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Abstract

In this thesis we study some selected phenomenological aspects related to flavour physics
in supersymmetric scenarios, revisited in the light of the LHC results after the 8 TeV run.
Specifically, the lack of evidence for new coloured particles up to the TeV scale and the
discovery of a scalar boson with a mass of about 125 GeV and similar properties (up to
the current experimental uncertainties) to those of the Higgs boson of the Standard Model
provide non-trivial information on the mass spectrum of supersymmetric models. In this
context, we explore virtual effects of new particles on low energy observables, which could
provide crucial information about the presence and properties of new particles that so
far escaped the direct search at the LHC. We find that flavour observables and the Higgs
boson mass are highly complementary in probing supersymmetric scenarios.
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Introduction

The Standard Model (SM) of strong and electroweak interactions recently marked the
last of a long series of successes with the discovery of the Higgs boson at LHC. Still, valid
reasons coming from both the experimental and the theoretical side push us to consider
the SM as an effective low energy version, although extremely accurate, of a more fun-
damental underlying theory. On the experimental side, dark matter and the observation
of neutrino oscillations are the most striking evidences for New Physics (NP) beyond the
SM. On the theoretical side, the SM does not contain a quantum description of the fourth
force in nature — gravity — which requires that, at the latest for energies of the order of the
Planck scale Mp ~ 10" GeV, the SM has to be replaced by a new theory. Furthermore,
the Higgs mass parameter in the SM is not protected by any symmetry from receiving
quadratically divergent quantum corrections and should be naturally of the order of the
scale at which NP enters. This is known as the hierarchy problem and it strongly sug-
gests that new dynamics should be present at the TeV scale. Among the many possible
extensions of the SM, the most popular is still the Minimal Supersymmetric Standard
Model (MSSM). Theories with TeV scale Supersymmetry (SUSY) are in fact able to ad-
dress the gauge hierarchy problem and provide also a dark matter candidate. However,
the MSSM introduces many new sources of flavour violation and one would expect too
large contributions to flavour transitions unless some protection mechanism is at work. In
this perspective, low-energy flavour physics provide a complementary tool to the direct
searches for new particles, which can be used to investigate the symmetry properties of
the new degrees of freedom. In this work we analyse the implications of the LHC mea-
surements (specifically the presence of a 125 GeV SM-like Higgs boson and the absence of
coloured supersymmetric particles up to the TeV scale) on flavour observables.

The material is organized as follows. In the first chapter, we review the SM focusing on
its shortcomings and analysing the motivations for new physics. In Chapter 2 we briefly
introduce SUSY as a potential solution to some of the SM problems, in particular to the
hierarchy problem. This material is well-known by the specialists, but not treated in the
last-year courses. We then analyse in detail the building blocks of the MSSM focusing on
its particle content and highlighting the peculiar properties of its lightest Higgs boson. In
particular the predicted mass is bounded from above and large quantum correction are
needed in order to reproduce the measured Higgs boson mass. This fact greatly restricts
the parameter space of the theory, leading to two possible scenarios, either with a high
SUSY scale or with large mixing between the top squarks.

Chapter 3 is devoted to flavour physics. The great accuracy of the Cabibbo-Kobayashi-
Maskawa (CKM) description of flavour violating processes leaves little room for NP effects,
telling us that the flavour structure of the extensions of the SM should be highly non-
generic if the scale of NP is taken at the TeV scale. This is the so-called flavour problem.
Within the MSSM the squark and slepton sectors introduce new sources of flavour violation
through the off diagonal entries of their mass matrices. These new sources of flavour

1



2 CONTENTS

violation are then transmitted to the visible sector at the loop-level through fermion-
sfermion-gaugino interactions. We study these new flavour violating interactions in detail,
both in the mass eigenstate basis and in the super-CKM basis through the mass insertion
approximation.

In Chapter 4 we discuss some selected low energy observables. The underlying pro-
cesses are described most efficiently by an effective low energy theory, where the effects
of heavy particles are encoded in the Wilson coefficients of higher dimensional local op-
erators. We explicitly calculate the most relevant MSSM contributions to the Wilson
coeflicients for the selected AF = 2, AF =1 and AF = 0 transitions. In particular, we
focus on meson anti-meson mixing as well as the processes b — sy, u — ey and the elec-
tron Electric Dipole Moment (EDM). We perform from scratch the analytical evaluation
of the relevant loop diagrams, many details of which are collected in the Appendix. We
explain the determination of the relative sign between interfering diagrams and revisit the
cancellation of divergences. We check our results with the literature and expand them in
the mass insertion approximation.

Chapter 5 contains our numerical analysis. We consider two scenarios which can
accommodate the measured Higgs mass of 125 GeV. The first one is a Split-SUSY scenario,
in which the supersymmetric scalar particles are taken to be heavy while the gauginos are
kept at the TeV scale. In this case we assume a simple U(1) flavour model which sets the
magnitude of the mass insertions. The second one is a Partial Compositeness scenario,
where the hierarchy among the SM fermion masses is explained by the mixing with heavy
resonances of a strongly coupled sector. In this case the presence of large A-terms — the
trilinear soft SUSY breaking parameters — is predicted. Furthermore they are taken to
be the only additional source of CP-violation. With this setup we analyse the interplay
between flavour physics and the high energy physics in a suitable 2-dimensional parameter
space. We see that the requirement that flavour observables do not exceed the present
experimental bounds greatly constrains the parameter space compatible with the observed
Higgs mass, generally increasing the scale m of SUSY-breaking mass terms.



Chapter 1

The Standard Model of Particles

The Standard Model (SM) of elementary particle physics successfully describes three of
the four known forces in nature — the electromagnetic, the weak and the strong force —in a
consistent quantum field theoretical framework. There are however strong motivations to
look for theories beyond it. In this chapter we briefly outline the structure of the SM, the
spontaneous symmetry breaking of its gauge group and the Cabibbo-Kobayashi-Maskawa
matrix. We then focus on its shortcomings and argue that it should be considered as an
effective low energy theory. In the following we will largely omit derivations, which can
be found in textbooks (see for example [1, 2]).

1.1 SM Lagrangian and field content

The SM is a renormalizable gauge theory that describes the strong, weak and elec-
tromagnetic interactions and provides an extremely successful description of basically all
experimental data in particle physics. It is based on the invariance under the Poincaré
group P and the gauge group G = SU(3) x SU(2) x U(1)y. The latter is spontaneously
broken to SU(3) x U(1)gm by the vacuum expectation value of a single Higgs doublet.
Since the SM is a local gauge theory, the form of the allowed interactions is fully defined
once the transformations of the fundamental fields are given. The SM Lagrangian reads

ESM = ‘Cgauge + EDirac + ‘CYukawa + £Higgs . (11)

The first piece, Lgauge, is the Yang-Mills Lagrangian for the gauge group G. For each
generator of the group G the theory predicts the existence of a gauge boson: there are eight
gluons g;? (A =1,...,8), which mediate the strong interaction, and four vector bosons,
W which mediate the electroweak interactions. The electric charge operator is defined as

Names ‘ gauge group gauge coupling
Gluons gf SU(3) 93
W bosons Wy SU(2) 92
B boson B, UQl)y g1

Table 1.1: Gauge fields of the Standard Model. The index A = 1,...,8 refers to the colour group
SU(3) while the index a = 1,2, 3 refers to the weak isospin SU(2).

Q =T3+Y , where T? is the third generator of the SU(2) group (T2 = ¢3/2 for doublets,
T3 = 0 for singlets) and Y is the hypercharge generator In the charge eigenstate basis

3



4 CHAPTER 1. THE STANDARD MODEL OF PARTICLES

weak gauge bosons form two charged and two neutral bosons

Wi:Wl}$W5 Zy\ _ (cosOw —sinby Ws’ ' (1.2)
H N Ay sinfy  cos By B,

The fields W/f and Z,, are the charged and neutral vector bosons which mediate the weak
force, while A, is the field describing the electromagnetic interaction. The parameter Oy
is called is called electroweak mixing angle and satisfies the following relations with the
gauge couplings g1, g2 and the electric charge e

g1 92
Vi + 93 VIi+ 93

The second piece in (1.1), Lpirac, contains the fermion kinetic terms and the couplings
between fermions and the gauge fields. The fermion content of SM consists of quarks
(triplets under the SU(3) group) and leptons (singlets under SU(3)), each coming in three
different families or flavours (see Tab. 1.2). Note that the SM is a chiral theory, that is the
left and right handed components of the spinors ¢, p = Pr, g1, where P g = (1 F5)/2,
transform differently under the electroweak gauge group.

sin Oy = cos Oy = gasinfy = gicosby =e.  (1.3)

Names | Families | SU(3), SU(2), U(l)y
Q | (ur dr) (cr sz) (tr br) (3,2, %)
quarks up UR CR tr (3,1, %)
dR dR SR bR (37 1, _%)
(ver er) (Wur nr) (ver 71) (1,2, -3)
leptons eRr €R HR TR (1,1, -1)

Table 1.2: Lepton, quark and Higgs fields of the SM. Quarks and leptons comes in three genera-
tions of flavour (also called families) often collectively called with the name of the first
one.

The third piece of the SM Lagrangian is Lyykawa, Which features the Yukawa couplings
between fermions and the scalar Higgs field

— Lyukawa = )/;ZH €Rr + Yu@HCUR + Yd@HdR + h.c., (14)

where H¢ = io2 H* is the conjugate of the Higgs field and Y,,, Yy, Y, are arbitrary complex
3 x 3 matrices in flavour space. In the above expression the family indices have been omit-
ted, the first term for example reads YEI T H e‘é, where the summation over the indices
I1,J = 1,2,3 is understood. The Yukawa terms we just outlined will provide the mass
terms for the SM fermions after the Higgs field gets a non-vanishing vacuum expectation
value (VEV).

The last term in Eq. (1.1) specifies the kinetic part, the gauge couplings and the
potential for the Higgs field H. Its explicit form reads

Litiges = (D,H)(D'H) — V(H), with V(H)= —p2H'H 4+ \,(H'H)? (1.5)

and D, H being the covariant derivative of the Higgs field. We can now proceed with the
spontaneous symmetry breaking of the electroweak group in following section.
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1.2 Higgs mechanism and spontaneous symmetry breaking

In the Lagrangian (1.1) no explicit mass term appears, neither for the fermions nor for
the gauge bosons. In fact such terms are not allowed since they would break gauge invari-
ance. Spinor matter fields and the W and Z gauge boson fields gain mass through the
mechanism of symmetry breaking, which is achieved thanks to the potential in Eq. (1.5).
For A, > 0 and u,% > 0, the classical energy density is a minimum for a constant Higgs
field H(z) = ¢ such that
02
5
Choosing for the ground state (H), a particular value, compatible with Eq. (1.6) but not
invariant under SU(2) x U(1)y gauge transformations, leads to the spontaneous symmetry
breaking. Without loss of generality we can choose

(H)y = <U/(i/§> : (1.7)

As a result, the neutral and the two charged Goldstone degrees of freedom mix with the
gauge fields corresponding to the broken generators of SU(2) x U(1)y and become the
longitudinal components of the Z and W physical gauge bosons, respectively. The fourth
generator remains unbroken since it is the one associated to the conserved U(1)gym gauge
symmetry, and its corresponding gauge field, the photon, remains massless. From the
initial four degrees of freedom of the Higgs field, three are absorbed by the W+ and Z
gauge bosons that become massive. At tree level one finds

2
¢ = ;T’Z (1.6)

2
2 _ U9 2
mw——4 , my =

NN

V(g1 +95) __mw (1.8)
4 ’ P="m zcosby '
The last degree of freedom of the Higgs field, h, is the physical Higgs boson, which is
a CP-even, spin 0 massive field. Its mass is given by mj = v/2M\,v. As one can see it
depends on two parameters, the Higgs VEV — which is fixed by the Fermi constant G g
through the relation v = (v2Gr)~'/2 ~ 246GeV — and the quartic coupling \j, which is a
free parameter of the SM.

The fermions of the SM acquire mass thanks to the Yukawa interactions in Eq. (1.4).
Once the Higgs gets the VEV and the fermion fields are rotated to the mass eigenstate
basis each fermion f (except neutrinos) gets a mass my = ysv/ V2, where yr is the
corresponding eigenvalue of the Yukawa matrix. In the next Section we give some details
on how this rotation is performed. The last remarkable fact we want to stress is that the
Higgs boson couplings to the fundamental particles are set by their masses, as one can see
in the following table.

gy = 2imi /v
Gy = 2imi/v?

g%%c = —imys/v

gM = —6iv\,
g%%h = —6i\

Table 1.3: Tree level couplings of the SM Higgs boson given as the constant appearing in the
Feynman rules. We denoted with V = W | Z the weak gauge boson.
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1.3 The Yukawa sector

As we have seen, the matter fields in the SM come in three generations or flavours.
Concerning their gauge interactions, the three flavours are identical copies and behave in
exactly the same way. They can be only distinguished by their Yukawa couplings to the
Higgs field. Let us rephrase this concept in terms of internal symmetries of the theory.
In the absence of Lyurawa, the SM has a large U(3)° global symmetry corresponding to
the unitary rotations in flavour space of the fermion fields. The Yukawa interactions
break this symmetry down to a smaller group which only preserve four U(1) charges,'
namely the baryon number (B) and lepton flavour numbers (L. , L, and L.). These are
the four accidental symmetries of the SM, that is symmetries which are not imposed on
the action but present in the theory because of the field content and the requirement of
renormalizability.

We now turn our attention to the diagonalization of the Yukawa matrices, which is
needed to write the fermions in the mass eigenstate basis. This can proceed with the
biunitary transformations

Yo=Verve Vg,  Yu=VoruuVig,  Ya=VorvaVjg, (1.9)

where we indicated with ye, v, yq the diagonal Yukawa matrices and Vgr, Vgr, VL,
Vur, Vbr, Vpr are unitary matrices. In the lepton sector we are free to choose the two
matrices necessary to diagonalize Y, without modifying the rest of the Lagrangian. In fact
it is possible to change the lepton basis according to

L—Vgr L, er— Vgrer, (1.10)

and this is just enough to put the first term of Eq. (1.4) in the diagonal form. The case of
the quark sector is more subtle since we can freely choose only three of the four unitary
matrices necessary to diagonalize both Y, and Y. The unitary transformations

Q—-VurQ, ur—Vyrur, dr— Vprdr, (1.11)

yield a diagonal Yukawa interaction for the up-type quarks. However the Yukawa matrix
for the down-type quarks remains non-diagonal. It explicitly reads VJ VoL ya. The non
trivial unitary matrix V = VJ . Vpr is the Cabibbo Kobayashi Maskawa (CKM) matrix
[3, 4]. To go to the mass-diagonal basis (i.e. to remove V) the field uy, has to be rotated
independently of its SU(2)-partner dy. The only term that feels this rotation in the SM
Lagrangian is the charged current interaction of quarks with the charged gauge bosons
Wlfc, which in the physical basis reads

Lope = %(ﬂLy“VdLWJ + hee.). (1.12)
A careful count shows that V' depends on three real angles and one single complex phase.
It is important to notice that within the SM, all the flavour and CP violation are induced
by the CKM matrix, which parametrizes the misalignment between the up and down
quark mass eigenstates in flavour space. The weak eigenstates (d’, s',b’) are connected to
the mass eigenstate (d, s,b) by the CKM rotation

d Vud Vus Vub d
S = Vg Vs Vu s|l=V]s]|. (1.13)
v Via Vis Vi) b b

LOf course, the gauged U(1)y also remains a good symmetry.
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1.4 Motivations for New Physics

The Standard Model provides a remarkably successful description of presently known
phenomena, being superbly confirmed by experimental data and represents the success
of the gauge theory approach to particle physics. Still, there are several observational
(data-driven) and theoretical reasons to go beyond it (see, e.g., ref. [5]).

Observational reasons for new physics. All the experimental particle physics results
of these last years have marked one success after the other of the SM. The observational
difficulties mainly originate from astroparticle physics as unexplained phenomena.

e Neutrino masses and mixing. The discovery of flavour conversion of solar, atmo-
spheric, reactor, and accelerator neutrinos has established conclusively that neutri-
nos have nonzero mass and they mix among themselves much like quarks (see, e.g.,
ref. [6]), while in the SM neutrinos are massless “by construction”.

e Dark Matter. There exists an impressive evidence that most of the matter in the
Universe does not emit radiation, moreover such dark matter (DM) has to be pro-
vided by particles other than the usual baryons. Since the SM does not provide
any viable non-baryonic DM candidate we are pushed to introduce new particles in
addition to those of the SM.

e Baryogenesis. We have strong evidence that the Universe is vastly matter-antimatter
asymmetric: for some reason no sizeable amount of primordial antimatter has sur-
vived. It is appealing to have a dynamical mechanism to give rise to such large
baryon-antibaryon asymmetry starting from a symmetric situation. In the SM it is
not possible to have such an efficient mechanism for baryogenesis. Hence a dynami-
cal baryogenesis calls for the presence of new particles and interactions beyond the
SM.

e Inflation. Several serious cosmological problems (flatness, causality, age of the Uni-
verse, ...) are beautifully solved if the early Universe underwent some period of
exponential expansion (inflation). If minimally coupled to gravity, the SM with its
Higgs doublet does not succeed to originate such an inflationary stage. Again some
extensions of the SM, where in particular new scalar fields are introduced, are able
to produce a temporary inflation of the early Universe.

Theoretical reasons for new physics. We state here three fundamental questions that
do not find any satisfactory answer within the SM: the flavour problem, the unification of
the fundamental interactions and the gauge hierarchy problem.

o Flavour Problem. Within the SM all the masses and mixings of fermions are just
free (unpredicted) parameters showing a strongly hierarchical pattern. Even leaving
aside neutrinos, the fermion masses span at least five orders of magnitude from the
electron mass to the top quark mass. If one has in mind the usual Higgs mechanism
to give rise to fermion masses, it is puzzling to insert Yukawa couplings (which are
free parameters of the theory) ranging from O(1) to O(107%) or so without any
justification whatsoever. Saying it concisely, we can state that a “Flavour Theory”
is completely missing in the SM.

o Unification of forces. It would be extremely appealing to reach a unified description
of all the forces existing in Nature. The running of the three SM gauge couplings
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in the absence of NP gives reasons to hope that this could actually be the case.
Therefore we cannot say that the SM represents a true unification of fundamental
interactions, even leaving aside the problem that gravity is not considered at all by
the model.

e Gauge hierarchy problem. Fermion and vector boson masses are “protected” by sym-
metries in the SM (i.e., their mass can arise only when we break certain symmetries).
On the contrary the Higgs scalar mass does not enjoy such a symmetry protection.
We would expect such mass to naturally jump to some higher scale where new physics
sets in (this new energy scale could be some grand unification scale or the Planck
mass, for instance). The only way to keep the Higgs mass at the electroweak scale
is to perform incredibly accurate fine tunings of the parameters of the scalar sector.

The above considerations lead us to go beyond the SM. On the other hand, the clear
success of the SM predictions up to energies of the order of the electroweak scale is telling
us that the new physics must accurately reproduce the SM in the low-energy limit. Indeed,
it may even well be the case that we have a “tower” of underlying theories which show up
at different energy scales.

1.5 Neutrino masses

Experiments spanning half a century have shown that neutrino are not massless, but
their masses are indeed extraordinarily light compared to other SM fermions (for a recent
review, see e.g. [7]). As we pointed out before, in the minimal SM neutrinos are massless
“by construction”. Neutrinos do not have the right-handed counterparts, therefore they
can not have a Dirac mass term. But if we view the SM as an effective theory there is
still the possibility to introduce the Majorana mass terms by the dimension five Weinberg
operator

O, = %(HCLi)T(HCL]-) (1.14)

where A can be considered the cut-off of the Standard Model effective theory (see Sec. 1.6),
and \;; is a 3 x 3 matrix in flavour space. This operator is lepton number violating. After
the Higgs field gets its VEV, Eq. (1.14) produce the following neutrino mass matrix

02

(mv)i]’ = )\Z]K . (115)

The absolute value of neutrino masses has not been measured but we have the differences
between the squared masses of the various neutrino. Such differences range from about
107° to 10~2eV?2. Tt is reasonable therefore to suppose that the largest neutrino mass in
the theory should be around 0.1eV. If we assume A ~ 1 we see from (1.15) that the scale
of the cutoff A should be

_ (246GeV)?

A~ ~ 10 ) 1.1
01V 0"° GeV (1.16)

The operator given by (1.14) is the only gauge-invariant, Lorentz-invariant operator that
one can write down at the next higher dimension (d = 5) in the theory. Thus, it is a
satisfactory approach to neutrino physics, leading to an indication of new physics beyond
the Standard Model at the scale A.
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The see-saw mechanism

Dimension five operators lead to nonrenormalizable theories but as long as we accept
that the SM is an effective theory, nothing forbids to introduce them. A more fundamental
theory should explain how to get such operators in the low-energy limit. In our case one
can get the operator (1.14) introducing heavy right-handed (RH) neutrinos Ng; (i is the
family index) which belong to the (1, 1,0) representation of the gauge group. Since RH
neutrinos are siglets under the isospin group we can introduce in the Lagrangian explicit
Majorana mass terms and the Yukawa terms as

ALy = —v) Ty, (HL) + %(I/C)TMI/C + h.c. (1.17)

where the charge conjugated field of v, v¢, is given by v¢ = C(¥)T where C = iy27yy. The
resulting 6 x 6 mass matrix in the {vy, ¢} basis is

o 0 mp
my = ( o > (1.18)

where M is the matrix of Majorana masses with values M;; taken straight from (1.17),
and mp are the neutrino Dirac mass matrices taken from the Yukawa interaction with the
Higgs boson

Consistently with effective field theory ideas (as we will see in Sec. 1.6) we assume the
Majorana mass matrix M to be of the order of the scale A. This is reasonable since RH
neutrino Majorana masses are SU(3) x SU(2) x U(1)y invariant, hence unprotected and
naturally of the order of the cut-off of the low-energy theory. In that limit, the see-saw
matrix of (1.18) has three heavy eigenvalues, and three light eigenvalues that, to leading
order and good approximation, are eigenvalues of the 3 x 3 matrix

U2

misht — T M mp ~y?— | (1.19)
M
which is parametrically of the same form as Eq. (1.15). This is expected since the light
eigenvalues can be evaluated from the operators left over after integrating out the heavy
right-handed neutrinos in the effective theory. That operator is simply (1.14), where
schematically A can be associated with the scale M and A can be associated with 2.

Neutrino oscillations

Massive neutrinos generally mix and provide an explanation of neutrino oscillations
(for recent reviews, see e.g. [8, 9]). Just as in the case for quarks, the neutrino mass
matrix will be non-diagonal and complex. One needs to transform it into a diagonal form
by unitary rotations. Thus the mass eigenstates v = (v1, va, v3) are different from gauge
eigenstates v/ = (v, vy, vr) and are related to them by

vV =Uv, (1.20)

where U is a unitary 3 x 3 mixing matrix which is commonly referred to as the Pon-
tecorvo-Maki—Nakagawa—Sakata (PMNS) matrix. The PMNS matrix can be parametrized
like the CKM matrix for quark mixing angles. Given the definition of U and the transfor-
mation properties of the effective light neutrino mass matrix m,

/ /
I/Tmyl/ =v

TuTm,Uv, (1.21)
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UTm,U = diag(m1, mg, msz) = Mdiag » (1.22)

we obtain the general form of m, (i.e. of the light v mass matrix in the basis where the
charged lepton mass is a diagonal matrix):

my, = UrmaiagUT (1.23)

where the matrix U can be parameterized in terms of three mixing angles 615, 023 and 613
(0 < 6;; < w/2) and one phase ¢ (0 < ¢ < 2m), exactly as for the quark mixing matrix
Ver . The following definition of mixing angles can be adopted [9]

1 0 0 C13 0 si3e® c1a si2 0
U = 0 C23 5923 0 1 0 —S12 C12 0 s (1.24)
0 —s93 co3 —s137 % 0 C13 0 0 1

where s;; = sin0;;, ¢;; = cost;;. In addition, if v are Majorana particles, we have the
relative phases among the Majorana masses mi, mo and ms. If we choose mgs real and
positive, these phases are carried by mj 2 = |m172|ei¢1*2. Thus, in general, 9 parameters
are added to the SM when non-vanishing neutrino masses are included: 3 eigenvalues, 3
mixing angles and 3 CP violating phases.

A summary on oscillation parameters is given in Table 1.4.

Quantity Value
Am?,,  7.547025.1075 eV?
Am2,, 243709 .1073 eV?
sin? 012 0.30770:018
sin? fa3 0.38610:024
sin? 013 0.0241 + 0.025

Table 1.4: Fits to neutrino oscillation data from Ref. [10].

Where the squared mass differences are parametrized in terms of the v mass eigenvalues
by
Am? |Am2,|, Am2,, = |Am3s| . (1.25)

sun —

where Am?2, = |ma|* — |m1]?> > 0 (positive by the definition of mj2) and Am3; = m3 —
]m2|2.

1.6 Gauge hierarchy problem

We now focus on the theoretical issue of the SM known as the hierarchy problem,
showing the “bad behaviour” of the scalar sector of the SM which arises with quadratic
divergences in the quantum correction of the two-point function. We then compare it with
the mild logarithmic correction to the electron two-point function, explaining the different
behaviour in terms of internal symmetries.

The two fundamental concepts that enter this description are effective theories and
symmetries. In the modern point of view, a given theory (e.g. the Standard Model) is
always the effective theory of a more complete underlying theory and its description is
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valid up to the scale A at which new physics enters. This scale acts as a cut-off on loop
momenta in calculations. Of course, this doesn’t mean that there can be no momenta
above A — rather, the cut-off in the effective theory is the scale of short-range physics that
has been omitted from the effective theory.

Let us consider the SM Higgs field with squared mass m% = 2u% and a matter fermion
field f with a Yukawa coupling to the Higgs field via the term

A
Lip = —7f§hff + he., (1.26)

We want to compute the one loop f — f contribution to the scalar two-point function

(inverse propagator) as illustrated in Fig. 1.1, performing the calculation at zero external
momentum for simplicity.

Figure 1.1: Fermionic one-loop contribution to the Higgs scalar two-point function

oo [ [(28) e (49 e

Bk K2+ m?
= —2) / ! 1.27
f (2ﬂ)4 (k2 _ m%)Q (1.27)

__QAQ/ d*k L 2m%
T) @t |k —m2 " (B2-m3)?|

Note that the first term in the last line of Eq. (1.27) is quadratically divergent. In quantum
field theory, the renormalization procedure allows us to deal with contributions that diverge
when the cut-off is sent to infinity. However the cut-offs that we consider here are physical
and thus cannot be sent to arbitrary values. Evaluating the integral of the first term
inside the square brackets up to the scale A, we obtain the following correction to the

Higgs mass,?
22 A% + m?

where the ellipses stand for the second part of the integral (1.27) and represent terms
proportional to mfc which grow at most logarithmically with A. The physical (observable)
mass is the renormalized quantity

(m3)r = mi + om3 . (1.29)

If we were to replace the divergence A? by the Planck mass MI%I, the resulting “correction”
would be some 30 orders of magnitude larger than the physical SM Higgs mass. In fact

2Since we performed the integral at zero external momentum it will not be the on-shell (pole) mass,
but it is easy to see that the difference between these two quantities can at most involve logarithmic
divergences.
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we could cancel these large correction with a bare mass of the same order and opposite
sign. However, these two contributions should cancel with a precision of one part in 1026
and even then we should worry about the two loop contribution and so on. This is the
so-called hierarchy problem. Note also that the correction (1.28) is itself independent of
my,. This is related to the fact that setting m; = 0 does not increase the symmetry group
of the SM.

Symmetries are in fact the second fundamental concept and play a key role in the
description of the fundamental interactions. If a parameter of the theory is equal to zero
because of an exact quantum symmetry, it will remain zero even after we have included
all quantum corrections. This is why a small parameter is not necessarily problematic, if
it is “protected” by a symmetry.

Let us see how it works in Quantum Electro Dynamics (QED), the best understood
ingredient of the SM. We compute the electron self-energy correction (Fig. 1.2) at zero ex-
ternal momentum and take the cut-off at the Planck scale. We get the following correction

v

L

Figure 1.2: The electron self-energy in QED.

to the electron mass:

« M
dme ~ 2—=m, log PL L 0.24 Me , (1.30)
™ e
which is quite modest. At a deeper level, the fact that this correction is quite benign can
again be understood from a symmetry: In the limit m, — 0, the model becomes invariant
under chiral rotations

Ye — exp(ifys)ve, (B E€R) (1.31)

If this symmetry were exact, the correction of Eq. (1.30) would have to vanish. In reality
the symmetry is broken by the electron mass, so the correction must itself be proportional
to me.

The gauge hierarchy problem is often expressed as the naturalness problem of the
SM. The naturalness criterion is a powerful guiding principle for physicists as they try to
construct new theories (for a recent pedagogical review, see [11]) and we now present this
concept.

The Naturalness criterion. Let us consider a theory valid up to a maximum energy
A and make all its parameters dimensionless by measuring them in units of A. The natu-
ralness criterion states that one such parameter is allowed to be much smaller than unity
only if setting it to zero increases the symmetry of the theory [12]. If this does not happen,
the theory is unnatural.

This criterion states that in an effective theory, all operators should have their dimen-
sionality set by the cut-off of the theory (for a recent pedagogical review, see [13]). There-
fore an operator O with mass dimension d should appear in the effective Lagrangian
as

Legia = cA*~40 (1.32)
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where A is the cut-off of the theory and c¢ is expected to be of order O(1) in value.
Irrelevant (d > 4) operators are suppressed and marginal (d = 4) operators cause no harm
since they are scale-independent and perturbative quantum corrections introduce only a
mild logarithmic dependence.

The SM is almost exclusively a theory of d = 4 marginal operators with its kinetic
terms, gauge interaction terms, and Yukawa interaction terms. What is potentially prob-
lematic is the existence of any d < 4 relevant operators. In that case, the coefficients
should be large, set by the cut-off of the theory. When we consider the SM extended
with neutrino masses there are only two gauge-invariant, Lorentz-invariant relevant d < 4
operators.

e The d = 3 right-handed neutrino Majorana mass interaction terms NgichN r. In
this case one expects that the coefficient should be Mgr ~ A. This expectation is
nicely met in the see-saw mechanism which can naturally explain the smallness of
the left-handed neutrinos.

e The d = 2 Higgs boson mass operator |®[2. This time the coefficient should be
u? ~ A? which constitutes a potential disaster since this term fixes the scale of the
Higgs VEV and of all related masses.

The naturalness problem arises because the coeflicient p is not suppressed by any symme-
try. Since empirically the Higgs mass is light (and, by naturalness, it should be of o(A))
we would expect that A, i.e. some form of new physics, should appear near the TeV scale.
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Chapter 2

The minimal supersymmetric
standard model

This chapter is devoted to supersymmetry (SUSY) and the Minimal Supersymmetric
extension of the Standard Model (MSSM). Everything discussed here can be found in
textbooks (e.g. [14, 15]) or lecture notes (e.g. [16, 17, 18, 19]) on the subject. We be-
gin introducing SUSY, presenting the main motivations, the SUSY algebra and explain
briefly how supersymmetric Lagrangians can be constructed. We continue introducing the
concept of soft SUSY breaking, which will play a crucial role in describing flavour phe-
nomena we are interested in. We then present the MSSM building blocks and we discuss
the minimization of its scalar potential. We end analysing the MSSM spectrum.

2.1 Motivations for Supersymmetry

Supersymmetry (SUSY) is a generalization of the space-time symmetries of quantum
field theory that transforms fermions into bosons and vice versa. This non-trivial extension
of the Poincaré symmetry provides an interesting framework which addresses the hierarchy
problem. Moreover the Minimal Supersymmetric extension of the SM (MSSM) can account
for the gauge coupling unification (for a review, see e.g. [16]) and contains a candidate for
dark matter, namely the lightest supersymmetric particle.

The SUSY way to the hierarchy problem. One of the main motivations for SUSY
comes from the systematic cancellation of the quadratically divergent contributions to the
Higgs mass. To see how this cancellation is achieved, let us suppose there exists a scalar
field f with mass m 7 that couples to the scalar Higgs field through the term

1 5 22
‘th: 5)\fh }f‘ . (2.1)
This new field gives a quadratically divergent one-loop contribution to the Higgs two-point
function. In fact, evaluating the first diagram in Fig. 2.1 at zero external momentum we
get

. 4 3 A% +m?2
HW(O) B )\f/ (2m)* k2 — m?; ’ omi(f) = 1672 A My log mfg '
(2.2)

The correction to Higgs mass depends quadratically on the cut-off scale A. Comparing
this contribution to the one due to the fermion loop Eq. (1.28) we see that the quadratic

15
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divergence can cancel if the couplings A ¢ and Ay satisfy the relation A F= —)\?p and provided

that there exists two scalar fields f for each Dirac fermion f. This last requirement imply
the matching of the fermion and boson degrees of freedom.

Figure 2.1: One-loop quantum corrections to the Higgs two-point function due to a scalar field f .

SUSY is the kind of symmetry which guarantees these relations between fermion and
boson fields, leading to a quadratic-divergence free theory. Actually in a theory with
exact SUSY also the second diagram in Fig. 2.1 is generated and the relation m F=my
is ensured, leading to a vanishing total correction to the Higgs mass. As no superpartner
of a SM particle has been found yet, these new particles are required to be heavier then
their SM partners. Thus quantum corrections to the Higgs mass cannot cancel exactly,
but in the case of softly broken SUSY, they do not reintroduce quadratic divergences.

2.2 The SUSY algebra

Supersymmetry is an extension of spacetime symmetry. Therefore it is useful to recall
briefly some basics about the Poincaré symmetry. The algebra reads

[P*. P"]=0
[P, 7] = i(¢"P7 — " P") (2.3)
[JHV | JP7) = i(gVPJHT — ghP JV7 — "o JHP 4 gh JvP)

where P, are the generators for translations and J,, the ones for (proper, orthochronous)
Lorentz transformations. The irreducible representations of this algebra are characterized
by their mass and their spin, which can either be half integer (fermions) or integer (bosons).
Both the generators for translations and for Lorentz transformations can be represented as
differential operators acting on fields living on spacetime. For scalar fields such operators
read

P, =10,

2.4
T = (21D — 2V M) (24)

Up to now there is no evidence that Poincaré symmetry is violated in nature and most
of the models for new physics respect this symmetry. A possible way to go beyond the
SM is to look for new symmetries which improve the symmetry structure of the theory
P x G (where P is the Poincaré group and G is the internal gauge group). As long as G
is a compact Lie group, we can construct a consistent relativistic quantum field theory
preserving invariance under local transformations of G. The generators of both P and G
are bosonic, in the sense that they satisfy the commutation relations of a Lie algebra.
Coleman and Mandula found a no-go theorem [20], which roughly states that any
meaningful extension of the Poincaré symmetry, that is based on Lie Algebras, has to be a
direct product of the Poincaré symmetry and an internal symmetry. This means that the
possible extensions based on a Lie Algebra can only have trivial commutation relations
between the generators of Poincaré transformations and the new symmetry generators.
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But then Wess and Zumino discovered models with a symmetry that connected bosons
and fermions and which therefore was a nontrivial extension of the Poincaré symmetry
such that the generators @); satisfy the nontrivial relation

(Qis Juw] # 0. (2.5)

Haag, Lopuszanski and Sohnius finally systematically investigated this so-called supersym-
metry and classified all of its possible realizations [21]. The reason why supersymmetry
can circumvent the Coleman-Mandula theorem is that it is not based on a Lie Algebra but
on a graded Lie Algebra, which means that one also allows for anticommutation relations
among the group generators. This is in fact the only possibility to construct a non trivial
extension of the Poincaré symmetry. The simplest version of this supersymmetry that
does not involve additional central charges, extends the original Poincaré algebra by the
following relations

{@a:QL} = 2i(0"),50, = 2007,
{Gu@sb =0, {al.al} =0,

[ AR [EAET (2.6)
Q] = ("), Qs

Q5 = @), Q]

-
=

where the SUSY generators Q. and QZ are two component Weyl spinors. Sigma matrices
ot, ot o, M are defined in Appendix A.2.

2.3 Superspace and superfields

To classify the representations of supersymmetry and build supersymmetric Lagrangians,
it is convenient to use the superfield formalism. This is achieved enlarging the usual
Minkowski space by four fermionic coordinates 8% and 91& which are constant complex

anticommuting two-component spinors with dimension (mass)_l/ 2,

A possible choice for the supersymmetry charges is
Quzigge— (@ Mad Q% = —ig+ (010,
A—'-O‘é . a _ & At . 8a (27)
Q = Za? — (0'“9) 8,u, Qd = _ZagTd + (90’“)@8“.

&
Note that the hatted objects Qa, QL, P are differential operators acting on functions in

superspace. A general superfield .S (:L‘, 0, HT) is defined by its expansion in powers of 6§ and

6%, Since there are two independent components of #% and likewise for 92;, the expansion
always terminates, which each term containing at most two 6’s and two 6!’s. Therefore
one can write S(ZL‘, 0, GT) as

S(x,0,07) = a+ 0¢ + 0"\ + 00b + 0'0Tc + 05401, + 070T0n + 0007¢CT + 000'0Td.  (2.8)

Expression (2.8) features four Weyl spinors &, xT, 7 and ¢f, which amounts to 16 real
fermionic degrees of freedom. In addition there are four complex scalar fields: a, b, ¢ and
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d as well as one complex vector field v,. In total 16 real bosonic degrees of freedom. In fact
it can be proven very generally, that in a supersymmetric theory the number of fermionic
and bosonic degrees of freedom has always to be the same.

A finite (pure) SUSY transformation can be written in the following way!

G(e, €") = exp {—\;5 (eaQa + GEQM)} (2.9)

where we introduced the anticommuting Weyl spinors € and €' to parameterize the trans-
formation. The infinitesimal version for any superfield S is given by

V265 = —i(eQ + Q)5 = (6048_’_628

g+ Cogt T [wum + ETE“H} au> S (2.10)

V268 = S(z* +iea”0' +ic'5H0, 0 + ¢, 0T + 1) — S(z*, 6, 07). (2.11)

Equation (2.11) shows that a supersymmetry transformation can be viewed as a trans-
lation in superspace. Since Q, QT are linear differential operators, the product or linear
combination of any superfields satisfying eq. (2.10) is again a superfield with the same
transformation law.

It can be shown that such a general object as (2.8) is not an irreducible representation
of the SUSY algebra. In order to get irreducible superfields, one has to impose some
restrictions. These restrictions make use of covariant derivatives, which are defined in the
following way

. a 9 ; FHYX
Do = 55z —i(0"81)ad, DY =~ 4i0'F) 0, (212)
.‘_a . (=l o T — y AW
= a0}, W(@0)% 0y, Dy = —5g7a +1(00")ady. (2.13)

Using the definition eq. (2.10), it follows that
5.(DaS) = Da(5.5), 5. (D;s) = DL (5.9), (2.14)

which means that covariant derivatives commute with an infinitesimal SUSY transforma-
tion. Thus the derivatives D, and D:; are supersymmetric covariant; acting on superfields,
they return superfields. This makes them useful for defining constraints on superfields in
a covariant way.

Chiral superfields

Using (2.12) we can now define a so-called chiral superfield by requiring that its co-
variant derivative vanishes
Did=0. (2.15)

It can be shown that this restriction indeed leads to an irreducible representation of the
SUSY algebra. (The so-called chiral multiplet with superspin Y = 0.) Its complex conju-
gate ®* is called antichiral and satisfies

Da®* = 0. (2.16)

!The factor of /2 is a convention, not universally chosen in the literature.
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To solve these constraints, we define the new variables
Y =t — it Y = 2! +ifotor (2.17)

which satisfy
Doy =0,  Diy™ =0. (2.18)

As a consequence, the chiral superfield constraint eq. (2.15) is solved by any function of
y* and 6 only and not #'. Therefore, one can expand:

® = ¢(y) + V20u(y) + 00 F (), (2.19)

and similarly
O = ¢ (y") + V20NT (y*) + 07T (), (2.20)

where the factors of v/2 are conventional. Rewriting the chiral superfields in terms of
the original coordinates z, 6,07, by expanding in a power series in the anticommuting
coordinates, gives

B = §(z) — 00010, () — ieee*afaua#qs(x) +V200(x)

‘ (2.21)
- 5999%"%&@) +00F (),
B = 5" (a) + 007910, (1) — L001610,0°0" (a) + V20T ()
(2.22)

- %mm@g”ﬁ,ﬂﬂ(m) + 00T F* (2).

Concerning the degrees of freedom, the chiral superfield consists of

e one left chiral Weyl spinor 1 that describes a two component fermion,

e one complex scalar field ¢, the sfermion (scalar SUSY partner of the fermion)

e and one additional complex scalar field F' , that is an “auxiliary” field, which will
not describe any dynamical degrees of freedom in the end.

One way to construct a chiral or antichiral superfield is
o = DIDTS = DI DTS, ®* = DDS* = D“D,S*, (2.23)

where S is any general superfield. This follows immediately from the fact that acting three
consecutive times with the anticommuting two-component derivative D! always produces a
vanishing result, and similarly for D. The converse is also true; for every chiral superfield
®, one can find a superfield S such that eq. (2.23) is true. We can now obtain the
supersymmetry transformation laws for the component fields of ® using v/2i6.® = eQ +
ETQT. The results are

56¢ = 61/}5
(5677/}04 = _Z.(O_MGT)CMQLLQ& + EaF, (224)
0 F = —iel " 9,b,
We see that the 60 component of a chiral superfield transforms as a total derivative,

Therefore it is a candidate for a term to appear in a supersymmetric Lagrangian. From
now on we will refer to this term as the F-term.
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Vector superfields

In addition to the chiral superfield, we now define a vector superfield (an irreducible
representation of the SUSY algebra with superspin Y = 1/2) by imposing the following
SUSY invariant condition to a general superfield

V=V (2.25)

The component expansion of the vector superfield is

V(2,0,0") = a+ 06+ 0 +00b+ 0'0Tb* + 05407 A, + 01010 ()\ - ;a#augf)
, . . (2.26)
+ 00061 ()\T - ;aua,g) + 000101 <2D - 4(9#8“61) .

The vector multiplet contains 8 bosonic degrees of freedom (the real scalar fields a and D,
the complex scalar field b and the four real components of A,) and 8 fermionic ones (the
two-component spinors & and \).

The supersymmetry transformations of the vector field components are:

V26.a = ef + €l¢T (2.27)
V20.n = 2e4b + (0o (A, — i0,a), (2.28)
V26 = e\l —icla1d),€, (2.29)
V26 A" = —iedE +iel M + eat AT — €l A, (2.30)
V26N = eaD — %(G“E”e)a(ﬁuAy _0,A,), (2.31)
V26.D = —iea" I\ —ic'aH I, N\ (2.32)

A superfield cannot be both chiral and real at the same time, unless it is identically
constant however, if ® is a chiral superfield, then ® + ®* and i(® — ®*) and ®P* are all
real (vector) superfields. In eq. (2.26) we used peculiar combinations of fields to make
apparent that the components a, b and & can be transformed to zero by a U(1) gauge
transformation of the form

V=V +i(QF—Q), (2.33)

where § is a chiral superfield, Q = ¢ + v/26¢ — 00F in the basis of eq. (2.17). Under this

transformation
a—a+i(o" — @),

§a — fa - i\/iwav

b—b—1iF, (2.34)
Ay — Ay = Ou(d+¢7),

Aa = Aas

D — D.

From (2.34) we see that there is a special gauge in which a, b and £ are set to zero. This
gauge is the so-called Wess-Zumino gauge. It breaks supersymmetry and leaves a residual
transformation A, — A, — 0,«a which is the usual gauge ambiguity. In the Wess-Zumino
gauge, (2.26) reduces to

1
Vivzgauge = 0007 A, + 01010\ + 006TAT + 5999*9* D. (2.35)

This vector superfield contains
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e one vector field A, that will describe a gauge boson in the end,
e one Weyl spinor A, the fermionic partner of the gauge boson, also called gaugino
e and again one auxiliary scalar field D, which is real.

From eq. (2.32) we see that the 80679 component of the vector superfield transforms under
SUSY transformations as a total derivative v/2§.D = —10, (ea“AT + GTE“)\). Thus the
00019 component of a vector superfield is another candidate for a term in a supersymmetric
Lagrangian. We will refer to this component as the D-term.

2.4 A first supersymmetric Lagrangian

With the above pieces of information, we are now able to construct a first Lagrangian
that is invariant under SUSY. Given a set of chiral superfields {®;}, it is clear from their
definition (2.15) that both products and linear combinations of these chiral superfields
again give chiral superfields. From this fact we conclude that the following expression is
an admissible term for a supersymmetric Lagrangian

Ly (z) = [W(®)]p + hec. | (2.36)

where [...] indicates that we only take the 6 component. The quantity W (®) is called
superpotential and it can be written most generally as

. 1. .. 1 ..
W= L'®; + 5 MY ;®; + gy”’fq)icqu)k : (2.37)

with complex numbers L, M% and y“*. Higher powers of the chiral superfields are in
principle allowed by supersymmetry, but they would give rise to higher dimensional (and
therefore nonrenormalizable) terms in the Lagrangian. The parameter L’ is only allowed
if ®; is a gauge singlet. Since there are not such chiral supermultiplets in the MSSM with
the minimal field content we will omit the L parameters from now on. Without loss of
generality, M% and y"* can be chosen to be totally symmetric in their indices, which
leads to the following explicit form of Ly once one plugs in the general expression (2.21)
for the chiral superfields.

Lyw(z) = L'F, — MY (;¢ﬂ/’j - ¢iFj) - %yijk(@dw/)k — ¢ Fy) + hec.. (2.38)

Lyw provides only interaction terms. To introduce a kinetic Lagrangian for the fields in
(2.36), we note that the expression ®*® is real and therefore a vector superfield. Thus we
are allowed to add the following term to the Lagrangian

L, (z) = [@5®;] (2.39)

where [...], means that we only take the 000197 component. Using again the explicit form
of the chiral superfields (2.21), we obtain

Liy () = O'¢* 0,0 + ih a0 + FHF; + ... (2.40)

The ... indicates a total derivative part, which may be dropped since this is destined to
be integrated [ d*z. These are exactly the kinetic terms we were looking for. By putting
together (2.36) and (2.40) we can write the most general renormalizable supersymmetric
Lagrangian for chiral multiplets. It reads

L(z) = [@7®;],, + ((W(®;)]p + h.c.) (2.41)



22 CHAPTER 2. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

This expression can be seen as a first step towards a supersymmetric version of the Stan-
dard Model. One main ingredient of the Standard Model is the concept of local gauge
invariance. Thus, in order to construct a supersymmetric version of the Standard Model,
we now have to supersymmetrize gauge theories.

2.5 Supersymmetric gauge theories

Gauge transformations for chiral superfields can be defined in complete analogy to
the conventional ones. A general gauge symmetry realized on chiral superfields ®; in a
representation R with matrix generators T reads:

D; — @) = [9MT] T @, H 5 = @ [em AT (2.42)

i J

The gauge couplings for the irreducible components of the Lie algebra are g,. A® are the
supergauge transformation parameters. To be consistent with supersymmetry, @' has to be
a chiral superfield, as ® is. Therefore also the parameters A® have to be chiral superfields,
which in general means that A% # A®. If one now looks at the kinetic Lagrangian (2.36),
one sees that it is not invariant under the super gauge transformation (2.42).

*d — Dre N (ND £ §*D (2.43)

where A = A*T* and we omitted the summed index over the chiral superfields. To make
the kinetic term invariant under the gauge transformations (2.42), it is convenient to define
the matrix-valued vector superfield V = V%T® which transforms in the following way

! . T s
2V 5 @29V = loN 29V migh (2.44)

Now it is possible to construct a term for the Lagrangian, which is obviously invariant
under both SUSY and gauge transformations

Lo = [*(e*)D] . (2.45)
Writing it in terms of component fields one obtains
La(x) = Dy "D éi + 5675 (D,), + Stio” (Duy)i + FIF, 2.16)

= V2g(0TUP)N" = V290 (I T9) + g(¢"T?¢) D°
with the gauge covariant derivatives

Dyudi = 0u¢i +ig AL (T )i Dyibi = Opthi +ig AL (T )i . (2.47)

This is the gauge invariant version of Eq. (2.40), which now contains not only the kinetic
terms but also gauge interactions. Now it is necessary to make kinetic terms and self-
interactions for the vector supermultiplets, to this end we define a chiral field-strength
superfield

1
Wa =~ DIDI (e Do) (2.48)
9

that is a chiral superfield since it is constructed with two antichiral covariant derivatives.
The super field strength can be shown to have the following explicit form in the Wess-
Zumino gauge, once one plugs in the explicit expression (2.35) for the gauge field V'

(Wa) = Ao +0aD + %(aﬂave)apw, +i00(c"DyAg | (2.49)

WZ gauge
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with the gauge field strength defined as

Fu =T°F},,  Fi, =0,AL —0,A% — gf**°Ab A (2.50)
and the gauge covariant derivative in the adjoint representation
DA = T*(D, A, (DpAT)* = 9 AT + g f22e Al X (2.51)

One can easily prove that the super field strength has the following transformation prop-
erties under gauge transformations

Wa = W, = 92 W, e79A (2.52)

Then the following term for the Lagrangian
1
Ly(z)= §(Tr WWq | + hec.), (2.53)

is automatically invariant under both supersymmetry and supergauge transformations.
The explicit form of Eq. (2.53) reads
. W 1

Ly(z) = %A%—“ (DMAT) + %A*“&“(DHA)“ +5D"D" ~ F“‘“’F;j,,, (2.54)
which contains the needed kinetic terms for both the gauge bosons and the gauginos.
Now we have all ingredients to construct a Lagrangian for a supersymmetric gauge theory.
We have to add up (2.53), (2.45) and a gauge invariant superpotential term (2.36) to
get the following most general Lagrangian containing a multiplet of chiral superfields ®
and a super gauge field V, that is invariant under both global SUSY and local gauge
transformations.

%m« Vo Walps + hic.) (2.55)

Looking at the explicit expressions of the different terms (2.46), (2.38) and (2.54), one sees
that they still involve the auxiliary fields F' and D. But these fields have dimension two
and no derivatives of them appear in the Lagrangian. This means they are no dynamical
degrees of freedom and they can be eliminated completely from the Lagrangian by applying
the corresponding equations of motion, that read

L="Lo+Lw+Ly =[]+ ([W(®)]p+ he)+

) SW g 1 ..
R (M%j + 2y”’ﬂ¢j¢k> (2.56)
D = —g(¢"T"9) (2.57)

Finally we obtain the following explicit result for the Lagrangian
L= D" Doy + SulT (D), + Lo (D) — S MU + )
- %F“‘“’Ffj,, + %A“a“ (Dart)" + §>\T“E“(DM)\)‘1
—V2g(¢ T )N — V291 (1T 9)
— MG+ ) = V(o)

where the scalar potential is the following sum of positive terms

(2.58)

V(¢, ¢*) = F*F; + = ZD“D“ Z’ G (d*T¢)%. (2.59)

dot

The Lagrangian in eq. (2.58) contains the following terms:
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In the first line we have kinetic terms for the fermions and the sfermions as well as
their gauge interactions with the gauge bosons, contained in the covariant derivatives
(the diagrams corresponding to these interactions have been depicted in Fig. 2.2a).
In addition, there are also explicit mass terms for the fermions coming from the
superpotential. These terms are of course only admissible if they respect gauge
invariance. (They will particularly be absent for the SM fermions in the MSSM.)

In the second line there are the kinetic terms for the gauge bosons and the gauginos
and their corresponding gauge interactions (Fig. 2.2b).

The third line contains the supersymmetrized version of the gauge interaction, namely
an interaction between the fermions, the sfermions and the gauginos (the first dia-
gram in Fig. 2.2¢). It arises from the term (2.45) and guarantees the SUSY invariance
of the full Lagrangian.

Finally in the fourth line we find the potential for the sfermions and Yukawa cou-
plings between the fermions and sfermions (the last three diagrams in Fig. 2.2c).
The constants that appear in the terms coming from the superpotential cannot be
arbitrary, but have to be chosen such that gauge symmetry is preserved.

N
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(a) Gauge interactions of the fermions and sfermions.
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(b) Interactions of the gauginos and the gauge bosons.
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(c) Fermion-gaugino-sfermion interaction, Yukawa couplings of fermions with sfermions,
and sfermion self interactions.

Figure 2.2: SUSY interactions

2.6 Soft supersymmetry breaking

Supersymmetric theories have special properties with respect to quantum corrections,

which go under the name of non-renormalization theorems [17]. In particular, it can
be shown that renormalizable theories with exact supersymmetry are free of quadratic
divergences, and therefore potential candidates to address the naturalness problem of the
scalar mass terms. However, looking back at the complete SUSY algebra (2.3) and (2.6)
it can be shown that, as in the case of pure Poincaré symmetry, P? is still a Casimir
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operator. Thus, if supersymmetry is exact, all particles of an irreducible representation
must have the same mass. In our case this means that the fields ¢ and ¢ as well as A* and
A have the same mass. But this is something which is obviously not realized in nature.
Not a single supersymmetric partner of a Standard Model particle has been observed yet,
which means that supersymmetry has to be broken.

There is a vast literature on the problem of spontaneous supersymmetry breaking in
realistic supersymmetric extensions of the SM, which typically involves complicated hidden
sectors and often the coupling to gravity. In the rest of this thesis we will follow a simpler
phenomenological approach, introducing into the Lagrangian terms that break explicitly
supersymmetry, but nevertheless do not reintroduce field-dependent quadratic divergences
that would make scalar masses unnatural. These new terms are called soft-breaking terms.

1 1 . 1. .. . o
Looki = (2Ma XX 4 a0 + 600, + thbi) + he. — (m)j 676 (2.60)

Of course, the (in general complex) parameters M,, a*/* b, ' and (m2)§ have to be
such that gauge invariance is not violated. As expression (2.60) contains only sfermions
and gauginos, but not their partners the fermions and gauge bosons, it is obvious that
the introduction of Lg.g explicitly breaks SUSY. In fact Ly provides additional mass
terms for the sfermions and gauginos, which can make these particles heavy enough to be
unobserved until now.

2.7 The MSSM Lagrangian

With the supersymmetric Lagrangian for gauge theories (2.58) and the soft SUSY
breaking Lagrangian (2.60) we are ready to construct the MSSM. The only thing we have
to do is to specify the gauge group and the particle content and to write down the most
general supersymmetric Lagrangian that can be built out of these particles. As suggested
by its name, the Minimal Supersymmetric extension of the Standard Model (MSSM)
make use of the lowest possible number of superparticles and new interactions, and can
reproduce the SM when appropriate limits are taken. In the MSSM we take the SM gauge
group

G=SUB)xSU(2) xU(1)y. (2.61)

This completely specifies the content of the model in terms of vector superfields. There
are three vector superfields Vi, V5 and V3, which contain the following particles

SU(3): The super gauge field for the strong interaction is V3. It contains the gluons gl‘f
and their superpartners, the gluinos g”. The corresponding gauge coupling is g3.

SU(2): The super gauge field for the weak isospin is called V5. The corresponding particles
are the vector bosons le and the winos W*. Their gauge coupling is gs.

U(1)y: For the hypercharge there is the supergauge field V1, which contains the vector
boson B,, and the bino BY. The corresponding gauge coupling is called g;.

Here A = 1,...,8 and ¢ = 1,2,3 are indices in the adjoint representation of the corre-
sponding symmetry group. The next step in the MSSM construction is the identification
of the chiral multiplets and of their gauge transformation properties. The MSSM chiral
superfields and the corresponding gauge quantum numbers are listed in Table 2.2, where
we have written only one lepton and quark generation. The supersymmetric partners of
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Names ‘ spin 1/2  spinl  SU(3), SU(2), U(1)y
gluino, gluon g 9 (8,1,0)
winos, W bosons | W+ W0 lec WS (1,3,0)
bino, B boson B Bg (1,1,0)

Table 2.1: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

Names ‘ spin 0 spin 1/2 SU(3)¢, SU(2)r, U(1)y

squarks, quarks  Q | (@n d)  (ug dp) (3,2, +g)
(x3 families) u up ug (3,1, -2)
d dy d, (3,1, +%1)

sleptons, leptons L (v er) (v er) (1,2, —3)
(x3 families) e €x e}r% (1,1, +1)
Higgs, higgsinos  H, | (H; HY) (H; Hy) (1,2, +3)
Hy | (Hy Hy) (Hy Hp) (1,2, —3)

Table 2.2: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0
fields are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl
fermions.

quarks and leptons, described by one complex scalar field for each chiral fermion, are called
squarks and sleptons.

The construction of the Higgs sector of the MSSM is slightly more involved, as it turns
out that one needs at least two Higgs doublets. We recall that in the SM a complex field
H and its charge conjugate H¢, which has the same SU(2) transformation but opposite
hypercharge, are needed to give mass both to the down-type and to the up-type quarks
when the neutral component of the Higgs acquire a VEV. This cannot be reproduced in
the MSSM, since the superpotential has to be a holomorphic function of the superfields.
Therefore one is forced to explicitly introduce a second Higgs doublet, that is responsible
for the mass terms of the up quarks. Furthermore, two Higgs doublets are needed if we
want to construct a supersymmetric version of the SM free from chiral anomalies. In fact,
the superpartner of the Higgs boson is a fermion (not present in the SM) which contributes
to triangle gauge anomalies. Since SM fermions already cancel the gauge anomalies by
themselves, the addition of another fermion charged under SU(2) x U(1)y introduces an
uncompensated contribution. A second fermion that is the vector complement of the first
cancel the anomalies.

Now that we defined the field content of the MSSM, we are ready to write the complete
MSSM Lagrangian

Lyssm = Lo + Ly + Lw + Lot - (2.62)

The first three terms are obtained as in the general example (2.55), we need only to write
down the explicit expression for the superpotential and the soft breaking terms. The
superpotential for the MSSM reads

Wussm = @YuQHy — dYyQHy — €Y LHy + pH, Hy . (2.63)

The dimensionless Yukawa coupling parameters Y,,, Yy, Y, are 3x 3 matrices in family space.
All of the gauge and family indices in Eq. (2.63) are suppressed. For example the first
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term uY, QH, stands for u*! (Y,)7 Q!, (H,)s €8, where I, J = 1,2, 3 are flavour indices,
and a = 1,2,3 is a colour index which is lowered (raised) in the 3 (3) representation of
SU(3)c.

A priori, on the basis of gauge invariance and renormalizability requirements, in the
superpotential (2.63) we could also have written terms of the form

1 ~ _ .

WaL=1 = 5)\”kLiLj€k + )\/Z]kLindk + ,UIZLiHu (2.64)
1 ..

Wap=1 = iA,/Z]kﬂidjdk (2.65)

These operators violate respectively the lepton (L) and baryon (B) number. We recall
that in the SM the conservation of these quantum number is an accidental symmetry of
the renormalizable interactions, i.e. is automatically present in the action, once gauge and
Poincaré symmetries are imposed. The existence of the operators (2.64) and (2.65) in
the MSSM Lagrangian is somehow disturbing, since the corresponding L and B violating
processes have not been experimentally observed.

In general, the presence of such terms can be forbidden by requiring the preservation
of an additional global symmetry, the so called R-parity

R= (_1)L+3B+25 (266)

with B the baryon number, L the lepton number and S the spin of a particle. We observe
that all SM particles have R-parity +1, while their SUSY partners all have R-parity —1.
The symmetry principle to be enforced is that a term in the Lagrangian is allowed only
if the product of R for all the fields in it yields +1. Hence, as long as R-parity is exactly
conserved, supersymmetric particles are always produced in pairs. R-parity conservation
has another important consequence for Dark Matter Physics, since it provides a natural
particle candidate for explaining the Dark Matter: the lightest SUSY particle (LSP) that,
due R-parity, is stable. More specifically, the lightest neutralino is usually the most popular
candidate for (Cold) Dark Matter in the MSSM and other SUSY models.
Finally we quote the soft SUSY breaking terms

1, .
Lo =3 (M3gg + MyWW + MyBB + h.c. )

n (a}g Ay QH, — d% Ay QHy — & A, LHy + h.c. ) (2.67)

— QY (md) Q — Lt (m3) L — Wy (M2) g — d (M3) dr — &5 (M?) e
— my, HyHy, —m} HyHg — (bH, Hy + hec.).

In eq. (2.67), M3, My, and M; are the gluino, wino, and bino mass terms. Here, and from
now on, we suppress the adjoint representation gauge indices on the wino and gluino fields,
and the gauge indices on all of the chiral supermultiplet fields. Each of A,, A4, Ac is a
complex 3 x 3 matrix in family space, with dimensions of [mass|. They are in one-to-one
correspondence with the Yukawa couplings of the superpotential. Each of ﬁlé, m2,
ﬁz%, m? is a 3 x 3 matrix in family space that can have complex entries, but they must
be hermitian so that the Lagrangian is real. Finally, in the last line of eq. (2.67) we have

supersymmetry-breaking contributions to the Higgs potential.

~2
md,

Unlike the SUSY-preserving part of the Lagrangian, Eq. (2.67) introduces O(100) new
parameters in the theory that cannot be rotated away with field redefinitions. Fortunately,
there is already good experimental evidence that some powerful organizing principle must
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govern the soft supersymmetry breaking Lagrangian. This is because most of the new
parameters imply flavour mixing or CP violating processes of the types that are severely
restricted by experiment [16]. For example the squared soft matrix m? is constrained by
experimental bounds on the process i — ey, and there are also important experimental
constraints on the squark squared-mass matrices, the strongest of these coming from the

neutral kaon system.

2.8 Minimization of the Higgs potential

In the MSSM, the description of electroweak symmetry breaking is slightly complicated
by the fact that there are two complex Higgs doublets, H, = (H,, H)) and Hy = (HY, H; )
rather than just one in the ordinary Standard Model. Making the self-consistent assump-
tions that the charged components of the Higgs doublets are zero at the minimum of the
potential (H,) = 0 and <Hd_> = 0, we are left to consider the following scalar potential
for the Higgs fields

Vir = (|ul® +miy, ) H, P + (|uf* + mig,) | Hg|* — (b H,Hg + h.c.)

1 2
+ 507+ g (H? — |HYP)

(2.68)

where it is not restrictive to assume that b is real and positive. One remarkable feature
of the Higgs potential in the MSSM is that the Higgs self-couplings are given in terms of
the electroweak gauge couplings, in contrast to the SM potential in Eq. (1.5), where the
self-couplings were given by the unknown parameter Ap.

By requiring that Vg is bounded from below, the quadratic part of the potential must
be positive along the so-called D-flat direction? |H?| = |HY|, leading to the condition

2b < 2|u> +mF, +my, . (2.69)

Note that the b-term always favors electroweak symmetry breaking. Requiring that one
linear combination of H? and Hg has a negative squared mass near H) = Hg = 0 gives

0% > (|uf® +mi, ) (lul* +mi,) (2.70)

If this inequality is not satisfied, then H? = Hg = 0 will be a stable minimum of the
potential (or there will be no stable minimum at all), and electroweak symmetry breaking
will not occur. The VEVs of the Higgs fields are commonly chosen as

(Hu) = \}5 (Uou> , (Hy) = \2 <Qg’> , (2.71)

and are related to the known mass of the Z° boson and the electroweak gauge couplings
v2 403 =% = 4m% /(g% + g’*) ~ (246 GeV)?. (2.72)

The ratio of the VEVs is traditionally written as tan 8 = v, /v4. The conditions dV/9HY =
OV/OH? = 0 under which the potential eq. (2.68) will have a minimum now read

mi;, + |u[* — beot B — (m%/2) cos(28) = 0, (2.73)
m%qd + |p? = btan B + (m%/2) cos(28) = 0. (2.74)

2D-flat directions owe their name to the fact that along them the part of the scalar potential coming
from D-terms vanishes.
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These conditions allow us to eliminate two of the Lagrangian parameters b and |u| in favor
of tan 3. Taking |u|?, b, m%{u and m%{d as input parameters, and mzz and tan S as output
parameters obtained by solving these two equations, one obtains the tree-level relations

2b
sin(28) = , (2.75)
my, +miy, +2lul?
2 2
my, —m
m% = M - m%{u - m%{d —2|ul?. (2.76)

1 — sin?(2p)

2.9 Physical spectrum of the MISSM

So far we considered fields in the gauge eigenstate basis. We want now to switch to the
mass eigenstate basis in order to get the physical spectrum of the theory. The electroweak
symmetry breaking procedure outlined in the previous section leads to the usual mass
terms for the quarks, leptons and electroweak gauge bosons. On the other hand also many
additional mass terms for Higgs particles, squarks, sleptons, gauginos and higgsinos are
introduced. We now briefly explain how these masses are diagonalized in order to obtain
the physical particle content.

Particle Lorentz type
Photon v vector
Weak gauge bosons W, Z vectors
Gluons g4 A=1,...,8 vectors
Charged Higgs H* scalars
Scalar Higgs ho, HO scalars
Pseudoscalar Higgs A° scalar
Charginos Xi 1=1,2 Dirac spinors
Neutralinos X? t=1,...,4 Majorana spinors
Gluinos g4 A=1,...,8 Majorana spinors
Neutrinos vl I1=1,2,3

Sneutrinos vl 1=1,2,3 scalars
Electrons el 1=1,2,3 Dirac spinors
Selectrons L; t1=1,...,6 scalars
Quarks ul, d! 1=1,2,3 Dirac spinors
Squarks Uy, D; 1=1,...,6 scalars

Table 2.3: The MSSM particle spectrum.

During the diagonalization procedure one usually also switches to a notation with four
component spinors, that is more suitable when one wants to derive Feynman rules in the
end. The so obtained particle spectrum of the MSSM is summarized in Tab. 2.3.

The Higgs sector

The Higgs scalar fields in the MSSM consist of two complex SU(2)z-doublets, or eight
real, scalar degrees of freedom. When the electroweak symmetry is broken, three of them
are the would-be Nambu-Goldstone bosons G°, G*, which become the longitudinal modes
of the Z° and W* massive vector bosons. The remaining five mass eigenstates are
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e two CP-even neutral scalars h° and HY,
e one CP-odd neutral scalar A°,
e two charged scalars HT and its conjugate H~ = (H™)*.

By convention, h" is chosen to be lighter than H?. The gauge eigenstate fields can be
expressed in terms of the mass eigenstate fields in the following way

(1) = 2 () o o (i) + () (M) =mo(§2) o

with the orthogonal rotation matrices defined as

R — < cos sima)7 Ry — < sin 3 Cos/3> ‘ (2.78)

—sina  cosa —cosf sinf

The tree-level masses are then the eigenvalues

mio = 2b/sin(28) = 2|uf* +mi;, +mi, , (2.79)

1 )
mi(),Ho =3 (mio +m% F \/(mig —m%)? 4+ 4mZm?, sm2(2,8)> : (2.80)
mis =m%o +miy. (2.81)

and méo = méi = 0. The mixing angle « is determined, at tree-level, by

sin 2 m%_]() + mio tan 2a mio + mQZ T
sim2f <m2—m2 iz~ har) (pe<o) e
HO ho A0 z

The masses of A, HY and HT can in principle be arbitrarily large since they all grow
with b/sin(243). In contrast, the mass of h° is bounded above. From eq. (2.80), one finds
at tree-level

mpo < myz|cos(25)]. (2.83)

However, this tree-level expression for the Higgs mass is subject to quantum corrections
that can have relatively drastic effects [22, 23, 24]. The qualitative behaviour of these
radiative corrections can be most easily seen in the large top-squark mass limit, where
both the splitting of the two diagonal entries and the off-diagonal entries of the top-
squark squared-mass matrix are small in comparison to the geometrical mean of the stop
mass eigenvalues, M82 = my,mg,. In this case, the predicted upper bound for my, in the
limit mi > mzz, is approximately given by

2 2 2
mi < m%cos® 28 + jg:z my [log ]\nig + ]\)ZZ <1 _ X )} , (2.84)
where X; = A; — pcot 8 with A; the stop mixing parameter. The upper limit for my, is
obtained for large tan § and X; = V/6Mg. This value of X; defines the so-called mazimal
mizing scenario.

A particle very similar to the SM Higgs boson has been discovered at the LHC and its
mass has already been measured very precisely by CMS and ATLAS collaborations [25, 26].
The combined value for the mass is [27]

M), = 125.66 + 0.34 GeV , (2.85)

this result is indeed in the allowed range for the loop-corrected MSSM lightest Higgs.
On the other hand the measured mass is close to its upper limit. Therefore large loop
corrections are needed and, since these are governed by the stop mass, it turns out that
heavy stops are needed. This constitutes a problem for naturalness, since heavy stops
contribute to worsen the fine-tuning situation of the electroweak scale.
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Tree level couplings of the scalar Higgs fields An interesting feature of the MSSM is
that the the tree-level couplings of the neutral Higgs bosons are equal to the SM couplings
times a factor which can be computed in terms of the mixing angles a and [, as one can
see plugging the expansion (2.77) for the neutral Higgs scalars in the Yukawa terms. As
an example, the term containing the top quark couplings reads

me cosa g Sino

watt = ——tht HY +icot A+ ...| + h.c. 2.
Lyukawa, tt U ey S0 +icot B A" + + he., (2.86)

from which we can directly see the multiplicative factors. These tree-level factors for the
coupling of the neutral Higgs bosons with the vector bosons and fermions are collected in
Table 2.4.

_ : SM
gvy = sin(B —a) gy
_ SM
gavvy = cos(f — ) ghvv
/
ghaz = sin(B—a)—> —
2 cos Oy
sina gy
7 +r— = - 7 —
Inbo > Ihrtr cos 3 nbb, hrtr
CoOs g
B tr- = by _
9gpy » 9HT+T COSB ghbb, hrtr
_cosa gy
Irit = sin B Init
_ sina gy
Iaz = sin B 9wt
_ . SM
9app s 9Ar+r— = U5 tan 5 ghgb, hrtr—
_ : SM
Jag = —iyscotSgpy

Table 2.4: Tree-level neutral Higgs boson couplings with vector-boson (V = W# | Z) and fermion
pairs expressed in terms of the corresponding couplings of the SM Higgs boson.
Fermions are here described as four-component Dirac spinors which combine the left
and right Weyl spinors.

An interesting case is the so-called decoupling limit: when m 40 > my the lightest
Higgs scalar h” behaves in a way nearly indistinguishable from the SM Higgs boson. In
such limit the mixing angle o is & ~ (8—m/2) and h° has the same couplings to quarks and
leptons and electroweak gauge bosons as would the physical Higgs boson of the ordinary
Standard Model without supersymmetry. In the SM the tree level couplings of the Higgs
are in proportion to masses and, as a consequence, are very hierarchical. The combined
results from ATLAS and CMS show that the measured Higgs couplings are in reasonable
agreement (at about a 20% accuracy) with the sharp predictions of the SM (see Fig. 2.3),
hence reducing the parameter space of the MSSM.

Gauge bosons, leptons and quarks

The electroweak symmetry breaking of the MSSM, as outlined in Sec. 2.8, leaves the
eight gluons and the photon massless, while the W/f and Z,, gauge bosons become massive.
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Fit to Higgs couplings
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Figure 2.3: The predicted couplings of the SM Higgs compared with the ATLAS and CMS data
as combined in [27].

Their tree level masses are

mw = —— (2 +02)3 ., my (v2 +v2)2 . (2.87)

25w C 2swew

As concerns the quarks and the leptons, the situation is similar to the SM, with the masses
arising form the the Yukawa couplings in the superpotential (2.63). The only difference
is that we now have two Higgs doublets H, and H, (instead of just one) which acquire
non-vanishing VEVs and separately provide mass terms for the up quarks and for the
down quarks and the leptons respectively. One can then proceed in the diagonalization of
the Yukawa matrices Ye, Y,,, Yy in order to obtain the mass eigenstate basis. The following
simultaneous rotations of quark and squark fields define the so-called super-CKM basis [28|

ol -vile, a - viia’,
=1 —=J

Q' = VAL QY d = VhRd, (2.88)
L' = ViiL, e - vigel.

Here the unitary matrices Vi, Vur, Vbr, Vbr, Ver and Vgg are chosen so that they
satisfy the following relations

yh = (Vop) "7 Y (Vo)™ = diag(yu, ye, ve) ,
yy = (Vpp)" Yi/E (Vpr)™ = diag(ya, ys, ) , (2.89)
yl = (Vpp)" YR (VL)' M = diag(ye, yu, yr) -

Note the fact that the up and down components of the doublet (), are transformed inde-
pendently, therefore this transformation does not belong to the flavour symmetry group
Gr and the CKM matrix V = VUTLVDL will appear in a number of interaction vertexes.
In this basis the masses for leptons and quarks are

veosfB

7 Y » (2.90)

I 7 vcosfB g ; wvsinfg ;
m :0? me: \/§ ye? m’lL: \/§ y’LL?

mh =
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We see that the MSSM neutrinos are predicted to be massless. One can implement a
supersymmetric version of the see-saw mechanism of Sec. 1.5, see for example [5, 6].

Charginos

Four 2-component spinors, namely the charged higgsinos (ﬁ + and H ;) and winos
(W+ and W), combine to give two 4-component Dirac fermions X1, X2 correspondmg

to two physical charginos. In the gauge-eigenstate basis v+ = (W+, Hf, W~ H}), the
chargino mass Lagrangian reads

T
ﬁg’mss = —%Wi)T (/\20 %C) ”(/Ji + h.c. (291)

The chargino mixing matrices Z; and Z_ are defined by requiring that they diagonalize
the 2 x 2 chargino mass matrix M¢ as

(Z_)T< My ﬁmWSﬁ) Z, — <m>ﬂ 0 > , (2.92)

\/QmW65 I 0 my,

where sg = sin 3, cg = cos . The unitary matrices Z_, Z are not uniquely specified — by
changing their relative phases and the ordering of the eigenvalues it is possible to choose
M, to be positive and M,, > M,,. The fields x; are related to the initial spinors as

_ _ . | +
Hf = 7%, Hy = 2%k, W*=iZlx* where Xi:(“%>. (2.93)

K;

Neutralinos

Four 2-component spinors, namely the neutral higgsinos (ﬁg and ﬁg) and the neutral
gauginos (E , WO), combine into four Majorana fermions x9 (i = 1,2,3,4) called neutrali-
nos. The lightest neutralino mass eigenstate, x{, is the favourite candidate for being the
LSP in the MSSM spectrum. In the gauge-eigenstate basis ¢* = (E,Wo,ﬁg,ﬁg), the
neutralino mass Lagrangian is

ﬁﬁass = _é(¢O)TMN ¢O + h-C'7 (294)

The neutralino mass matrix My is diagonalized with the unitary matrix Zy as

M1 0 —CgSw Mz SgSw mz mXO 0
1
T 0 Mo cgew my  —Sgcw My g
N A —cgswm cgew m 0 — N )
BSw Mz B Cw Mz n
SgSwmy  —SgCw my — 0 0 Mg
(2.95)

Here we used sy = sinfyy, and ¢y = cosfy, Oy being the weak angle. The entries
M, and M> in the mass matrix My come directly from the MSSM soft Lagrangian
(2.67), while the entries —u are the supersymmetric higgsino mass terms coming from
the superpotential (2.63). The terms proportional to my are the result of Higgs-higgsino-
gaugino couplings with the Higgs scalars replaced by their VEVs. The fields x! are related
to the initial spinors as

WO =iZ¥s?, HY=2Z3x?, H)=Z}
0 2.96
where x? = <Zﬁ> : (2.96)

7

B = iZNKY

)
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Gluinos

The gluinos g are the only MSSM fermions in the adjoint representation of the SU(3)
colour group, therefore they cannot mix with any other particle. Their mass is directly
given by the soft parameter M3. In this regard, gluinos are unique among all of the MSSM
spartlcles.

Sleptons

The mass eigenstates for the three neutral sneutrinos are obtained by diagonalization
of the mass matrix M,
20,2 2
e“(v;—va).
Ml +m2 ZIM2Z, = diag(m2 ,mZ ,m2 J) (2.97)

v Vo)

M2 =

2 2
8siy Ciy

For the charged sleptons one needs to diagonalize the 6 x 6 mass matrix M2E, which in
the basis (¢],¢L) is defined as

ML), (Mi)
M3 = (M} FL LR ) 2 M3 7 = diag(m? ,...,m2 ), (2.98)
((M%)LR (M2) rr b ko
e2(v: —v2)(1 — 2¢2 v2Y? ~
sty iy
20,2 2 2y/2
2 e“(vg —vu) s | vaYe ~2
(ML)RR o 4CW i + 9 <+ Me, (2100)
1
2 _ *
(M), r= ~ 7 (VY 4 vgAe) (2.101)
Squarks
Turning to the squarks, we have six mass-eigenstates U; (1t = 1,...,6) for the up-

type squarks, which are obtained by diagonalizing the corresponding mass matrix in the
(ur’ ug”’) basis

M) (Mi) g
zk ( L Zh =d comE ). 2.102
(i () 2=ty
Where the 3 x 3 entries of the above mass matrix, in the super-CKM basis, read
20,2 2v/2
2 e“(vg —v )(1 - 4CW) v Yy ~ 9 T
(MU)LL == 2152 (2 1+ + (VvaT) , (2.103)
w=w
(v —v2). w2Y?
(M%J)RR = éicW 1+ 5 T e, (2.104)
1 *
(MD) 15 = == (ap™Ya + vuAu) . (2.105)

V2

The situation is similar for the down-type squarks, where six mass-eigenstates 152 (1 =
1,...,6) are obtained as

i (Mz) L (M2 )L o
ZD((Mif)fR i) ") 7o = vl ) (100
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(vt —v2)(1+2e%,) .  viY?
M2 — _ d U w 1 d~d ~2\T 2.107
( D)LL 24522, + 9 + (mg) ( )
e2(v2 —v2). vAYE
(Mb) g = =15z 1+ 5% +mg (2.108)
w
1 *
(MD) 1 = == (vup*Ya +vada) (2.109)

V2

Note that the yukawa matrices are diagonal in the super-CKM basis. The terms
proportional to the identity matrix in flavour space come from D-term quartic interactions
of the form (sfermion)?(Higgs)? after the neutral Higgs scalars get VEVs. Flavour off
diagonal terms are introduced by the mass matrices TT’%, m2, m? and by the trilinear
coupling A,, Ag. These are soft SUSY breaking terms and in the MSSM with general

flavour mixing they are completely free parameters.
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Chapter 3

Flavour Physics

The term flavour physics refers to interactions that distinguish between flavours (i.e. the
generations of fields which share the same quantum charges) [29]. Within the SM, flavour
physics is confined to the weak and Yukawa interactions and is completely governed by
the CKM matrix. In this Chapter we first review the basics of flavour physics in the
SM, highlighting the good agreement of the CKM description with the experimental data.
Then we outline how this agreement with the SM predictions constitute a problem for NP
if the energy scale of the new degrees of freedom is taken at the TeV scale. Finally we
concentrate on the flavour structure of the MSSM and its new sources of flavour violation.

3.1 Flavour physics in the Standard Model

The source of all flavour physics within the SM are the Yukawa interactions. If we
turn off the Yukawa couplings the theory acquires a large global symmetry Gg which can
be decomposed as

SU(3)q x SU(3), x SU(3)4,

3
SU(3)§ = SU(3)1, x SU(3).. (3.1)

Gu = SU(3)IxSU(3)fxU(1)°, with
This symmetry corresponds to the independent unitary rotations in flavour space of the five
fermion fields. Since the Yukawa interactions break this symmetry, such transformations
do not leave Lg) invariant. Instead, they correspond to a change of the interaction basis.
In the first chapter we saw that the mass and the interaction eigenstates are not the
same but connected by the CKM matrix V. Within the SM, all flavour and CP violating
processes are regulated by the V matrix.

A very convenient parametrization of the CKM matrix is given by the approximate
Wolfenstein parametrization [30] where the mixing parameters are (A, A, p, n) with A ~
|Vius| ~ 0.22 playing the role of a small expansion parameter and 7 representing the CP
violating phase

1—3A2 A AX3(p — in)
V= -A — 12 AN? +0(AY). (3.2)
AN (1 —p—in) —AN? 1

The precision tests designed to measure up to a very good degree of accuracy the elements
of this matrix and its unitarity are of great importance. Direct and indirect information
on the smallest matrix elements of the CKM matrix is neatly summarized in terms of
the unitarity triangle, one of six such triangles that correspond to the unitarity condition

37
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applied to two different rows or columns of the CKM matrix. Unitarity applied to the
first and third columns yields V4V, + VeaV, + VigVy; = 0. This relation can be presented
as a triangle in the complex plane as shown in Fig. 3.1, with the sides given by

) d _ . 7 ViV d _ .
AB=_voVd 5 CA=_——wvd _ 54 CB=1.
ViV p— i, VeV P

Here p = p(1 — A?/2) and 7 = n(1 — A?/2) and we included a O(\?) correction in the V4
element of Eq. (3.2). One can assume that flavour and CP violation processes are fully

A= (p,n)
! 3
C = (0,0) B =(1,0)

Figure 3.1: Representation in the complex plane of the rescaled triangle formed by the CKM
matrix elements V,qV}, ViaVy;,, and VgV,

described by the SM, and check the consistency of the various measurements with this
assumption. The sides AB and AC as well the angles a, 8 and «y of the unitarity triangle
are accessible in many flavour changing observables and using the available experimental
information on these observables allows to overconstrain the p — 77 plane.

The values of A and A are known rather accurately [31, 32] from, respectively, K — mlv
and b — cfv decays:

A =0.22457150008¢ A =0.82310032. (3.3)

Then, one can express all the relevant observables as a function of the two remaining
parameters, p and 77, and check whether there is a range in the p—7 plane that is consistent
with all measurements. The principal observables are the following [29]:

e The rates of inclusive and exclusive charmless semileptonic B decays depend on
Vi |? o p? + 1%
e The CP asymmetry in B — ¥ Kg, Spyx = sin23 = (12_77%72__’:372;

p+in

Ver+n? ;

e The rates of various B — 7w, pm, pp decays depend on the phase a =7 — 5 —7;

e The rates of various B — DK decays depend on the phase v, where e/? =

e The ratio between the mass splittings in the neutral B and B systems is sensitive
to [Via/Vis|* = N[(1 = p)* +°);

e The CP violation in K — n7 decays, €x, depends in a complicated way on p and 7.

The resulting constraints are shown in Fig. 3.2 and lead to the following values of p and 7

p=01289"0005, 7= 03481073 (3.4)
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Global fits to the data on flavour changing processes [31, 32] all lead consistently to a
single solution and there is no doubt anymore that the CKM matrix is the main source
of flavour and CP violation in the processes entering the unitarity triangle analysis. Cor-
respondingly, new physics effects to such processes can only be small corrections and are
strongly bounded by existing data.

1.5||\||||||1||||$A||||\|\|||||\| I:

excluded area has CL > 0.85 2
*
&

2

5

Y

1.0

a 0.5
05 —
0.0 MUV G WEN RS 0
-0.5 —
[ -0.5
-1.0 —
[ |memr ¥ : (el at CL > 0.95) -1
_1 5 L | I T | | | N ] 11 1 1 | L1 1 | | | I | I | S T - | . . ) . I , I/I I .

1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P

Figure 3.2: Unitarity triangle fits in the p — 7] plane from [31] and [32].

0 0.5 1

While the identification of tensions and possible inconsistencies in the Unitarity Tri-
angle provides a valuable tool to discern new physics, the main goal of the SM unitarity
triangle analysis is to give a determination of the CKM parameters as precise as possible.
The global fits seem to be consistent to a large extent and as mentioned above, the CKM
picture of flavour and CP violation in the SM appears to be a very good description of
the data.

3.2 The SM vs. the NP flavour problem

As already evident from the parametrization (3.2), the measured entries in the CKM
matrix show a strongly hierarchical pattern and range over three orders of magnitude

|Vya| =~ 0.97 |Vius| =~ 0.22 |Vip| =~ 3.6-1073
|Vea| =~ 0.22 |Ves| ~ 0.97 |Vip| ~ 4.2-1072
[Vig| ~8.8-1073  |Vig| ~4.1-1072 |V ~ 1.

Similarly, also the remaining flavour parameters in the SM, i.e. the fermion masses
are strongly hierarchical. Even leaving aside neutrinos, the SM fermion masses range over
almost six order of magnitude between the electron mass and the top quark mass. Only
the top quark mass has a “natural” value of the order of the electroweak scale, while
all the other fermion masses are very small and look unnatural. The lack of a theoretical
understanding of the huge hierarchies among the masses and mixing angles is often referred
to as the SM flavour problem.

ol
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New Physics models typically introduce additional sources of flavour and CP violation
with respect to those already contained in the CKM matrix. Employing a generic effec-
tive theory approach, the NP effects in flavour observables can be analysed in a model
independent way. Under the assumption that the NP degrees of freedom are heavier than
the SM fields, they can be integrated out and their effects can be described by higher
dimensional operators. The effective Lagrangian contains then the SM Lagrangian and an
infinite tower of operators O@ with dimension d > 4, constructed out of SM fields and
suppressed by inverse powers of an effective NP scale A

o

Ad—4

Lot = Loy + Z Ogd) . (3.5)

i, d>4

According to the naturalness criterion, the unknown couplings ¢; are expected to be ~ 1
in value, unless a protection mechanism is at work. Using this approach, the realistic
extensions of the SM are analysed in terms of the coefficients c;.

Basis for AF = 2 operators The meson-antimeson oscillations are governed in the
effective theory by AF = 2 operators O; given, in the case of K? mixing!, by

01 = (ga'}/,uPLda) & (EBVMPLdB) ) -

Oy = (5*Ppd*) ® (s° Prd’), O1 = (5*7,Prd®) @ (5°y" Prd®)

O3 = (5*PLd’) © (5° PLd®), Oy = (3*Prd®) ® (5° Prd®), (3.6)
O4 = (5*Prd®) @ (s° Prd®) O3 = (5°Prd®) ® (5° Prd®) .

05 = (5*Prd’) ® (s° Prd®)

The good agreement between the SM predictions for meson mixing and the experi-
mental data can then be translated into bounds on the combination ¢;/A? (see Tab. 3.1).
The general picture that emerges is the following;:

e If the coefficients ¢; are assumed to be generic, i.e. all of O(1), then the most stringent
bounds on the NP scale A, which come from CP violation in K° K mixing, are at
the level of 10* — 10° TeV. This scale is far above the scale of NP that one expects
from naturalness arguments.

e If on the other hand the NP scale is fixed to 1 TeV as suggested by a natural solution
of the hierarchy problem, the couplings that are responsible for CP violation in
K'-RK° mixing are constrained at the level of 1079 — 107!, Slightly less stringent
bounds arise from D° — 50, By — Bg and By — B, mixing, where the most stringent
constraints on the corresponding couplings are at the level of 1078, 10~7 and 107>
respectively.

This is the so-called NP flavour problem: NP with generic flavour structure is forced
to be far above the natural TeV scale, while NP at the TeV scale necessarily has to possess
a highly non-generic and unnatural flavour structure.

! Analogous formulae hold for the By, Bs, and D° systems, with the appropriate replacements of the
quarks involved in the transition.
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Operator Bounds on A in TeV (¢;; =1) Bounds on ¢;; (A =1 TeV)  Observables

Re Im Re Im

(5ry"dr)? 9.8 x 10? 1.6 x 10* 9.0 x 1077 3.4 x 107° Amp; ex
(5rdr)(5r.dr) 1.8 x 10* 3.2 x 10° 6.9 x 1077 2.6 x 107 Amg; ex

(éry*ur)? 1.2 x 10° 2.9 x 10° 5.6 x 1077 1.0 x 1077 Amp; |q/p|, ép
(érur)(eLur) 6.2 x 10° 1.5 x 10* 5.7 x 1078 1.1x 1078 Amp; |q/p|, ép
(by*dr)? 5.1 x 10 9.3 x 10 3.3x107° 1.0x107° Amp,; Sprs
(brdr)(brdr) 1.9 x 10° 3.6 x 10° 5.6 x 1077 1.7 x 1077 Amp,; Sypxs
(bry*sL)? 1.1 x 10? 7.6 x107° Amgp,
(br s.)(bLsr) 3.7 x 107 1.3 x107° Amp,

Table 3.1: Bounds on representative dimension-six AF = 2 operators. Bounds on A are quoted
assuming an effective coupling 1/A2, or, alternatively, the bounds on the respective
¢i;j’s assuming A =1 TeV [29].

Minimal Flavour Violation

An elegant way to avoid the NP flavour problem is provided by the Minimal Flavour
Violation (MFV) hypothesis [33]. Under this assumption, flavour violating interactions
are linked to the known structure of Yukawa couplings also beyond the SM.

In particular this assumption consists in formally recovering the global symmetry Gg
defined in Eq. (3.1) by promoting Y,,, Y; and Y. to non-dynamical fields (spurions) with
non-trivial transformation properties under Gg

Ye ~ (37 g)SU(fﬂ)? ) Yy ~ (37 37 1)SU(3)2 ) Yi ~ (37 L, g)SU(S)g : (37)

It is easy to check that the Yukawa interactions in Eq. (1.4) are now invariant under the
flavour group. An effective theory satisfies the MFV criterion if all higher-dimensional
operators, constructed from SM and the Yukawa spurions, are invariant (formally) under
the flavour group Gg. Note that using the S U(3)2 x SU(3)? symmetry, we can rotate the
background values of the spurions to the basis

}/;3 = Ye , Yu == VTyu ) Yd =Yd, (38)

where Ye, Yu, yq are diagonal matrices and V' is the CKM matrix. Another important fact
to keep in mind is that the SM Yukawa couplings for all fermions except the top are small.
We now turn again our attention to the AF = 2 operators of Eq. (3.6). According to the
MFV prescription, the Dirac structures appearing in the operators are modified, at lowest
order in the Yukawa spurions, to

MFV
e

5y, Prd 57, PL(Y Y ) d,
MFV

sy Prd  — 5, Pr(Y] Y.V Vi) d,

sPpd Y sP(Y]YLY ) d,

5 Prd M EPR(YJYqu)Qld.

(3.9)

As a result, within the MFV framework the couplings ¢; of the FCNC operators are now
suppressed by the CKM-matrix elements and a low NP scale at the level of few TeV is
still compatible with the flavour data within this minimalistic scenario [29].

Minimal flavour violation is however not a theory of flavour. While it naturally sup-
presses NP contributions to flavour violating process, it does not provide an explanation
for the hierarchical flavour structure that is already present in the SM.
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3.3 Flavour physics in the MSSM

We now turn our attention to the flavour structure of the MSSM. Since the gauge
interactions are flavour blind, the MSSM gauge sector is invariant under the global group
Gjy of flavour transformations of the whole chiral supermultiplets — and not only to fermion
fields. However this flavour symmetry is broken by two different sources. Looking at
the quark sector, Gy is broken by the Yukawa couplings Y, and Y,; that appear in the
superpotential as well as by the soft masses ﬁzé, m2, ﬁzi and the trilinear coupling A,
Ay in the soft SUSY breaking Lagrangian. All these terms can in principle be generic
3 x 3 matrices in flavour space. In Sec. 2.9 we saw that in the super-CKM basis (i.e the
quark mass eigenstate basis) the squark mass matrices still feature off diagonal terms. The
squark mass eigenstates are then obtained with the following unitary transformations of
the squarks fields

A, = (Zh)uDi, di=(Zp)uisiDi. Ul = (Zv)rUi, k= (Zu)gs3iUi. (3.10)

After this redefinitions, the unitary 6 x 6 rotation matrices Zyy and Zp appear in all vertices
involving the up and down squarks respectively, as shown in Fig. 3.3. In particular the
gluino interactions are now flavour violating, leading to potentially large flavour changing
neutral currents of quarks that are introduced at the loop level through strong interactions.

The disadvantage of this approach is that the unitary matrices Zyy and Zp are connected

x g2(Zv)riViy o<y (Zu)riVis o< yg (Zv)r:Viy x g3(Zp)1; < g3(ZD) (1+3);

PR ,:\\ ,:\\ B e /(':,

N di, U, ™ di, u, ™ d# dr, - Dy di - Dy
W H; Hy g g

Figure 3.3: Example tree level vertices in the MSSM in the squark mass eigenstate basis. Vertices
involving up and down squarks contain the Zy; and Zp rotation matrices. In particular
the gluino-squark-quark vertices are flavour violating. For simplicity only vertices with
external downs quarks are shown.

to the original flavour changing parameters in the Lagrangian in a highly non trivial way.
Therefore it is usually more convenient to work in the super-CKM basis and to treat
the off-diagonal entries in the squark mass matrices as small perturbations. This is the
so-called mass insertion approximation (MIA) [34].

Mass insertion approximation

Given the large number of unknown parameters involved in flavour changing processes,
it is particularly helpful to make use of the MIA. Working in the super-CKM basis, the
squark mass matrices are not diagonal and therefore the flavour violation is exhibited by
the non-diagonality of the sfermion propagators.

Taking the diagonal elements of the squark mass matrices to be approximately equal
to a common sfermion mass m, one writes the off-diagonal entries Agj in terms of the
so-called mass insertions (5% = Agj /m?2. With this notation the 6 x 6 up and down squark
mass matrices read

M2 = diag(m?) + m?6,,  M? = diag(m?) + m2d,, (3.11)

where the mass insertions are decomposed according to the “chirality” of the squarks as

5LL 5LR
5(] = (5%[/ 5%}2 s q=1u, d. (312)
q q
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As the squark masses are hermitian one has the following relations among the mass inser-
tions

(BEE) = (BT, (OFR) = (6T, (6 = (OFR) (3.13)
Moreover, the left-left blocks of the up and down mass insertions are related to each other
(6LLy = V(s . (3.14)

The §’s in the squark mass matrices are then treated as perturbations and flavour changing
amplitudes arise through mass insertions along squark propagators as shown in Fig. 3.4.

0 (04 1 051 (04" )1
71 7J 71 7J 71 7J 71 7J
Figure 3.4: The Mass Insertion Approximation in the down squark sector. Off-diagonal entries in
the 6 x 6 squark mass matrices are treated as perturbations and flavour change occurs
through mass insertions along squark propagators.

While the Mass Insertion Approximation is only an approximation and breaks down
for mass insertions of O(1), it gives a very intuitive picture of the impact of the sources of
flavour violation contained in the soft terms, and allows to transparently display the main
dependencies of flavour changing amplitudes on the MSSM parameters. Experimental
constraints are then given on the §’s, usually constraining one mass insertion at a time.

MSSM flavour problem

The NP flavour problem manifests itself also in the MSSM, in fact the new sources
of flavour violation, arising from the soft terms, generally lead to unacceptably large con-
tributions to FCNC and/or CP-violating observables. Imposing that the supersymmetric
contributions to flavour changing processes do not exceed the phenomenological bounds
leads to constrains of the form ¢ < 1 (see for example [5, 35]). The most restrictive bounds

come from the K0 — &' mixing, ex and the radiative muon decay p — ey [36]. The most
popular protection mechanisms to suppress such unwanted contributions are

e Decoupling. The sfermion mass scale is taken to be very high. This happens for
example in Split SUSY [37, 38], where the masses of sfermions are taken to be
extremely heavy and only charginos and neutralinos remain relatively light. While in
such a setup SUSY is not responsible anymore for the solution of the gauge hierarchy
problem, Split SUSY is for example compatible with gauge coupling unification and
the observed dark matter abundance.

e Degeneracy. The sfermion masses are degenerate to a large extent, leading to a
strong GIM suppression [39]. In such a framework the soft squark masses are to
a first approximation universal, i.e. proportional to the unit matrix. While the
rotation angles that diagonalize the squark mass matrices are generally not small,
the suppression of flavour violating amplitudes is due to the near degeneracy of the
squark mass eigenstates.

o Alignment. The quark and squark mass matrices are aligned [40], i.e. the squark
and quark mass matrices are nearly simultaneously diagonal in the super-CKM ba-
sis. This lead to the suppression of the flavour-changing gaugino-sfermion-fermion
couplings.
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e MFV. The flavour violating parameters of the MSSM are assumed to respect the
MFV hypothesis as outlined in Sec. 3.2.

Following the MFV rules, the supersymmetry-breaking squark mass terms and the
trilinear couplings can be written as [33]

i, =m? (a1 + 0]+ baYar] + Y[y v ovyivey]) . (3.5)
w2 = m? (agﬂ + b5YJYu> : M2 = m? (agﬂ + bGYij) , (3.16)
Ay =A (a4]l + bdeYdT) Yo, Ag=A (a5]l + bSYuYJ) Yy. (3.17)

where a; and b; are unknown numerical coefficients, and we omitted higher-order
terms in Y, 4 (see [41] for the most general expressions).



Chapter 4

Flavour Physics phenomenology

This Chapter is devoted to the low energy observables which enter our numerical
analysis. In the first Section we give the prescription for the determination of the Wilson
coefficients. In the last three Sections we present the results of our calculations for the
most important MSSM contributions to the Wilson coefficients of the selected AF = 2,
AF =1 and AF = 0 transitions. We give both the expressions in the mass eigenstate
basis and in the super-CKM basis with the mass insertion approximation. The details of
the calculations are reported in Appendices C and D.

4.1 Matching conditions for Wilson coefficients

Flavour Changing Neutral Currents usually involve two vastly different energy scales.
The low scale  is set by typical hadronic energy scale of O(1GeV) while the high scale
is determined by the heavy particles running in the loops. Including QCD corrections then
usually leads to large logarithms of the kind log (,u,% / ,ulz) that might spoil the perturbative
expansion in «s. The most efficient way to deal with this problem is to switch to an
effective low energy theory where the heavy particles are integrated out. The basic idea is
to set up a theory that only contains the low energy degrees of freedom of the full theory
one wants to describe. The effects of the heavy particles are accounted for by modifying
the couplings of the light particles and by introducing new interactions in the form of
additional higher dimensional local operators, which are built out of the low energy fields
and respect all relevant symmetries

Mot = > CiQi (4.1)

with “couplings” Cj, called Wilson coefficients. These higher dimensional operators make
the theory nonrenormalizable and one has in principle to include infinitely many operators
Q; and couplings C;. But still, the theory turns out to be predictive, as long as one
considers processes well below the scale of the heavy particles. The higher dimensional
operators are suppressed by inverse powers of the scale of the heavy particles py, [42].
This power counting in 1/, ensures that only a finite number of operators up to a certain
dimension has to be considered in order to achieve a given precision. For FCNC processes
it is usually sufficient to include operators up to dimension six. The Wilson coefficients
C; are determined by demanding that the effective theory has to reproduce the results of
the full theory for low energy processes. This leads to the so-called matching conditions.
Considering the amplitude of a process where some initial state |i) goes into some final
state |f), with both states only including low energy degrees of freedom, one requires that

45
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both the full and the effective theory give the same result at some matching scale pg

Al = AT = (fHenli) = 3 Ciluo) {F1Qi(mo)li) (4.2)

One has to consider as many S matrix elements (amplitudes) as needed, to gather enough
information to determine all the Wilson coefficients.

Renormalization group evolution in the effective theory

As usual in quantum field theory, we need to renormalize the local operators @Q; since
the Green functions with insertions of ); are usually divergent (see Appendix B for the ba-

sic facts about the renormalization procedure). Calling QZ(.O) the unrenormalized operators,
we can write

QY = 7,0, (4.3)

The renormalization of QEO) commonly involves other operators, so we introduced a renor-
malization matrix Z;; to account for that. Since the bare operators do not depend on
the renormalization scale pg, we can obtain the renormalization group equations for the
operators (); by taking the derivative with respect to ug of equation (4.3). We get

d d
—Qj = —5iQi , i = Za | mo—"21i ) 44
Ho diro Q] Vi Q Vi jk <NO o k > ( )

where ;; is the so-called anomalous mass dimension matrix which has the following

perturbative expansion
92 00 (n) 92 n
Sa = .. . 4'5

Then we need also to renormalize the Wilson coefficients C;. Since the final amplitude
cannot depend on the arbitrarily chosen g, the scale dependence has to cancel between
the Wilson coefficients C;(i) and the operator matrix elements (f|Q;(uo)li). It is easy
to see that this means that the RGEs for the Wilson coefficients are fully determined by
the anomalous mass dimension matrix of the operators @);

d
/iodTmCz' = Cjji - (4.6)
But as the calculations are performed in perturbation theory, the truncation of the per-
turbative series actually does introduce a dependence on g which is of the order of the
neglected terms. The question then arises of which value one should choose for the scale.

As mentioned above, QCD corrections typically lead to terms that are enhanced by
large logarithms of the kind log (,u% / u?) in the amplitude of the full theory. In the ef-
fective theory the perturbative operator matrix elements (f|Q;(f0)]¢) contain terms like
log (,u% / /ﬁ), while the Wilson coefficients contain terms with log (u% / u%). This corresponds
to a factorization of long distance (operator matrix elements) and short distance (Wilson
coefficients) contributions.

In order to avoid the large logarithms that appear in the full theory one proceeds in the
following way. One first chooses g =~ uy in the evaluation of the Wilson coefficients from
the matching conditions (4.2). This avoids large logarithms in the Wilson coefficients and
is expected to make them as reliable as possible concerning the perturbative expansion.
Then the pg dependence of the Wilson coefficients in the effective theory is governed by the
RGEs (4.6) and by solving these equations with initial conditions C;(uyp), it is possible to
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run down the Wilson coefficients to the low scale p;. At that scale also the operator matrix
elements do not contain large logarithms anymore and they can be evaluated reliably.

As the RGE (4.6) is a system of ordinary linear differential equations, the solution can
generically be written in the following way

Ci(pr) = U(ps po)ij Cj(po) - (4.7)
At leading order the evolution matrix U(u, uo) is found to be

o7

Up. o) = [ffm o (4.8)

With this evolution matrix the running of the Wilson coefficients from the high scale pp,
down to the low scale y; can be performed. As in the case of ag, a resummation of the
large logarithms log (,u%l / MIQ) is achieved through this evolution. Calculating leading order
Wilson coefficients and one loop QCD running amounts to a resummation of terms of the

i (as log Z ?) . (4.9)

n=0

following form

This is the so-called leading log approximation (LLA). For the next-to-leading log approx-
imation (NLLA), one has to calculate additional one loop QCD corrections to the Wilson
coefficients and the running has to be performed at two loop level, and so forth for higher
orders.

4.2 AF = 2 processes

The phenomenon of meson-antimeson oscillation, being a flavour changing neutral
current (FCNC) process, is very sensitive to heavy degrees of freedom propagating in the
mixing amplitude and, therefore, it represents one of the most powerful probes of NP. In
K and By, systems the comparison of observed meson mixing with the SM prediction has
achieved a good accuracy and plays a fundamental role in constraining possible extensions
of the SM. The meson-antimeson oscillations are described by the mixing amplitudes

(KO\HEE :2]F0>. The most general AF' = 2 effective Hamiltonian has the form

HEF=2 }:CQ,+§ICQ]+hc, (4.10)

=1 7j=1

with the operators @Q; given, in the case of K° mixing, by

Q1 = (3", PrLd™) @ (34" Pd’)

Q2 = (3°Prd™) ® (3 Prd®),

Qs = (5*Prd’) ® (°Prd®) (4.11)
Qs = (3°PLd*) ® (5" Prd”)

Qs = (5*Ppd’) @ (5" Prd®)

where «, [ are colour indices. The operators @172,3 are obtained from @123 by the
replacement L <+ R. In the SM only the operator ) is generated, because of the (V' — A)
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structure of the SM charged currents. On the other hand, within the MSSM, all operators
typically arise.

The mass difference AMpg between the mass eigenstates K;—Kg and the CP-violating
parameter g are given by:

AMy = 2Re(K°|HE7 =Y KO) (4.12)
1

EK =

In the following we determine the leading order results for the Wilson coefficients
in (4.10) by calculating the process ds — ds both in the MSSM and with the effective
Hamiltonian at leading order and applying the matching condition (4.2). The amplitude
at the high scale uj, in the effective theory formalism reads

5

A8 — (GsHAF=ds) = S Cilyun) (ds]Qi(un)|d5) + Z () (ds|Q () ds) -

=1 7j=1

w

(4.14)

Effective theory matrix elements

On the effective theory side we need the tree level matrix elements for the process ds —
ds. There are four possible insertions for each of the operators in the effective Hamiltonian,
and one has to take into account relative minus signs between the corresponding diagrams
(see Appendix C.1). The so obtained matrix elements read

(ds|Qulds) = 2@ Prog) (057, Pruy) — 204" Prug) (035, Proy)
(ds|Qulds) = 287" Pro§) (@57, Pruy) — 2(087" Prud) (057, Pro))

(ds|Qalds) = 2(ug PLog) (@8 Prul) — 2(ug PLug) (v] Prvy)

(ds|Qalds) = 2(ul Prog)(v? Pruly) — 2(aS Prud) (v Prvy)

(ds|Qslds) = 2(a$ PLvg) () Prug) — 2(a8 PLup) (03 Pog) (4.15)
(ds|Qs|ds) =  2(aS Pro}))(v) Prug) — 2(ad Pru) (02 Prog) |

< )

ds|Qalds) = (S PLvg) (03 Pruj) + (g Prv§) (w8 Pruj)

— (W2 PLug)(v? Proj) — (@ Prud) (v PLog)
(ds|Qs|ds) = (w2 PLvy) (02 Pru§) + (@2 Proy ) (07 PLug)

— (W Prul))(v3 Prog) — (@ Prul)) (02 Pog)

Along this perturbative matrix element, we need to know the hadronic matrix elements,
i.e. the renormalized matrix elements at the low scale which enter the physical observables
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in Egs. (4.12), (4.13). A commonly used parametrization is [43]

(KO0 K) = M S5 Ba(w). (4.10
R =~ (M) s, (4.17
R = o () M B, (4.18)
R =3 (M) B, (4.19)
(RN = g (MY o), (4.20)

where the notation QZ(M) denotes the operators renormalised at the scale y. The so-called
Bag parameter B; parametrize the deviation of the matrix elements from the vacuum
insertion approximation. Their values are reported in the Appendix C.1.

The Wilson coefficients at the low scale are

Z Z ( +c} )) n" Cs(Ms), (4.21)

where, C'(Mg) are the Wilson coefficients calculated at the high scale, i.e. the SUSY scale.
The parameter 7 is defined as n = as(Mg)/as(m;). The magic numbers a;, b; and ¢; for
the running at the low scale y = 2 GeV are given in the Appendix C.1.

Full theory calculation

We now want to determine the Wilson coefficients in the MSSM. Each of the Wilson
coefficients can be decomposed into six different contributions according to the virtual
particles that appear in the corresponding box diagrams of the full MSSM

C; = 65MC; + 61 C + 6% C; + 6% C; + 6X°9C; + 69C; . (4.22)

The right hand side of the above expression features Standard Model contributions, con-
tributions that involve charged Higgs particles, chargino contributions, neutralino contri-
butions, contributions with both neutralinos and gluinos and finally pure gluino contribu-
tions. In our analysis we will focus only on pure gluino contributions which are depicted
in Fig. 4.1.

The neutral K-meson mixing at leading order is purely given by box diagrams with
heavy particles in the loop, therefore the momenta of the external particles can be set to
zero. The evaluation of the box diagrams is then straightforward, but in the MSSM with
general flavour mixing, usually a large number of different Dirac structures appear. These
structures have to be projected onto the Dirac structures of the matrix elements (4.15)
performing Fierz rearrangements. Due to the Majorana nature of the gluinos the crossed
diagrams 4.1c and 4.1d feature clashing fermion lines. In order to calculate amplitudes
for crossed diagrams we follow the prescriptions given in [44]. Our conventions for the
charge-conjugation matrix C and charge-conjugate fields, which typically appear in the
crossed diagrams, have been reported in Appendix A.2. Feynman rules for the MSSM can
be found in [45].

The calculation of diagrams in Fig. 4.1 is done explicitly in Appendix C.2. The am-
plitudes are then summed together with the proper relative sign (the diagram 4.1a has
opposite sign with respect to the other three as explained in the Appendix) and matched
with the effective amplitude.
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Figure 4.1: Gluino contributions to K9 — e mixing

Wilson Coefficients

We get the following results for the gluino contributions to the Wilson coefficients.

4
g, 1
090 = =125 Mg Do(mis ,mip Mg, Mg)(Z0)1(ZD)1;(ZD)2i(ZD)s w23)
\ .
162 §D2(m%ym%j ,MZ L MZ)(Zp)1i(ZD)1j(Z1)2i(Z)2
~ gs 1 2 2 2 2 32
0901 = =55 g Mg Do(mism Mg, M3)(Zp)ai(Z)aj(Zp)si( ZD)s; 420
| :
6.2 gDz(m%i,m%j M3, M) (ZD)ai(Zp)aj (Z7)5i(Z])s;
g 9? 17, o 2 2 2 32 * *
0902 = — o5 1My Dolmp smis Mg, Mg)(Zp)1i(Zp)15(ZD)si(ZD)s) » (4.25)
g9 93 17, o 2 2 2 pr2 * *
09Cy = — 1o 5 1My Do(m  mis Mg, Mg)(Z)ai(Zp)4j(ZD)2i(ZDp)2) » (4.26)
gs 1 2 2 2 2 ar2
0903 =+ 5 g Mg Do(mis,mi , Mg, M3)(Zp)1i(Zp)1j(ZD)si(ZD)s; (4.27)
~ gs 1 2 2 2 2 3s2
590y = +-0 MDY Y M2 ME)(Zp)i(Z0)(Z0)2i(Zp)ay, (4.28)
7 * *
§9Cy = — 15;2§M§Do(m%i,m% ,MZ M) (Z)1i(ZD)aj(ZD)2i(ZD)s;
4
+1ng2 oD (m% m% , M3, MZ)(Zp)1i(Zp)ai{6(Z1)2i(ZD)s; + 11(Z1)2;(Z])si} »
(4.29)
gs 1 2 2 2 2 pr2
0905 = = 1575 g Mg Do(mis  m Mg, Mg)(Zp)i(Zp)aj(ZD)2i(ZD )5
gs 10

1602 §D2(m%i7 m%j, M2, M2)(Zp)1i(ZD)ai {3(Z1)2i(ZD)si — 2(Z1)2i(Zh)s5} -
(4.30)
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In the above expressions we left out explicit summation signs in the results. The summa-
tion on the indices 4,57 = 0,...,6 is understood. The loop functions Do(m%,mg,mg,mi)

and Do(m?,m3,m3, m3) are defined in the Appendix.

Exact diagonalization in a two-generation framework

The above coefficients can be expressed in terms of fewer parameter when a specific
framework is chosen. Here we give the results for a two-generation framework, that is
assuming that the underlying s — d transition cannot proceed by the double flavour
transition (s — b) x (b — d). We also neglect the small Yukawa couplings for the first two
generations and therefore the corresponding LR/RL soft terms. Under these assumptions
the mass matrix M3, is block diagonal. This implies that also the unitary diagonalization
matrix Zp is block diagonal and can be described by means of two angles 6, fg and two
phases ¢, ¢r (see Appendix C.4).

The gluino corrections to the Wilson coefficients turn out to be

4
s 1 —1 2
§9Cy = —102 §(3LcLe ¢’L> (Mngq(Mg,Mg) n 11qu(Mg,Mg)> , (4.31)
4
~ s 1 —1 2
501 = — 5% §<sRcRe qu) (Mgde(Mg,Mg) + 11Cdd(M§,M§)) , (4.32)
gs 1 ; ; 2 2 22 2 22
0= —1e555 (s LcLe—’¢L> (s RcRe_“’jR) <7M§Bqd(M§, M2) = 4C,q(M2, Mg)) ,
(4.33)
4
gs 1 —i —i
§9Cs = —W§(3Lcm ¢L> (sRcRe ¢R> (Mngd(Mg, M2) + 20C,q(M2, Mg)) ,
(4.34)
§9Cy = 69Cy = §9C3 = 69C3 = 0. (4.35)

The B(M;7 Mg) and C(Mg, Mg) functions are given in the Appendix.

Mass Insertion expansion

When the sfermion masses are almost degenerate one can obtain the usual coefficients
in the mass insertion approximation and expand them around the central value:

m%i =m2 + dmZ . (4.36)

We expand also the loop integrals depending on the sfermion masses:

of(m% ,m%,...)
D;?'"'D
f(m%zam%Ja ) ~ f(m%7m3)7 ) + (m%z - mQD) 8m2~
L A 40
+(ml~)] _mD) am% 2 + ..
D; m2D :m%

and use the definitions of the mixing matrices Zp and their unitarity to simplify expression
containing combinations of the sfermion mixing angles:

ZRIpT =89, ZRZhmy = MY, (4.38)
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Performing this expansion on the Wilson coefficients eqs. (4.23)-(4.30) we find

ag 1 ~
PO = = g A olasn) + 11foae) (85 (4.39)
§9¢y — — 05 3o 4200 olrg0) + 1L ()| (5572 (4.40)
mD 36 g9q 99 g9q d 12> .
a? 17
6902 = _mi% 18$gqf6(xg‘Z)(6d )127 (441)
~ ozz 17
5902 = _m72D 18$gqf6(xg(Z)(6d )127 (442)
9 ag 1
0903 = +—5- 2 6xgqf6(9fgq)(5d )12, (4.43)
mp
9~ ag 1
69Cs = +—5- ) 65ngf6(9fgq)(5d )2 (4.44)
D
a 1 ~
890 == 52 | Tagafo(rga) — Folaea) | (0520 ™12
b 4.45)
O[2 1 RL ( ’
f6(37gq)(5d )12(04" )12,
D
g aj 1 3 LL RR
09Cs =——3 dxgqu(:cgq) +5f6(l’gq)} (647 )12(0g " )12
ag . (4.46)
+ m; 6 6(29q) (07)12(5 )12,
D

where x4 = M, §2 / m% and the functions fg(z) and fg(z) are defined in the Appendix.

4.3 AF =1 processes

The radiative b — sy decay

We now turn to the MSSM contribution to AF = 1 processes, focusing on the mag-
netic and chromomagnetic operators. The effective Hamiltonian relevant for the b — s+
transition is

Hat ' = C1yQry + C7,Q7, + CsgQsg + Cig Qb (4.47)

where the Q7,Y, QS/g operators are, in the case of b — sv, b — sg,

e
Qsg = 1g (s TAUWPRb)Gﬁy ) Qg = T6r 2mb(s TAO'”VPLb)GﬁV (4.49)

In order to obtain the Wilson Coefficients one needs to calculate the processes both in the
MSSM and with the effective Hamiltonian and apply the matching condition to the ampli-
tudes as in (4.5). In general, the MSSM one-loop contributions to the Wilson coefficients
of the magnetic and chromomagnetic operators can be decomposed into SM contributions,
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charged Higgs contributions, chargino contributions, neutralino contributions and gluino
contributions.

+50c) (4.50)

1 ) el
+o ) 16X C ) s

N _ sSM~0)
¢ 0”7 C 7v/8g 7v/8g

X0 ~()
Tv/89 77/8 +0r Gy

v/89g

We will concentrate on the gluino contributions only.
Let us now compute the matrix elements of these operators. Taking advantage of the
antisymmetry of ¢ we can write

Fuo™ = (0,4, — 0,A4,)0™ = —2(3,A,)" (4.51)

and similarly for GI‘:‘VJ“” . This translates to —Qik:ygu(k)a“” when taking the Fourier
transform. After performing the contractions with external fields, we get

€ *— . v

(81QDIb) = — o —5mb 26T i b Py ws(p) (4.52)
gS * — - v «

<’}/S|Qé2|b> T my QG“A (uf Tgaw“ Pp1) ub>kzl, . (4.53)

Where k, = (p—p'),, for the energy-momentum conservation, p being the four-momentum
of the incoming particle and p’ that of the outgoing massive particle.

In the MSSM there are three gluino mediated diagrams contributing at one loop or-
der at the process b — svy, which have been depicted in Fig. 4.2. The first one is the
correction to the vertex, while the other two are loop corrections to the external legs and
are reducible diagrams. The “external leg correction” diagrams do not contribute to the
Wilson coefficients. All the three diagrams are divergent but the sum is finite as a conse-
quence of the Ward-Takahashi identity. We show explicitly this cancellation in Appendix.
In the case of b — sg there are four one loop gluino contributions, which are depicted in
Fig. 4.3). Only the first two give a contribution to the chromomagnetic operators.

Figure 4.3: Gluino contributions to the chromomagnetic penguins
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The Wilson coefficients 09 077(’) and 09 087(’) are obtainded comparing the amplitudes
calculated in Appendix D.1 with the matrix elements of the effective operators Q(7,7) and
Q) in Eqs. (4.52), (4.53). We get

2 m

91Cr, = L (Zhas o) + 22 ) Zole ) 1) — 2 Zp i Zousf 60 |
g
2

6907, = ;?\32{((2]3)51‘(213)61‘ = —(Z})21(Zp)3 )f (&) — Mb (ZD)En(ZD)szf (fz)}7
g

4 2 ms * Mg *
§9Csy = 3]\9/;2 { <(ZB)21'(ZD)3Z' + W(ZD)M(ZD)&') félg] (&) — HZ(ZD)%(ZD)GJQ (fi)} ;
g

442 . Mz, .
0ty = 39 (@)l + 222121 ) 10(6) ~ S Z)u N6}
g

We used & = m%i/Mg and the loop functions f&} &), f[2] &), féy &), fsg] (&) are defined
in the Appendix.

The radiative u — ey decay

Within SUSY models, LFV effects relevant to charged leptons originate from any
misalignment between fermion and sfermion mass eigenstates. Once non-vanishing LEV
entries in the slepton mass matrices are present, LFV rare decays like ¢; — £;v are
naturally induced by one-loop diagrams with the exchange of gauginos and sleptons.

The decay ¢; — £;7 is described by the dipole operator and the corresponding ampli-
tude reads

T = emy, e ;(p — q)|iq”or, (AL PL + ARPr)]ui(p) (4.54)
where p and ¢ are momenta of the leptons ¢;, and of the photon respectively and Ay, r are
the two possible amplitudes entering the process. The lepton mass factor my, is associated
to the chirality flip present in this transition. The decay rate for ¢; — £; is

D(l; — L) = ——m3 (JA7]? +AG). (4.55)

.
16m
Using the the well known tree level formula for the SM decay width I'(¢; — {;vv5) =
G%mz/1927r3 we can write the branching ratio of ¢; — £;v as

BR(& — Kjv) . 4871’3(1
BR(& — Ejl/zl/_j) B G%

(AT >+ |AZP). (4.56)

Within the MSSM, contributions to the 4 — e~y process arise at one loop from diagrams
involving neutralino and charginos in Fig. 4.4. The first three diagrams are the neutralino-
slepton vertex correction and the neutralino-slepton external legs corrections. The last
three diagrams are the chargino-sneutrino vertex correction and external legs corrections.
Each of the coefficients Ar, g can be decomposed into two contributions

App = APy 4 AL,
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Figure 4.4: Neutralino-slepton and chargino-sneutrino one loop contributions to u — ey process.

where A(an% and A%)R stand for the contributions from the neutralino loops and from the
chargino loops, respectively. We calculate them in Appendix D.3. The results are

Ail(n) _ _47172m1%2 [TZLM; NU’NQW*f (i) + NIJzNQJZ*f7 (ng)] 7 (4.57)
AR = [7:; NYINE® B o) + NN W] 58

and
AL = 1617r 13 [n'r:i CLICH™ fy(nis) — ACE CF™ 11 (s )] ’ (459
Ag(c) _ 1617r 12 [”T:Lz CLC2 fy (i) — 4CKC 2Jz*f7 (nis) ] (4.60)

where (j; = mig /m%z, niJg = mil /m%J and the loop functions as well as the coefficients

Néj;, Ci,J}é are defined in the appendices.

Besides ¢; — £, there are also other promising LF'V channels, such as ¢; — £;{1.0},
and p-e conversion in nuclei. However, within SUSY models, these processes are typically
dominated by the dipole transition ¢; — ¢;4* leading to the prediction,

BR(li = Lilyly) o | mi .\ BR(L = ()
BR(& — gjl/_]llz) T 3 m? BR(& — ng_Jl/z) ’
CR(p—einN) =~ aey x BR(up— e7), (4.61)

where CR stands for the conversion rate of u — e in Nuclei.
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Mass insertion expansion

In the mass insertion approximation and keeping only the tan 8 enhanced terms we
find that

2
ijn) _ a2 (mip)i;  pMatg B
AL G g T [ (e enln)

ay (miy)y  pMtg
i mi GP =P

(_on(le) + f2n($,uL))

2 *
ay My (mig)y [ 1 1
T A o2 — 2 |2 - 4.62
An m, m% — m% m% fSn(le) m% f3n(-731R) ( )

2 2 * 2
av My (m45,m% 5)% m 1 1 2
e (QLL LQR)WQ { R <2f3n($1L)—2f3n(961R)> +2f2n($1L)]
dm my, (m7 —mp)my |[my —mp \m7, mp mry,

2 .2 2 \x
ay My (m7,m7 gmyR)j;
2 _ 232,22
2m my, (mg, — mg)*mymy,

2,2 2 2
mim 1 1 m m
[2 LR <2 fan(z1L) — —5 f3n(371R)> + — fon(211) + —£ f2n($1R):| ,
mi —mp \mi, mp mi mph

2
ij(c) _ Q2 (mLL)ij ,LLMQtﬁ B
A= A mi M| - ,Mp(fzc(:”?/l) fac(xpur)) (4.63)

2
ij(n) _ QY (mRR)ij ,Ulet/B B
Ar = 27 m% |M |2 — |,u|2(f2"(xm) Jon(zur))

ay M, (m%R)ij 1 1
A my, m% — m% m% fSn(le) m% f3n($1R)

ay My (m2.m2 )i m2 1 1 2
- ( 2LR I;R)WQ [ - R 5 | =5 fan(r1L) — —5 f3n(T1R) | + —5 fon(z1R)
™y, (my, — mp)my [ my, —mp \my, "R R
ay My (mi,m] pmyp)is
2m my, (m3, — m)*mimy,

2,2 2 2
msm 1 1 m m
[2 Lt <2 fan(z1L) — —5 fsn(éle)) + =L fon(21L) + —£ f2n(£€1R)] :
my7 —mp \my mp my mp

X

(4.64)

Here (m3 )i = my,(Ai — p*tg), zia = |MZ|/m?%, zpa = |p?/m% with i = 1,2 and
A = L, R. The explicit expressions for the loop functions are given in Appendix E.

4.4 AF = 0 processes

The SM predictions for electric dipole moments are very far from the present exper-
imental sensitivity. Any experimental observation of EDMs would therefore represent a
very clean signal of the presence of NP effects. Given that the EDMs are CP-violating but
flavour conserving observables, they do not require in principle any source of flavour vio-
lation, hence, we refer to them as AF = 0 processes. The electron EDMs can be obtained
starting from the effective CP-odd Lagrangian

de - o
Lo = = Pe(F0)yse + ) Cij ($ithi) (Wginsthy) + - (4.65)

i)j
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where the coefficients Cj; are relative to the dimension-six CP-odd four-Fermi interaction
operators. The main obstacles to fully exploit the NP sensitivity of the EDMs is that ex-
perimentally, one measures the EDMs of composite systems, as heavy atoms, molecules or
the neutron EDM, while the theoretical predictions are relative to the EDMs of constituent
particles. Therefore a matching between quarks and leptons EDMs into physical EDMs is
necessary and this induces unavoidable uncertainties. The electron EDM is related to the
thallium EDM (dt;) as [46]

dy) = —585d, — €43 GeV CY | (4.66)

where (JS)) is given by a combination of the coefficients Cj;.
The electron EDMs receive contributions by the only neutralino and chargino sec-
tors [47]. They read

1 mX?‘ 154 arlgix| [2]
{dho =15 Im NN G, (4.67)
1 m,, , .
{de}ye = — - T [CECL™] famig) s (4.68)
X 1672 m2

where (j; = mio /m% , Mig = miz /m%J The summation over the indices, each upon its
j 1

relative range, is understood.

Mass insertion approximation

In the mass insertion approximation and keeping only the tan 8 enhanced terms we
find that

i _ agmy, Im(pMy)
e 8mmi|Maf? — |uf?
ay mu; Im(pMy)
Am m [Myf? — |l
_aymy, Im(ubh)
8 m3 | M [? — |ul?

t/B [f3n(x2L) - f3n(qu)]

tﬁ [f3n($1R) - fSn(fL',uR)]

tg [fan(21r) — fan(zpL)]

ay Im(Mlm%R)ii 1 1
I om—md |m2 fan(z1L) m%f?m(xm)
oy Im(Mymj pm3 gmp)i "
27 (m? —m%)?
n%%fsn(évm) — 2 fan(x1r) 1
R + — fon(z1L) + — fon(21R) | (4.69)
my —mp my, mp
= —— gty | fo (xar) — fo (@) (4.70)
e 87Tm2L‘M2’2_’/’L’2 5[c c Iz ]

where (m?2 )i = my,(Ai — p*tg), mia = |[MZ|/m?, zpa = |pu|*/m? with i = 1,2 and
A = L, R. The explicit expressions for the loop functions are given in Appendix E.
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Chapter 5

Flavour Physics vs. the Higgs
boson mass in SUSY

The first phase of the LHC experiments with the proton-proton runs at 7 and 8 TeV
was concluded in December 2012. The accelerator is now shut down till 2015 to allow the
energy increase up to 13 and 14 TeV. The main result so far was the discovery of a new
particle of mass M}, ~ 125GeV by the ATLAS [25] and CMS [26] LHC collaborations.
This new particle appears just as the SM Higgs boson in all its properties.

In Sec. 2.9 we saw that within the MSSM the mass of the lightest Higgs boson is
bounded from above. In the limit with large top-squark masses this bound reads

3G Mg X} X7
mi < m?% cos® 28 + \/5752 m} {log m—g + ﬁg (1 — 12]\22” , (5.1)
t S S

where Mg is the geometrical mean of the stop mass eigenvalues and X; = A; — pcot 3,
with A; being the stop mixing parameter. In order to reproduce the observed value for the
Higgs mass, there must be a large Mg and/or a large X;. In the latter case, the correction
to the Higgs mass is maximized for X; ~ v/6Ms.

In the following, we concentrate on two different and quite opposite scenarios which
are compatible with the Higgs observation.

e Split SUSY: If supersymmetry is not connected with the origin of the electroweak
scale, it may still be possible that some remnant of the superparticle spectrum
survives down to the TeV-scale or below. This is the idea of Split SUSY [37, 38] in
which the only light superpartners are those needed for Dark Matter and coupling
unification, i.e. light gluinos, charginos and neutralinos (also A-terms are small) while
all scalars are heavy. In Split SUSY, there is almost no-mixing in the stop sector and
therefore the measured Higgs mass imposes an upper limit to the large scale of heavy
spartners at 10—10% TeV, depending on tan 3. In this case one clearly loses the ability
to address the hierarchy problem within the MSSM. A major advantage of Split
SUSY is the solution of the SUSY flavour and CP problems. Indeed, even for O(1)
flavour violating mass-insertions and CP phases, the stringent low-energy constraints
can be kept under control thanks to the high scale for the scalars. However, since
the Higgs mass sets an upper bound to this scale, it is interesting to analyze the
interplay of flavour observables and the Higgs mass to probe the SUSY parameter
space. Instead of taking a completely anarchic soft-sector, we consider a U(1) flavour
model accounting for the SM Yukawas and simultaneously predicting the flavour
structure of the soft-sector. Then, we study the low-energy implications for flavour

29
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observables monitoring the pattern of flavour violation predicted by the model in
question.

e Large A-terms: The second scenario we consider is characterized by a large mixing
in the stop sector induced by large A-terms while the SUSY scale is kept at the TeV
scale. In this case, the mass of the lightest MSSM Higgs meets the experimental
value thanks to the second term in the square brackets of Eq. (5.1). In contrast
to the Split SUSY case, naturalness is not completely spoiled now as the required
fine tuning to reproduce the EW scale is around 1072 — 1073. On the other hand,
the flavour and CP problems constitute a serious challenge of this setup requiring
a highly non trivial flavour structure of the soft sector. As a concrete and well-
motivated setup, we will consider the Partial Compositeness (PC) paradigm which
is able to address the SM flavour problem providing, at the same time, the desired
suppression for the flavour violating Mls. Similarly to the Split SUSY case, we will
study the low-energy signals predicted by the PC scenario unveiling the peculiar
pattern of flavour violation.

In the following, we study the flavour structure of the soft terms implied by U(1)
flavour models and by the PC paradigm. In these models, the SUSY mediation scale Ag
is assumed to be above the scale of flavour messengers Ap, so that the flavour structure
of soft terms at the scale Ap is controlled entirely by the flavour dynamics at this scale,
irrespectively of their structure at the scale Ag.

5.1 U(1) flavour Models

In the simplest realization of these models the flavour symmetry is spontaneously bro-
ken by the vev of a single “flavon” field with negative unit charge. Yukawa couplings
then arise from higher-dimensional operators that involve suitable powers of the flavon
to make the operator invariant under the U(1) symmetry, with some undetermined co-
efficients that are assumed to be O(1). The suppression scale is the typical scale of the
flavour sector that could correspond to the mass scale of Froggatt-Nielsen messengers in
explicit UV completions. The Yukawas then depend only on powers of the ratio € of flavon
vev and flavour scale, which typically is taken to be of the order of the Cabibbo angle
€ ~ 0.2. If we restrict our attention to models where only the matter fields are charged,
ie. H, = H; =0, Yukawas are of the (hierarchical) form

(yv)ij ~ €95, (yp)ij ~ €9itPi, (5.2)

where € is a small order parameter and Q;, U;, D; denote the positive U(1) charges of the
respective superfields. Using Q3 = Us = 0 as suggested by the large top Yukawa, all
other charges can be expressed in terms of diagonal Yukawa couplings and CKM matrix
elements, giving

Q U, yU D ?JD

€% ~ V3, €~ T €t~ 2, 5.3
’ Vis Vis (5:3)

The structure of the soft masses as determined by U(1) invariance is given by

2 ~ e‘Ui_Uﬂ’

mQQ ~ €l Qi=Qsl m % ~ elPi=Dil, (5.4)

Ay ~ €QitUs, Ap ~ QitDi (5.5)
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so that one obtains for the “mass insertions” (MIs)

Vis d Vis

0rL)ij ~ o li<s OrL)ij ~ 7 li<y 5.6

(LL)] Vj3|§3 (LL)J VjS‘SJ ( )
U D

u Y; ‘/}3 d Y; Vj3

o z"'\‘iz i<7js 1) i'Niz <7, 5.7

( RR) J yJUst‘ <J ( RR) J yJDVz3| <7 ( )
mUVA v mPA v

S i~ — ]~ 'L37 5d i~ — ]~ 13’ 5.8

( LR)] QOU ‘/}3 ( LR)] QOD ‘/j?) ( )

where in LL. and RR the ¢ > j entries are obtained by hermitian conjugation, and in LR
we introduced a complex conjugation to indicate that the diagonal entries are in general
complex.

The major problem with the above flavour structures is to satisfy the constraint from
ex ~ (09,)12(6% )12 ~ M4/ ms, which typically requires a SUSY scale of O (100) TeV. To
less extent, also € /e ~ (67 3)12(21) (Where € /e accounts for direct CP violation in kaon
systems) and the neutron EDM (which is dominantly generated by the down-quark EDM)
provide strong bounds on U (1) flavour models. Moreover, the flavour U(1) symmetry does
not prevent the existence of flavour-blind CPV phases for the gaugino masses, trilinear
terms and the p-term. Therefore, the SUSY CP problem has to be addressed by some
other protection mechanisms in order to make this scenario viable.

Similarly to the quark sector, for the lepton Yukawa couplings we have

(yp)ij ~ €Xt, (5.9)

where L; and F; stand for the U(1) charges of the left-handed and right-handed leptons,
respectively. The neutrino sector depends on the origin of neutrino masses. If neutrinos
are Dirac, then the Yukawa coupling takes the same form as the charged lepton Yukawa
above with E; — N;. In this case, the left-handed rotations Vg,V for the charged
lepton and neutrino sectors, respectively, and therefore the PMNS matrix U, have the
same parametric structure

U)ij ~ (Ver)ij ~ (V)i ~ eFitil. (5.10)

Large neutrino mixing angles can therefore be reproduced by taking small left-handed
charge differences L; — L;. Instead small neutrino masses can be accommodated by taking
sufficiently large charges N; of right-handed neutrinos. A more plausible explanation of
light neutrinos can be achieved if they originate from the Weinberg operator

(Yu)ij
AW = A LL;LiH,H,, (5.11)

with a flavour structure determined by the U(1) symmetry

(yu)ij ~ ", (5.12)

In this way the smallness of neutrino masses can be elegantly explained by assuming a large
UV scale v, /A < 1, but the prediction for the parametric structure of the left-handed
neutrino rotations and therefore for the PMNS matrix does not change, and we still get
the result of Eq. (5.10), see e.g. [48]. One possibility for an explicit UV completion is the
type-I seesaw mechanism. In this scenario, one adds three heavy right-handed neutrinos
and Dirac Yukawa couplings

1
AW = (yy)ij LiN; Hy + §(MN)ijNiNj, (5.13)
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with their flavour structure given by
(g )i ~ €"tN7 (My)ij ~ MyeViti, (5.14)

Integrating out the right-handed neutrinos generates the Weinberg operator with a coef-
ficient given by

(w)iy _ 1 _
TU = —§(yuMleZ)ij~ (5.15)
Note that in the simple U(1) models that we will consider here, the parametric flavour

structure of the coefficient of the Weinberg operator is the same as in the effective theory
(yu)ij ~ ", (5.16)

and therefore we recover the same estimate for the PMNS matrix as in Eq. (5.10).
Various U(1) models have been discussed in the literature, see e.g. [49, 50, 51, 52].
There is some ambiguity in the choice of charge assignments, since € is typically not a
very small parameter (one has € ~ 0.2 + 0.5) so that the unknown O(1) parameters can
account for one or two units of charge differences. Here we choose to consider just two
representative models that have been presented in Ref. [52] and more carefully analyzed
in Ref. [53]. The first one, “Anarchy” which we denote by U(1)4, features degenerate
charges of left-handed lepton doublets, so that all mixing angles are predicted to be O(1).
The second one, “Hierarchy” denoted by U(1)y, has non-degenerate charges in order to
account for the relative smallness of 613 and Am?2, /Am?, . Other models that have
been considered in Ref. [51, 52] fall in between these two models for what regards their
phenomenological consequences. The charge assignments of the two models are given by

e Anarchy

Ei = (3,2,0), Li = (L3,L3,L3), Ni = (0,0,0), €A R 0.2. (517)

e Hierarchy

FE;, = (5,3,0), L, = (2 + L3, 1+ Lg,Lg)7 N; = (2, 1,0), eg ~0.3. (518)

For simplicity the expansion parameters are taken here as the central values of the accurate
fit in Ref. [53], although there is of course some range due to the unknown order one
coefficients. Note the dependence on an overall charge shift Lg that essentially corresponds
to tan 5.

The expectation for the slepton mass insertions at the flavour scale is given by

. Avg ey
(0LR)ij ~ ehithi, (5.19)

(051 )ij ~ elbi~tal| (0%r)i ~ P Hil. (5.20)

As we will see, the electron EDM and u — ey provide the most stringent constraints in
the leptonic sector. However, the bounds from the quark sector, especially from eg, are
much stronger than those from the lepton sector.
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5.2 Partial Compositeness

Partial Compositeness (PC) is a seesaw-like mechanism that explains the hierarchy
among the SM fermion masses by mixing with heavy resonances of a strongly coupled
sector. Originally proposed within Technicolor models [54], it has been subsequently
applied to extra-dimensional RS models [55, 56] and also in the context of SUSY [57, 58].

The basic assumption is that at the UV cutoff the SM fermions couple linearly to
operators of the strong sector that is characterized by the mass scale m, and the coupling
1 < g, < 4m. According to the paradigm of Partial Compositeness, in the effective theory
below the scale m, of the heavy resonances, every light quark (q,u,d); is accompanied
by a spurion eg’“’d < 1 that measures its amount of compositeness. The quark Yukawa
matrices then take the form

(yu)ij ~ gpeies, (Yp)ij ~ goelel, (5.21)

which closely resembles the case of a single U(1) flavour model, see Eq. (5.2), with the

correspondence
eg’u’d s (QiUiDi (5.22)

A slight difference arises from the presence of the coupling g, that can be large in this
case. This implies that one can consider also €, €4 < 1 or equivalently Q3,Us # 0, since
the top Yukawa can arise from strong coupling. One has therefore two more parameters
that we choose as €3 and €}.

Apart from this issue, there is no difference between a single U(1) and PC for what
regards Yukawa couplings, or in general all superpotential terms. The main difference is in
the non-holomorphic soft terms, which at the scale m, are expected to be of the form [58]

my ~ 1+ elel, (5.23)
g ~ 1+ el'el, mp ~ 1+ eled, (5.24)
Ay ~ gpelet Ap ~ gpegeg. (5.25)

Therefore we find the following MIs

(0% 1)ij ~ (€5)°Vi3Vis, (8% 1)ij ~ (e4)Vai Vi, (5.26)

vy (ev)? yPyP (en)?

S%Rr)ij ~ 0% p)ij ~ 5.27
( RR)U ‘/;?}Vj?) yt2 ) ( RR)U ‘/’31‘/3? yt2 ’ ( )
U D
mi;A V* mzA Vs
u N, a7 Vg 64 i~ — S 5.28
( LR)U QOU ‘/"7‘37 ( LR)U QOD V3>; ( )
Passing to the lepton sector, the Yukawa matrices have the form

(YB)ij ~ gpeics, (5.29)

where ef’e < 1 measures the amount of compositeness for the leptons. Again, we resemble
the case of a single U(1) flavour model, with the correspondence

€y LB (5.30)
As a result, the MIs are expected to take the following form [58]

(05 1)ij ~ esel ~ eliths, (0%R)ij ~ €ces ~ eFithi, (5.31)
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MFV PC U(1)
Gfo)a || VaVisup | VaVis(ed)? | Vil
(07.1)i3 Vai Vs VaiVsi(e)? | B2lig

U, U o | wlyf 2 | yWVis
(% .. *1/. K] U . ' J .
(6rr)ij || ¥ y; VisVisy, Vivis (€3) i

yPyP Dy,
Okr)is || vPyPVaiVy | vy (€3)® | It licy

Vai Vs, YDV 1S

(TR U/*\/..0,2 UV UV

(07 Rr)ij y; VizVisyy Y5 Vs Y5 vis
d .. D/, 1/ * D Va; D Vi
(0LR)ij y; VaiVs; Yi vy, Y5 vis

Table 5.1: Parametric suppression for mass insertions in various scenarios. The entries in the
U(1) column with ¢ > j are obtained from hermiticity. We neglect powers of y;.

'UdAgp

e €A
meA my
it BBy 07 Li—L

elet ~ 12 ) (5.32)
mrmeg mimeg

(52R)ij ~ i%j

mrmeg
In PC, the leading contributions to BR(u — e) typically arise from (07 z)12. Note that
in PC the left-handed “charges” L; are determined from the PMNS matrix analogously
to U(1) models only in the case of light Dirac Neutrinos. If instead light neutrinos are
Majorana, then the Weinberg operator can arise from a bilinear coupling to the composite
sector (instead of linear couplings that resemble the U(1) structure). In this case only
the combination L; + Ej; is determined by charged lepton Yukawa couplings, and the
constraints from LFV can be significantly relaxed by choosing symmetric charges [58]

€
eli vl o[22 (5.33)
9p
This implies
m _ Me
— (O phz ~ T~ [ (5.34)
my my,

On the other hand, the predictions for the electron EDM are completely independent of
any charge assignments since in PC the diagonal elements of the A-terms are generally
complex and therefore the eEDM now provides the strongest constraint on the PC scenario.

5.3 Comparison of U(1) and PC scenarios

We now compare the flavour structure of the soft sector in the U(1) and PC scenarios.
In Table 5.1, we summarize the parametric flavour suppression for the quark MIs reporting,
as a reference, also the predictions of MEFV. As can be seen from this table, the MFV
scenario always yields the strongest suppressions and U(1) the weakest. A closer look at
the LL/RR and LR MIs of Table 5.1 leads to the following general conclusions:

LL/RR mizing: The U(1) model has a much milder suppression compared to the PC
case. In particular, assuming the approximate relation y;/y; ~ (Vis/Vj3)?, it turns
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MFV PC | U(1) | EXP. | OBS.

(003 || yaysA0 | e || 71078 x
P S
(0% || yuyeryy | B= | e | 11077 | a/pl, ép

(0% ez || ZeguN®y2 | med) | mequ) | 2x107% | Aacp
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Table 5.2: Predictions for the relevant mass insertions in the scenarios of Table 5.1. Here (§9)%, =
(09 )12(6%R)12, A = 0.2 and we neglect powers of y;. We denote ay = A — p*/tan 8
and ap = A — p*tan 3, where the parameter A is defined by (Ay)ss = Ay in all
scenarios. The experimental bounds (EXP.) refer to the imaginary components of the
MIs for m = 1 TeV and are obtained imposing the experimental constraints on the
most relevant processes listed in the last column (OBS.).

out that ((5AA)U~ ~ Vis/Vjs (for i < j and AA = LL,RR) in the U(1) case, while
(6% A)” ~ Vi3V;3 in the PC case. This higher suppression is reminiscent of what
happens in the case of wave function renormalization [59, 60] where the LL and RR
MIs depend on the sum of charges instead of their difference in contrast to U(1)
models. In the PC case, we have a further suppression of order (e1)? for 6%217 RR
which is maximized for maximal strong couplings g, ~ 47 as the top mass relation
implies that gpeley =1 with e} < 1.

LR mixing: PC has the same suppression as U(1) in both the up and down sectors. This
results from the proportionality in both scenarios of the A-terms with the corre-
sponding SM Yukawas.

We now analyze the phenomenological implications of the flavour structure of sfermion
masses in low-energy processes. In particular, we will distinguish among AF =2, AF =1,
and AF = 0 processes, where in the latter case we refer to flavour conserving transitions
like the EDMs that are still sensitive to flavour effects. Concerning AF = 2,1 transitions,
we will focus only on processes with an underlying s — d or ¢ — wu transition as they put
the most stringent bounds to the model in question. The predictions for the most relevant
combinations of MIs are summarized in Table 5.2.

AF =2 processes: the relevant processes here are K% — K% and D° — D° mixings. As
it is well known, these processes are mostly sensitive to the combinations of MIs
(5%L)12(5 r)12 and (07;)12(8% k)12, respectively. In the U(1) case, it turns out
that (6¢,)12(6%5)12 ~ ma/ms ~ 0.05, which implies a very heavy SUSY spectrum
given the model-independent bound from e that requires Im[(6%;)12(6%R)12]) <
1077 (/1 TeV). The D° — D° bounds are automatically satisfied after impos-
ing that from egx. The situation greatly improves in the PC case where we have

(69 )12(6% )12 ~ ";g;’;s tan? B ~ 5 x 107 ta;jﬁ. For moderate/small values of tan
b b
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Table 5.3: Predictions for the leptonic mass insertions in SUSY models with an underlying U(1)
flavour model and PC. The experimental bounds (EXP.) refer to 7 = 1 TeV and are
obtained imposing the experimental constraints on the most relevant processes listed
in the last column (OBS.).

and considering O(1) unknowns, the PC scenario is viable for TeV scale soft masses.
Yet, in PC it is easy to generate sizable NP effects for ex (but not for By s mixing)
which can improve the UT fit [61].

AF =1 processes: The most constraining process of this sector is €'/e, which provides
the model-independent bound Im (69 ;)12 < 4 x 107°(1m/1 TeV). Such an upper
bound can be saturated in PC and U(1) models where (64 )12 ~ (A/m) x (msA/m).
Imposing the vacuum stability condition A/m < 3, it turns out that (5%1%)12 <
4 x 1075(1 TeV /m).

AF =0 processes: Hadronic EDMs constrain the MIs (6%;)11. Imposing the experimental
bound on the neutron EDM [62], we find that Im(6¢ )11 < 2 x 107%(7/1 TeV) and
Im(6¥p)11 S 4% 1075(m/1 TeV). In U(1) and PC models, assuming A/m ~ 1 and
the PDG values for m, 4 [63], it turns out that (6¢5)1; ~ 3 x 107%(1 TeV/m) and
(6%5)11 ~ 1 x 107%(1 TeV/m), which are somewhat in tension with the hadronic
EDM bounds especially in the down sector.

In Tab. 5.3, we summarize the predictions for the leptonic MIs most relevant for
phenomenology in various models: U(1)4 (first column), U(1)g (second column), and PC
(last column). Similarly to the quark sector, comparing the flavour structure of the soft
sector of U(1) and PC scenarios, the most prominent feature is the higher suppression
for off-diagonal sfermion masses in the LL and RR sectors in the PC case. Again, the
LR sector has the same parametric structure, since in both scenarios the A-terms are
proportional to the SM Yukawas.

5.4 Numerical analysis

We are ready now to analyze the predictions of the SUSY scenarios presented in the
previous sections. Concerning the flavour observables, we focus only on transitions involv-
ing light generations, i.e. s — d and p — e transitions, as they turn out to be the most
sensitive ones to the considered scenarios. Moreover, we take into account also the electron
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EDM constraint but not the neutron EDM one as the latter is much less constraining than
the former.

In the plots of Fig. 5.1, we show the regions in the tan 8 — m plane allowed by the
Higgs mass measurement and by the flavour observables. The upper plot refers to the
Split SUSY scenario supplemented by a U(1) flavour model, taking for the SUSY masses
the values My = My = u = A =500 GeV and M, = 3 TeV. The lower plot stands for the
large A-terms scenario with an underlying PC paradigm. Here we choose a degenerate
spectrum m = My = My = My, = = A.

Among the most prominent differences emerging from a comparison of the two plots are
the different ranges for m selected by the Higgs mass measurement mj, = (125.5+2) GeV.
In particular, since in the Split SUSY case there is no mixing in the stop sector, much
larger values for m are required compared to the case of large A-terms where we assume
A/m = 1.

Moreover, the tan 8 dependence of the Higgs mass is mainly driven by its tree level
contribution, accounted for by the first term of Eq. (5.1), which is maximized for tan 5 —
0o. In practice, my, is rather insensitive to tan 8 2 10 values, as correctly reproduced by
fig. 5.1.

We pass now to the results relative to flavour observables. In the U(1) case ef, describ-
ing CP violating effects in K° — K mixing, turns out to be the most constraining observ-
able. Indeed, the leading effect for € arises from the MI combination ex ~ (6¢;)12(0%5)12
which, in the U(1) case, is of order (6¢;)12(6%5)12 ~ ma/ms ~ 0.05. This implies a
very heavy SUSY spectrum given the model-independent bound Im[(6¢;)12(6%p)12] <
1077 (m/1TeV).

By contrast, in the PC case, we have (6¢;)12(6%5)12 ~ mjms tan? 8 ~ 5 x 10~ 9“1225

from which we trace back the dependence on g, and tan 3 shown in the lower plot of
fig. 5.1. In particular, for moderate/small values of tan 5 and g, > 1, the PC scenario is
viable for TeV scale soft masses.

Concerning LFV processes, we remind first their model-independent correlation BR(u —
eee) ~ aeyBR(1w — ey) and CR(u+ N — e+ N) ~ aemBR( — ). In the upper plot of
fig. 5.1, we consider the model U(1)g. In this case, the dominant effects to LFV transitions
arise from the tan -enhanced amplitudes induced by the MI (d17)12 ~ €g ~ 0.3. On the
other hand, in the PC case, the leading contributions come from the tan S-independent
amplitude proportional to the MI (0rr)12 ~ (6rL)12 ~ \/Me/m,. The above considera-
tions explain the tan S-dependence and relative size for LF'V signals shown by fig. 5.1.

Finally, we comment on the electron EDM. In the U(1)y case, the leading effects arise
from tan S-enhanced amplitudes induced by SU(2) interactions and they are proportional
to the CP violating phase arg(Msp). In contrast, in the PC setup, the A-terms are
assumed to be the only sources of CP violation and the corresponding amplitudes leading
to the electron EDM are induced only by U(1) interactions and turn out to be tan (-
independent.
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Figure 5.1: Predictions for the Higgs mass mj and various flavour observables in the tan g —
m plane. Upper plot: Split SUSY scenario supplemented by a U(1) flavour model
assuming M; = My = p= A =500 GeV and My, = 3 TeV. Lower plot: large A-terms
scenario with an underlying PC paradigm for a degenerate spectrum m = M; = My =

My =p=A.



Conclusions

Particle physics entered a new era with the discovery of the Higgs boson. Now that the
Higgs boson has been discovered, naturalness becomes another pressing question waiting
for the final answer at the LHC14. If new dynamics is present around the TeV scale,
as needed to explain naturally the smallness of the electro-weak scale, one would expect
too large contributions to flavour transitions mediated by the new physics states unless
some protection mechanism is at work. Therefore, the possibility of finding new physics
at the LHC is closely related to the existence of a mechanism in flavour physics. The
indirect searches are therefore complementary to the direct searches for new particles at
the LHC but they can in principle be sensitive to much shorter length scales than the
latter experiments.

From the experimental side, there is an extraordinary ongoing activity at the i) LHCDb,
the B physics experiment at LHC; ii) the MEG experiment searching for Lepton flavour
Violation (LFV) in p — e, iii) the experiments looking for the Electric Dipole Moment
(EDM) of the neutron at the ILL & PSI, iv) the searches for the rare Kaon decays K — nvw
at NA62 & JPARC. Therefore, it is extremely interesting to investigate the interplay of the
high energy frontier (direct searches) with the high intensity frontier (indirect searches)
in the light of the latest experimental results. This last point should be understood
as an attempt to answer the following two questions: if new particles are discovered
at ATLAS/CMS, what can the flavour measurements tell us about their properties and
the very high energy theory that determines them? And similarly, if deviations from
the CKM predictions are found in the flavour measurements, can ATLAS/CMS provide
further complementary information that will close in on the source of these deviations?

In this thesis, we have carried out the above program in the context of supersymmetric
scenarios. In particular, we have studied some selected phenomenological aspects related
to flavour physics, revisited in the light of the LHC results after the 8 TeV run. Specifically,
the lack of evidence for new coloured particles up to the TeV scale and the discovery of
a scalar boson with a mass of about 125 GeV and similar properties (up to the current
experimental uncertainties) to those of the Higgs boson of the Standard Model provide
non-trivial information on the mass spectrum of supersymmetric models. In order to
reproduce the observed value for the Higgs mass, there must be a large mass for the scalar
partners of top quark (stops) and/or a large mixing among them. Therefore, we have
focused on two different and quite opposite scenarios which are compatible with the Higgs
observation.

e Split SUSY: the only light superpartners are those needed for Dark Matter and
coupling unification, i.e. gluinos, charginos and neutralinos while all scalars are heavy
[37, 38]. In Split SUSY, there is almost no-mixing in the stop sector and the measured
Higgs mass imposes an upper limit to the large scale of heavy spartners at 10 — 104
TeV.

e Large A-terms: all superpartners lie at the TeV scale and the Higgs boson mass is

69
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accounted for by a large stop mixing.

In the case of Split SUSY, one clearly looses the ability to address the hierarchy problem
within the MSSM. By contrast, in the large A-terms scenario, naturalness is not completely
spoiled as the required fine tuning to reproduce the EW scale is around 1072 — 1073.

A major advantage of Split SUSY is that the SUSY flavour and CP problems are
significantly relaxed thanks to the high scale for the scalars. However, since the Higgs
mass sets an upper bound to this scale, it is interesting to analyze the interplay of flavour
observables and the Higgs mass to probe the SUSY parameter space. On the other hand,
the flavour and CP problems constitute a serious challenge of the large A-terms scenario
since all superpartners lie at the TeV scale. Therefore, a highly non trivial flavour structure
of the soft sector is required in this case.

Concerning the flavour structure of the soft-sector (which is a necessary input in or-
der to make predictions in flavour physics), we have assumed the predictions implied by
popular and well motivated models addressing the favor hierarchy of quarks and leptons.
In particular, we have focused on the simplest flavour models based on a U(1) symmetry
(which has recently received renewed attention [52, 53] after the reactor neutrino angle
013 turned out to be sizable) and on models satisfying the Partial Compositeness (PC)
paradigm. In these models, the SUSY mediation scale Ap is assumed to be above the
scale of flavour messengers Ap, so that the flavour structure of soft terms at the scale Ap
is controlled entirely by the flavour dynamics at this scale, irrespectively of their structure
at the scale Ag. Then, we have studied the low-energy implications predicted by the above
scenarios unveiling their peculiar pattern of flavour violation.

In the following, we summarize our main findings starting with the flavour structure
of the soft sector.

e The non-holomorphic flavour violating soft masses in the LL and RR sectors (52]2
and 5;% > Tespectively, are much less suppressed in U(1) models then in PC.

e The non-holomorphic flavour violating soft masses in the LR sector 52jR have the
same suppression in PC and U(1) cases. This results from the proportionality in
both scenarios of the A-terms with the corresponding SM Yukawas.

Concerning the phenomenological implications in low-energy processes, we have found that

e processes with underlying flavour transitions relative to light generations, i.e. s — d,
¢ — u, and p — e transitions, are the most sensitive low-energy channels to probe
the models in question (see Table 5.2, 5.3).

e U(1) models give (experimentally) testable predictions in the case of Split-SUSY
while they are excluded for TeV scale SUSY scenarios such as the large A-terms
setup.

e Models based on the PC paradigm give negligible flavour effects in the context of
Split-SUSY while they predict sizable and experimentally visible effects in the large
A-terms scenario.

e The pattern of flavour violation predicted by U(1) and PC models is different and
therefore experimentally distinguishable.

e The observed Higgs boson mass selects regions of the SUSY parameter space which
are complementary to those probed by low-energy signals. Therefore, their combined
analysis can help in shedding light on the particular SUSY model at work.
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In conclusion, we have explored virtual effects of new particles on low energy observables,
which could provide crucial information about the presence and properties of new particles
that so far escaped the direct search at the LHC. We have found that flavour observables
and the Higgs boson mass are highly complementary in probing supersymmetric scenarios.
As such our results as well as the motivation for low energy experiments become even more
robust.
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Appendix A

Notations and conventions

Natural units are used in which both the speed of light and the Planck constant are
set to one, ¢ = h = 1 . Four vector indices are represented by letters from the middle of
the Greek alphabet p, v, p,... and go from 0 to 3. The contravariant four-vector position
is defined as z* = (¢, Z). The space-time metric is

N = diag(+1,-1,-1,-1). (A.1)

A.1 Basic facts about Lie algebras
An infinitesimal element g of a Lie Group can be written as
g(a) =1+ ia"T* + O(a?). (A.2)

The coefficients of the infinitesimal group parameters a® are Hermitian operators 7%,
called generators of the symmetry group. The commutation relations of the operators T
are

[T“, Tb} — g fabere (A.3)

where f%¢ are called structure constants and for compact Lie groups can be chosen to be
totally antisymmetric. The invariants C(r) and Ca(r) of the representation r are defined
by

Tr [TaTb} = CO(r)6®,  T°T* = Cy(r)1. (A4)
These are related by
d(r)
d(G)

where d(r) is the dimension of the representation and G refers to the adjoint representation.
Traces and contractions of the 7% can be evaluated using the above identities and their

C(r) =

Ca(r) (A.5)

consequences:
T°T"T* = [Cy(r) — 5Co(G)] T7,
Foed pbed — o (@)gab (A.6)
FTTe = iCo(G)Te.
For SU(N) groups, the fundamental representation is denoted by N, and we have

Cy(N) = N;; ! . C(G)=CyG)=N. (A.7)
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The following relation, satisfied by the matrices of the fundamental representation of
SU(N), is also very helpful:

1

1
(T)i Ty, = B (5z‘l5kj - N5z‘j5kz> . (A.8)

A.2 Dirac, Weyl, Majorana spinors

Gamma matrices satisfy the Clifford algebra

{7} =20t (A.9)
We define
- T 2 _
Y5 = 10717273, Vs =5 (15) = 1. (A.10)
The left and right helicity projectors are given by
1
2

1

Pr, 5

(1—=195), Pr=5(1+7s). (A.11)

For our purposes it is convenient to use the specific representation of the gamma matrices
given in 2 x 2 blocks by

o (0 1 i (0 o 5 (-1 0

Where ¢ are the Pauli matrices given by

L (01 o (0 —i . (10
0—<1 0), 0'—<Z, O>’ 0'—(0 1>, (A.13)

and satisfy the following commutation and anticommutation relations
[ai, aj] = 2iek gk, {O’i, O'j} — 26V . (A.14)

With the definitions o* = (]l, ai), ot = (Il, —O'i) the gamma matrices can be written as

= ((TOM UO”> . (A.15)

With this choice, a four-component Dirac spinor can be written in terms of 2 two-
component, complex, anticommuting objects &, and (x")® = x!® with two distinct types
of spinor indices @« = 1,2 and & = 1,2

W= <5a> . (A.16)

X'

The vertical positions of the dotted and undotted spinor indices are important; the matri-
ces (0")aq and (@)% carry indices with vertical positions as indicated. Our conventions
for two-component spinors are essentially those of [16]. The conjugate of a Dirac spinor
W = 140 reads

v=(x* ¢l). (A17)



A.2. DIRAC, WEYL, MAJORANA SPINORS 75

Undotted (dotted) indices from the beginning of the Greek alphabet are used for the first
(last) two components of a Dirac spinor. The field ¢ is called a left-handed Weyl spinor
and x' is a right-handed Weyl spinor. The names fit, because

P = (foa) . Py = (x?d> . (A.18)

The Hermitian conjugate of any left-handed Weyl spinor is a right-handed Weyl spinor
and vice versa:

ol = Wa) = wha, @ =y (A.19)

Therefore, any particular fermionic degrees of freedom can be described equally well using
a left-handed Weyl spinor (with an undotted index) or by a right-handed one (with a
dotted index). By convention, all names of fermion fields are chosen so that left-handed
Weyl spinors do not carry daggers and right-handed Weyl spinors do carry daggers, as in
eq. (A.16). We use the following definition for o*” and "

o = (o'~ "), T = (Fe" 5. (A.20)

The spinor indices are raised and lowered using the antisymmetric symbol

2= =y =—€p=1, €11 =€ =€l =2 =0, (A.21)

according to

a=capl’ =8 M= XM=V (A.22)

This is consistent since ea/gem = e”ﬁega = §) and edﬁeﬁ.ﬁ = eweﬂ-d = 53 The relations
between o and o* are

oh = ea[gedgﬁ“ﬁﬁ, ohet = eaﬁeaﬁagﬂ-, (A.23)
eo‘ﬁagd = EQBEWO‘ , 60‘5055 = eq50MP . (A.24)

As a convention, repeated spinor indices contracted like
[ or e (A.25)
can be suppressed. In particular,

EX = E%a = %X’ = —xPeapt® = XPesal™ = XP¢5 = € (A.26)

with, conveniently, no minus sign in the end. [A minus sign appeared in eq. (A.26) from ex-
changing the order of anticommuting spinors, but it disappeared due to the antisymmetry
of the € symbol.] Likewise, £Txt and xf¢t are equivalent abbreviations for Xlﬁm = flxw,
and in fact this is the complex conjugate of £y:

¢yt = xieh = (&))" (A.27)

In a similar way, one can check that

oty = —xotel = (xTa#¢)" = —(¢ox1)* (A.28)
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stands for 5&(6“)6“0‘)(0[, etc. The anti-commuting spinors here are taken to be classical
fields; for quantum fields the complex conjugation in the last two equations would be
replaced by Hermitian conjugation in the Hilbert space operator sense.

Some other identities that will be useful below include:

E0'a"x = xo'a'e = (X"l = (7o xT)", (A.29)
and the Fierz rearrangement identity:

Xo (§1) = —&a (1X) — Na (XE), (A.30)

and the reduction identities

ol 7’ = 2000, (A.31)
OacOusy = 2eaptap (A.32)
Sha Eg,@ — 98B, (A.33)
(o' + o5"] P = 265, (A.34)
[E“U” —l—El’U“]Bd = 277“"55, (A.35)
GhoVEP = Py et — nhteY — iV, (A.36)
otc’a? = nolntPot — P i P o, (A.37)

where €/¥P* is the totally antisymmetric tensor with €923 = 41.
Computations of cross-sections and decay rates generally require traces of alternating
products of 0 and & matrices

Tr[o#5”] = Tr[o"c”] = 20", (A.38)
Tro#5 05" = 2 (0™ — "0 + "y + ie"P") (A.39)
Tr[o" oG "] = 2 ("0 — Py + 0P — QPR (A.40)

Charge conjugate fields

For four-component spinors, we introduce the charge-conjugate fields
x‘=0x x=-—x'ct. (A.41)
The charge conjugate matrix C fulfills
ct=ct, oT=-c, crfct=nyl (A.42)

(no summation over i ), with

1 for I';=1, s,
m = 7 V55, YuV5 (A43)
-1 for I =1, ow
Majorana four-component spinors satisfy the condition
—T
) = = C () (A.44)

where C is the charge conjugation matrix. We choose

C = —iy?y°, (A.45)
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so that in two-component spinor notation, the conjugate of Dirac spinor reads

C_ 2k _ (73
Y'Y = —iy*yY", hence Y = (—i02¢,’§> , (A.46)
while a Majorana spinor is written as
=1 . S, (A.47)
_Z(UQ)aa foz

The u and v spinors for either Dirac or Majorana fermions are related via
u(k,s) = C" (k, s) v(k,s) = Cul (k,s) (A.48)

where s = +1/2 labels spin.

A.3 Fierz Identities

Here we state the Fierz transformations for the Dirac structures that appear in our
calculations. These identities are valid for commuting spinors a, b, ¢ and d.

(@vuPr/rb)(€vuPr/rd) = —(@v,Pr/rd) (€7, PrL/RD) (A.49)

(@yuPr/rb) (@1 Pr/rd) = 2(@Pr/d)(CPL/RD) , (A.50)
1

(@PL/rb)(€Pr/Ld) = i(a’mPR/Lb)(@’mPL/Rb) ) (A.51)

1 1
(@Pr/rb)(€Pr/rd) = §(EPL/Rd) (ePr/rb) + g(EUIWPL/Rd) (couwPryrb), (A.52)
1
(@o" Ppyrb) (€0 Pryrd) = 6(aPp pd)(€Py rb) — 5(@0" Ppypd)(€ou Pry/rb) - (A.53)

In the calculation of the “crossed diagrams” charged conjugated spinors appear. Therefore
we also state needed identities for them. Again these relations hold for commuting spinors
a and b.

ECPLRbC = —EPLRQ (A54)
ECV“PL,RbC = B’Y”PRLCL (A55)
ECO"WPL,R[)C = BO'“VPLRCL (A.56)

A.4 Gordon Identities

wy(p)(p+ p' ) ur(p) = (mr + my)uy (0 )v*ur(p) +ws(p)ic™ (p — p)our(p)  (A57)

w(p)(p+ P ) Prrur(p) = mrus(p") v Prpur(p) + myus(p') v Pp.rur(p)

+us(p')ic" (p — p')vPr rur(p) (4.58)
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Appendix B

Theoretical concepts and tools

We outline here the basic concepts and tools representing the theoretical background
of the loop diagram calculations. This includes the following topics: regularization, renor-
malization and renormalization group equations. Very detailed discussions can be found
for example in [64, 65].

B.1 Dimensional regularization

Loop integrals often feature divergences. In order to deal with the divergent quantities
one first has to regularize the theory to have an explicit parametrization of the singularities.
As a next step one has to perform a renormalization procedure and absorb left over
divergences by redefining the quantities in the Lagrangian. These renormalized quantities
will then depend on a renormalization scale and this dependence is determined by the
renormalization group equations (RGEs).

Here we deal with the first step, outlining the main facts about regularization. Let us
take as an example the self energy diagram in Fig. B.1 for the down quark self energy.
Calculating such a diagram one encounters the logarithmic divergent integral

d4q 1 q—00 d4q 1
/ (2m)* [¢? = m% J(g+p)* — M| / 2rig (B.1)

To regularize this divergent integral one can for example put a cutoff on the integration

Figure B.1: Example of a down quark self energy diagram

momentum ¢. The problem with cutoff regularization schemes is that they explicitly
break translation and also gauge invariance. A very popular regularization scheme which
preserves these symmetries is dimensional regularization (DREG). The basic idea is to
evaluate divergent integrals in whatever dimension d = 4 — 2¢ needed to render them
finite. This leads to analytic expressions in €, where the divergences appear as poles at
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e = 0. Generically, the integral (B.1) then reads

ddq 1 A
/ @2m) (g2 —m% J[(q +p)? = MZ]  « FErow (B2
Techniques for evaluating d dimensional integrals are well established. A systematic treat-
ment to one loop can be found for example in the appendix of [66].

One important issue concerning dimensional regularization is how the Dirac algebra
and especially ~5 is treated in d dimensions. In a commonly used scheme, called Naive
Dimensional Regularization (NDREG), the gamma matrices obey the usual anticommu-
tation relation

{47t = 29" (B.3)

where g is a d-dimensional metric tensor such that
g =9" 9" =9", gl =d. (B-4)
The matrix ~5 is taken to anticommute with all other gamma matrices

{+*, 75} =0. (B.5)

Unfortunately, this kind of regularization leads to inconsistencies [67] when traces like
Tr(y57"v"~vPy?) coming from “closed odd parity fermion loops” have to be evaluated.
Moreover NDREG introduces a spurious violation of supersymmetry [68], because going
to d dimensions leads to a mismatch between the numbers of gauge boson degrees of
freedom (which are now d dimensional vectors) and their superpartners. In NDREG, su-
persymmetric relations between dimensionless coupling constants (supersymmetric Ward
identities) are therefore not explicitly respected by radiative corrections involving the finite
parts of one-loop graphs and by the divergent parts of two-loop graphs.

In order to preserve supersymmetry one may use another set of manipulation rules [68,
69, 70], known as regularization by dimensional reduction (DRED). In this regularization
the only objects that are taken to be d dimensional are the coordinates z# and the momenta
p, whereas all other tensors stay in four dimensions. The gamma matrices v* and 75 obey
the usual anticommutation relations

(" A =20, {3,795} =0. (B.6)

with the four dimensional metric tensor n*”. As the d-dimensional metric tensor gt still
appears in the evaluation of one loop integrals, one needs a rule for combining ¢ and g.
The prescription adopted in DRED reads

n"gp” =g (B.7)

For our calculations the above issues turn out not to play any role. Although single
diagrams with self-energies or vertex corrections usually do feature divergences, these
divergences cancel out once all diagrams are added to give physical amplitudes. The limit
€ — 0 can then be taken without problems and both NDREG and DRED lead to the same
results. For the actual calculation we have chosen to use NDREG.
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B.2 Renormalization

Let us consider a Lagrangian that depends on fields fp, masses mg and dimensionless
couplings gg

L(fo,m0, 90) , (B.8)

where the subscript “0” denotes the bare (i.e. unrenormalized) quantities. The theory
resulting from eq. (B.8) might lead to a number of divergent amplitudes. In order to
eliminate these divergences we renormalize the bare fields and parameters inside the La-
grangian redefining them in the following way

fo=2/%f.  mo=Zum,  go=nZyg, (B.9)

where we introduced the so-called renormalization scale p which has mass dimension 1.
One can easily convince oneself that the introduction of this renormalization scale has the
effect of keeping the couplings g dimensionless once one goes into d dimensions. As the
value of p can in principle be chosen arbitrarily, physical observables cannot depend on
this scale. A straightforward implementation of renormalization is then provided by the
counterterm method. One simply reexpresses the original Lagrangian (B.8) in terms of
the new renormalized quantities defined in (B.9)

E(f07m0790) = El(fvmvg) = E(fmeg) + ﬁc(fa mvg) . (BlO)

The last equality can be seen as a definition of the counterterm Lagrangian L.(f, m,g),
that arises when the redefinitions (B.9) are performed in the following way

fo=22f=f—(~2/"f  mo=Zwm=m— (1~ Zn)m,

(B.11)
9o = puZgg = pg—p(l—2,),

and the Lagrangian £’ is expanded accordingly. The counterterms, the Lagrangian L.

consists of, can formally be treated as additional interactions, which depend on the renor-

malization constants Z;. These constants are chosen such that they cancel the 1/€" diver-

gences which arise when one does calculations based on L£(f, m, g). This of course requires

that also the Z; are divergent. In full generality they can be written in the following way

=14+> =7 ik (B.12)
k=1

The Z; constants are obviously not unique and can be chosen accordingly to different
renormalization schemes, for example in the minimal subtraction (MS) scheme they are
chosen so that only the 1/e" divergences are removed. One freedom that still remains lies
in the definition of the renormalization scale u. In principle it can be multiplied by an
arbitrary constant, u — cu. The following relation

M2 N ﬁ2 — MQeA/E—log47r , (B.13)
defines the modified minimal subtraction MS scheme [71], which has the advantage that

constant terms g — log4m, which appear in the evaluation of one loop integrals, are
effectively subtracted with the 1/e divergences.
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B.3 Renormalization Group Equations

The introduction of the renormalization scale y has important consequences. As bare
quantities like gg and mg do not depend on p

dgo 0 dmg

= = B.14

dlog i ’ dlog p ( )
one finds the following renormalization group equations that determine the y dependence
of the renormalized couplings and masses

dg dm

legH = /B(g) —€g,

Qg —ym(g)m(p) - (B.15)

The beta function 3(g) and the anomalous dimension of the mass v,,(g) are defined in the

following way
1 dZz, 1 dz,,

Ble) = _gZdlogu ’ Ym(9) = delogu ’

(B.16)

and have the following perturbative expansion
3 2 \ " 2 > 2 \"
__ 9 9 _ 9 m)(_ 9 B.17
Bl9) = 162 nzzoﬂ "(167r2> o ml9) = 6 nzzo%l <167r2> ' (B17)

Standard Model results for the beta function of the strong coupling 3(g3) and for the
anomalous dimension of the quark masses 7,,(g3) up to four loop in QCD are collected
in [72]. Two loop results for all couplings and mass parameters in the MSSM can be found
in [73], for example. The leading order results for the QCD S function and the anomalous
dimension of the quark masses in the MS scheme read

2
fo=11-3ns, A =8, (B.18)

with ny the number of “active” quark flavours at the scale p. Solving the renormaliza-
tion group equations (B.15) to one loop order yields the well known expressions for the
“running” oy = g3 /47 and the “running” quark masses in the MS scheme:

QS(NO)
as(p) = S~ (B.19)
1Y 13 abzgrio) log (%)
ﬁ
() =m<no>[jss(;“o))] v (B.20)

It is well known - and obvious by expanding equation (B.19) in as(up) - that these ex-
pressions automatically sum up leading logarithms In (,u% /1?) to all orders in perturbation
theory.



Appendix C

Amplitudes for K — K~ mixing

C.1 Effective theory calculation

On the effective theory side we need the tree level matrix elements for the process
ds — ds. They can be written as!

(ds|Qilds) = (0ldabs Q; bld}|0) (C.1)

There are four possible insertions for each of the operators in the effective Hamilto-
nian (4.10). For example the matrix element for the fifth operator Qs is

(ds|Qs|ds) = + b, (3*Ppd®) dy (gﬁPRda b

L1 I_l |
t(gap 18 Bp o
L PLd)) by (7P .
— by (5*Ppd®) bl df (5" Prd®) dg
L1 I_I | — L1
— df (3%Ppd”) dgbs (5° Prd®) b},
| I | I | I— | I

where the relative signs arise with the permutation of the creation and annihilation oper-
ators ddbsbzldl. The contractions with the external operators are obtained as

0 ()bf (p, $)|0)  —

= u(p, s)
bi (0b(p, s)p(x)|0)  —  T(p,s)
L (C.3)
Yd = O (x)d(p,5)[0) —  T(p.s)
di = (0ld(p, s)¥(2)[0)  —  v(p.s).

In order to apply Eq. (Cé), we have to exchange the operators of the contractions in
Eq. (C.2) appearing as d&b and 1{)_1 d leading to an additional minus sign for each of these

contractions.
The matrix element for the operator (05 is then

(@5|@slds) = (5 Prog) (0] Prug) + (a5 Prvg) (0] Prug) c4)
— (@3 Prug) (v Prog) — (33 Prug) (0 Prog). |

The matrix elements for the other operators are obtained in the same way and the
results are reported in the text.

"We indicate with b;, bl the creation operators for d and s-type quarks and with d:; d! the creation
operators for antiquarks.
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Bag Parameters and magic numbers The numerical value of the Bag parameters
for the hadronic matrix elements and the magic numbers for the evolution of the Wilson
Coefficients at the scale 1 = 2 GeV have been taken from [43]:

Bi(p) =0.60(6),  Ba(p) =0.66(4),  Bs(u)=1.05(12),
By(n) =1.03(6),  Bs(u) =0.73(10),

= (0.29, —0.69,0.79, —1.1,0.14)

b = (0.82,0,0,0,0), M = (=0.016,0,0,0,0),
b*? = (0,2.4,0.011,0,0), 0(22) = (0, -0.23,—0.002,0,0),
b*Y = (0,-0.63,0.17,0,0), c§23) = (0,—0.018,0.0049, 0, 0),
6" = (0,-0.019,0.028,0,0), * = (0,0.0028, —0.0093, 0, 0),
bf?’?’ (0,0.0049,0.43,0,0), ¢ — (0,0.00021,0.023,0,0),
b = (0,0,0,4.4,0), ™ = (0,0,0,-0.68,0.0055),
0" = (0,0,0,1.5,-0.17), %) = (0,0,0,-0.35, —0.0062),
6> = (0,0,0,0.18,0), ™ = (0,0,0,-0.026, —0.016),
6> = (0,0,0,0.061,0.82), 0(55) (0,0,0,—0.013,0.018).

C.2 Full theory calculation

We write here the amplitudes corresponding to the diagrams in Fig. 4.1. In the follow-
ing we leave out explicit summation signs: it is always understood that one has to sum
over all internal indices along the corresponding range depending on the particle the index

belongs

iMa:/

Wl’:/(

- |

to.

J

(d 5 76{1\[95 ~(Zb)2i Pr + (ZD)S’JPL]TBU}%{ V295 5o~ (Zp)1:Pr + (Zp) 41PR]}ud
v {iﬂgg[ (ZD)2iPr + (Zp)si PL T }M{ V29T 75— (ZD)leL-I—(ZD)z;jPR]}Ug
¢ —my ¢* —my
%ﬂf{iﬁgs[ (ZD)2iPr + (ZD)E’”PL]TBA}L){ V29, TS5~ (Zp)1; Pr + (ZD)4]'PR}}1)2
o] { V/295[~(Z2D)25 Pr + (Z1)5; Pr]T5e }Lﬁz){ V29T [~ (Zp)1:PL + (Zp) 4ZPR]}ud
q2 - m%1 q2 n m%j ’
%5?{1’\/593[ (ZD)2iPr + (ZD)s: PL] Ty }(ZI;C{ZW%TBG[ (Z5)2jPr + (ZD)5JPL]} Cc1f
y C{i\/igs[*(ZD)lJ'PL + (ZD)“PR}T‘ES}TC 1M{Z\fgsT/\a[ (Zp)uiPr + (ZD)4~LPR]} ug
¢ —m% ¢>—my
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=g+ M)
M2

- M{Z[QsTAa[ ZD)UPL + (ZD)‘“PR]} ug

iMd_/(g )477{ iV29:[~(ZD)2i Pr + (Z)s; 1] w} {fgeTm[ (ZE)ziPR+(ZB)51PL]}TC_1UE

C{iﬁgs[—(ZD)leL + (ZD)MPR]Tﬁs} ¢

i i
2 2 2 2 :
— m= — M=
q 5. 4 5,

Here the transposition is intended over the spinorial indices (it does not affect the colour
indices). By use of Egs. (A.43) and (A.48) one easily finds that C L/RC'*1 = PR
Please note that the first gluino propagator inside M features a momentum with opposite
sign with respect to the second propagator. This is due to the opposite direction of the
momentum flow with respect to the chosen orientation of the fermion chain.

As one can see, peculiar products of the Gell-Mann matrices appear in the ampli-
tudes, with two different structures, one for the straight diagrams and one for the crossed
diagrams. By use of equation (A.8) and carefully summing over repeated indices we get

1/7 1
(TBUT)\Q)(T T5) = <36/3a5'y§ + 95fya5,35> ; (C.5)
for the straight diagrams and
1/10 2
(Té%\T';}r)(T T)\oc) - 4 (9550(675 - 35555704) (06)

for the crossed ones. There are two non-vanishing integrals which have to be evaluated
which can be found in Appendix E. We repeat here their definition

dq 1 )
= Do(m% ,m% , M2, M? C.7
/ @)t (= M2V — i )@ =)~ 16m2 007D Dy My Ma), (G

dq quqv _ 2 2 2 312
| Gy w2y~ 1m0 o, Mg Mg (O

In order to keep the expressions in a tolerably compact form, we separate the ampli-
tudes in pieces with a given combination of the projection operators Pr, r. Each time the
first (second) projector in the square brackets is selected we are referring to a left (right)
handed spinor or antispinor. We will name the so obtained amplitudes with superscripts
referring to the chirality of the ingoing and outgoing particles. For example MELI(LL) jg
the amplitude for the process dr 55, — dr, sr, while MER)(RL) g the amplitude for the
process dr, 5r — dg s, and so on. The identities needed to bring the amplitudes to a form
corresponding to (4.15) can be found in the Appendix A.3.

Amplitudes for d; 5; — dr, s,
gt
M(LL)(LL) T6r 4D2(m2ﬁ¢’m%j , M§27 M§2)(ZD)li(ZD)lj(Z*D)Qi(ZB)Qj X

7T, _ 1, B
X {B(Us’Y“PLUd)(Us’YuPLUd) — 9(u5’y”PLvd)(vs’mPLud)}

4
LL)(LL g * *
MZ(, )( ):16;4D2(m%i,m%‘j,Mg,Mg)(ZD)M(ZD)U(ZD)%(ZD)%><

7 1
X {3(U37“PLvd)(UsWPLud) B Q(USWMPLud)(Us%PLUd)}
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4
g * *
M((:LL)(LL) = 16;’4 MgDO(m%i, m%j, M§27 Mg)(ZD)li(ZD)lj(ZD)Zi(ZD)Zj X

5 _ 1 -
X {Q(USV”PLUd)(Us’YuPLud) + B(US’YHPLUd)(Us'YuPLUd)}

M(LL)(LL) i 9;1

2 = Lo M Do(m MG MZ)(Zp)1i(Z0)1(Z])2i( D)2 %

1 5)
X {_S(US’YuPLUd)(US’YuPLUd) — g(uS’y“PLud)(vsmeLvd)}

Amplitudes for drsr — drsp. The amplitudes Mo(lRR)(RR) with @ = a,b,c,d are
obtained by the corresponding amplitudes M&LL)(LL) after the replacements

P, — Pg, (Zp)ik = (Zp)ak, (Zp)ok = (Zp)sk -

Amplitudes for d; 5 — dr. sg

4
gs * *
MgLR)(LR) = 163 MgDo(m%i, m%j,Mg, Mg)(ZD)li(ZD)lj(ZD)5i(ZD)5j X

7 1
@ P ) + g0 P @ P |

4
LR)(LR g * *
M§, )( ):16;4M§D0(m%i,m%j,Mg,Mg)(ZD)M(ZD)U(ZD)m(ZD)g,j><

7 1
{Gmru i) + @ PP |

X

4
g p)si(Zr
MERR) — 2o N2Do(m | M2, M2)(Z)1i(Z0)1,(Z)si (Z)ss%
{_Q(USPLUC?)(%?PLUS) + 3(“5 Prug)(v3 Prog)

X

2 2
+ 3@ PL) (0 Pua) - S P 2 Puo) |

4
LR)(LR g * *
Mg )( ):16;42\4§2D0(m%i,m%j,Mg,Mg)(ZD)h-(ZD)lj(ZD)g)i(ZD)g,j><

2 2
x {+3(u§Png)(v§PLu§) — 5 (@ Prug) (0] PLog)

10 10
- S P 0 )+ g P o) |
Amplitudes for dps; — drsy. The amplitudes MéRL)(RL) with o« = a,b,c,d are

obtained by the corresponding amplitudes M&LR)(LR) after the replacements

Pr, — Pgr, (Zp)ik = (Zp)ak » (Zp)sk — (Zp)ak -
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Amplitudes for d; 5z — dr st
gS * *
MPEL) — Tera D (m% %jvM§2'vMg)(ZD)li(ZD)4j(ZD)5i(ZD)2jX

14 2
>{3Wﬂm®@hwwgwymwﬁhﬁﬁ

4
M(LR)(RL)_ 9s MQDO(

b = 165 m%J., M2, M2)(Zp)1i(ZD)aj(ZD)2i(Z])s; %

1 7
{502 P 2P + (02 P (02 Pr) |

gs * *
MIRRL) — TgaD2(m a(m% % M2, M2)(ZD)1i(ZD)4j(ZD)5i(Z1 )25 %

4 20
x{g“%%xﬁmw—wammﬁﬂﬁﬁ
(LR)(RL) _ gs
Ma 1674 D (

x{?(%ﬁ%xﬁaﬂw—§<%%%xﬁﬂﬂ®}

%_, M2, M2)(ZD)1i(ZD)4j(ZD)2i(Z1)55 %

Amplitudes for dr5;, — drsg. The amplitudes M(RL)(LR) with o = a,b,c,d are

obtained by the corresponding amplitudes MgJR)(RL) after the replacements Py, <> Pg.

Amplitudes for dgsr — dr, 51,

gS * *
MPRILL) — 160 7 MZ Do (m% %j,Mgz,Mgz)(ZD)lz'(ZD)4j(ZD)2i(ZD)5j><

1_ _ T _
x{&@%ﬁm&mﬁ+g@&ﬁm@m®}

M}()RR)(LL) gs Dy (

2 2 2 * *
1674 Bj’Mﬁ’ Mﬁ)(ZD)li(ZD)4j(ZD)5i(ZD)2j><

14 2
X { = (@ apRud)(vprvg) T g(ungug)(vprvg)}

MFRIEL) — g—ng(m%_,m%_,Mg,Mg)(ZD)h-(ZD)4]-(Zj5)2i(Z]§)5j><
T @ J

4
x {_9<u§PRu§><v§PLv3> + 5 (WS Prug) (0] Prug >}

2(m7 m% S ME, MZ)(Zp)1i(ZD)aj(Z5)si(Zh) 2%

4 20
- g Py P + 5w P 03P |
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(LL)(RR)

Amplitudes for d;5; — drsr. The amplitudes My with a = a,b,c,d are

)(LL)

obtained by the corresponding amplitudes M&RR after the replacements Pr, +> Pg.

C.3 Determination of the relative sign

In order to get the complete amplitude for two-gluino box diagrams we must sum
the four contribution with the proper relative sign coming from the Wick contractions.
Adopting the conventions of [44] we write the matrix element corresponding to the Feyn-
man diagrams in Fig. 4.1 as

(0ldgbs T{(FTA)(ATqd) (3TN (ATq d)} bldl|0) | (C.9)

where A is the Majorana field describing gluinos, while I'j s denotes generic fermionic
interactions connecting d and s quarks to gluino and include Dirac matrices, coupling
constants and squark fields. The T-product is then evaluated according to the Wick
theorem. The sign emerging in the amplitudes is due to the permutation of the creation and
annihilation operators among themselves (the reordering of the interaction Lagrangians
does not yield minus signs). Crossed diagrams are obtained when the gluino fields are
contracted as )I\_I)\ and 52\ In order to write them in the usual form we use the identity

(xiTx2) = (x2°T"x§), where I" = CT'TC~! and x¢ denotes the conjugate of the spinor .
We get the following signs for the matrix elements

ST (Y gt (T (Y _

~bs GTN ATy d) bhdl GTNATad)da —  —Ma

+bs (ST (ATad dgdi BTN ATad) b = +M,
L1 L1 [ — {I— L1

+d] TN AT ) boda (A TAVATad) by = +Meg
— L L1 L L1

We did not write explicitly the contractions among scalar fields since they do not
change the overall sign. The amplitudes M, and M, share the same fermion lines and
differ only for the scalar fields contractions so they have the same sign. The complete
amplitude for two-gluino box diagrams is then given by — M, + My + M.+ My.

C.4 Exact diagonalization in a two-generation framework

In order to keep the notation light we adopt here the following convention for the down
squark mass eigenvalues

ZTD,/\/I2 Zp = dlag(mql,mgz,mgg,mfl ,m?l m?lvs), (C.10)
in place of the usual m%_ i1=1,...,6.

We work in a two generation framework, neglecting also the LR/RL terms. Under
these assumptions the mass matrix for the down squarks is block diagonal

M2, 0 0
M2 M2 0 mZ . :
(il ) T o) e
RR
0 0 m=
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Here Mg ;, and MIQ% r are hermitian 2 X 2 matrices and can be diagonalized by two unitary
matrices Uy, and Ug defined as

UIM? UL = diag(mZ ,m2),  ULMagpUg = diag(m? ,m2 ), (C.12)
_ CL —spe oL _ CR —spe iR
Where ¢y = cosfpy, sy =sinfly, N = L, R. The squark squared masses m% , and m?i
; 1,2

are then the eigenvalues

2 2 2 2 2 2 12
miy +mag £ \/(mn —m3,)” +4|mi,|
m% .= 5 ., f=qu (C.14)

where m?j stands for (ME L)ij or (MI%,R)U when f = q,u respectively.

The unitary matrix Zp which diagonalize the down squark mass matrix Z};M%Z D=

diag(mé, - ,mfj ) is block diagonal. The only non-vanishing entries are
3
(Zp)i1 = cr, (Zp)1a = —spe L (Zp)aa = cr (Zp)as = —sre 0"
(Zp)a1 = 8" (Zp)ae = cr, (Zp)sa = sre'®  (Zp)ss = cr
(Zp)az =1 (Zp)es =1
(C.15)

Using this two-generation framework can express the Wilson coefficients for (Egs. (4.23)-
(4.30)) as functions of the mixing angles 07, Oz and the phases ¢, ¢r. We compute, as
a representative example, the following quantity appearing in §9Cy

6
> Do(m% ,m% M2, M2)(Z5)2i(ZD)1i(ZD)s5;(ZD)a; =
i J

i,j=0
—i—Do(m%’mfll,M§2,Mg)(ZB)m(ZD)n(ZB)54(ZD)44
+Do(m3,,m% , M, M3)(ZD)21(Zp)11(Z1)s5(Zp)as (C.16)
+Do(m3~27mfl ,M;?,M§2)(ZB)22(ZD)12(ZB)55(ZD)45
+Do(m2,,m2 , M3, M2)(Z})22(Zp)12(Zp)54(ZD)aa
= [chLe ’¢L} [sRcRe WR} Bqd(Mg,Mg).

Where in the first line we wrote only the terms not involving null elements of Zp, then we
substituted the values of the matrix elements as in Eq. (C.15). The function Bqd(Mg, Mg)
is given in Appendix E.

Expression for the mixing angles

Here we derive a useful expression for the combination spcre L. We start writing

the mass matrix M% . as

m2 0
M3, :UL< R Ul (C.17)
q2

and we compute the following difference

mz 0 mz 0 0 e-itL
UL< Oql m2 |~ 0‘11 2 ULZSL(m%—m%Q) <ei¢L 0 > (C.18)
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We then take the expression for Uy, - diag(m?i1 , m%) from the above equation and substitute
it into Eq. (C.17). We get

) .

m= 0 Sy, cre Z¢L

M3, = ( o m%) + sp(m2, —m2,) (cmm . ) (C.19)
2

The equality for the second element in the first row reads
(M%L) 12 = <m221“1 - mg”Q)SLCLe_i(bL . (C.20)

The same result is valid for M}% r With the substitutions L — R, ¢ — d. We then have the
following relations

- M3z, » Mz p
srcre 6L — 7752 — )1%~ , SRCRE R — 775% — 7);5 . (C.21)
q1 q2 dy da



Appendix D

Amplitudes for the
(chromo)magnetic operators

D.1 Full theory calculation for b — sy process

We calculate the one-loop gluino contributions to the Wilson coefficients C’ég for the
process b — s7y. The three diagrams which are involved have been depicted in Fig. 4.2.
These diagrams feature loops with heavy virtual particles but we can not set the external
momenta to zero since we have an external massless particle. We will perform an expansion
in my, /Mgy and neglect terms of the second order. The amplitude for the first diagram
reads

Ao = T[T, (s us ) (k) (D.1)
LN
4 7 M-~
i (9550 = [ S iVB - (Z )P+ (P TA G2
V29[~ (Zp)3i P + (ZD)6i PRI TSs, (D.2)
(p =) =m (' ~q)* - m%ii3(p P =207

A few comments are in order. Since the amplitude features a logarithmically divergent
part a regularization procedure is understood. We choose the dimensional regularization
procedure: we perform the integrals in a dimension d = 4 — 2¢ spacetime and then we take
the limit for e — 0. We did not write it explicitly. We also omitted the little imaginary
part in the propagators but it is always understood. The sum over the index ¢ is implicitly
assumed.

Using equation (A.8) one finds

%(5045. (D.3)

1 1
Té\T)I\L‘a =35 (504,36)\0 - 35ﬂ0'5)\a)6)\0 = 3

2

The amplitude can be split in two parts involving different Dirac structures and inte-
grals as:

91
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. 8
Ty, (k) =+ 6693

4 ! 9q )M
M§/<dq (p+p —2q) "

2m)* [(p — @) — m%iﬂ(p’ —q)? - m%ﬂ[(l? — Mz
x [(Zp)5i(Zp)siPrL + (Zp)2i(Zp)ei Pr]
8 2 [ A g (p+p —2¢)"
9 / @m)* [(p — a)* = m ][ — a)* —m3 ]l¢* — M] -
x v[(Zp)2i(Zp)siPrL + (Zp)s5i(Zp)6i PR] -

(D.4)

In order to calculate the integrals we write the denominator making use of the Feynman
paramters. It then reads

1 ! e 1
= 2/ dx/ dy ,
((p = )* = mE (W — ¢)* = mF Jl¢* — M]] o Jo T lla-rr—(p-p)y?-Q)
with 2 being a function of x, y, defined as

Q=M + (m% — M)z —miz — (mi — mQy +m3(z +y)* + myy® +2(p-p')(zy — v*),
Q=M1+ (&—Dz+..]. (D.5)

In (D.5) we used & = m%‘ /Mg. and the dots stands for terms of order mi s /Mg2 which are
neglected. We can now shift q in the integrals as ¢ — ¢+ p'x + (p — p)y and perform the
integrals in the momentum space dropping all terms linear with ¢. The integration in the
y and z variables is then trivial.
2
FN

bsy(K) =+ gj\jig (p + ") Mgl f2(&i) — f1(&))(253PL + 226 Pr)
g

8eg? 1 v
+ 555 (PP 0+ D) fa(6)7" (223PL + 756 Pr)
g

(D.6)

The last line of eq. (D.6) contains the divergent part of the diagram which behaves like 1/¢
for e — 0. Note the fact that the last line involves the logarithm of Mg, a dimensionful
quantity. This is a well-known peculiarity of DREG and arises since the scale of the
logarithm is hidden in the 1/¢ term [66]. The definitions for the functions f,(&;), a =0, ..,3
can be found in the Appendix. We recall that yg =~ 0.5772 is the Euler-Mascheroni
constant. In Eq. (D.6) we used the following notation

10 = ooz S Zp)ilZo)in. (0.7)

We can now simplify the expression in eq. D.6 using the equations of motion for external
spinors:
pus(p) = mpus(p),  Ts(p )Y = us(p)ms. (D.8)
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8 2
Doy (k) =+ 9 ]e\f,iz (p+ ') Mz[f2(&) — f1(&)] (253 PL + 226 PR)

g
2 N )

_ S]e\jg (p —+ p’)HW[(mSZQ'g, + mb256)PL + (m3256 + me23)PR]
g
2 .

_ Sze\j% kM fS;gz) [(_m5223 + me56)PL + (—msz56 + me23)PR]

8 1/1
+ §€9§ {2 (5 — e + logdm — log M§> - fO(fi)] (223 PL + 256 PR) -

(D.9)

Diagrams in Figs. 4.2b and 4.2c¢ involve external legs corrections and are reducible.
One can therefore separately evaluate the diagram corresponding to b — s self energy and
then plug the result in the complete diagrams.

D,
' %>§ s = TR)IT) oy () (D.10)
g
4 . 5
iX(p) dpa = / ((217342’\/593(—(@5)21'133 + (ZE)5iPL)T£\m oo
iV2gs(~(Zp)3i P + (Zp)si PR)TS — '
! ot D )\(q_p)Q_m%i

We use the relation T T = 483, /3 and we perform the integral in dimensional regular-
BAT A B
ization.

8 o

. 1
iN(p) = — 395M§[<€ — g + log 47 — log Mg) +

&i
1=¢&

8 1/1
+ gggﬁ |:2 <€ —YE + log 4 — log M§2> — fo(gz):| (2’23PL + Z56PR) .

log & + 1] (253Pr + 226 PR)

(D.12)

Using this result we can now easily write the amplitudes for the diagrams in Figs. 4.2b
and 4.2c as

(D.13)

(D.14)

Applying the equations of motion Eq. (D.8) for the external spinors and summing the
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two diagrams yields

.8 1/1 _ *
—15693 [2 <€ — Ve + logdm — log M;.,?) - fo(fi)} s (p' )" (223 PL + 256 Pr) up(p) €}, -

(D.15)
The expression in eq. (D.15) is exactly what we need to cancel the divergence coming
from the last line of eq. (D.9). This is the expected result and it is a consequence of the
Ward-Takahashi identities. The total amplitude is then

iy ]\33 26, (p+ P us(p) [f%] (&) (mpzse + msz23) — Mgf%] (&)253} Pr,up(p) (D.16)
g
16 eg?

575 2610+ )" (D) | F1(6) (i zas + mizse) — My L) (€0) 226 | P us(p)
g

8eg? , )
—i3 ]\ZZ €, k" fzé&) us(p')[(myzs6 — msze3) Pr + (mpza3 — mszse) Prlus(p) ,
g

where we defined the functions

Woey — Lopon  peng . Gilog& & —5& =2
f1(&) = §1s(&) = P& = —g iy + Ao g

) = i[f?(&i) - [(&)] = _451 iggf)?’ B 8(§ j’;)z .

Note that the last line in eq. (D.16) vanishes for real photons since €, k* = 0 on shell. The
last step consists in using the Gordon identity (A.58) to rewrite the total amplitude.

D.2 Full theory calculation for b — sg process

We calculate the one-loop gluino contributions to the Wilson coefficients C'é/g) for the
process b — sg. The four diagrams which are involved have been depicted in Fig. 4.3. The
amplitude for the first diagram (Fig 4.3a) reads

/

SO = weO [, WT ] e) e e, (D17)
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. dq . \ \
iTh g ()T, =/Wlﬂgs[—(zp)%PRﬂL(ZD)&‘PL]T;%

Z(g + Mg)
q? — M
i\/igs[—(ZD)giPL + (ZD)(;Z‘PR]TJ\% (D.18)

; A /
— T a7z 9T+ = 20),]
(P —q)? =my (0 —q)* —mp
Using equation (A.8) one finds

1 1 1
(TBBUT)\B;)TUA)\ - 5 <5a55Aa - 35,8:75)\a> T;‘)\ = _éTﬁAa . (D.19)

From now on the calculation proceed in the same way as that in eq. (D.2). The terms in
the amplitude we are interested in are those proportional to (p+ p’), which give the term
ok, after using the Gordon identity (A.58).

f3(&) — fa(&)

Tpe (k) =+ ge (p+p)" [(f?(&‘) — f1(&)) Mgzs3 — (mpzs6 + m5223)] P

3M§2 92
+ 3j2~2 (p+p)" [(f2(£i) — f1(&)) Mgz26 — W(mb223 + m5,256)] Pg
J
Yo

(D.20)

where the dots refer to terms proportional to k# and * as in eq. (D.9) which include a
divergent part (afterwards cancelled by adding the other diagrams).
We then proceed with next diagram (Fig 4.3b), which corresponds to

a2 () |11, (R) T | () 6 (). (D.21)
/U A d4q f * * C
T 0T = [ iV a = (2P + (Zp)siPLITS,
i(p/*FIJFM?) (g fBCA,y;L) i(;;zingng) (D.22)
S .
¥ —q)* — M2 (p—q)* — M
. 7
iV2gs[—(Zp)si Pr + (ZD)&PR]TABQW ;
D;
where fBC4 are the structure constants of the SU(3) group which satisfy the relations

[TB, TC] = i fBCATA We now make use of the identity in Eq. (A.6) which, in the case
of the SU(3) group, reads
2fBCATCTE — 374 (D.23)

The calculation than proceed in the usual way. One needs to recast the denominator with
the Feynman parameters as done in eq. (D.1):

1 ! e 1
(p— ) = M2 — )2 — MA[Z —m% ] — 2/0 dx/o PR MR R

k3
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where we have Q' = Mg2 (& + (1 — &)z + . ..] neglecting terms of order mg’s/Mg. One then
has to perform the shift in the momentum, do the integrations in the ¢, y, « variables and
use the equations of motion for the external fermions. In the following we write only the
terms proportional to (p + p/)H

3

39
Thegk) == S5 +9)"
g

Js (p —i—p')“

f3(&) — f2(&)
2

fo(&) Mgzss + (mpzse + msza3) | Pr

A 3(6) — fol& D.24

(mpz23 + mszs6) | Pr

The functions f,(€), a =0, ..., 3 satisfy f,(€) = £f,(1/€) and are listed in the Appendix E.
Since diagrams 4.3c and 4.3d only produce terms proportional to 7“6;‘4 we already have all
the pieces contributing to the chromomagnetic operator which can be obtained summing

the terms proportional to (p + p)* in the amplitudes (D.17) and (D.21)

(D.25)

+...,

where we wrote explicitly only the terms contributing to the chromomagnetic operator

and we used the following definitions for the functions fg;] (&) and fﬁ[i]] (&)

ey _ 1 , A P ey fen)] L Gi(96 —1)logg; | 1967 + 408 — 11
7€) = 35 &) — £2(6) +9(Aa(6) — @) | = e e T g
20y _ L N N aioin] &9 —1)logg 13§ -5

(€)= 5[ £26) = (&) 9w = ST 5T + g e

We can now use the Gordon identity (A.58) in order to compare the amplitude with the
effective matrix elements.

D.3 Full theory calculation for i — ey process

The one loop MSSM contributions to the decay p — ey can be divided in neutralino
and chargino contributions. The diagrams involved are depicted in Fig. 4.4. Only the first
and the fourth diagrams contribute to the coefficients of interest.

Neutralino contributions

Here we analyse the neutralino contributions to the amplitude for the decay pu — ey.
Accordingly to the notation introduced in Sec. 2.9 — which essentially is that of [45] except
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for the sign of the Yukawa matrices Y., Yy — the Lagrangian for the interaction lepton-
slepton-neutralino is given as

L, o; =€ (NJ'PL+ N PRXIL7 + hec. (D.26)

ex®L

with the coefficients given in terms of the diagonalization matrices

N[I/ji _ €\f I+3 ’L*Z]lvj —ygzii*zz?(/ja
4 ' . (D.27)
N}I%ﬂ le*(le* s+ ZJQ\?*CW) . y£Z£I+3)1*Z?\;* .

f 2swew

With these definitions we can compute the diagram in Fig. 4.4d which consists in a loop
formed by two charged slepton propagators and one neutralino propagator. The amplitude
then reads

‘ N Ge(p )[Zrﬁev(k)}“u(p) ex(k) (D.28)
Z‘F;);e'y(k) = / (;1;)4 (NIJZP + NIJZPR) l;ﬁ __}— ZQ ) ,(N2]1*P + NQJZ*P ) «
G (D.29)

i i : / A
ie(p+p" —2q)
(p—q) —m2 (v —q)* —m%

This integral is similar to the one we calculate for the b — sy process, namely I'y,,, but
involves a more complicated structure of diagonalizing matrices. The steps one has to
perform in order to evaluate Fﬁev are the same as in section D.1 therefore we avoid to
write them again. This time we neglect terms of the second order in m,/ mg, and we

: 2 /.02
define the ratio (j; = mX?/mzi.

The vertex function Ff‘wv turns out to be

(k) = —

pey

%ﬂm%(pjhp’)k[(m oNPNG £ (¢i) + my NP N fL (Cﬂ)>

+<mX?N11%jiszi*f7[ (Gji) + my Nlﬂ 2]2*f7 ((Jz)> ]
(D.30)

The loop functions are listed in the Appendix E. Here we wrote only terms contributing
to the magnetic operator and we neglected terms proportional to m./ myo since me is so
small that can be set to zero to our purposes.

After using the Gordon Identities in Eq. (A.58) we can compare the above ampli-
tude with the one in Eq. (4.54). We obtain the following neutralino contributions to the
coefficients Ay, Ar

21(n 1 1 X 7 % pl2 T 2%
A e [N B - NN NG o
L;
11 [y
A21(n) _ J Nlﬂ 2]2* [2] 2 Nljz 232* [1] Il D.32
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Chargino contributions

We now focus on the chargino contributions to the amplitude for the decay pu — ey.
Accordingly to our notation, we parametrize the Lagrangian for the interaction lepton-
sneutrino-chargino as

'Cexﬁ = éI(C%JiPL + CIJl )XZV + h.c.,

1Ji I r72ir71J 1Ji lix 71 J
CLl:yezi’LZV 3 C ’L_ §Z+I*ZV .

(D.33)

The diagram in Fig. 4.4d consists in a loop formed by two chargino propagators and one
neutral slepton propagator and corresponds to

T ()| () € (K) (D.34)
4 il — m
ir,ltj\e'y(k) = / (gﬂ_) [ (C%le + ClJz )] (Z(f_ q?;‘ w:%() (iefy“)
' ' . (D.35)
WP —d+m) (i N ;
m[(c‘] Pp + C¥™P )]m.

The summation over the indices ¢, J is understood. The integral in the above amplitude
has the same structure of the one we computed for I'; - The result is

1 e

Dien (k) = T16m2 m

ey —5(p+p) [(mxiCiJiC?zJi*fz(nu) 4m, CLiCE > ] (m))

(mXZC'UZ i f () — dm ClJ”CQJZ*f[l](m-J))PR}+...,
(D.36)

where again we wrote only terms contributing to the magnetic operator. We also defined
the ratio n;; = mii/m%. One can then use the Gordon Identities in Eq. (A.58) and
compare the obtained amplitude with the one in Eq. (4.54). The results for the chargino
contributions are then

21(c) _ _ 1 LMy 10 200k i 1Ji ~2Jix
AL T 1672 m?;J [mu Cr"Cg™ fa(nig) —4C'CE, fm (771])] ) (D.37)
AQl(C) — _ 1 1 My, CII%J'LC%J'L*fQ(mJ) 401J202J'L*f (771]) ] (D38)
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Appendix E

Loop functions

E.1 Loop functions for K — K mixing
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DQ(m% m%7m§7m421) =

Two generation framework

The loop function in the two generation framework are (a,b = ¢, d)

Bay(M?, M?) = Do(m? m%l,MQ,MQ) — Do(m2 m%z,Mz,MQ) +{1<2}, (Eb5)

ai’ ai?’

Cop(M?, M?) = Dy(m? m%l,MZ,MZ) — Dy(m2 m%Q,Mz,M2) +{1<2. (E6)

ayl? al?

Mass insertion approximation
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E.2 Loop functions for (chromo)magnetic coefficients

1
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The functions fa(g), a=0,...,3 are obtained as fa(f) = & fa(1/€). Their explicit expres-
sions are
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Mass insertion approximation
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