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Chapte rr  1 

Supersymmetr y y 

Thee world of high energy physics as known today is successfully described by the Stan-
dardd Model. Measurements have shown that this model provides a good description of 
elementaryy particles up to the electroweak energy scale. A possible extension of the Stan-
dardd Model is known as supersymmetry (or SUSY) [1, 2]. At energy scales much higher 
thann the electroweak scale, this symmetry unifies fermions and bosons into one multiplet 
withh similar properties, apart from their spin. Experimental evidence for the existence of 
supersymmetryy has not yet been found, but it is argued that if SUSY exists, it is likely 
too be found at the new particle accelerator, the Large Hadron Collider (LHC). In fact, 
thee search for SUSY particles is an important part of the LHC physics program. Here, 
thee simplest supersymmetrical model, the Minimal Supersymmetrical Standard Model 
(MSSM)) [3] is treated. In section 1.2.2 supergravity is presented as a more restrictive 
model.. Of special interest in supersymmetric models is the gauge sector, which is treated 
inn section 1.3. The section is followed by a review of R-parity violation and its phe-
nomenology.. The chapter is concluded by a summary of searches for supersymmetry at 
existingg accelerator experiments. 

1.11 Motivatio n 

Supersymmetryy is probably the most popular and best studied theory extending the Stan-
dardd Model. Although the Standard Model is an accurate description of the elementary 
particles,, it faces some problems at higher energies. In the Standard Model, the renor-
malizationn of especially scalar masses (such as the Higgs mass) is problematic. The scalar 
(Higgs)) particle is subject to quadratic divergences in perturbation theory: loop correc-
tionss to the self-energy of the Higgs particle mass are quadratically divergent. If one 
assumess that a final theory would include an additional heavy scalar then the? mass of 
thee Standard Model Higgs wil l be quadratically dependent on the mass of this additional 
scalar,, because of the quadratic divergences. Therefore only by extreme fine-tuning of 
thee couplings between the Higgs and this scalar, it is possible that the Higgs remains of 
thee order of the electroweak scale. This is called the problem of naturalness: the Higgs 
masss is unnaturally small compared to its correction terms. This unnatural situation 
iss improved by supersymmetry because only logarithmic divergences occur which induce4 

onlyy logarithmic dependence on masses of heavy additional particles. 
Thiss particular renormalization property is illustrated with a simple example: The 
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Figuree 1.1: Contributions to the renormalization of a scalar (<p) mass. In the diagrams m 
denotesdenotes the mass and q and p the momenta of the particles. 

renormalizationn of the mass of the 0-scalar yields the contributions as shown in figure 1.1. 
Thee quadratic contributions (Smi, 8mu) of the two upper diagrams in figure 1.1 cancel each 
otherr nicely and only a logarithmic contribution remains. Logarithmic divergences give 
risee to contributions, which are naturally small. The contribution of the lowest diagram 
iss logarithmic as well, but this kind of divergences results in small (i.e. in the order of the 
physicall  value) corrections. 

Besidess the solution to the problem of naturalness, many other motivations for su-
persymmetryy exist. In section 1.2.2 the unification of gauge couplings with and without 
supersymmetryy is treated. Another motivation is the (natural) inclusion of gravity, which 
iss treated in the literature [4, 5]. 

1.22 The Minimal Supersymmetric Standard Model 

1.2.11 Superpotentia l and SUSY breakin g 

Ass mentioned in the introduction, supersymmetry relates fermions and bosons. Because 
supersymmetryy is absent in the Standard Model, the spectrum of the Standard Model par-
ticless must be doubled. Therefore, particles are placed in superfields (or supermultiplets) 
withh their so-called superpartners with a spin differing by a 1/2 unit. The superfields 
inn the Minimal Supersymmetric Standard Model are chiral superfields and vector super-
fieldsfields as listed in table 1.1. Chiral superfields (or matter superfields) are formed by Weyl 
fermionss with spin 0 bosons as their superpartners. For instance, the superfield Q consists 
off  a SU(2)L doublet of quarks (Q) and a doublet of scalar quarks (squarks) (Q): 

4 4 



1.22 The Minimal Supersymmetric Standard Model 

squark k 

slepton n 

Higgs s 

gauge e 

superfield d 

Qi Qi 
UUc c 

Lf Lf 

L L 

W W 

Hx Hx 

HH2 2 

GGa a 

W W 

B B 

SU(3) ) 

3 3 

3 3 

3 3 
1 1 

1 1 

1 1 

1 1 

8 8 

1 1 

1 1 

SU(2)L L 

2 2 

1 1 

1 1 

2 2 

1 1 

2 2 

2 2 

1 1 

3 3 

1 1 

Y Y 
l l 
6 6 
2 2 
3 3 
1 1 
3 3 
1 1 

'2 '2 

1 1 
1 1 

" 2 2 
1 1 
2 2 

0 0 

0 0 

0 0 

particlee content 

(u(uLL,d,dLL),(ü),(üLL,d,dLL) ) 

ÜR,ÜR, ÜR 

dR,dR, d*R 

iyL^L),{vL-,ëiyL^L),{vL-,ëLL) ) 

ëR,ëR, èR 

HiM HiM 

HH22,h,h2 2 

g,g, g 
Wi,Wi, m 

B,B, b 

spin n 

(M>.(°>°) ) 
i o o 
è>0 0 

(U)>(°>°) ) 
i o o 
o-l l 
°.è è 
M M 
M M 
i-è è 

Tablee 1.1: Chiral and vector superfields in the MSSM. For the chiral superfields only the first 

generationgeneration is listed. 

AA doublet of scalar leptons (abbreviated to sleptons) is formed likewise. Note that to 
keepp the number of degrees of freedom equal for bosons and fermions (nF = nB), for 
eachh massive fermion a sfermion is introduced. The sub-index L (or R) for the sfermion 
doess denote a particle in the supermultiplet rather than the helicity state of a particle. 
Thee Standard Model gauge particles have fermionic partners, which are called gauginos 
ass shown in table 1.1. 

Whenn the superfields in the MSSM are known, the Lagrangian for the MSSM can be 
constructed.. It consists, besides kinetic terms for the fields, of an 5C/(3) x SU(2)L x f/( l) y 
invariantt superpotential: 

WMSSMM = ea0HÜ?H% + ea0 [\LHfL^Êc + \DH«QfiDc + \uH%QaÜc]  (1.2) 

Heree a, j3 are the SU(2) indices and ea/9 is the antisymmetric unit tensor. The upper index 
CC denotes the charge conjugate The couplings A are analogous to the Yukawa couplings 
inn the Standard Model that generate the masses for the particles. The coupling // is the 
bilinearr coupling between the Higgs fields. 

Althoughh the name MSSM indicates a supersymmetrical extension to the Standard 
Modell  yielding a minimal particle content, the particle spectrum of the MSSM is more 
thann doubled with respect to the Standard Model: two Higgs doublets are needed to 
generatee all the fermion masses in the MSSM with opposite hypercharge. In the Standard 
Model,, only one doublet (<j>)  and its complex conjugate (4>r) are needed to give mass to 
thee up and down type quarks respectively. In the superpotential (1.2) no $ fields are 
allowed,, otherwise the superpotential would not be supersymmetric. Therefore two Higgs 
doubletss (Hi and H2) with opposite hypercharge are needed. The doublets couple via the 
pipi term in (1.2). The ratio of their vacuum expectation values, defined as 

M=4^^  (1-3) 
<<  Hi > 

iss a free parameter of the theory. 
Thee potential in 1.2 is supersymmetric and to break supersymmetry, breaking terms 

mustt be introduced. Since the mechanism of supersymmetry breaking is not known, it 
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Figuree 1.2: Evolution of the SU(3),SU(2) and U(l) coupling constants in the Standard Model 
(dash(dash line) and in supersymmetry (solid lines)(from [7]). For each coupling constant a pair of 
solidsolid lines is indicated for SUSY breaking scale of 250 GeV (lower solid line) and 1 TeV (upper 
solidsolid line) respectively. 

iss parametrised by explicit soft1 breaking terms in the Lagrangian. Such a Lagrangian 
containss three types of terms: mass terms, bi-linear mixing terms (B terms) and tri-linear 
termss (A terms). Supersymmetry is broken by explicit mass terms for the scalars (M) 
andd gauginos (Mi). The B terms and A terms are mixing terms, which mix the scalar 
componentt of the two Higgs doublets and the scalar partners of the left- and rightdianded 
fermionss respectively. 

Thee arbitrary parameters in a Lagrangian for (softly) broken supersymmetry imply a 
largee parameter space. Besides the breaking terms as mentioned above, a large part of 
thiss space is due to the Higgs-Yukawa couplings (AL: \D and \v) in 1.2. which are complex 
3 x 33 matrices with in total 27 real and 27 imaginary degrees of freedom. The MSSM 
modell  has in total 124 parameters (including 19 parameters from the SM) [6] and has 
thereforee littl e predictive power. A way to restrict this large parameter space is described 
next. . 

1.2.22 Supergravity 

Supersymmetryy facilitates a unification of the gauge couplings. From experiments it is 
knownn that the gauge coupling constants in the Standard Model do not exactly unify when 
theyy are extrapolated to very high energy scales as shown in figure 1.2. If supersymmetry 
iss introduced the gauge couplings do converge. Like the gauge couplings, the masses of 
thee (s)particles run with the energy scale (Q) through renormalization group equations 
(RGE). . 

Inn supergravity (SUGRA) models it is assumed that at the unifying energy scale all 
thee scalars have a common mass m0 and all gauginos and higgsinos have a common mass 

'Softt breaking terms do not introduce (problematic) quadratic divergences of the Higgs mass. 
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Figuree 1.3: Evolution of the sparticles masses from the GUT energy scale to the electroweak 
scalescale (from [9]). The boundary conditions are clearly seen: m0 = 125 GeV and raj/2 = 250 
GeV. GeV. 

mi/2-mi/2- These masses arc split through the renormalization group equations to the MSSM 
(s)particlee spectrum masses at the weak scale as shown in figure 1.3. In SUGRA models 
thee boundary conditions at the unifying scale are [8]: 

•• mHl = raHj = m  ̂ = m, = ... = m0, the common scalar mass. 

•• M3 = M% = Mi = rrii/2-  the common gaugino mass. 

•• Ad = Au = A,. = A0, the common trilineair coupling. 

Heree M3, M2 and Mi are the masses of the gauginos. Detailed treatment of these breaking-
termss can be found in [4, 5], but in summary it can be said that only five parameters (m0, 
m m ,, A0, tan/3 and sign(/i)) are needed to acquire information on the sparticles at the 
electroweakk scale. Hence, the SUGRA provides a practical way to study SUSY particles 
inn a reduced parameter space, which is motivated by theory. 

Itt should be mentioned that the SUGRA framework is not the only way to restrict 
thee parameter space. Supcrsymmetry breaking terms can be introduced alternatively in 
otherr models, such as gauge mediated supersymmetry breaking (GMSB) and anomaly 
mediatedd breaking models (AMSB). Like the SUGRA models, these models have their 
specificc input parameters. An overview of SUSY breaking models can be found in [9]. 

1.33 Particle Spectrum 

1.3.11 Mass patterns 

Althoughh the (mass) parameters in SUGRA and MSSM models are not fixed, the spectrum 
off the sparticles of all models exhibits some generalities. Firstly, sparticles with the same 
quantumm number in both the gauge sector and sfermion sector will mix as described 

tann  p = 1.65 

7 7 



Supersymmetry y 

below.. Secondly, the mass terms in the SUGRA models are fixed in terms of the input 
parameterss at the GUT scale, which leads to typical mass patterns as shown in figure 1.4. 
Inn these plots a regular pattern can be seen as a function of m0 and mi/2. It is clear from 
thee boundary condition mentioned above, that the gauginos are determined by the value 
off rrii/2-  whereas the sfermions follow from the value of m0. 
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Figuree 1.4: Typical patterns for superparticles in the SUGRA framework. In (a) the squarks and 
gluinosgluinos are plotted; in (b) the sleptons and neutralinos. Masses are given GeV. 

1.3.22 Sparticle mixing 

Gaugee sector 

Supersymmetricc partners of the gauge bosons mix into mass eigenstates. There are four 
neutrall gauginos (i. e. photino, zino and two higgsinos), which mix into neutralinos: x?> 
X°,X°, X° a n d X°, °f which x? is the lightest. The mass matrix of the neutralinos looks like: 

00 -cos(3sm9wMz sin 8sin9WMZ \ 
MM22 cos 8 sin 9W Mz - sin f3 sin 6W Mz 

coss P sin 8\yMz 
—— sin P sin dw Mz 

M" M" 

Mi Mi 
0 0 

—— cos P sin 8WMZ 

yy sin P sin 9wMz 

-- cosdsin9wMz 

coscos P sin 9wMz 

0 0 
0 0 

Thee physical mass eigenstates are defined by 

J J 
(1.4) ) 

(1.5) ) 

wheree Nu is a unitary 4 x 4 mixing matrix. The neutralino mass eigenvalues (mxo) are 
obtainedd by diagonalising the mass matrix (1.4) according to: 

mmxxoSoSklkl = NkmNlnM°mn (1.6) 



1.33 Particle Spectrum 

Thee explicit, forms for mxo are rather complex, but in the limit of large | / / j . they simplify 
to o 

A/2 2 

m.oo ~ Ah f (Mi + fisin23) sin2 0IV-

MM2 2 

m.oo ~ A/2 f (A/2 + //sin23) cos2#vy 

11 A/2 

mxoo ~ |/i| + ~ —f <>(1 - «in 2/5) (// + A/2 sin2 6>H, + Ah cos2 flu) 

11 A/2 

m„oo ~ \fi\ + -r—feJl + sin 2.5) (/i - A/2 sin2 (9U- - AA cos2 0H.-) (1.7) 
11 2 fi 

Notee that for |//| —> co. the neutralinos \® and Xj become pure gaugino states with 
massess Ah and A/2 respectively. Moreover, the neutralinos xjj and \ " become the higgsino 
eigenstatess with masses mx» ~ mvo ~ |/i|. 

Inn analogy, charged gauginos mix into charginos (\f . Y ^ ) , through a 2x2 mixing 
matrix.. The mass matrix is given by 

MM°-\y/2M°-\y/2Mww<™8<™8 fi ) ( L 8 ) 

Again,, in the limit \/i\ —+ oo the masses of the cliarginos are given by 

MM22 A I2 

mmyy  ~ Af2 - i-f- (M2 + //sin 2/3) . 7/iv  ~ |/x| + — ^ {A/2sin2d + /x) (1.9) 

Notee that the lightest cliargino Xi is almost degenerate' in mass with the second lightest 
neutralinoo x2-

Sfermion s s 

Mixingg in the sfermion spectrum similar to the gaugino spectrum. For instance, the 
mixingg matrix for the stop (t) is given by 

Mf=(Mf=(  (A™"  ^ mt(Ai:»co«3)\ 
'' y mt(At — ncosp) m.jn J 

with h 

rhrh22
LL = mJ + m2 + ^ ( 4 A / 2 - - A / I ) c o s 2 3 (1.11) 

2 2 
™m™m = m2

u+m2--{AI2
v-AI2)cos28 

Thee first terms on the right-hand sick? are the soft breaking masses, whereas the second 
termss are the usual (mark masses. The mass eigenstates t\ and £2. with mf- < nif. are 
obtainedd by diagonalisation of 1.10. For the first and second generation the off-diagonal 
elementss are small and mixing is negligible. Therefore masses of the first two generation 
off squarks (and sleptons) an1 almost, degenerate. 
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Interaction s s 

The;; effect of mixing of gauginos is illustrated by the Feynman rules. Mixing elements are 
introducedd in the coupling, analog to the elements of the CKM matrix in the Standard 
Model.. Feynman rules for interactions for neutralinos are for example [3]: 

Z Z 

bCu( l+7fe )) &/  2 ^ [ O è ( l - 7 5 ) + 0^(1+75)] 

wheree C'n is an element of the diagonalisation matrix for the charginos and 0\) = 

i3i3N*N* 33 - N,AN*4). Ofj = -Off. Note that in the left diagram the Cn = 1 if the 
charginoo is a pure gaugino state. In the second example the combination of two diago-
nalisingg matrices is taken into account, which further complicates the interactions. 

1.44 R-parity violation 

1.4.11 R-parity violating superpotential 

Thee superpotential (1.2) may not be complete. The following terms can in principle be 
added22 [10]: 

WWfifi = ea0 \\ïjkL«L>jËl+K 3kL?Q']Di\ + K ^ ^ D l (1.12) 

whoree L and E' (Q and L''. Lc) are the left-handed components of lepton doublets and 
anti-leptonn singlet (quark doublet and anti-quark singlet) chiral superfields. respectively. 
Thee A's are new Yukawa couplings, which couple by definition two fermions to a boson. 
Forr example, the first term in (1.12) can be written as: 

KjkihljhKjkihljh  + hïjëk + Ijjëk.) (1.13) 

Heree the I and ë are the components of a SU(2) lepton doublet and of an anti-lepton 
singlett respectively. The è and ë are the superpartners for the SM state. Furthermore. 
thee sub-indices i,j and k indicate the generation. 

Thee operators in terms given in (1.12). violate either lepton or baryon number con
servation.. This is absent in the Standard Model, which forbids lepton or baryon number 
violationn because of gauge invariance and renormalisability. In supersymmetric models 
thesee arguments are not valid anymore. Lepton and baryon number can be preserved 
byy demanding the conservation of R-parity [11]. R-parity is a discrete multiplicative 
symmetryy and is written as: 

fi„fi„ = ( - l ) 3 B + L + 2 S (1.14) 
2Thee first two terms of the potential in 1.12 are obtained by replacing the superfield H\ with L in 1.2. 

whichh has the same quantum numbers. 
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1.44 R-parity violation 

Figuree 1.5: R-parity violating neutralino decay to the LLE operator (a), the LQD operator 
(b)(b) and the ÜÜD operator (c). 

wheree B is the baryon number. L is the lepton number and S is the spin of a particle. 
Standardd Model particles have Rp = 1, whereas their SUSY partners have Rp = — 1. 

Theoretically,, conservation of Rp is not necessary, but it has useful phenomenological 
consequences:: SUSY particles can only be produced in pairs and the lightest supersym-
metricall particle (LSP) is stable, because it has no allowed decay mode. Furthermore, 
fromm a cosmological point of view a neutral, uncoloured particle is a natural Dark Matter 
candidate.. Therefore in most models (MSSM, SUGRA) the LSP is the lightest neutralino 
(Xi)-- Note that in the upper-left corner of figure 1.4 (b), i.e. low values for m0 and high 
valuess for mi/2 the LSP is a slepton. This region is often excluded from supersymmetry 
studies.. If Rp is violated, the phenomenology is however different: superparticles can be 
singlyy produced in s-channels resonances and they can decay directly to Standard Model 
particles.. Besides, the LSP is not necessarily the neutralino. because it is no longer a 
Darkk Matter candidate. 

Theree exist 9 LLE, 27 LQD and another 9 UUD operators, which add 45 unknown 
parameterss to the SUSY model'. The assumption that all couplings would be of the 
samee order is often called the "box of Pandora'", because1 experimentally analysis would 
becomee very difficult (if not impossible). However, it is reasonable to assume some kind 
off hierarchy in the Yukawa couplings: the couplings are similar to the Yukawa couplings 
thatt give rise to the fermion masses in the Standard Model, which have a large hierarchy4. 

1.4.22 R-parity violat ing decay 

Iff R-parity violation is present in the SUSY model, sparticles can decay directly to Stan
dardd Model particles. However, the branching ratios of these decays are small, when the 
Standardd Model couplings are larger than R-parity violating ones. Therefore, it is assumed 
thatt all sparticles decay through R-parity conserving couplings to the LSP. Eventually. 
thee LSP decays through the R-parity violating couplings, since it has no Standard Model 
decayy modes. The decay of a neutralino LSP is a three-body decay as shown in figure 1.5. 
Inn this plot the Feynman diagrams are given for the three R-parity violating operators as 
givenn in the superpotential. From figure 1.5 it can be concluded that the phenomenology 

33XijkXijk are anti-symmetrical under the first two generation indices (/' ^ j) and \"-k are anti-symmetrical 
underr the last two generation indices (j ^ k). 

Recalll the enormous difference in for instance the top mass and the electron mass: mt = O(105) me. 
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off the decay depends heavily of the R-parity coupling type and the generation indices i. 
jj  and k. 

Thee width of the LSP is related to the A coupling: 

r(x?) ) 
a\a\22M% M% 

*1 1 (1.15) ) 

whichh means that the lifetime5 (CT ~ l / r (x? ) ) 0 I r n e LSP is related to coupling to A2, 
forr a specific set of masses as indicated in figure 1.6. From this plot it is clear that values 
forr A are possible, such that the decay is seen through a secondary vertex in the inner 
detectorr of a collider experiment. An analysis of LSP decay at the LHC collider is given 
inn chapter 6. 
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Figuree 1.6: Lifetime of the LSP as a function of the R-parity coupling (\'2n)- The shaded 
areaarea is excluded for the limit on the coupling strength. Input parameters are: AI-» = 79 GeV; 
MqMq = 900 GeV. For comparison the three coupling constants are drawn. 

1.55 Searches for supersymmetry 

1.5.11 Searches at LEP, HERA and Tevatron 

Supersymmetryy has not been discovered yet, but direct searches of supersymmetric par
ticless are continuing at the particle accelerators, which provide the highest center of mass 
energy:: LEP, HERA and the Tevatron6. The large number of supersymmetry models is 
sometimess problematic for setting (lower) limits on sparticle masses. Since models dif
ferr in their phenomenology and consequently their experimental signatures, limits on the 
massess are commonly set in the context of a specific- model. 

5Thee lifetime [CT) unit is cm. 
Thee main parameters of various accelerators are given in the next, chapter. 

12 2 



1.55 Searches for supersymmetry 

Inn most studies a clear distinction is made between R-parity violating and R-parity 
conservingg SUSY models, since these classes of models have a very different experimental 
signature.. The signal of R-parity conserving supersymmetry is the missing energy, coining 
fromm the stable and neutral (and thus undetectable) LSP. In R-parity violating models 
thiss signal is absent and the study of decay kinematics of heavy particles is emphasised. 

Thee production of sparticles in ep collisions at HERA is envisaged via associated ëq 
productionn in R-parity conserving models. However, searches for sparticles at HERA are 
focusedd on the resonant q production in R-parity violating SUSY models [12]. 

Searchess at the LEP accelerator are mainly concentrated on charginos, neutralinos 
andd sleptons and light squarks. Besides, LEP has allowed a precision measurement of 
thee running coupling constants, which motivates SUSY as shown and explained in the 
previouss section. The centre of mass energy of 200 GeV at LEP excludes a (neutralino) 
LSPP in the order of O(40) GeV [13]. 

Searchess at the Tevatron are complementary to the searches at LEP. Due to the 
hadronicc nature of the interactions of the pp collisions, the searches are concentrated on 
gluinoo and (heavy) squarks. 

Iff no SUSY is found at one of the above mentioned accelerators, mass limits can be 
sett on sleptons (~ 90 GeV), charginos (~ 95 GeV) and squarks and gluinos (~ 200 GeV) 
[13].. An extensive overview of searches is given in [14, 13]. 

Thee non-observation of the lightest Higgs boson at LEPII has its consequences on the 
supersymmetricc parameter space as shown in figure 1.7. This figure shows the Higgs mass 
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(AQ(AQ = 3m0 , mt = 170 GeV, mo = mxii = 200 GeV). The dependence of the Higgs mass on 
sign(/.i)sign(/.i) is small. After [15]. 
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thee mass imposes the exclusion of small values of tan/3. Furthermore the plot shows that 
att any value of tan 3. the mass should be smaller than 130 GeV. Two remarks should 
bee added concerning the determination of the Higgs mass bound. Firstly, the bound is 
determinedd in case of R-parity conserving MSSM; however, R-parity violating corrections 
too the Higgs mass are expected to be negligible. Secondly, models exist in which the 
boundd on the Higgs mass is softer. For instance, in GMSB models the bound on the mass 
increasess to 155 GeV [16]. 

1.5.22 Searches at LHC 

Withh a centre of mass energy of 14 TeV. the LHC will be able to produce sparticles with 
aa mass up to 2.0 to 2.5 TeV. It means that the reach of this accelerator (chapter 2) covers 
almost,, all of the parameter space as given in figure 1.4. Many studies have1 been carried 
outt to determine the reach of the LHC: they arc summarised in [17]. 

1.5.33 Limits on R-parity violating couplings 

Thee constraints on R-parity violation arc all indirect, since no SUSY particle is yet found. 
R-parityy violation can be tested indirectly through precise measurements on Standard 
Modell processes. Processes could differ from SM calculation through sparticle exchanges. 
Ass an example, the r decay is plotted in figure 1.8. Deviations from the Standard Model 
predictionss on the r decay could be measured if contributions from slepton exchange are 
allowed.. Another example is provided by the proton decay. If R-parity is violated the 
protonn could decay according the diagram in figure 1.9. The non-observation of proton 
decayy sets a stringent limit on the combination of two R-parity violating couplings. 

Figuree 1.8: Tau decay via the SM W-
bosonboson (left) and via the ë due to the LLE 
operatoroperator (right). 

,h ,h 

ii  d 

Figuree 1.9: Proton decay (p —» 
ee++  involving two R-parity vio-
latinglating couplings. 

Ann overview of limits on R-parity violating couplings is given in [18] and summarised 
inn figure 1.10. Note that the limits given in figure 1.10 are valid for a sparticle mass of 100 
GeV.. where the sparticle is the exchanged supersymmetrical particle as shown in figure 
i.88 (right) and figure 1.0. 
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Figuree 1.10: Upper limits on R-parity violating Yukawa couplings (numbers taken from [18]). 

1.66 Summary 

Inn this chapter a short overview was given on supersymmetry. The low energetic man
ifestationn of supersymmetry is confined to the minimal supersymmetric standard model 
(MSSM).. In this model the symmetry is broken explicitly by adding soft breaking terms 
too the Lagrangian. The number of breaking terms is large and therefore the total number 
off unknown parameters can be as large as 124. Motivated by the theoretical attraction 
off unification, the parameter space is reduced by assuming common breaking terms. In 
supergravityy the minimal number of free parameters is five. This framework is more 
restrictivee and gives a regular pattern to the superpartners. Both in the MSSM and su
pergravityy the lightest supersymmetrical particle (LSP) is the lightest neutral gaugino 
(Xi)-- It is assumed to be a mixed state of the photino. zino and two neutral higgsinos. 

Off large interest for this thesis is the presence of R-parity violating terms in the 
superpotential.. Due to R-parity violation, superpartners decay into ordinary matter, 
albeitt weakly. As a consequence, the LSP is not stable. The study of R-parity violation 
inn the LSP decay at the LHC is presented in chapter 6. 
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