and SUSY invariance checks
» Direct comparison (see below)

Read in input values via SUSY Les Houches Accord (SLHA) file
Check your own codes against reference list:

http://whizard.event—-generator.org/susy_comparison.html



http://whizard.event-generator.org
http://www.mc-sherpa.de
http://www.uiuc.edu/~madgraph
http://whizard.event-generator.org/susy_comparison.html

igenR

SUSY Lectures and Exercises

Sample LHC and ILC SUSY Simulations

LHC: simulation with WHIZARD

Sbottom production:

pp — bbx{ %Y including full matrix

elements
Bumps in missing pr

10°

10*

1000

100
0

evt/10 GeV
£ =100 b1

100 200
missing pr [GeV]

300

400

ILC: Sbottom production
Exclusive final state:
ete™ — bby{x?
Intermediate states:
XZXJ,HOAO Zh®, ZH°

In red: Breit-Wigner
approximation, grey: plus
SM/SUSY bkgds

.

w. ISR + beamstr.
150 GeV < My, < 250 GeV

350 GeV < My; < 800 GeV

ete — bybt — bbYUxY

200
Ey[GeV]




Electroweak precision observables
Precision Observables (POs):

Comparison of electro-weak precision observables with theory:

EW Precision data: Theory:
My, sin? 0., a, — | SM, MSSM, ...

4

Test of theory at quantum level: Sensitivity to loop corrections

Very high accuracy of measurements and theoretical predictions needed
» Which model fits better?
» Does the prediction of a model contradict the experimental data?




Electroweak precision tests: SM vs. MSSM

Electroweak precision measurements:

Mz GeV] =
G.[GeV? =
my [ GeV] =
sin? Gi?t =

r;[GeV] =

91.1875 + 0.0021
1.16637(1) 107
172.7 + 2.9

80.426 £+ 0.034
0.23148 £+ 0.00016
2.4952 £ 0.0023

0.002%
0.0009%
L.7%
0.04%
0.07%
0.09%

Quantum effects of the theory: loop corrections: ~ O(1%)

SM: My is free parameter

precise measurement of My, sin? f.g, ... = constraints on My

MSSM: my, is predicted

precise meas. of My, sin® O, my, , ... = constr. on my, 07, mg, 05, ...




Indirect determination of m; from precision data:

m = 178.974%0 GeV

Direct measurement:
my; = 170.9 £ 1.8 GeV

Leading corrections to precision observables:

Nmt2

NlnMH

= Very high accuracy of measurements and theoretical predictions
needed

Theoretical uncertainties:
— unknown higher-order corrections
— experimental error of input parameters: m;, Aapaq, - - -




Global fit of the SM to all data:
Basic assumption: SM provides correct description of experimental data

Comparison of SM
prediction with the data:
[LEPEWWG °06]

Measurement Fit

Iomeas_ofitllo_meas

Q 1 2 3
m, [GeV] 91.1875+0.0021 91.1874
r,[GeV] 2.4952 +0.0023  2.4957
Opaq [Nb] 41.540 + 0.037 41.477
R, 20.767 +0.025 20.744
A 0.01714 + 0.00095 0.01640
AP) 0.1465 +0.0032  0.1479
Ry 0.21629 + 0.00066 0.21585
R, 0.1721+0.0030  0.1722
AP 0.0992 +0.0016  0.1037
ARC 0.0707 £ 0.0035  0.0741
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1479
sineP(Q,,) 0.2324 +0.0012  0.2314
m,, [GeV]  80.392 % 0.029 80.371
rw[GeV] 2.147 + 0.060 2.091
m, [GeV] 1714+ 2.1 171.7
o 1 2 3




Global fit to all SM data:
[LEPEWWG "06]

m; i = 144 GeV

= My = 85733 GeV

My < 166 GeV, 95% C.L. —

*+ incl. low Q2 data

(6 —
ACXhad -
0.02758+0.00035

0.02749+0.00012

Preliminary

Né 3_
Assumption for the fit: |
SM incl. Higgs boson 2]
= no confirmation of 1
Higgs mechanism 14
0 | Excluded” '
30

m,, [GeV]

300

= Higgs boson seems to be light, M < 200 GeV




Powerful precision observables for SUSY:

My, sin? Ouge, mp, (9 —2)u, bphysics, ...
Comparison of current experimental errors with anticipated precision at

Run Il of the Tevatron (pp collider, Ecy = 2 TeV; > 2001 ),
LHC (pp collider, Ecy ~ 14 TeV; = 2008,
ILC (ete~ collider, Ecy =~ 500-1000 GeV, = 201z ?)

with and without low-energy running mode (GigaZ )

[ now ][ Tev. Runll | LHC [ ILC [ GigaZ |

5sinZ o (x10°) || 16 78 1420 | — 13
5 My, [MeV] 29 20 15 10 7
sm; [GeV] 2.1 12 1.0 | 0.1 0.1
smy, MeV] — | ©(2000) | 200 | 50 —




My, sin? 0o, mp, (9 —2),, bphysics, ...

A) Theoretical prediction for Ay in terms
of Mz, a,G,, Ar:

M2 T 1
My (1- W) = ( )
W( M2 V2G, \1—Ar

)

loop corrections

B) Effective mixing angle:

1 Re g/
sin? Og = 1-— g‘]{
41Qy| Re g’

Higher order con}ributi(}ns: oy P f
Gy — 9y T Agy, g — g4+ Agy




Corrections to My, sin® 0.4

— can be approximated with the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

_ 1 _ 2z(0)  Ew(0)
P=1"h, Ap=

(leading, process independent terms)

MZ T ME,

Ap gives the main contribution to EW observables:

My . 2 s2
AMy = ———5—"—=Ap, Asin? 65 ~ — ——=Ap
2 ¢y — sy Cor — S

— Exercise #8




Additional sources for sizable radiative corrections in the MSSM:

» Mass and couplings of light CP-even Higgs: Large Yukawa
corrections: ~ G,,m; In (%ﬂfﬁ)

t/ loops, b/ b loops (for large tan 3)

v

v

Corr. to relation between bottom mass and bottom Yukawa coupling:

V2 omy
CweosfB 14+ Ay

Ap = ptan f(asl(...) +ad(...))
= Coupling non-perturbative for A, — —1

v

Loop contributions from light SUSY particles




MSSM Example (I): Prediction for My, in the SM and the MSSM :
[A.M. Weber et al. "06]

T T T T { L { T T T T { T T T T { T T T T
80.70 | experimental errors 68% CL:
[ LEP2/Tevatron (today) MSSM band:
80.60 i scan over
' SUSY masses
§ 80.50 overlap:
= SM is MSSM-like
= MSSM is SM-like
80.40
SM band:
80.30 variation of MM
SM
MSSM
80.20 both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06
N l N - l N l - l N

160 165 170 175 180 185
m, [GeV]




MSSM Example (I): Prediction for My, in the SM and the MSSM :

[A.M. Weber et al. "06]

L L L B O B B BN BB

80.70 [ experimental errors 68% CL:
LEP2/Tevatron (today)
—— LEP2/Tevatron (8 fb™)

80.60

M, [GeV]

SM
MSSM
both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06
N l N - N - N

160 165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM




MSSM Example (I): Prediction for My, in the SM and the MSSM :

[A.M. Weber et al. "06]

L L L B O B B BN BB

80.70 [ experimental errors 68% CL:
LEP2/Tevatron (today)
Tevatron/LHC

— |ILC/GigazZ

80.60 —

M, [GeV]

SM
MSSM
both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06
N l N - N - N

160 165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM




MSSM Example (II):

Prediction for 1/, and sin” 6.4 in the SM and the MSSM :

TTTT{TTTI{TTTT{TTTT{TTTT{TTTT{T
i m,=169.4 ... 186.6 GeV |
0.2325
L %, SM (m,, = 114 ... 400 GeV)
0.2320 —
= L
Ul
D |-
~
£ r
» 0.2315 —
0.2310 j experimental errors:
r LEP2/SLD/Tevatron
0.2305 —
L Heinemeyer, Weiglein '04
11111111111111111111111

MSSM uncertainty:
unknown masses
of SUSY particles

| IR

Lo

SM uncertainty:
unknown Higgs mass

|

Lo

MSSM

T I It

80.20 80.25 80.30 80.35 80.40 80.45 80.50

M,, [GeV]




MSSM Example (II):

Prediction for 1/, and sin” 6.4 in the SM and the MSSM :

T 1T ‘ L ‘ T T T T ‘ T T T T ‘ T T 1T ‘ T T 1T ‘ T
i m, = 169.4 ... 186.6 GeV |
0.2325 —
= . SM (mH =114 ... 400 GeV) 1
0.2320 —
= 8 i
Ul
@ E 4
o~
£ r ]
» 0.2315 — —
0.2310 [ experimental errors: ]
r LEP2/SLD/Tevatron 1
| —— LHCLC MSSM
0.2305+ i —
= GlgaZ Heinemeyer, Weiglein '04 -
1111 1 1111 1 1111 1 1111 1111 1111 1
80.20 80.25 80.30 80.35 80.40 80.45 80.50

M,, [GeV]

MSSM uncertainty:
unknown masses
of SUSY particles

SM uncertainty:
unknown Higgs mass




C) Theoretical prediction of the lightest MSSM Higgs boson mass: 7,

Contrary to the SM: m,, is not a free parameter
MSSM tree-level bound: m,, < Mz, excluded by LEP Higgs searches

Large radiative corrections:
Dominant one-loop corrections:

mg, mg,
~ Gumyln m2
t

The MSSM Higgs sector is connected to all other
sector via loop corrections
(especially to the scalar top sector)

Measurement of m;,, Higgs couplings = test of the theory

LHC: Amj, ~ 0.2 GeV
ILC: Amy, = 0.05 GeV

= my, will be (the best?) electroweak precision observable

: =




Muon anomalous magnetic moment: (¢ — 2),
Coupling of muon to magnetic field : ;. — . — ~ coupling

— 1 v

a(p') |[Y*Fi(q®) + T at qVF2(q2)} u(p) Ay F5(0) = (9 —2)u
"

Overview about the current experimental and SM (theory) result:

[g-2 Collaboration, hep-ex/0401008]
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Overview of the SM theory evaluation:

Source contr. to a,,[10719]
LOhadr. ~695+ 7 (ete™) [Davier et al, Hagiwara et al. ‘03]
[Ghozzi, Jegerlehner "03]

711.0 6 (1) [Davier, Eidelman, Hocker, Zhang "03]
LBL 8+4 [Knecht, Nyffeler '02]

13.6 + 2.5 thbc [Melnikov, Vainshtein "03]
EW 1L 19
EW 2L —4 [Czarnecki, Krause, Marciano '98]
exp. res. 6 [BNL E821 '04]

— “Isospin breaking effects” in T data problematic [Ghozzi, Jegerlehner 03
eTe data: good agreement between new SND, CMD2, KLOE data
= general agreement at ICHEP’06 Moscow: discard = data

as® — aiheoSM (27,5 £ 8.4) x 10710




MSSM contributions to (g — 2),,

Coupling of muon to magnetic field : 1 — 1 — ~ coupling

1
u(p') |v*Fi(q®) + 5

Lo B A, R0) = (02,

Feynman diagrams for MSSM 1L corrections:

,W-\J\Q

-0
Xj
Enhancement factor as compared to SM:
~4+ ~ .
W—=X; — Uy : ~my, tanf

,u—f(?—ﬂa i ~my, tanf




Precision Observables in the CMSSM: collider implications

What do we know about the SUSY mass scale?

1. Coupling constant unification = Msygy ~ 1 TeV
2. LSP should be cold dark matter — AMqiqy = 1 TeV

3. Indirect hints from existing data?
[J. Ellis, S.H., K. Olive, G. Weiglein '04]

— Focus on mSUGRA/CMSSM
free parameters: my 5, mo, Ao, tan 8

— hard constraint: LSP gives right amount of cold dark matter
only thin strips allowed in the 1, ,—m, plane
fix tan = 10, 50 (lower/upper edge in CMSSM) and ;. > 0
— Use existing data of My, sin? feg, BR(b — s7), (9 — 2),
= x? fit with these observables
determine best fit values of m 5, mo, Ao
= best fit values for masses, couplings, ...




x? fit result for my )52 (my = 172.7 GeV, tan § = 10, Ag/m; /» varied)
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m,, [GeV]

1000

Very good fit!

Best fit obtained for
my/2 ~ 320 GeV
AO 5 320 GeV

mg ~ 90 GeV

= SUSY particles rela-
tively
light

= very good prospects
for the LHC/ILC

similar for tan 8 = 50




MSSM Dark matter

The LSP as a dark matter candidate

Astrophysical data (cosmic microwave background, ...) = existence of
non-baryonic cold dark matter in the Universe

SUSY with R parity conservation = LSP relic density falls naturally in
favored range if mpgp S 1 TeV

WMAP results (2006 update: no significant change)
[C. Bennet et al. ‘03], [D. Spergel et al. 03]

= cold dark matter density:
Qcpmh? =0.1124£0.018  at95% C.L.

(h: normalized Hubble constant)

= Constraints on the SUSY parameter space




Combination of all existing astrophysical data:

Supernova Cosmology Project

= It all fits together e L R e R R R
| No Big Bang
Qtot ~ 1
Quh® = 013510008 2 1
Qph? = 0.0224 4 0.0009 Supernovae
Q0 = 0.112+0.018 TR .
QA N N
Qr ~ 0.73 g ‘ \_" CMB
2, = dark matter ° recollapses eventaly ]
Qp = dark energy ... | Clusters %
g3y
1 % .
2, \
\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 1 2 3




Dark matter in the CMSSM
parameter space:

schematic representation
(0.1 < Q,h%<0.3)
[K. Olive et al. '02]

Despite its simplicity:
CMSSM fulfills all
experimental bounds
Four mechanisms for
“good” (o v):

— Bulk

— stau coannihilation

— Higgs pole annihilation
— focus point

Crosses: benchmark points




Direct search for dark matter

Several methods:

(A) Search with earth-based detectors
dark matter scatters with matter in the detector

[CDMS, CRESST, DAMA, EDELWEISS, GERDA, ZEPLIN, . ..]

(B) Search for photons from DM annihilation

[ARGO, CELESTE, EGRET, GLAST, HEGRA, HESS, MAGIC, VERITAS, ...

(C) Search for neutrinos from DM annihilation
[AMANDA, ANTARES, IceCube, .. .]

(D) Search for antimatter from DM annihilation
[AMD, HEAT, ...]




A) Search with earth-based detectors

= Calculation of cross section for DM matter interaction
= Comparison of calculation with measurement

Successful measurement with DAMA?

Idea: change of DM wind within the year




A) Search with earth-based detectors

= Calculation of cross section for DM matter interaction
= Comparison of calculation with measurement

Successful measurement with DAMA?
Idea: change of DM wind within the year

01 ; ; ;
s +DAMA b + DAMA i—+—— DAMA b DAMA
o | Nall 1 Nal-2 :NalS 1 Nal4
2 oos | | | |
& | '*% | Vﬁ* | {—1
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I = et e 3
: | + 411 ]
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time(days)

= Change of number of events with a one-year period




Comparison of DAMA with CDMS’03 and EDELWEISS’03:

107

10"

42

10°
10
10
.45
10
o' 10° 10

1 3

(0) X-p [sz]

my [GeV]
[K. Olive et al. 03] (situation in 2006 later)
= DAMA measurement in conflict with other experiments
= CMSSM/SUSY prediction in reach
I




B) Search for photons from DM annihilation: EGRET

DM annihilates (with each other) = excess of photons

Excess of photons within our galaxy?
Two contradicting data analyses:

» [de Boer et al. 04]
Photon excess is fitted with y annihilation

= My ~ 65 GeV
Background under control?
(extragalactic background ok)
» [D. Elsésser, K. Mannheim °05]
Photon excess is fitted with y annihilation
= myg ~ 520 GeV
Background under control?
(Excess only in extragalactic background)

Systematics?




Outline

Outlook




Outlook

» Only two candidates can explain hierarchies:

» Low-energy supersymmetry (focus here on SUSY)
» Dynamical symmetry breaking

» Plea for data:

We need experimental information from Tevatron, LHC, ILC,
v experiments, dark matter searches, low-energy experiments, ...
to verify / falsify models of new physics understanding

» The experiments in the next years will bring a decisive test of our
ideas about low-energy SUSY

= Very exciting prospects for the coming years

May we live in interesting times!




One Ring to Find Them, One Ring to Rule Them Out?
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