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1. Introduction

1.1 Preamble

These lecture notes are not meant to give a self-containedeof supersymmetry (SUSY)
and related phenomenology. It is impossible to cover akk¢hmreas in 3 hours of lectures. They
are meant to guide the students through the first steps dafitgasupersymmetry and help them
understanding basic phenomenology. The discussion veidl Be limited to global N=1 SUSY.
There are many excellent reviews and text-books that goruketiese limits [1], and the hope is
that these notes will encourage students to broaden thel&dgeson their own.

After motivating supersymmetry we discuss its formalisnsaction 2 with the aim of con-
structing the supersymmetric extension of the Standardalddhe structure of the minimal exten-
sion (MSSM) is the subject of the following section. The tiestevoted to phenomenological stud-
ies of SUSY at present and future colliders. Since the paiemspace of the MSSM is enormous
which contains different scenarios for particle physicd aosmology, we have to limit ourselves
to the simplest and well-studied that have been performedberpast. Nevertheless, we will try
to indicate possible branches and give references to famwe alternative routes. After showing
some results of SUSY searches at existing colliders: Tenatnd HERA, the discovery potentials
of the main two LHC detectors: ATLAS and CMS, are briefly reveel. Assuming that SUSY
is discovered at LHC we will discuss how experimentationhat iLC will help in revealing the
details of the underlying model. Finally we will address theestion of reconstructing the SUSY
parameters and the mechanism of SUSY breaking.

1.2 Motivation for supersymmetry

The Standard Model (SM) provides a precise comprehensigerigéon of the constituents
of matter and their interactions [2]. It is a renormalisatpleantum field theory based on the local
gauge invariance under th87 (3) coior X SU(2)isospin X U (1) hypercharge = SU(3)e X SU(2), x
U(1)y symmetry transformations. Onee 20 input parameters are fixed (coupling constants,
masses and mixing angles of fermions as well asZhend Higgs boson masses) explicit and
precise calculations can be performed that agree with pitrxental observables up to currently
probed scale of- 100 GeV. In a sense it is the best fundamental theory we ever lmdnére than
thirty years, since the SM was established in the late 19#tEsexperimentalists desperately try to
disprove it. Why then we want to go beyond it?

In spite of all its successes the SM cannot be the ultimateryhél'he local isospin and hy-
percharge gauge symmetries have to be spontaneously bimkeovide masses to fermions and
electroweak gauge bosons. In the SM the sole source of symimetaking is an isospin doublet
of elementary scalar Higgs fields with the mass parametarsdun the Higgs potential,

V(9) = —1?lof* + Alel", (1.1)

arranged to be negative. Singé is a renormalisable parameter of the theory, its value dioty
the sign cannot be computed form the first principles, andrasg) 1.2 > 0 does the job. In fact
u the only dimensionfull parameter of the theory that fixes rtigess scale and to fit the data it
must be of order electroweak sc#lg ~ 100 GeV. The problem is thai? receives huge quantum
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corrections via loop diagrams from every particle that desipo the Higgs field. For example, the
Higgs couples to the SM fermions with a term in the LagrangiaXy¢v 1/, and the first order
diagram with a fermion loop yields a correction

1 2m>
2 2 4 f

The first integral is quadratically divergent in the ultialet, —)\?AQ, whereA as an UV cutoff up

to which the SM is considered a valid effective theory. Wisat? If it is of the order the Planck
scaleMp; ~ 10! GeV, the correction is some 30 orders of magnitude largar tha required
scale. Even if we pretend the SM valid at any scale and useithendional regularisation, in
which quadratic divergences can be avoided, the next temn.ifl.2) proportional tmn?c, which

is logarithmic divergent, requires fine tuning to be elimb@thas well. Here we should contrast the
guantum correction to the scalar field in the above equatidhéd loop-correction to the fermion
propagator, where the logarithmic divergence is propodidhe the fermion mass itself. Thus
the fermion receives a correction controlled by its masd, eren forA = Mp;, the logarithmic
correction to the fermion mass is modest. The correctiohéastalar is controlled by a mass of a
particle circulating in the loop, so is sensitive to the neassf heaviest particles to which the scalar
couples, directly on indirectly. Hence the effects of polesheavy states (with masses well above
currently explored region) on the Standard Model do not dpleand prevent understanding why
12 is so low. This is the famous gauge hierarchy problem of th@&ird Model.

The origin of the smallness of quantum corrections to femmuwasses is linked to the chiral
symmetry of the model. For a massless fermion the Lagrangigmwariant under chiral rotations,
W — e~ 5%, In the limit of vanishing bare fermion mass, the quantunrestiion must vanish,
henceim,, ~ my, while a scalar field is not protected by any extra symmetgnfreceiving large
corrections.

There have been proposed many paths to solve the hierarchjepr. One is to admit a
new dynamics (‘technicolor’) at a scale close to 1 TeV, inahhihe Higgs is a composite state
of strongly interacting techniquarks. Today this approectisfavored since it is at odds with
electroweak measurements. The other path is to invoke a syphat would control the size of
guantum corrections. The ’little Higgs' models rely on ghbbymmetries which protect the Higgs
boson mass against quadratically divergent radiativeecbans at one-loop. Models with extra
space dimensions postulate a symmetry that connects a feldato a gauge field, whose mass
is forbidden by gauge symmetry. Supersymmetry postulasgranetry that connects the scalar
field to a fermion field, whose mass is controlled by the chggahmetry. In fact, supersymmetry
is the only mathematically self-consistent UV completidrine Standard Model up to a GUT or
Planck scale.

Apart from the hierarchy problem, there are other key qaestthat the SM does not address:
e why neutrinos are so different from charged fermions?
e what is the origin of matter-antimatter asymmetry?,
e do all forces, including gravity, unify?
e what is the nature of dark matter, dark energy?
All these questions seem to point to new phenomena at a Td¥ wt@ch can experimentally be
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explored soon at the Large Hadron Collider (LHC) and in (tiolh® not too far a future at the
International Linear Collider (ILC).

Although each of the above questions could have differagtmrit is interesting to note that
supersymmetry (SUSY) can provide a common base for all ghthBeing almost as old as the
SM itself, SUSY [3, 4] still lacks any direct experimentaidgsnce. Why then we do not give up?
We should remember, however, that it took some 40 yearse(g$tiecmi’s time) to formulate the
SM, 20 years from thé-quark tot-quark discovery. It was also clear from the beginning that t
required scale to study electroweak theory is TeV, and oftgr &0 years we are finally getting
there. But most important, SUSY turned to be able to bedlytiaccommodate or explain (at
least in the technical sense) some of the outstanding prebtd the Standard Model, although
it was not invented or designed to do so. For example, SUS¥esdhe hierarchy problem, ex-
plains the gauge coupling unification, provides the ragkatilectroweak symmetry breaking. It
predicts the heavy top quark, provides a perfect candidatdark matter (DM), offers new ideas
on matter-antimatter asymmetry of the univeete Moreover, the unique mathematical nature of
supersymmetric theories provides us a telescope to phgisine GUT/Planck scale where patrticle
physics meets gravity.

2. Supersymmetry formalism?

2.1 Symmetries

A symmetry is a group of transformations that leaves th@agtivariant. Symmetries are very
interesting at least for two reasons: First, it seems thatreaiespects many symmetries. Examples
are symmetries with respect to space translations or oottiSecond, the Noether theorem states
that with each continuous symmetry we can associate a a@usquantity. Symmetry under space
translation and rotation imply conservation of momentum angular momentum.

In a quantum mechanical system, symmetries are defined Bpsfdormation of a state vector
¥(Z). For example, under space translations by a vettond rotations described by three angles
J the state)(Z) transforms as

V(&) — (@) = e TP e T y(E). (2.1)

Jiand P! (i € {1,2,3}) are called the generators of the rotations and transkgti@spectively.
Although their explicit form depends on the precise natgpen) of the state, they form an algebra
with a definite set of commutation relations

(P!, P =0,
(8, J7] = i ik g (2.2)
[P%, J7] = ik pk.

In the relativistic quantum theory the symmetry group isaeged to the Poincaré group consisting
of Lorentz transformations and space-time translations

at — o't =2t + Wz, + . (2.3)

In preparing the first lecture on SUSY formalism | benefitedrauch from a recent paper by Adrian Signer [5].
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The transformation of a fiel&(x) under the Lorentz transformation and translation of eg)(@an
be written as
d(z) — O (x) = ' P T Muv (1), (2.9)

This involves six generators of Lorentz transformatidig” = —M¥*, three for rotations\/%7 =

€% J* and three for boost8/%, and four generators of translation8*, three for spaceé”’ and
one for time P° translations (where Latin indices run2,3 Greeku,v run 0,1,2,3, and e/*

antisymmetric tensor). Note that the number of coordinhtesalso been enlarged fragto x*.

Again the explicit form of the generators depends on thereaddi the field® that act on. The
algebra (2.2) in this case is enlarged to the Poincaré agebr

[PP,P?] =0,
[PP,M"?] =i(¢g’" P° — ¢’ P"), (2.5)
[M" MP7) = —i(ghP MYT + g"? MMP — gho MVP — g"P MHO)

In quantum theory the role of symmetries is even more imptirthe presence of a conserved
guantity implies the invariance of the action. Apart fronasg-time transformations there are also
so called internal symmetry transformations. These ardraosformations in the configuration
space, but in the internal space of quantum fields specifiesblne parameters®, ¢ — 1)/ =
e! 7", The generatorg® satisfy a set of commutation relations

[Ta, Tb] — j pabere (2.6)

where f%¢ are the structure constants of the underlying symmetrymyréior example, the con-

servation of the electric charge implies the symmetry ofghantum electrodynamics under the
change of the phase of the electron field (global gauge wemsttion). Other examples are baryon
number conservation, flavor symmetries or gauge symmetdestifying the conserved quantum
numbers and corresponding symmetries is a crucial helpristnacting theories of fundamental
interactions.

The above internal symmetries extend the Poincaré symrimedririvial way since the genera-
tors of internal symmetries commute with the Poincaré gdpes. It has been proven by Coleman
and Mandula [6] that any symmetry compatible with an inténgcrelativistic QFT is of the form
of a direct product of the Poincaré algebra with an intergaireetry, such as gauge symmetry.
However, an implicit assumption in the proof was the boschiaracter of generators and their al-
gebra defined by commutation relations. However, when faminigenerators that change the spin
of the state by 1/2 unit are allowed the Coleman-Mandulardraaan be avoided and a non-trivial
extension of the Poincaré algebra, named supersymmetrigvad [3]. With the field-theoretic
realisation of supersymmetry algebra by Wess and Zuminoti#] detailed exploration of this
symmetry and its application to particle physics has begun.

2.2 Supersymmetry

In quantum theory a symmetry that links a boson with a fernjijnis generated by a con-
served chargé), that carries spin-1/2

Qolboson) = | fermion),, , Qo|fermion)® = |boson) , (2.7)
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where@,, is a Weyl spinor; a four-component Dirac spinor is build frapg and its Hermitian
conjugatels = (Q.)'. Here we use a commonly adopted notation € written with undotted,
and Q with dotted indicesn, & € {1,2}. The conserved charg@, implies the existence of a
conserved 4-vector charge defined by

{Qa, Qs = 2(0”) .55 - (2.8)

Coleman and Mandula proved that in the relativistic quantietd theory if there exisits an addi-
tional conserved 4-vector apart from the 4-momentum, teerthis trivial. Therefore to have a
non-trivial supersymmetry we have to st = P,, because the RHS of eq.(2.8) can only vanish
when bothQ,, andQ annihilate every state in the theory, as can be easily chdnkealculating
the expectation value of (2.8) in any state for= .

If we allow for one set of such fermionic generators, as shbwrHaag, topuszaski and
Sohnius [8], the supersymmetric extension of the Poindgebea takes the form

[Qa, PP] =0 (2.9)
{QQ,QB = 2(0”),5F, (2.10)
[M*?,Qa] = —i(0") Qs (2.11)
{Qu:Qa} = {Qa: @y} =0, 2.12)

where(a”) 5, (oP")f are defined in the following subsection. One set of such géoesr corre-
sponds taNV = 1 supersymmetry. Adding more sets of fermionic operators welgvend up in
N > 1 supersymmetry, which however is ruled out as a low-enetgyl (TeV) extension of the
Standard Model.

Since@,, is a 'square-root’ of the energy-momentum vector, the femai operator must act
on every field in the theory. Thus supersymmetry forces ustik number of known particles:
every particle must have a superpartner of opposite statishd spin different by 1/2. We will see
later that in the supersymmetric extension of the SM we uslbdave to include a second Higgs
doublet (and their supersymmetric partners).

2.3 Technicalities

In order to be able to construct supersymmetric theories iefficient way we need to discuss
first some conventions and technicalities. We will followngentions used in Ref. [5].

In supersymmetric theories it is convenient to work with te@nponent Weyl spinorg,,, xa, ---
The Hermitian conjugate spinors will be denoted by the bar tive symbol and the dotted index,
i.e. s = (1a)'. If ¥, transforms ag3, 0} under Lorentz, thew transforms ag0, }. Using the
Pauli matrices we define

(") s = {1701702703}0@ (5“)6"5 ={1, —ot, —02, —03}é‘ﬁ. (2.13)
It is easy to check the identity

(0M)aq (5%)0% = Tr(o"5") = 291 . (2.14)
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The Diracy matrices are then defined as

0 ot , ~10
= (W 0 > ;=i = ( 0 1) , (2.15)

since the usual commutation relatiofig’, v*' } = 2¢” is a consequence of (2.14) (we ugé& =

g = diag{1, -1, -1, -1}).
The spinor indices can be raised/lowered as follows

Yo = €aﬁ¢ﬁ> ¢a = faﬁ¢ﬁ> 1[)@ = 60‘45"&57 Q/_)d = edﬁ.&@'> (216)

where the totally antisymmetrictensor is defined ag? = ey; = —€?! = —¢15 = 1, 0 otherwise.
Other useful relations are

Teyg =0%, e’ =00, e =050} — 35557, (2.17)
(")) = (o"a” —ova) ), (a™)% = § (80" —5"0") (2.18)
(o5 +o"a") P =24 68, (0"0" + ") = 29" 55 (2.19)

The Dirac four component spindr can be constructed from two Weyl spinafsandy as

0 _ _
v = (Xg ; U= (x",%a), (2.20)
where the bar over a Dirac spinor denotes the usual Diradradjo= ¥'4°. Note the different
position of the indices in the above equation.

The chirality projection operators acting on a Dirac spinor

PLU=4(1-7%)¥ =¢s, Pp¥=3g(1+7)0=x* (2.21)

imply thatv,, andy are, respectively, left- and right-handed Weyl spinors.
We will use the following summation convention for the spinalices

XU = X = X €apt”, (2.22)
XU = Xat® = Xae Py (2.23)

Since the Fermi fields anticommute, we hafeb, = x“eat” = —1Pensx® = 1Pesax® = VX,
and likewiseyy = 1y, as needed since these products are Lorentz invariantsn pgg attention
to the different position of the dotted and undotted indicethe definition of the products.

The Dirac bilinears can now be written in terms of Weyl biane For example, for the Dirac
fields

A _ _
o= (). wow . @24
the Lorentz covariant expressions can be written in twofmament notation as follows:
VP = XA+ ¢ = X* Ao + Yad” (2.25)
UHPD = yol'p — Aot = X“(U“)adqu — )\a(au)adid. (2.26)
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As a result, the standard Lagrangian for a free Dirac spianrb@ written in terms of Weyl spinors
as
iU, U — m WV =i xo X + i ot Ouh — m xp — my, (2.27)

where integration by partsi (8u1/;)a“1/? = z'z/)a“aui) has been used. In the case of a Majorana
spinor a single Weyl spinor is sufficient

(G

and the standard Lagrangian written in terms of a Weyl spieads

%TMV"@M\IJM _ % Ty Uy = %(wﬂ@u& _ (a“zp)a%)

m
2

(ww + zM). (2.29)

We also introduce a two-component Grassmann spinor vafialand its Hermitian conjugate

ea:<z;>, 9d=<z;>, (2.30)

with each entry being a Grassmann variable (which can bagtiiaf as an anticommuting com-
plex number)j.e. {62,05} = {6*,6°} = {#%,6°} = 0 (o, 8 € {1,2}. The conventions for
raising/lowering indices and products of Grassmann vhesahare the same as for spinors. For ex-
ample, a product of a Grassmann comporgntanishesf,6; = 0, but a product of a Grassmann
coordinate with itself i990 = 0'0, + 620, = —26'9? and does not vanish. But adding one more
factor ofé,, does give zero.

The derivatives with respect to a Grassmann variable areetkéis follows:

o 5 _ 0
— da= 2.31
505> 0= 5om (2.31)

Da

Using the rules for raising/lowering indices’ 65 = 43, 0% = edﬁéﬁ-, and we find
0t =65, 0%05=—06%, 0°0° =€, 0.03=—¢ap,
0a0° = 65:, 905 = 03, 800 =P 0305 = ey,

and that the derivatives also anticommute with other Grassimvariables

0 (00) = (0,0°)05 — 0°(9a05) = 6,505 — 0°(—eap) = 0o + €aptd’ = 20, (2.32)

and similarlyo®(00) = 20%, 04(00) = —204, 0%(00) = —26.
Finally, integration with respect to Grassmann varialdedefined as

/d9191 = — /91d91 =1, /del =0, (2.33)

which in practise is the same as differentiation. For coierae we introduce the following nota-
tion

4?0 = —1ea3d0>do° (2.34)
Ley;d6eda”. (2.35)
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2.4 Superspace and superfields

The concept of superspace and superfields, although natssgeis very useful in building
supersymmetric theories. We extend the configuration sjpesigperspace

= (") — X = (z,6%6%). (2.36)

The convenience of introducing superspace can be paealleédl the convenience of introducing
four-vectorst — = = (z#) = (¢, %) when extending the group of space translations and rotation
to a full Poincaré group of symmetry transformations: ifladirentz indices are contracted, the
expression is invariant under Lorentz transformationac&ive added new generat@ps andQ
we will need a matching set of Grassmann coordinéteandd®. We will take the coordinates,
to transform like two-component Weyl spinors.

Note that with the help of Grassmann coordinates we can ftyrmaite the super Poincaré
algebra in terms of commutator relatioesg.eq.(2.10) takes the form

[0Q,0Q] = [0°Qa,0,Q% = 2600"0 P, (2.37)

Since we have extended the configuration space to supensjgasdl consider fields that also
depend on Grassmann coordinaté$,X) = ®(z*,6%,0%). Such fields are calleduperfields
Since the product of the same Grassmann variable vanisieJaylor expansion in Grassmann
coordinates terminates very quickly. For example, for aegligld ¢ (x*, 6%) we have

O(,0) = ¢(x) + V20" (x) — 604 F(2), (2.38)

i.e. it parameterized by two complex scalpfz) and F'(x), and one complex spinaf, (z) func-
tions of space-time coordinatega factory/2 and a minus sign in eq.(2.38) is a convention). Note
that the mass dimension of the Grassmann coordinate is giyéfi = [§] = —1/2 to account
for different dimensions of scalar and spinor functignand+, whereas for ordinary space-time
components we have| = —1. Thus, assuming the mass dimension of the superffigle= 1, the
mass dimension of the component fields in the above equatdpla= 1, [/] = 3/2 and[F] = 2.
Note thatF' does not have the usual mass dimension of a scalar field. Weeeilater that thé’
component field is unphysical and is called an auxiliary field

Now we need to find the transformation properties of superdinates and superfields under

susy transformations. Consider a SUSY transformation
S(a,¢,C) = el(¢"QattaQ+ar ) (2.39)

parameterized by a four-vectet, and a Grassmann varialg€& (for simplicity we neglect Lorentz
boosts and space rotations). Wigh= ¢ = 0 the transformation reduces to a translation under
which a quantum field transforms as

¢(x) — 5(a,0,0)¢(z)S ™ (a,0,0) = & Frg(z)e™ " " = ¢(x + a). (2.40)

The differential form of the momentum operat®t = i9* is then found by Taylor expanding both
sides of
o(x +a) = e hgp(x) (2.41)
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and comparing the coefficients of the infinitesimél One should be aware of a convention com-
monly used for denoting with the same letter different otsiedn the above expressia, is a
differential operator acting on a functiaf(x), while in eq.(2.40)P, is an operator in the Fock
space of field operatoks.

Let us repeat the same steps with non-z¢ro to find the differential forms of the SUSY
generatorg) and@. Combining two SUSY transformations we obtain

5(a,¢,0)S(x,8,0) = S(a¥ +a" +i(o"f — i65"C, 0+ ¢, 0 +0), (2.42)

as can easily be checked by using the Baker-Campbell-H&fi$oonula e e? = ¢A+5+A.5]/2
when|[A, [A, B]] = 0. Thus, starting from a poink’ = (z#, 0%, 6%) in superspace, under a SUSY
transformation of eq.(2.42), we have

X=X =@ +ad"+iCo"0—i00"C, 0+ ¢, 0+0). (2.43)

Note that even foe* = 0, a translation is induced under eq.(2.39).
Let us now consider a superfietdz#, %, %) under the SUSY transformation eg.(2.39)
@(.’E, 07 é) — ei(caQaJ’_Ean—‘ra”’PP‘) @(l‘, 97 é) e_Z(CQQQJ’_EOtQaJFaHPF‘)
= Ot +a" +iCo"0 —i0"(, 0+, 04 Q). (2.44)
Expanding both sides of

B(z" +a' +iCold—i00"C, 0+ C, 0+ ) = e (PRI P) gy 9 §)  (2.45)

and comparing the coefficients of the infinitesimal paransete¢ and¢ we find

P, = id,, (2.46)
Qo = 10y — 0",0%0,, (2.47)
Qd = —1 5@ + HaUgd @# . (248)

In the construction of gauge theories a very useful tooléscibvariant derivative defined such
that the field and its covariant derivative transform in thene way under gauge transformation.
Therefore we define the covariant derivatives as

Do =0y —i0".,00, Ds=0s—10%",0,. (2.49)
We leave to the reader to check that indg@e@nd D, ® (and D;®) transform in the same way
under SUSY and that e.§4D,, Qs3} = {Da, Qg} = 0, or refer to [5].
2.5 Chiral superfields

We have seen that the superfidi¢ic”, 6) in eq.(2.38) is parameterized in terms of a complex
function¢ and a chiral spinog (and an additional complex scal&rthat will turn to be an auxiliary
field). Therefore it can be used to implement the quark ooleind their scalar superpartners in
a supersymmetric construction. A more general superflgle, 6, 9) has too many degrees of
freedom for that purpose. To reduce the number of degreesefldm in a self consistent way

10
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the covariant derivative®,, and D can be used. A superfield(z,6,0) is called aleft-chiral
superfield(LcSF) if Dg ®(x,0,0) = 0. This property is invariant under SUSY transformation. It
is also interesting to note that the product of LcSF is al®LlibSF. The right-chiral superfields
(RCSF) are defined by the conditidh, ®(z, 6, d) = 0. Obviously, if®(z, 6, §) is a LcSF, therb'
is the RcSF.

SinceD40* = 0 and D, y* = 0, wherey* = z# — i0o+6, the most general function that
satisfies satisfie®,; ® = 0 has the form

D(y,0) = dly) + V200 (y) — 00 F(y) (2.50)

v/2 and the minus sign are conventions. Expanding this baek frandé we obtain

B(2,0,8) = ¢(x) + V20 (x) — 1058, 0(x) + %(99)(@@(@")0#9)

— 1(00)(00)0" 0, ¢(x) — (00)F () (2.51)

The spinors) of a LcSF willrepresent the left-handed quarks and leptdrsQUSY extension of
the Standard Model and thefields their supersymmetric partners, the squarks andosispilhe
Higgs bosons and their SUSY partners (higgsinos) will atsmfchiral superfields.

Using the explicit representation ¢f andQ on the LcSF, we find the explicit form of SUSY
transformations of the component fieldér) — ¢(x) 4+ dp(x) etc.,

56 = V2(y,
Sto = —V2F (y —iV20",( 0,0, (2.52)
OF = —iV/28,00"C = 9, (—ivV29ah{) .
As expected, the change in the bosonic (fermionic) compdiedds is proportional to the fermionic
(bosonic) fields. The important point is thaf is a total derivative. Therefore thfé component of

the LcSF (or products of LcSF) can be used to construct SUS)¥drgjians. They can easily be
singled out by integrating over Grassmann variables, diteee the definition eq.(2.33) we find

F(z) = /@(g;, 00) d%0 = [®(x,0,0))p , (2.53)
where on the RHS we introduce a common notation to denotéticemponent of the argument.

2.6 Vector superfields

To construct the supersymmetric gauge theory we need afmigeavith a spin 1 vector com-
ponentv,,, which is a real field. A superfield (z,6,0) defined by the constrairit (z,6,0) =
Vi(x,0,0), called avector superfieldVSF), has a required component. Expandingn terms of
components we find

V(x,0,0) = c(x) +i0x(x) —i0x(z) + 05" v, (x) + i (00)N(z) — i (00)NT(z)
+ i (00)8 (A(z) + 30, x(z)ot) — i (00)0 (A(z) — S0+duX ()

+ 1(00)(60) (D(z) — 3010,,c(x)) (2.54)

11
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Note that the definition” = V' is invariant under SUSY transformations, as required. Hotofs
1 and some overall signs in the above expansion are simplyeotions. The component fieldsD
andv are real. Apart from the vector component fie|dthat we wanted, the vector superfield also
contains two fermionsy and\ and a whole set of scalar fields. If we assume the mass dinmensio
of the vector superfielf’] = 0, the various component fields have dimensihs= 0, [x] = 1/2,
[v] = [N] =1, [\] = 3/2and[D] = 2. Only v and X have the expected mass dimensions. As in
the case of the LcSF, all other component fields will turn oubé unphysical. In fact, when we
generalize the gauge symmetry to the supersymmetric desepimponent fields, N and\ can
be 'gauged away'.

The transformation properties of the component field§" einder SUSY transformations can
be found similarly to the case of a LcSF. Here we will limit selves to noting that thé®(x)
component field transform® — D + § D with

6D = ("M (x) + O\ (@)ot¢ = Oy (CotA(@) + A(x)a*() . (2.55)

As for the F component field of a chiral superfield, the change inEhéeld of a VSF is a total
derivative. This will again be exploited in constructingpetsymmetric Lagrangians by singling
out theD components

D(z) = /V(g;,e,e) d?0d%0 = [V (2,6,0)]yp55- (2.56)

2.7 Gauge symmetry

In the Standard Model the vector fields are the Yang-Millsggafields. Therefore we need to
combine the gauge symmetry with SUSY. Under the local garagestormation the vector fields
are shifted by a derivative of a scalar gauge function

Uy — Uy + O (2.57)

Recalling that the chiral supermultiplet contains a te’ﬂn”éaugb(x), eq.(2.51), we can try to
define a gauge transformation of a vector superfield as

V=V =V —iA +iA, (2.58)

whereA is a LcSF. However, since the mass dimension of a VSF is Zeea\ superfield has to
have a 'wrong’ mass dimension as well] = 0. Therefore its scalar and spinor components must
have mass dimension 0 and 1/2, respectively, and cann@seqmrphysical fields. In fact they can
be chosen to eliminate the unphysical component fields fl@ector superfield. If we choose
A(z,0,0) as in eq.(2.51) but with the replacements— —x/v2, F — N andIm(yp) — ¢/2,
thenV”’ reduces to a simple expression

V' = Vayz(x,0,0) = 00”0 v, (x) +i(00) ON(x) — i(00) OA(x) + 2(00)(00) D(z)  (2.59)

Thus, in the so callewVess-Zumino gaugthe vector field exposes only four (threevipone inD)
real bosonic and four real fermionic degrees of freedons feminiscent of the unitary gauge, in
which the unphysical components Bfare 'gauged away’. We should remark however, that this
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gauge choice is not invariant under SUSY transformationsvelkheless, by a proper choice of a
new gauge transformation the Wess-Zumino gauge can beedsto
Actually, the transformation rule in eq.(2.58) is suffidiéor an Abelian gauge group (when
all SF commute). For the non-Abelian group, it turns thaestore gauge invariance of the kinetic
terms of chiral scalars and fermions the definition of theggawmansformation of the VSF has to be
changed to
eV — e IAT(@) gV ih(@) (2.60)

HereV = V*T* andA = A*T* with the sum over the gauge indicess understood. Of course,
in the Abelian case, where all superfields commute, thisusvatent to eq.(2.58).

2.8 Towards the supersymmetric Lagrangian

When we discussed scalar and vector superfields, the coligatvation was that thé-terms
of the LcSF’s and their products€. the 99 components) and the D-terms of the VSF'’s (fi8&)0
components) under SUSY transform into themselves and hdetivative. Thus if we define a
Lagrangian as a sum @t- and D-terms,

L=Lr+CLp (2.61)

the action [ d*z £ will remain invariant under SUSY transformations. Before fermulate the
supersymmetric extension of the Standard Model in the rieapter, we will consider toy models
with a single chiral matter superfield, a vector field and cioinly the gauge and matter superfields.

2.9 The Wess-Zumino model of one chiral superfield

Let us consider a single left-chiral superfield
d=¢+ V20— 00 F. (2.62)
Using the identityd( ¢ = %6)0 (¢ itis easy to calculate the-terms of the products ab,

[2P]p = —20F — Y1),
[PDD]p = =3¢ F — 2090

The first line contains a mass term for the Weyl spigar, while the second a Yukawa coupling
of a scalar to a fermioy. The F-terms of the higher powers @b would be of the mass
dimension >4, and thus non-renormalizable. Restrictintpeéaenormalizable case, we can define
the superpotential’’ (®) as a polynomial inb of degree at most 3,

1 1
W(®) = ad + mdP + 5ydDP, (2.63)

where the parameters are of mass dimengion= 2, [m] = 1 and[y] = 0. The resulting La-
grangian has the form

Lwzr = /d20 W(®) +/d29(W(<1>))T = [W(®)]F + h.c.

— —aF —m¢F — %W - %qﬁqﬁF - %@MJ Y he (2.64)
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and contains the desired terms of a massive Weyl fermionledup a massive scalar. Observe
that the fermion and the scalar appear in eq.(2.64) withdhgesmassn, which is a consequence
of SUSY. Another consequence is that we cannot include istiperpotential a term of the form
dT® since itshd component does not transform into itself plus a total déxiea In other words,
the superpotential has to béhalomorphicfunction of the LcSFi.e. it may depend only o but
not on®’. If we remember that in the Standard Model masses of all fammare generated by
the Yukawa terms that involve a Higgsd its Hermitian conjugate, then we see the origin why
in the supersymmetric extension we will have to employ twaldets of Higgses (with opposite
hypercharges) to give masses to up- and down-type quarks.

So far so good, but we also need a dynamical part that woulthicokinetic terms as well.
However, since theb'® term is a vector superfield®'®)f = &1®, its D-term can be used.
Defining aKahler potentialK = K (&', ®) asK = &f®, we find

EQWZ:/Q%KE:ﬁF+{@¢ﬂ&%ﬂ+%wdﬁh@—%QLW&@. (2.65)

As wanted, thé)-term gives rise to canonical kinetic terms of thand they) component fields. (A
more general Kahler potential leads to more complicateddeén the Lagrangian, and at a quantum
level it contains information on the wave-function renolizetion).
However, the above formula does not contain a kinetic temth®Z component field. There-
fore the equation of motion faF (and F'") reduces to an algebraic equation
oL oL oL

— = = 2=t Y 2.
0 6“@@1?) 5F 9 —|—a+m¢—|—2¢¢, (2.66)

which can be solved
oW (¢)

t— —a—mo—2 o =—
F a—me 5 op = 9 (2.67)
and theF andF'* components eliminated from the Lagrangian. This is whyRr@mponent field
is called an auxiliary and there are no particles associattdthis field. The terms containing
andFT in egs.(2.64) and (2.65) then read
2

FIF—(aF+m¢F+4¢pF +hc)=—|at+me¢+ %¢¢|2 = — 'a%@ (2.68)
In the above equationd’(¢) is treated as a function of the scalar component ffetthly, rather
than the full superfieldb. In practice it is more useful for writing a Lagrangian inner of com-
ponent fields. Since theterm can be eliminated by a simple shift of variables, wexset0 and
write the Lagrangian in the full glory

7

Lwz = 0u0) (0"0) + 5 v (@) — 5

(Qﬂﬂ)(f”&
2 *
— 0Post — D te! — (D + 06t + Lov the). (269

It describes a system of spin 0 and spin 1/2 particles ané-ghoat and four-point interactions be-
tween scalars and scalar-fermion-fermion Yukawa intéast The masses of scalars and fermions
and coupling strengths are all related and fully determimgthe superpotential.
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Let us count degrees of freedom of component fields of thalchipermultiplet. Before elim-
inating theF' component fieldi.e. off-shell, we have two complex scalagsand F', and therefore
4 bosonic degrees, and a Weyl spinor with 4 fermionic degréésen the equation of motion for
the F' component is used,e. on-shell, we have two bosonig and two fermionicy degrees of
freedom, so again the number of bosonic and fermionic degrefeeedom match.

The above argument can easily be generalized to a case oékkfechiral superfieldsp;.
The most general superpotential takes the form
where the surrzijk over all possible combinations of LcSF is understood @nah;; andy;;;, are
constants. The resulting Lagrangian reads

Lz = (0u61) (060! + 5 a0 (Ouh) — 5 (D)o
oW 1 PwW 1 o*wi
B Z ' 06

- §W¢ﬂl)j— §W¢i
2.10 Non-renormalization of the superpotential

b (2.71)

Let us come back to the point that we started with, namely bserce of quadratically di-
vergent radiative correction to the scalar mass. To simpiiings consider the case of a single
superfield, eq.(2.69). First, notice that there are no diagrthat would contribute to the fermion
mass correction; simply, the arrows in the the loops canraitimappropriately. For the one-loop
correction to the scalar mass there are two diagrams: wetBahlar circulating in the loop coupled
via the quartic scalar coupling, and with the fermion codgig the Yukawas. However, since the
masses and couplings are correlated, the two diagrams|aameletely. In this way supersym-
metry does indeed control radiative corrections to theascahsses.

In fact, it can be shown that not only the mass term but the vBoperpotentialV’ receives
no additive radiative corrections in any order of pertudoatheory [9]. Following Shirman [10],
here we give the argument due to Seiberg [11]. It exploitssyrametries and holomorphy of
superpotential. To this end we defin€/él) zp-symmetry that acts on superspace coordin@tasd
0,0 — e andf — e~'f. If the R-charge of) is takenRy = 1, different components of the
superfields transform differently und&-symmetry. For example, assigning BrchargeR to the
chiral superfield® in eq.(2.62), its lowest componenthas the samé?-charge as the superfield
itself, its® component) hasR-chargeR — 1 and its§? component? hasR-chargeR — 2.

From the integration rules eq.(2.33) it follows thagy = —1. As a result, kinetic terms of
the Lagrangian arising the from K&hler potential are alwayariant under the&?-symmetry since
®T® andd*d are real. On the other hand, the full Lagrangian is invaniarter R-symmetry only
if the superpotential transforms with the chargei2, — ¢**W. Imposing such a requirement
on the superpotential determin&symmetry charges of the superfields. However, a consistent
assignment oRR-charges may not exist and thélisymmetry is explicitly broken by some terms
in the Lagrangian. For example, in a massless Wess-Zuminzhed eq.(2.63) withu = m = 0,
assigning anmk?-charge of 2/3 tob gives the Lagrangian invariant undB8rsymmetry, while with
m # 0 there is no charge assignment which leaves the Lagrangiariant.
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To prove the non-renormalization theorem we promote therpapential parameters to back-
ground superfields [11]. The model of eq.(2.63) (witk= 0, since as we said, can be eliminated
by a shift of variables) is considered as an effective lowrgy description of a more fundamental
theory in which parameters andy arise as vacuum expectation values of the lowest components
of heavy superfields (spurions). As a result, with the cheafehe dynamical superfieldt and
spurions as follows

Ulr  UQ)
) 1 1
m 0 —2
A -1 -3

the theory has & (1) x U(1)g global symmetry (spontaneously broken by expectationegbf
the spurionsn andy).

In this approach superpotential must be described by a rafamc function of both the dy-
namical and background superfield$(®, m,y). To have the correct transformation properties
under global symmetries, its form is restricted to be

w="g2f <@> . 2.72)

2 m

In the weak coupling limit the effective superpotential sldoapproach the classical one and there-
fore there should exist a Taylor series expansiolfi of y® /m:

_ M g2 2y? YOI _moy Yy s 2
W_2<I> <1+3!m+0( m2) _2<I> +3!<I> + O(y”). (2.73)
Thus o -
) =142 L o). (2.74)
m 3!'m

Furthermore, ther — 0 limit must be regular, and therefol& should not contain negative powers
of m. Thus (2.63) is exact [11]. No higher dimension terms areeggrd. This, in particular,
means that there are no counterterms leading to renorriatizaf m or y.

2.11 The gauge sector

The product of the VSF is also a VSF. However, itsterm, although supersymmetric, does
not provide a kinetic term for the corresponding spin 1 vefild v, in the Lagrangian. Let us
begin with the Abelian gauge symmetry. To write down kinétiens for the vector superfields we
define a chirakpinorsuperfield

1, x 1 -
Wa = —Z(DD)DaV, Wi = —Z(DD)DdV- (2.75)

W, is a LcSF becaus®; DD = 0, which impliesDsW,, = 0. Correspondingly)V, is a RcSF.
In terms of component fields it reads (we refer to [5] for dstaf the calculations)

Wa = —ida — 0007, 0,\° - %95 (0#6") 0 Fpuy + 00 D (2.76)
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whereF),, = d,v, — d,v, is the usual field strength tensor and the component fieldsiactions

of y* = x* — ilc*6. The lowest component field df/,, is a spinor, giving the name to this LcSF.
Note that\V, and W, are gauge independent, as suggested by the presence ofdretréeagth
tensor. This can be verified by using the definition/gf and gauge transformation, eq.(2.58) and
usingDg4 A = 0. From the spinor LcSF (and RcSF) we can form the Lorentz sbglaontracting
the spinor indices and find that, indeed, figerms[ W W, a9+ [Ws W45 do contain the desired
kinetic terms

1 1 1 ; - 1
IV Walgy + 7DVaWilgg = =7 F* Flu, - %(8“)\)0“)\ n %)\a“(c'?“)\) +5D* (@77)

for the gauge boson field, and its fermionic partnex.

We already mentioned that the-charges of matter fields may depend on the model under
consideration. In contrast, thB-charges of the fields in a vector multiplet are uniquely fixed
IndeedW*W,, has R-charge 2. Since gaugino is the lowest component8fits R-charge isl
while the D-term and the gauge fielg, are neutral (as expected for real fields).

Since there is no kinetic term fdp in eq.(2.77), theD component field is an auxiliary, like the
F component field of the LcSF, and can be eliminated using tbetemn of motion. First, however,
we need to find all other terms containiig For an Abelian gauge field, thB component field
of V' under gauge transformation obtains a total derivativepashe seen by inspecting eq.(2.58),
and therefore we can add to the Lagrangian a term

Lrr =2[6V]ggg5 =D, (2.78)

where¢ is a constant with mass dimensi@ = 2 and the factor 2 is added for convenience. Such
a term is called &ayet-lliopoulosterm [12] and is important when spontaneous breaking of SUSY
is considered. For the non-Abelian gauge group the FI terforisdden since the VSK¢, and
the D* component field, carries a group index Nevertheless, when we couple the gauge sector
to the matter superfields, other terms containihgvill appear.

Since these lectures are addressed mainly to the expedlisentattending the school, we
refrain from going into details and simply state the results

For the non-Abelian gauge group we have already introddweddampact notatiol’ = V*T¢
for the gauge VSF, wheré® are the generators in the adjoint representation. We atsadimnce
the short-hand notation for the spinor chiral superfiglds = WaT* and W, = W4T, Their
definition has to be modified to

1 - = - 1 _
W, =—-—DDe VD, e*" Ws=—DDe*VDse 29V, (2.79)
8¢ 8¢

whereg is the gauge coupling constant. In terms of the componeuisfigl’ reads

We = —% 05(0"") 0 FS, — 000" (DAY — i N2 + 0, D*, (2.80)
where the field-strength tensor and the (gauge) covariaiviatiges are given by
F, = 0uvy — vy — gf ™ v vf, (DMAT) = (9"X)* — gf " (") (X)* (2.81)

and the component fields are functionsy6f= z# — ifo*h.
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The above expressions make it explicit thét, (and ;) is not any more gauge invariant
under non-Abelian transformations. In fact they transfaism

W, — e 290y 29 A Wy — e 290y, 29 AT (2.82)

which is analogous to the non-susy case. Therefore the ergamethe group indices WeW,, =
%WWW% is gauge and Lorentz invariant, and@&component SUSY invariant. Therefore in the
non-Abelian case the Lagrangian for the pure gauge sedtes the form
1 a a L.~ A7)0 O
Lamge = IV Welgg + 2 WV g5 (2.83)
Let us now add a set of LcS®; that transform under a certain representation of the gauge

group asb — &' = ¢?972d, or more explicitly

D; — 0 = (eimgAaTa)ij ®j,

(2.84)

with the generator§™ in the corresponding representation. For the Hermitianugate SF we
have®! — &' = &f 292" SinceA is a set of LcSFAT is a RcSF, and the Kahler potential
transforms non-trivially

ot @ — /T @ = ol 29 (@) —2i9A(®) £ BT P (2.85)

because for a local transformatidiiz) # Af(z). The remedy is to redefine the kinetic part for the
chiral superfields as
o — of 29V, (2.86)

where the group indices are understood. Then the Lagranegeals
1 a a 1 LAY Y]
L= Z[W Wy + Z[W W55+ [@T €Y @]gg 55+ W (D)]gg + W (@T)]55 (2.87)

In terms of the component fields for the chiral superfi@ddransforming under the gauge group
with the gauge vector superfieldi§;;, for a general gauge group with the generatfifssatisfying
[Te, T = ifebeTe algebra, it takes the form

£ = (Du)|(D"6); + 30 (Dyh)i = 5 (D)o

g (poym 4 SN (DN) = S (D) X"

4
_ \/_Zgl/}Z)\aT]SOJ _’_\/_,L'gngTiC;ija
1 0°W 1 92wt ;
" 20¢;00; D000 Vi T 2 a¢; 9 q; bity; =V (61, 0) (2.88)

The scalar potential is the sum of theterms andD-terms and reads

Vg, 6]) = I Fy + 2 (D)2 Z‘ Z(gqs* L8 (2.89)

2

doi

The Fayet-lliopoulos termip; = 2 £*[V ]y 55 Can be present only fd¥ (1) gauge factors, and
W is the most general superpotential consistent with thenasdigauge symmetry.
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3. The Minimal supersymmetric extension of the Standard Moe|

3.1 Particle content

The minimally supersymmetrized SM is uniquely defined: thdiple content and couplings
are fixed with no new parameters introduced. Each SM partidias a partner with the same
quantum numbers but with spin differing by 1/2 — called a smgarand denoted by a tilde over the
symbolp. Following a common convention of considering the leftrahWeyl fermions as basic
particles, the left-chiral quarks and leptons (doubletdenrs’U (2)) and left-chiral antiquarks
and antileptons (singlets undéiU(2);) are assigned to be fermions in the corresponding left-
chiral superfields), L andU¢, E€, respectively. There are three copies of the quark andrepto
superfields, one for each generation. The right-chiral iensiare the conjugates of the left-chiral
antifermions. Here the chirality refers to the transfoioratproperties under the weaklU (2),
gauge group. For a massless fermion chirality is equivaerttelicity, while for the spinless
sfermions such a parallel does not exist.

The gauge bosons are placed in the vector supermultipleeéacitl one is accompanied by a
spin 1/2 Weyl fermion called a gaugino. Thus we have gluimosps and a bino as superpartners
of the gluons and electrowedk and B gauge bosons.

We already mentioned that in the supersymmetric version Weneed two doublets of the
Higgs fields to give masses to both up- and down-type fermibtwmvever, there is another argu-
ment why we need an even number of Higgs doublets which itekta the axial vector anomaly
cancelation. In the SM the anomaly cancels non-trivialljween the quarks and leptons. When
we promote a Higgs field to a superfield it comes with its femrpartner (higgsino). Each hig-
gsino makes a non-zero contribution to this anomaly. Thesgibutions cancel if we include pairs
of higgsinos with opposite hypercharges. The minimal ssypametric standard model (MSSM)
employs two Higgs doublet superfields,, H, with hypercharges-1/2, +1/2, respectively, con-
taining scalar Higgses accompanied by spin 1/2 higgsifiosTs.

3.2 Construction of the MSSM Lagrangian

Once the choice of the gauge grofip’(3). x SU(2)r, x U(1)y and the content of the mat-
ter chiral fields with definite quantum numbers has been mégekinetic terms and the gauge
couplings of the MSSM Lagrangian are fully determined byesgpmmetry. The Lagrangian is a
sum of terms of the form eq.(2.87). The only parameters teatiio be introduced are the gauge
couplingsgy, g2 andgs. Also the superpotentidd has to be specified. Since it provides the source
for non-linear scalar-fermion-fermion couplings, we shkidaclude the appropriate terms that pro-
vide the right Yukawa couplings to generate fermion masgethe spontaneous gauge symmetry
breaking. The superpotential has to bo holomorphic in LcSF.

The right choice is

W = hEHlLEC+hDH1QDC+hUH2QUC_ILLHlHQ (31)

where color, SU(2) and generation indices are suppressee/H E°, ), D¢, U¢, H; denote left-
chiral superfields with self-obvious (s)particle conténtare the corresponding Yukawa couplings
(matrices in the generation space). Apart from the trilineems withh;, the term with dimension-
full Higgs(ino) mass parameteris gauge invariant and can be includedin Actually this is the
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only parameter of mass dimension 1. Since this is in the popential, it does not receive additive
radiative corrections. If it is set to zero, a higgsino statelld be massless and should have been
already detected. So it is needed for phenomenologicabmsas

In principle the superpotential can contain other terms

Wp = XapaLa Lo EG + Ny LaQu DG + €4 Lo Ha 4+ Ny U D DG (3.2)

with the generation indices, b, d explicitly written. The first three terms generate leptamer
(L) and the last term baryon-number (B) violating interacs in the Lagrangian. In SM such
interactions are forbidden by Lorentz invariance and plarttontent. In the SUSY version with
scalar superpartners, such interactions are fully caistith all symmetries. Phenomenologi-
cally the presence of both L- and B-number violating intdoers is disastrous since it leads to fast
proton decay. The simplest, and most popular, solution ssippress allVy terms by imposing a
symmetry, called?-parity [13], defined as

R, = (_1)3BfL+25 (33)

Imposing R-parity has important consequences: sparticles are creapairs in particle collisions,
among the decay products of a sparticle there is always tidpaand the lightest sparticle (LSP) is
stable. This makes the LSP, in many SUSY models the lightagralino, an attractive candidate
for the dark matter particle — which is one of the most welcdeatures of the supersymmetric
extension of the SM.

Negative results of SUSY searches indicate that spartigleaot be degenerate in mass with
corresponding particles and supersymmetry must be brol&nce no viable model of SUSY
breaking within the MSSM itself can be constructed, the mpogtular scenario is to invoke the so-
calledhidden sectowhere spontaneous supersymmetry breaking occurs andhaitielp of some
messenger fields it is mediated to the visible sector gangrit the MSSM Lagrangian terms that
break SUSY explicitly. To maintain the cancelation of quaidr divergencies needed for solving
the hierarchy problem, SUSY breaking terms mussb# i.e. of dimension less than 4. The most
general form of soft terms includes gauging,X and scalar ¢;) masses X/, ij), and scalar
bilinear (;;) and trilinear (4;;;) couplings [14]

1 I
~Laone = 5 MiAada + M616; + bij6id; + Aijudicjon + hc. (34)

Before SUSY breaking terms have been introduced, the spperstric Lagrangian contained as
parameters only the gauge and Yukawa couplings ang thass parameter. Addinf,¢ brings

in 105 new parameters The unconstrained MSSM (UMSSM) isllysuaderstood as an effec-
tive low-energy model at a TeV scale defined by three assomgtia) minimal particle content,
b) R-parity conservation, c) most general soft-supersymmateaking terms. The number of pa-
rameters could be further enlarged by relaxing a) and/oob)educed by constraining c) with
additional assumptions on SUSY breaking mechanism.

After the gauge symmetry breaking, the superpotential rg¢e® terms that mix the elec-
troweak gauginos and higgsinos giving rise to mass eigesstawo charged (chargino}q‘%) and
four neutral (neutralinog? , 5 ,). The particle content of the MSSM is illustrated in fig.1.r Foe
complete list of Feynman rules of the MSSM we refer to RosiéH [
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MSSM: particles and sparticles
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Figure 1: Particle and sparticle content of the MSSM

As the soft SUSY breaking is explicit, the Appelquist-Caxaze theorem [16] applies to the
superpartner spectrum. Thus, SUSY virtual effects disappeleast as an inverse of the SUSY
breaking scale@®(1/Mgsysy), and can naturally be arranged compatible with the eleetadw
(EW) precision data. It is nevertheless interesting to tiwéé global fits to EW and DM data [17],
at least in the constrained MSSM (defined below), usuallgrretl to as mMSUGRA, point to a
rather low values of SUSY breaking parameters [18], whidbrgstingly enough are close to the
benchmark point SPS1a of [19]. Together with the strongcatitin for a light Higgs boson it fuels
hopes for a discovery of the Higgs boson(s) and at least séregpersymmetric particles at the
LHC.

However, with that many new parameters it is hard to acceptuticonstrained MSSM as
a fundamental theory. Moreover, in most of the 105-paramgtace the model exhibits phe-
nomenologically bad features, like unsuppressed FCNC dPwi@ating phenomena, color or
charge breaking vacugtc. The MSSM is viable only in some regions of the parameter spaite
a certain degree of universality.

Since the gauge coupling unification suggests that physightrbe simpler at or near the
unification scale, renormalization-group equations (RGdf) be used to provide the link between
low- and high-scale theories. In th@p-downapproach a plethora of theoretical scenarios of hid-
den sectors and mediation of SUSY-breaking has been exdnlike gravity-, gauge-, anomaly-,
mixed-, ..., mediation. Then the RGE are used to derive thedloergy MSSM parameters. It turns
out that phenomenological Lagrangian depends crucially on gross features: which hidden-
sector fields develop the largest F- or D-term vacuum expent&alues, what is the mediation
mechanism, what are dominant effects producing hidddablgisector couplings: at tree level,
or loop-inducedetc. As a result, each scenario can be characterized by a harfdhdependent
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parameters which makes the phenomenological analysesvedriergy theory much simpler and
more predictive. For example, the mSUGRA scenario mentiat®ove is defined by universal
scalar () and gaugino {/; ;) masses and universal trilineat) scalar couplings at some uni-
fication scale, while the universal bilinear parameterasiéd for the ratio of the Higgs vacuum
expectation valuesan 5 = v /v; from the condition of reproducing the correct mass of the
boson, and sign of the higgsino-mass parameter

However the top-down approach may be too restrictive: tlempimenologically viable region
of the parameter space is larger than any RGE-derived ragitine above scenarios. Moreover,
our imagination of devising high-scale supersymmetryakirgy scenarios is certainly limited.

At present only the experimental limits on the parametecsjgan be used to gain some insight
on the SUSY breaking. The non-discovery of SUSY and a lighgliboson at LEP2, Tevatron and
HERA puts the solution of the naturalness problem in a sygaiiétion: fine tuning of order a few
percent is required to reproduce the EW scale and evadeimqgrgal constraints. This problem,
called the supersymmetric fine-tuning, has attracted mtiehtaoon and is one of the main driving
forces to go beyond the MSSM

Once supersymmetry is discovered, we will have to face thielpm of reconstructing the low-
energy supersymmetry Lagrangian parameters from expetitin@easurements with minimum of
theoretical assumptions. Only then in thattom-upapproach [20] we can attempt use the RGE as
a telescope to explore the high-energy physics by expipttie low-energy experimental input to
the maximum extent possible.

4. Phenomenology of SUSY at colliderd

At present the most restrictive direct limits on the SUSYapaeter space come from negative
results of SUSY searches at two colliders: Tevatron at Hebrand HERA at DESY. HERA
already finished its operation in 2007, but Tevatron stillemts new data. With the start of the
LHC at the end of 2009 significant improvements, and hopgfulany new discoveries can be
expected in coming months and years.

4.1 SUSY searches at Tevatron and HERA

The Tevatron experiments have investigated various SU®Yiasms: a more or less con-
strained MSSM with a neutralino LSP assumed - b&Hparity conserving and violating cases
have been considered; gauge-mediated SUSY breaking (GM#8Ba gravitino LSP and a neu-
tralino NLSP (next-to-lightest SUSY particle); anomalgdmted SUSY breaking (AMSB) with a
wino LSP and a long-lived chargino; split-SUSY with heavglacs and a long-lived gluino. Be-
cause of lower kinematic reach, the HERA experiments cdrateal on single sparticle production
processes in th&-parity violated cases: light stop production in uUMSSM; adproduction in
MSUGRA, gaugino production in uMSSM and GMSB. Below onlyes&d results are presented;
more results can be found in Ref.[21].

2The discussion of Beyond MSSM is beyond the scope of theseréec
3This chapter is based on the updated version of my lectuves git the APCTP Summer Institute 2006 in Pohang,
August 23-30, 2006, Korea, http://apctp.org/conferet@206/index.htm.
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Figure 2: Exclusion plots in the plane of generic squark and gluinoseas

If squarks are lighter than gluinos, they are expected tayleccording ta; — ¢x!, while
gluinos, if they are lighter that squarks, are expected tageccording tg — qgx). Pair pro-
duction of light squarks leads te two jets; pair production of light gluinos leads tofour jets;
the associated production of a squark and a gluino of simiasses leads o three jets. Pos-
sible cascade decays, for example- ¢'x*, complicate the picture and a specific model, such
as mSUGRA, is needed to interpret the search results. dtlévents with fake missing; due
to jet energy mismeasurements and the associated pradwéti® +jets with missed lepton from
W — fv constitute instrumental background, while irreduciblenes from the associated produc-
tion of Z+jets withZ — v. The generic search assumes a number of cuts on: minimumertumb
of jets, missingEr, and the sum of jet transverse energies, a veto on isolgehke and cuts on
angles between the missittg- and jet directions. The inclusive search for squarks anegihas
been performed by CDF and DO with data samples of about 2 fBince no excess is seen in data
over expected background, exclusion domains in the plaleecquark and gluino masses have
been computed, Fig. 2. Masses below < 280 GeV (CDF), <308 ®&¥ for gluino, and <380
GeV (CDF,DO0) for squarks, are excluded [22].

Electron-proton collisions at HERA are well suited to tharsé for squarks, since such states
can be produced by an appropriate coupling of the incomiptpfeand a quark in the proton.
Events with isolated high+ leptons, jet(s) and missing energy, have been observed RAHIE
e*p collisions, and created a lot of excitement. With the insegbstatistics no significant deviation
from the SM has been observed, and exclusion limits wererdéted in the framework of the
MSSM [23]. Nevertheless, some puzzling H1 events with teolanuons, not easily explained by
the SM mechanisms, still invite speculations on their or{g4].

4.2 Expectations at the LHC

The strongly interacting squarks and gluingsa0dg), with masses in the TeV range, will be
copiously produced at the LHC. Their production cross eestitypically in the picobarn range)
are comparable to cross sections of jets with transverseentap;, ~ SUSY masses. Rates of
directly produced weakly interacting sparticles are master. Squarks and gluinos will promptly
decay into jets and lighter SUSY particles which will funtldecay. Their decay chains are model
dependent, but generically one can expect in the final sigkerh jets and leptons, possibly large
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missing energy¥;, or displaced verticestc. Since the LHC detectors are designed to detect jets,
isolated leptons and photons, displaced vertices, measungies and transverse momenta and
missing transverse energy, they are well equipped to covepad spectrum of possible decay
modes of SUSY particles. There have been many experimamilses demonstrating the capa-
bilities of LHC detectors ATLAS and CMS [25, 26], to which wefer for detalils.

4.2.1 Inclusive searches at LHC

Sparticle production impp collisions at the LHC is dominated hyyand g. Leptonic decays
may or may not be large but jets are always produced with teaee momenta; of the order
of sparticle masses. If the LSP is stable, as in scenarids Maparity conserved, it will escape
undetected giving largE;. The SM background events from top quaik,andZ boson decays do
not have such higlp; objects.

Motivated by these observations, a set of simple cuts carebigmed to enhance the signal
over the background in inclusive “transverse” searchesStdSY particles. For example, it has
been demonstrated [25] that in typical mSUGRA scenariagjirig at least four jets with large
p! and large

Ma= Y pi+ B (4.1)
i=1,...4

and selecting events spherical in the transverse planeréwdpecific cuts onf;, pi, Mg and
sphericity depend on details of the model) can be sufficiemliscover new particles. To reduce
the background further, hard, isolated lepton(s) may beired and theip; is then included in the
definition of M.g. The reach of inclusive searches at1@b is illustrated in Fig. 3; and squarks
and gluinos with masses up+02.5 TeV can be found at LHC with 100 fid. Monte Carlo studies
have also shown that the position of the pealkdg; distribution correlates quite well with sparticle
masses, namely/.g ~ min(mg, my), providing a first estimate of the overall SUSY mass scale,
Fig. 3 right panel.
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Figure 3: ATLAS and CMS search limits for various channels in the mSAJ@&tameter space (left and
middle). Mg distribution for a mSUGRA point and SM background after cuts

When the sparticle masses become degenerate a reducedilisoloé events with highp;
jets is then expected as well as lowdrs andZ; making them less “transverse”. This means that
standard SUSY cuts reduce the signal sample and SUSY digcsvenore affected by the SM
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background. |f3.g.m)~<?,\?mq,g/2, the signalM.g distribution becomes quite similar to that of the
background. However, it has been found [27] that the SUSNadiop the degenerate case exhibits
a special universal pattern ¢ and £, plane which may help to identify the signal region and
discriminate signal from background better.

While otherR-parity conserving models of SUSY breaking are quite déffey like the anomaly-
mediation, the reach img;, m; is similar~ 2 TeV. It follows from the fact that the overall reach
depends mainly on the production cross section as long as #ne sufficiently large mass gaps
between sparticle masses.

4.2.2 Sparticle mass measurements

If R-parity is conserved, all SUSY particles decay into indisibSP, so no mass peaks can
be identified. Nevertheless, it might be possible to idgnifrticular decay chains and exploit
the “endpoint method” to measure combinations of massds & example, a relatively clean
channel is provided by the three-body decay or, if the steptn be on-shell, the cascade of two-
body decays of the heavier neutralino

XY — (00) — 00y (4.2)
The di-lepton mass distribution endpoints depend on theisfgamasses
mge(3-b0dw = mgo — m)z(f (4.3)

my(2-body) = \/(m?(? —m2)(m2 —mgo) /m; (4.4)

The events can be searched for by requiring two isolatedmspin addition to multi-jet and¥;
cuts like those described above. If lepton flavors are seggreonserved, then contributions from
two uncorrelated decays cancel in the combinatioa™af~ + up~ — e T giving a very clean
signal and allowing a precise endpoint measurement. Theesbiathe distribution also allows us
to distinguish two-body from three-body decays.

Long decay chains allow more endpoint measurements. Fanggain the SPS1a mSUGRA
scenario the following decay chain

G — 514 — XSg1j2 — 01j1j2 — XW1laj1 o (4.5)

can be exploited. With two jets and two leptons in the finalesiashould be possible to measure
the endpoints of invariant mass distributioffs ¢£5, £j. These endpoints are smeared by jet re-
construction, hadronic resolution, and miss-assignmeétiieojets that come from squark decays.
Nevertheless, it has been shown [29] that for the integrat@éhosity of 300 fb! these endpoints
should be measured at the level of 10, determining mass relations to 1-2%. In fact, with so
many endpoints one can solve for the absolute values of tkieowm masses df, g, x5, Eand;}?
within 5-10% accuracy. This is a general feature of the deteation of sparticle masses when
the LSP momentum cannot be measured directly. Neverthel®$3% accuracy in the mass of
sleptons and the lightest neutralino provides a link to adegy. With this information one can
calculate the neutralino annihilation rate at the time aidgling and estimate the amount of DM
at the level of 7% [30].
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It is notable that the LHC can access the mass of the heawestatino x§ which in this
model is too heavy to be produced at the 500 Ge¥~ collider. The measured mass difference
mgo — Mg, in the same decay chain as in eq.(4.5), but wittmeplacingy), directly constrains the
u parameter. The errors for the MSSM Lagrangian parameteungvgignificantly be reduced if the
measurements at the LHC and ILC could be combined [31]. Th€/LLLT interplay is even more
important in scenarios with heavy spatrticles, like in themology-motivated focus-point scenario
[32] in which only limited amount of complementary inforr@at from each collider alone can be
exploited [33].

If the LSP mass could be measured at the ILC, then errors osphdicle masses would
be reduced significantly, te-1% for squark and gluino masses (dominated by the 1% jetngrali
error), and well below 1% level for weakly interacting spaes in the SPS1a scenario [34]. In
such a case the collider-based calculations of the DM coulttimthe expected accuracy of the
Planck probe [35] providing a strong consistency test ofiglarphysics and cosmology.

The mass determination through the endpoint method hasa¢evy®rtcomings: the LSP mo-
mentum cannot be reconstructed except for a few very speaiats in the parameter space, only
events near endpoints are used neglecting independentigiion contained in events away, and
the selected events may contain contributions from secasalade decays causing additional sys-
tematic uncertainties. These problems can be ameliorgteglibg the “mass relation” method [36].
In this method the on-shell conditions for sparticle massélse decay chain are used to solve for
the kinematics and reconstruct the SUSY masses as peaksadmadstributions. For example, in
the cascade decay eq.(4.5) five on-shell conditions can ittemvfor g, G, 19, Eandx‘f in terms of
the measured momenta of leptons, jets and 4 unknown momesdmponents of the undetected
neutralino. Each event, therefore, spans a 4-dim hypeaseiih a 5-dim mass space, and in princi-
ple 5 events would be enough to solve for masses of involvadisies. Note that events need not
be close to endpoints of the decay distributiares,the method can be used even if the number of
signal events is small.

4.2.3 Is it SUSY?

After careful calibration of LHC detectors and years of ecling data and determining masses
of new particles, can we be sure that we see sparticles?lBbiag SUSY at the LHC will require
not only to discover new particles, measure their massesydgranching ratios, production cross
sections, but also to verify that they are superpartrniersineasure their spins and parities, gauge
guantum numbers and couplings. A generic weak-scale SUBMlsof largeF; arises in almost
any model with the lightesD(100 GeV) particle stable and neutral, as suggested by thewtter
of the universe. Therefore, we should be able to distingthishSUSY decay chain eq.(4.5) from,
e.g, the cascade decay

d — j1d — Z'j1j2 — Ulj1j2 — v llajijo (4.6)

that arises in the universal extra-dimension model (UED]).[3Here the primes denote the first
excited Kaluza-Klein states of the corresponding SM plaievith the mass spectrum similar to
the SUSY case. In both cases the final state is the gafpg j» with either thex! or they’ escaping
detection. What differentiates the decays in eqgs.(4.big e spins of intermediate states and the
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chiral structure of couplings. Note that in contrast to tliED.tase, the SUSY particles are naturally
polarized in many processes. For example, in the sub-chain (9qr — (rlrq — Vg the

XJ is polarized as right-handed, oppositegig because théyq Yukawa coupling flips chirality.
The polarized neutralino further decays into eithgt* or @j{zﬁ— with equal rates (because of the
Majorana character of neutralinos). However, due to theathature of the Yukawéy/ coupling,
the/T is likely to fly in the neutralino direction in the squark réstme, while the/~ in the direction

of the quark jet. The difference in the angular distributioreflected as a charge asymmetry in the
invariant mass distribution of the jet-lepton system [38].

Figure 4: Detector-level charge asymmetries with

LT respect to the jet+lepton rescaled invariant mass,
sboe e b b b g bbb L b for UED- (left) and SUSY-like (right) mass spec-
n f tra. Dashed: SUSY. Solid/red: UED.

Although the charge asymmetry fgf decay is just opposite, ipp collisions more squarks
than anti-squarks are expected and{@roduction from squark decays is dominant. The amount
of charge asymmetry in thex(j¢) is model dependent, Fig. 4. Nevertheless it remains allpwin
to resolve the fermionic nature of the neutralino from theteenature of theZ’ and confirm the
chiral structure of couplings [39, 40]. Certainly, new idd@a exploit specific features of SUSY at
the LHC, for example how to measure the jet charge, are vechmelcome.

4.3 Searches at linear colliders

If the superpartner masses (at least some of them) are inetfigange, LHC will certainly
see SUSY. Many different channels, in particular from skard gluino decays will be explored
and many interesting quantities measured, as discussbhd preévious chapter. However, to prove
SUSY one has to scrutinize its characteristic features madel-independent a way as possible.
We will have to:

- measure sparticle masses, their decay widths, productass sections, mixing angles etc.,

- prove they are superpartners: check their spin, parigntyum numbers and couplings,

- reconstruct the low-energy SUSY breaking parameters mvitiimum assumptions,

- and ultimately shed light on physics at the high (GUT?, Eit&) scale.
In answering all the above points ane~ LC would be an indispensable tool [41]. First, the LC
will provide independent checks of the LHC findings. Secdhenks to the LC unique features:
clean environment, tunable collision energy, high lumityppolarized incoming beams, and pos-
sibly e"e™, ey and~~ modes, it will offer precise measurements of masses, auygliguantum
numbers, mixing angles, CP phases etc. Last, but not Ieastl provide additional experimental
input to the LHC analyses, like the mass of the LSP. Cohereailyses of data from the LH&nd
LC would thus allow for a better, model independent recansion of low-energy SUSY param-
eters, and connect low-scale phenomenology with the higlegphysics. The interplay between
LHC and LC is investigated in detail in the LHC/LC Study Grddg].
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An intense R&D process and physics studies since 1992 hdstdeaorld-wide consensus
that the next high energy machine after the LHC should be tendational Linear Collider (ILC).
Planning, designing and funding the ILC requires globalipg@ation and global organization.
Therefore the Global Design Effort for the ILC [43], headgBarry Barish, has been established
with the goal of producing an ILC Reference Design Reporth®y lhieginning of 2007, an ILC
Technical Design Report by the end of 2008 and be ready fastogstion around 2010. The ILC
baseline design foresees:

- CM energy adjustable from 200 to 500 GeV, and/s# for calibration,

- integrated luminosity of at least 500 fbin first 4 years,

- beam energy stability and precision below 1%,

- electron beam polarization of at least 80%,

- upgradeability to CM energy of 1 TeV.
The choice of options, like GigaZ (high luminosity run/dt;), positron polarizatione= e, ey or
~v, will depend on LHC+ILC physics results.

Many detailed physics calculations and simulations haea lperformed and presented during
numerous ECFA, ACFA and ALCPG workshops and LCWS conferet4]. Below only some
highlights are presented. For more examples and referémnefs to my reviews [45].

4.3.1 Mass measurements

Sparticle masses can be measured in threshold scans ortinuton. For first 2 genera-
tions, whereR-L mixing can be neglected, the shape of the production cratmsenear thresh-
old is sensitive to the masses and quantum numbers. For éxafop selectrons and smuons,
iR, ihiip . €56, andéséx pairs are excited in a P-wave characterized by a slow risheof t
cross sectiom ~ 3% with slepton velocity3. On the other hand, e} e; /eLer — éhér /€5 ég
ande; e, /epep — €, €, | €x€L sleptons are excited in the S-wave giving steep rise of thescr
sectionss ~ 3. The expected experimental precision requires highemramigections, and finite
sfermion width effects to be included. Examples of simolagi for the SPS1a point are shown in
Fig. 5 [46]. Using polarized e~ beams and 50 fb! theér mass can be determined to 2 per mil;
the resolution deteriorates by a factor-of2 for ﬁjgﬁ;b production. Fok e, — €rér the gain
in resolution is a factor 4 with only a tenth of the luminosity, compareddde™ beams. Above

8 600
o] 500 o]
6
400
4 300 Figure 5: Cross sections at threshold for the re-
20 actionse] e — éhég (Ieft) andeger — €Rén

100 (right) in the SPSla scenario, including back-

0 0 ground. Error bars correspond to a luminosity of
286 288 290 292 294 282 284 288 290

i il 10 b (left) and 1 bf ! (right) per point.

2

the threshold, slepton masses can be obtained from the ieh@pergies of leptons coming from
slepton decays. In the case of two-body decéys,— ¢~ x? andiy — ¢~ x; the lepton energy
spectrum is flat with endpoints (the minimuf. and maximum¥ . energies)

Ei = V5 (1+8)(1 —m3/m3) (4.7)
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providing an accurate determination of the masses of tmegoyi slepton and the secondary neu-
tralino/chargino.

Simulations of the andu energy spectra @fzrér andjirfir (respectively) production, includ-
ing beamstrahlung, QED radiation, selection criteria agigctor resolutions, are shown in Fig. 6
assuming mSUGRA scenario SPS1a [47]. With a moderate lwgitynof 200 fo~! at /s = 400
GeV one findsng, = 143 +0.10 GeV,my,, = 143 £0.10 GeV andmgo = 96 +0.10 GeV from
selectron, Ofmngo = 96 + 0.18 GeV from smuon production processes. Assuming the neurali
mass is known, one can improve slepton mass determinatiarfdtor 2 from reconstructed kine-
matically allowed minimumn,,,;, (¢). The partneyi;, is more difficult to detect because of large
background fromiV ¥ pairs and SUSY cascades. However, with the high luminogily&SLA
one may select the rare decay moggs— ux5 andxy — ¢4~ x!, leading to a unique, back-
ground free signature™p~ 4¢% F. The achievable mass resolutions fof;, andmig is of the
order of 0.4 GeV [48].

6000 T T 1200

= 0G £ =m0t ;w, ‘Ji:éim‘!Gv\‘/t‘:Zm‘”b"‘ . Figure 6: Lepton energy spectra in
S 0k \ the processesepe; — eReE —

4000+ 800+

e~xletx) (left) andege; — apikh —
et — o xuty (right) at

BoXT BT XA #oxiptxy (g

2000+ Tk "1 /s =400 GeV and luminosity 200 fbl;

scenario SPS1a.

;  Lasas —
0 50 100 150 0 40 80 120
lepton energy E, [GeV] lepton energy E, [GeV]

In a similar fashion the chargino masses can be measuregrarigely at threshold: simula-
tions for the reactiorfe; — ¥ X7 — (Frex? q7’'x? show that the mass resolution is excellent
of O(50 MeV), degrading to the per mil level for the higb*ef state. Above threshold, from the
di-jet energy distribution one expects a mass resolutioimq{% = 0.2 GeV, while the di-jet mass
distributions constrains tb*eli —x? mass splitting within about 100 MeV. Similarly to the chayi
case, the di-lepton energy and mass distributions in thetiogee e~ — x9%3 — 4¢* F can be
used to determing! andxy masses. Previous analyses of the di-lepton mass and dilepergy
spectra performed in then 3 = 3 case showed that uncertainties in the primary and secondary
and ¢y masses of about 2 per mil can be expected [41, 48]. Highelutéso of order 100 MeV
for m can be obtained from a threshold scanedk~ — Y9xY; heavier stateg) and x{, if
accessmle can still be resolved with a resolution of a fandned MeV.

4.3.2 Measuring couplings and mixings

In contrast to the first two generations, theR mixing for the third generation can be non-
negligible due to the large Yukawa coupling. Therefore hé and b are very interesting to
study to determine their mixing and chiral quantum numbé&sanilarly, it is very important to
measure the gaugino and higgsino composition of chargindshautralinos. Last, but not least,
we have to verify SUSY mass relations and exact equalityréat level) of gauge couplings and
their supersymmetric Yukawa counterparts.

In this respect the ability of havinigoth beams, positrons and electrons, polarised is particu-
larly important [49], since for many measurements even 18@%tron polarisation is insufficient.
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The couplings and mixing angles can be extracted from pramucross sections measured
with polarized beams. For example, experimental analys&sp quarks with small stop-neutralino
mass difference have been performed [50]. Such analysesatieated by the stop-neutralino co-
annihilation scenario consistent with dark matter reliogiy and EW baryogenesis. With small
stop-neutralino mass difference, the stop decays intaralgwd and charm making the analysis
very demanding. Nevertheless, the stop parameters carntdrendleed precise enough, Fig. 7, and
precisions for the dark matter predictions comparabledbftom direct WMAP measurements in
the region down to mass differencesO(5 GeV) can be achieved [50].
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Figure 7: Power of polarization — bounds on: (a) light stop masg and stop mixing anglé; from
o(ete™ — 11%); (b) on supersymmetric Yukawa couplirigsand g, from selectron cross-section measure-
ments; (c) oYy, = §o2/g2 andYgr = §1/¢1 from neutralino pair—production with polarized beams. (&)
dependence of the CP—odd asymmetgy.

The Yukawa couplings of scalar fermions can be preciselgrdehed by measuring the pro-
duction cross-sections with polarized beams. For examplie electroweak sector, the relation
between the hypercharge U{1foupling g; and the SU(Z) coupling g and the corresponding
Yukawa couplingsg; and g» can accurately be tested by measuring the pair-productioss€
sections of scalar leptons. The resulting constraints @m felectron cross-section measurements
are depicted in Fig. 7(b), from [51]. The identity of the SUS¥kawa and gauge couplings can
also be independently checked in neutralino pair—prodoctCombining the measurementsogf
andoy, for the procesg™e™ — Y X9, the Yukawa couplings can be determined to quite a high
precision, as demonstrated in Fig. 7(c) [52].

Polarisation is a very powerful tool not only for preparirng tdesirable initial state, but also
as a diagnosis tool of final states. For example, neutralijosroduced inéf decays are 100%
polarized [53]. Furthermore, ia"e™ — éfé; — et xJe 3 followed by the three—body decay
9 — XJutu~ itis possible to reconstruct the rest frame of the neutoaiias shown in Ref. [54].
Such a perfect neutralino polarization combined with tlelgtof angular correlations in the neu-
tralino rest frame can provide us with ways for probing thgdviena nature of the neutralinos and
CP violation in the neutralino system. With the neutralipinssectorn and two final lepton mo-
mentum directiong™ andg~ the CP—odd asymmetry can be constructed by comparing nushber
events withOcp = 7 - (¢ x §—) positive and negative, normalized to the sum. Fig. 7(d) show
the dependence of the CP-odd asymmetry on the phasé the Bino mass paramet@i; [55].
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4.3.3 Beyond the kinematic reach

The precision measurements offered by the ILC allow us &rimidirect information on heavy
states not directly accessible at the first stage ILC. | walsent two examples.

If the heavier stog, is too heavy for the ILC, and due to huge background invisitl¢éhe
LHC, the precise measurement of the Higgs boson mastwgether with measurements from the
LHC can be used to obtain indirect limits aim;, [56]. Intersection of the measured valug, =
115.5 £ 0.05 GeV with the allowedn;,—m, region, Fig. 8 (left), gives an indirect determination
of mg,.

There are interesting scenarios in which scalar spartettos is heavy while the gaugino
masses are kept relatively small, like for instance in fgooisit scenarios. Precision analyses of
cross sections for light chargino production and forwaetkward asymmetries of decay leptons
at the first stage of the ILC, Fig. 8 (right), together with magormation ony) and squarks from
the LHC, show that the underlying fundamental gaugino#iigg MSSM parameters and con-
strains on the heavy, kinematically inaccessible spadiglith masse®(2 TeV), can be obtained
nevertheless [33].
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The above examples stress again the important role of the/lLiEGnterplay, since neither
of these colliders alone can provide us with the data neemlddtermine the SUSY parameters in
such scenarios. Also the derived constraints on heavyjratieally inaccessible sparticles may
provide the physics argument for a second stage of the ILC.

4.3.4 ¢ e, ey and vy options

Compton back-scattering of the laser light on the electreamniy(s) opens a possibility of con-
verting thee~ e~ collider to aney and~~y collider with energies and luminosities comparable to
those ofe* e~ collider [57]. If realized, these options may open new disey channels. Again |
will take two specific examples to illustrate the point.

If the mass difference between the lightest neutralino hedeélectron is a few hundred GeV, it
may happen that chargino pair production at the ILC is ptessitthile selectron pair production is
kinematically forbidden. Howeven ;o +me can still be below 90% of the centre-of-mass energy,
so that the processy — ) é~ is possible at ary collider. If the photon energy were known,
the selectron and neutralino masses could be determinedtfr® endpoints of the decay electron
distribution, like ine*e™ collisions. Although the variable photon energy smearsethgpoints,
simulations have shown (Fig. 9) that with the;(? determined ire + e~ running, the selectron
mass can be reconstructed from the position of the lower ettben 0.3% [58].
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~~ collider offers a unique possibility of producing aschannel resonances neutral Higgs
bosonsH, A that arebothtoo heavy to be produced in associafédi or ZH processes at™e™
collider andlay in the so called “LHC-wedge” of intermediate valuestafi 3, to which LHC is
blind. Results of a simulation for the combingd — H, A — bb analyses are shown in Fig. 9,
since in this region théd and A bosons are almost mass-degenerate [59]. Other decay modes
(WW, ZZ, tt) can provide a means to determine the Higgs-boson CP piep§80], and ther-
fusion processyy — 77H, A, can serve to measuten 3 [61], the parameter that is notoriously
difficult to determine experimentally.

180 80/0=11.0% [ H+Asignal
M,=300 GeV
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B2 % | Figure 9: Electron energy distribution signal
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(left). Invariant mass distribution foryy —

H, A — bb and and background (right).
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4.4 Beyond the ILC

Itis expected that higher energy colliders will be needduip unravel the multi-TeV physics
left unveiled either by the LHC or by the ILC. Further progrés particle physics may require
clean experiments at a linear e~ collider at multi-TeV energies, like CLIC [62]. With tunabl
energy and beam polarisation to disentangle various clhgnaured high luminosity for precision
measurements, CLIC would be the ideal machine to complethenthe LHC and ILC physics
program. Simulations for CLIC concentrated on such scesawith sparticles beyond the LHC
and ILC reach.

Fig. 10 (left) shows simulations of the muon energy spectftom a 1150 GeV selectron
decaying to a muon and a 660 GeV LSP neutralino. The endpaigtglearly seen allowing a
2-3% accuracy on the selectron and neutralino mass detaionn Likewise, in Fig. 10(middle)
the di-muon invariant mass distribution frog§ — p* %) exhibits a pronounced edge which,
together with results from selectron decay make a measmrtenﬁez;(g up to 2% accuracy possible.
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Figure 10: Muon energy spectrum frofa, — px!) (left), and di-muon invariant mass spectrum from
X3 — utp~x9 (middle) at CLIC. Separation of and H signals at a muon collider (right).

In more distant future a muon collider with extremely goo@ieenergy resolution and en-
hanced couplings of muons to Higgs bosons will provide a to@xplore Higgs (and Higgs-like
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objects) by direcs-channel fusion, much like LEP explored tie Right panel of Fig. 10 demon-
strates how well two almost mass-degenerate Higgs badomsd A can be resolved [63].

5. Reconstructing the underlying SUSY model

The LHC experiments in the supersymmetric particle sedfer oot only the discovery po-
tential but also many high precision measurements of mamsg@<ouplings. The next step to-
wards establishing SUSY is the reconstruction of low-en&YSY breaking Lagrangian param-
eters without assuming a specific scenario. This is a higbiytnvial task [64] stressed recently
in [65]. This task will be greatly ameliorated by experinmagtat the ILC where the experimental
accuracies at the per-cent down to the per-mill level areeebgal [41]. The ultimate goal of all
experimental efforts will be to unravel the SUSY breakingchmnism sheding light on physics at
high (GUT?, Planck?) scale.

The expected high experimental accuracies at the LHC/ILdilshbe matched from the the-
oretical side. This calls for a well defined theoretical feamork for the calculational schemes in
perturbation theory as well as for the input parameters.ivdted by the experience in analyzing
data at the formee™e~ colliders LEP and SLC, the SPA Convention and Project [34] bheen
proposed. It provides: a convention for high-precisiorotkécal calculations, a program reposi-
tory of numerical codes, a list of tasks needed further imgmoents and a SUSY reference point
SPS1laas a test-bed.

The SPA Convention and Project is a joint inter-regionabrefthat could serve as a forum to
discuss future improvements on both experimental and diieat sides to exploit fully the physics
potential of LHC, and ILC. The current status of the projesad@cumented on the routinely updated
web-pageht t p: / / spa. desy. de/ spa/

5.1 SPA Convention

Building on vast experience in SUSY calculations and dataukitions and analyses, the SPA
Convention consists of the following propositions:

e The masses of the SUSY particles and Higgs bosons are defirmleamasses.

e All SUSY Lagrangian parameters, mass parameters and ogsplincludingtan 3, are given
in the DR scheme at the scale = 1 TeV.

e Gaugino/higgsino and scalar mass matrices, rotation ceatand the corresponding angles are
defined in theD R scheme ail/, except for the Higgs system in which the mixing matrix is dedi
in the on-shell scheme, the scale parameter chosen ashhéllggs mass.

e The Standard Model input parameters of the gauge sectorhargec aszr, o, My and
aQTS(MZ). All lepton masses are defined on-shell. Theuark mass is defined on-shell; the
b, ¢ quark masses are introducedinS at the scale of the masses themselves while taken at a
renormalization scale of 2 GeV for the light d, s quarks.

e Decay widths, branching ratios and production cross sextiwe calculated for the set of pa-
rameters specified above.
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5.2 Program repository

The repository contains links to codes grouped in sevetabcaies: scheme translation tools
for definitions and relations between on-shéllR and M S parameters; spectrum calculators from
the Lagrangian parameters; calculators of various obBlEsadecay tables, cross sections, low-
energy observables, cold dark matter relics, cross sectisrCDM particle searches; event gener-
ators; analysis programs to extract the Lagrangian pasmfbm experimental data; RGE codes;
as well as some auxiliary programs and libraries.

The responsibility for developing codes and maintainingmhup to the current theoretical
state-of-the-art precision rests with the authors. The SI&6] convention is recommended for
communication between the codes.

5.3 The test-bed: Ref. Point SPS1a

The SPA Convention and Project is set up to cover general S&t®¥Warios. However, to
perform first checks of its internal consistency and to epgtbe potential of such coherent data
analyses a MSSM Reference Point SP3is been proposed as a testing ground. Of course, in
future the SPA has to be tested in more complicated scenarios

The roots defining the Point SPSbae the mSUGRA parametets, /, = 250 GeV, My = 70
GeV, 4y = —300 GeV defined at the GUT scale, angh 3(M ) = 10, © > 0. The point is close
to the original Snowmass point SPS1a [19] and to ps&ihof [67].

If SPS14, or a SUSY scenario with mass scales similar to this poinadized in nature, a
plethora of interesting channels can be exploited to ettae basic supersymmetry parameters
when combining experimental information from mass distitns at LHC with measurements of
decay spectra and threshold excitation curves atan collider with energy up to 1 TeV. Recently
global analysis programs have become available [68] in kwtiie whole set of data, masses, cross
sections, branching ratiegc, is exploited coherently to extract the Lagrangian paranseh the
optimal way after including the available radiative cotiegs.

5.4 Future developments

Although current SPA studies are very encouraging, muclitiaddl work both on the theo-
retical as well as on the experimental side will be neededh@ese the SPA goals. In particular
— The present level of theoretical calculations still doesmatch the expected experimental pre-
cision, particularly in coherent LHC+ILC analyses. — Thisrao complete proof thab R scheme
preserves supersymmetry and gauge invariance in all cases.
— A limited set of observables included in experimental gg&d by no means exhausts the oppor-
tunities which data at LHC and at ILC are expected to provillest experimental analyses not
include the theoretical errors which must be improved aeraibly before matching the experi-
mental standards.
— The parameter set SPSthosen for a first study provides a benchmark for developmlg@sting
the tools needed for a successful analysis of future SUSX. dtdwever, neither this specific point
nor the MSSM itself may be the correct model for low-scale SUShile versions of mMSUGRA
and of gaugino mediation have also been analyzed in somi, tleteanalyses have to be extended
systematically to other possibilities. In particular, GBlation, R-parity violation, flavor violation,
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NMSSM and extended gauge groups are among scenarios whittt ba@ realized in the SUSY
sector. The SPA conventions are general enough to covédresittscenarios.

5.5 Cosmology connection

Among the many possible models of dark matter, interestiegn@odels in which the dark
matter particle is a massive neutral weakly interactindiglar(WIMP) with a mass of the order of
100 GeV. In supersymmetry the LSP, neutralino in many SUS#nmations, can serve as a perfect
candidate for WIMP. If so, these patrticles should be prodiuneaeactions at the next generation
of high-energy accelerators. Astrophysical data, theeefplay an increasingly important role in
confronting supersymmetry with experiments. On the onealtibe relic DM abundance imposes
crucial limits on supersymmetric scenarios, on the otler,comprehensive parameter analysis of
high-energy experiments should provide insight into thieireaof the cold dark matter particles.

Since, by definition, not directly visible to high-energyyglts experiments, determination of
their properties is necessarily indirect. Moreover, the\RIcross sections have a complicated
dependence on the underlying spectrum parameters, and ohtimyse parameters cannot realis-
tically be measured in high-energy physics experimentspdfidly, the large number of specific
and precision measurements at the LHC and ILC will allow udeti@rmine the underlying particle
physics model well enough to predict the microscopic privgeof the dark matter. From this, we
can predict the cosmic density, the annihilation crossi@est and the cross sections relevant to
direct detection.

Last year at Snowmass a set of four benchmarks in mMSUGRA tesgyeposed for detailed
simulations [69]. Point LCC1 is identical to SPS1a, in whible dominant channel is the neu-
tralino annihilation to lepton pairs. Point LCC2 has sub8& gaugino-higgsino mixing making
the annihilation processes W6+ W —, Z°Z% andZ°h° dominant. Point LCC3 is characterized by
small neutralino-stau mass difference and therefore tharghilation with7 is important. Finally,
for point LCC4 theA° resonance makes an important contribution to the neutralimihilation
cross section.

In some scenarios (for example LCC1) the measurements &HBecombined with the as-
sumption that supersymmetry is the correct model of new ipBysrovides quite accurate pre-
diction of the WIMP relic density. In most scenarios, howetke LHC data alone will not be
sufficient even if SUSY is assumed to be the underlying theBortunately, the estimates of the
neutralino properties would be dramatically improved wtienneutralino and the other light spar-
ticles are observed iei" e~ annihilation at the ILC [34, 35, 70].

6. Summary

Much progress has been achieved during last years in consgy&USY at existing colliders
and preparing the physics programme for new machines. Abdginning the LHC has been
considered merely as a discovery machine. However, oveydgres many techniques have been
developed for extracting masses and couplings, and in sasesc¢he Lagrangian parameters. On
the theory side many higher-order calculations have besplaied and implemented in numerical
codes. New theoretical ideas are popping up that desenerimgntal analyses. To complete the
task of exploring all masses and couplings of SUSY particgsobably impossible by the LHC
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alone. The ILC will extend the discovery reach, in particitethe electroweak sector, and greatly
improve on precision SUSY measurements. We still need neasidnd techniques to explore fully
the opportunities offered to us by the LHC and ILC, and in aadisfuture at CLIC. But most of
all, we need data, and first hints of SUSY at the LHC.
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