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Preface

So far the Standard Model of particle physics has given a remarkably suc-
cessful description of known phenomena, proving to be one of the great
successes in physics. The experiments carried out until the GeV range show
no deviations from the predictions of the Standard Model. However there
are hints for new physics.

First of all recent cosmological measurements severely constraint the
amount of baryon, matter and dark energy in the universe. In units of the
critical density, these energy densities are

Qp = 0.044 £0.004
Qmatter = 027 + 004
Qy = 0.73£0.04

The non-baryonic dark matter component (at a confidence level of 95%)
is given by 0.094 < Qpuh? < 0.129. Here h ~ 0.71 is the normalized
Hubble expansion rate. These measurements clearly show that the known
particles make up only for a small fraction of the total energy density of the
universe. Also the microscopic properties of dark matter and dark energy
are unconstrained by cosmological and astrophysical observations. Therefore
particle physics must suggest candidates for dark matter and dark energy in
order to identify experiments and observations that may confirm or exclude
such speculations.

Besides cosmological observations, we know that a new framework must
appear at the Planck scale (~ 10 GeV) where gravitational effects become
important. Since the ratio between this scale and the electroweak scale
(~ 100 GeV) is huge, all quantum corrections will turn out to be many orders
of magnitude greater than the tree values. This is the so called hierarchy
problem, related to fine-tuning and naturalness. Quantum corrections are
power-law divergent (usually quadratically) which means that the shortest-
distance physics is most important. More technically, the question is why



the Higgs boson is so much lighter than the Planck mass. Indeed one would
expect that the large (quadratically divergent) quantum contributions to
the square of the Higgs boson mass would inevitably make the mass huge,
unless there is an incredible fine-tuning cancellation between the quadratic
radiative corrections and the bare mass.

During the last years many appealing ideas were used to overcome this
problem. The most popular theory but not the only one proposed to solve
the hierarchy problem is supersymmetry, even if this was not the historical
motivation for developing supersymmetry. In 1981 it was proposed the Min-
imal Supersymmetric Standard Model (MSSM), i.e. the minimal extension
of the Standard Model. Supersymmetry pairs bosons with fermions, there-
fore every Standard Model particle has a partner (yet to be discovered). If
these supersymmetric partners exist, it is likely that they will be observed
at the Large Hadron Collider. In the MSSM, the Higgs has a fermionic
superpartner, called the Higgsino (with the same mass if supersymmetry
was an exact symmetry). Because fermion masses are radiatively stable, the
Higgs mass inherits this stability. Supersymmetry removes the power-law
divergences of the radiative corrections to the Higgs mass. However, there
is no understanding of why the Higgs mass is so small from the beginning,
which is known as the mu problem.

The only unambiguous way to claim discovery of supersymmetry is to
produce superparticles in accelerators since we expected them to be 100
to 1000 times heavier than the proton. There are various particles which
are superpartners of the Standard Model ones: squarks, gluinos, charginos,
neutralinos, and sleptons. These superparticles have their interactions and
subsequent decays described by the MSSM. The MSSM imposes R-parity
to explain the stability of the proton. It adds supersymmetry breaking by
introducing explicit soft supersymmetry breaking, at least at weak scale
where we know for sure that supersymmetry is broken. Unfortunately there
are 120 new parameters in the MSSM. Most of these parameters lead to
unacceptable phenomenology such as large flavor changing neutral currents
or large electric dipole moments for the neutron and electron. To avoid
these problems, the MSSM requires all of the soft susy breaking terms to be
diagonal in flavor space and all of the new CP violating phases to vanish.

But the most intriguing feature of the MSSM is that it naturally provides
dark matter candidates with approximately the right relic density. In fact if
R-parity is preserved, then the lightest supersymmetric particle (LSP) of the
MSSM is stable and is a massive particle with weak interactions (WIMP).
This makes the LSP a good cold dark matter (CDM) particle. This fact pro-
vides a strong and completely independent motivation for supersymmetric
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theories. In the following we will focus on dark matter, where the connec-
tions between supersymmetry and cosmology are concrete and rich.

On theoretical grounds, we can go also beyond the MSSM considering
the most investigated proposal of grand unified theory (GUT), which merges
the three fundamental gauge symmetries. Grand unification is based on the
idea that at extremely high energies, all symmetries have the same gauge
coupling strength. GUTs predict that at energies above 104 GeV, the elec-
tromagnetic, weak nuclear, and strong nuclear forces are fused into a single
unified field. A gauge theory where the gauge group is a simple group only
has one gauge coupling constant, and since the fermions are now grouped to-
gether in larger representations, there are fewer Yukawa coupling coefficients
as well.

In addition, the chiral fermion fields of the Standard Model unify into
three generations of two irreducible representations (10 ¢ 5) in SU(5), and
three generations of an irreducible representation (16) in SO(10). This is
very significant since a generic combination of chiral fermions which are free
of gauge anomalies will not be unified in a representation of some larger Lie
group without adding additional matter fields.

GUT theory predicts also relations among the fermion masses but most
of them don’t hold, neither approximately. On the contrary, if we look at
the renormalization group running of the three-gauge couplings we find that
they meet at the same point if the hypercharge is normalized so that it is
consistent with SU(5) or SO(10) GUTs, which are precisely the GUT groups
which lead to a simple fermion unification. However, if the MSSM is used
instead of the Standard Model, the match becomes much more accurate.
The unification scale turns out to be Mgyr ~ 2 x 106 GeV. This sets
a natural energy scale for grand unification. Although this energy scale
is lower than the Planck scale, it is yet too high to probe physics at low
energies. Even indirect evidences, such as proton decay, are limited by this
huge scale.

In [I] it was shown how to lower the unification scale. Indeed, it would
be strange to consider a unification of the MSSM gauge groups at lower scale
at which their couplings have not yet unified. There must exist a mechanism
to achieve gauge coupling unification at scales M <« Mqyr. If we add extra
matter states to the MSSM we get worse. Indeed such extra matter tends to
raise the unification scale, also driving the theory towards strong coupling.
Let us then investigate why unification occurs at such a high energy scale.In
the MSSM gauge couplings run logarithmically with energy scale. Since the
gauge couplings have different values at weak scale they can unify (if it is the
case) only after many orders of magnitude in energy. Then we need a way
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to change the running of the gauge couplings so that they run more quickly
(say exponentially rather than linearly) to achieve a faster unification.

Outstandingly, there does exist a physical effect that causes such an ex-
ponential running: the appearance of extra spacetime dimensions. Already
in the 20’s Kaluza and Klein looked for a model to unify gravitation and elec-
tromagnetism. A five dimensional spacetime gives rise to Einstein equations
and Maxwell equations in four dimensions. They proposed that the fourth
spatial dimension is curled up in a circle of very small radius. The size of
the dimension is given by the distance a particle can travel before reaching
its initial position. Since this extra dimension is compact we refer to this
mechanism as compactification. Extra spacetime dimensions are naturally
predicted in string theory, so we expect that such a scenario will take part
within a more fundamental theory. We will see that this scenario can also
be discussed in terms of field theory only. The drawback of this picture is
that in field theory, extra spacetime dimensions lead to a loss of renormal-
izability. All physical quantities such as gauge couplings do not run in the
usual sense. We must rephrase the ‘exponential running’ as an exponential
dependence on the cutoff pertaining a more fundamental theory (perhaps
string theory). Nevertheless we will see that there exists a renormalizable
theory essentially equivalent to the non-renormalizable one.

Given these motivations, in this thesis we shall analyze the consequences
of extra spacetime dimensions on the MSSM. We shall begin by reviewing
the MSSM in four dimensions. In chapter 1 we specify the superpotential
and all the possible soft terms to break supersymmetry, showing their renor-
malization group equations. Chapter 2 contains a pedagogical introduction
to the method of the effective potential. We apply this method to the MSSM
to obtain the renormalization group equations of the previous chapter. We
also do an analysis in terms of Feynman diagrams, which will be useful in
the following. In chapter 3 we present the string-inspired model by Dienes
and collaborators [I]. We treat different scenarios showing how extra di-
mensions give rise to ‘power-law’ running of the parameters. In chapter 4
we analyze the possible implications of extra dimensions related to the dark
matter problem. The result of the computation is that the neutralino is still
the lightest supersymmetric particle and it is higgsino like in most of the
parameter space.
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Chapter 1

Review of the MSSM

Supersymmetry is an extension of the known spacetime symmetries. It
emerges naturally in string theory and, in a sense, is the maximal possible
extension of Poincare symmetry. The basic prediction of supersymmetry
is, then, that for every known particle there is another particle, its super-
partner, with spin differing by 1/2. One may show that no particle of the
standard model is the superpartner of another. Supersymmetry therefore
predicts a plethora of superpartners, none of which has been discovered.
Mass degenerate superpartners cannot exist and so supersymmetry cannot
be an exact symmetry. The only viable supersymmetric theories are there-
fore those with non-degenerate superpartners. This may be achieved by
introducing supersymmetry-breaking contributions to superpartner masses
to lift them beyond current search limits. At first sight, this would appear
to be a loss in the appeal of supersymmetry. It turns out, however, that the
main virtues of supersymmetry are preserved even if such mass terms are
introduced. In addition, the presence of an electrically neutral LSP acting
as supersymmetric dark matter emerges naturally in theories with broken
supersymmetry. The treatment of the MSSM is entirely based on the work
of Martin [2].



1.1 MSSM: the superpotential

1.1 MSSM: the superpotential

As in any renormalizable supersymmetric field theory, the interactions and
masses of all particles are determined just by their gauge transformation
properties and by the superpotential W. W is an analytic function of the
chiral complex fields ¢;. We recall here that a superfield is a single object
which contains as components all of the bosonic, fermionic, and auxiliary
fields within the corresponding supermultiplet. The gauge quantum num-
bers and mass dimension of a chiral superfield are given by that of its scalar
component. In the superfield notation we can write the superpotential as

1 . 1 .
W = QMZ]@Z'(I)]' + gyzjkq)iq)jq)k (1.1)

The equation shows that W determines not only the scalar interactions
in the theory, but also the fermion masses and Yukawa couplings. At first
sight, superfield methods might seem redundant; however they have the
great advantage of making invariance under supersymmetry transformations
manifest. The specification of the superpotential encodes the interactions
present in the lagrangian,

The form of the superpotential is restricted by gauge invariance. As a
result, only a subset of the couplings M% and y“/* will be allowed to be
non-zero. For example, mass terms M% can only be non-zero for i and j
such that the supermultiplets ®; and ®; transform under the gauge group in
representations which are conjugates of each other. Indeed, we will see that
in the MSSM there is only one such term. Likewise, the Yukawa couplings
y"7% can only be non-zero when ®;, ®;, and ®;, transform in representations
which can combine to form a gauge singlet.

The superpotential for the MSSM is given by

Whssm = UyuwQH, — dyaQHy — eye LHy + pH, Hy (1.2)

The objects H,, Hy, Q, L, @, d, € appearing in equation are chiral
superfields corresponding to the chiral supermultiplets B The dimensionless
Yukawa coupling parameters yy,yd,Ye are 3x3 matrices in family space.
The “u term”, can be written out explicitly as

(Ha)a(Ha)ge™” (1.3)

where €*? is the antisymmetric symbol which makes the expression gauge-
invariant. Likewise, the term uwy,QH, can be written out as

U (Yu)i’ Qfa (Hu)pe®” (1.4)

!For simplicity, we have suppressed all of the gauge and family indices.
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where ¢ = 1,2,3 is a family index, and a = 1,2, 3 is a color index which is
raised (lowered) in the 3 (3) representation of SU(3)¢c group.

The p term in equation is the supersymmetric version of the Higgs
boson mass in the Standard Model. It is unique, because other terms are
not analytic and thus cannot be included in the superpotential. From equa-
tion (1.2)) we can see that both H, and Hy are needed to give Yukawa
couplings, and thus masses, to all of the quarks and leptons. So we need
both H, and Hg, even without invoking anomaly cancellation ﬂ

The Yukawa matrices determine the masses and CKM mixing angles,
after the occurrence of electroweak symmetry breaking and the neutral scalar
components of H, and Hy get VEVs. Since the top quark, bottom quark
and tau lepton are the heaviest fermions in the Standard Model, it is often
used the approximation in which only the (3,3) family components of each
of yu, yq4 and ye are important:

0 0 O 0 0 0 0 0 O
Yu~ | 0 0 0 ya~ | 0 0 O Ye= | 0 0 O (1.5)
0 0 w 0 0 w 00 yr

It is useful to write the superpotential in terms of the SU(2); components

Wassm ~ y(ftH) — tH, ) — yp(btH, — bbHY) — y, (Tv, H; — 71 HY)
+u(H Hy — HyHR). (1.6)

Here we used the notation: Q3 = (tb); Lz = (v, 7); H, = (H HO); Hy =
(Hg H;); uz = t; ds = b; 3 = 7. The minus signs inside the parentheses
appear because of the antisymmetry of the €** symbol. These minus signs
were chosen so that the terms proportional to v,y and y, have positive
signs when they will become the top, bottom and tau masses.

The Yukawa interactions y“* must be completely symmetric under in-
terchange of i, 7, k; this implies that besides the Higgs-quark-quark and
Higgs-lepton-lepton couplings of the Standard Model, there are also squark-
Higgsino-quark and slepton-Higgsino-lepton interactions.

To see this more explicitly, one can look at Figs. (a), (b), (c) which
show some of the interactions which involve the top-quark Yukawa coupling
y;. Figure (a) is the Standard Model-like coupling of the top quark to
the neutral complex scalar Higgs boson, which follows from the first term
in equation . The symbols t;, and t% stand for their synonyms ¢ and ¢.

2Cancellation of gauge anomalies requires Tr[Y?] = 0 and Tr[T3Y] = 0, where T3 and
Y are the third component of weak isospin and the weak hypercharge, respectively. These
can be satisfied if there are two Higgs supermultiplets, one with each of Y = +1/2.
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T Sk

(a) (b) (©

Figure 1.1: Interactions proportional to y;: the top-quark Yukawa coupling
(a) and its supersymmetrizations (b), (c).

In Fig. (b), we show the coupling of the left-handed top squark ¢z, to the
neutral higgsino field Efg and right-handed top quark, while in Fig. (c)
the right-handed top-squark field couples to f[g and t;. For each of the three
interactions, there is another with H) — H, and t; — —by,, corresponding
to the second part of the first term in equation . All of these interactions
are required by supersymmetry to have the same strength ;.

There are also scalar quartic interactions with strength proportional to
y? as can be seen from Fig. b).

M L% I’ ~ I oo ~ I
LN y LIRN y R y &
~N - - ~N - - ~N - -
>« >« >«

~A - > ~ - > ~\, * - > S *
w7 Nk Hoo N HD HL N(H

- ~ - ~ - ~

(a) (b) (c)

Figure 1.2: Some of the (scalar)?® interactions with strength proportional to
2
Yt -

They are twelve in total; three of them are shown in Fig. while
the other nine can be obtained by replacing t;, — bz, and/or H? — H;}
in each vertex. This is a peculiar characteristic of supersymmetry; many
interactions are determined by a single parameter.

It turns out that the dimensionless interactions play a minor role for phe-
nomenology. This is because the Yukawa couplings are very small, except
for those of the third family (top, bottom and tau). Decay and production
processes for superpartners in the MSSM are instead dominated by the su-
persymmetric interactions which depend on gauge-coupling. The couplings
of the Standard Model gauge bosons (photon, W=, Z° and gluons) to the
MSSM particles are determined as usual by the kinetic terms and by their
gauge invariance. The gauginos then also couple to (squark, quark), (slep-
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ton, lepton) and (Higgs, higgsino) pairs. The Feynman diagram for the
interaction squark-quark-gluino is shown in Fig. [1.3|a). In Figs. [1.3(b), (c)

q qr, lL’ ﬁu’ ﬁd q, 1’ ﬁu, ﬁd

aLv lLa Hua Hd
>

o2
=
v
|Q-

(a) (b) (©)

Figure 1.3: Couplings of the gluino, wino, and bino to MSSM (scalar,
fermion) pairs.

we show the couplings of (squark, quark), (lepton, slepton) and (Higgs, hig-
gsino) pairs to the winos and bino; their interactions are proportional to the
electroweak gauge couplings g and ¢’ respectively.

The winos only couple to the left-handed squarks and sleptons, while the
(lepton, slepton) and (Higgs, higgsino) pairs do not couple to the gluino since
they have no color number. The bino couplings for each (scalar, fermion)
pair are proportional to the weak hypercharges Y. The interactions shown
in Fig. are responsible for decays ¢ — ¢g and ¢ — W¢' and ¢ — Eq.
The complication arises because W and B states are not mass eigenstates:
this is due to electroweak symmetry breaking.

There are also various scalar quartic interactions in the MSSM which
are uniquely determined by gauge invariance and supersymmetry, Among
them are (Higgs)* terms proportional to g? and ¢’? in the scalar potential.
These can be thought as the direct generalization of the quartic term in the
Standard Model Higgs potential, to the case of the MSSM.

The only dimensionful parameter appearing in the supersymmetric part
of the MSSM lagrangian is the p term. We find that p gives rise to higgsino
mass terms o o

LD —pu(HfH; — HIHY) + c.c. (1.7)
as well as Higgs (mass)? terms in the scalar potential
—L DV D |uf(|Hy? + |H | + [Hg* + [H ) (1.8)

It is clear that equation (1.8 is positive-definite. Then, to understand elec-
troweak symmetry breaking we must include supersymmetry-breaking soft
terms E| of dimension two for the Higgs scalars, letting them to be neg-

3Soft terms break supersymmetry without introducing quadratic divergences. We will
discuss them in detail in the next.



1.2 Soft supersymmetry breaking interactions

ative. However, this leads to a puzzle. Since p is related to the Higgs
VEV of order 174 GeV, we expect that p should be roughly of order 102
or 103 GeV. But why should p be roughly of the same order as msgog?
Why is so small compared to Mp;? In this way, the scalar potential of the
MSSM seems to depend on two distinct dimensionful parameters, namely
the supersymmetry-respecting mass p and the supersymmetry-breaking soft
mass terms. The observed value for the electroweak breaking scale suggests
that both these mass scales should be within an order of magnitude or so of
100 GeV. This puzzle is called “the p problem”. A way to solve this prob-
lem E| is to postulate that p is absent at tree-level, and must be replaced by
the VEV(s) of some new field(s). This VEV is determined by minimizing
a potential which depends on soft supersymmetry-breaking terms. Thus,
the value of the effective parameter p is strictly related to supersymmetry
breaking. From the point of view of the MSSM, however, we can just treat
1 as an independent parameter.

The p-term and the Yukawa couplings in the superpotential equation
give also (scalar)? couplings of the form

L D pt(ayaHY + @deHS* + ey e HY*
+ UyodH]* + dyquH;* + eyeVH,™) + c.c. (1.9)
In Fig. [1.4) we show some of these couplings, proportional to p*y:, u*yp, and

Wy, respectively. These play an important role in determining the mixing
of top squarks, bottom squarks, and tau sleptons.

n I~ I~
7/ 7/ 7/
0* *, tL 0* K, bL 0* Vs TL
Hd e Hu e Hu 7
Bl N T e
\\ o \\ g* h x
h \tR h N R h \TR
(a) (b) ()

Figure 1.4: Some of the supersymmetric (scalar)? couplings proportional to
WYty 1 Yp, and pry,.

1.2 Soft supersymmetry breaking interactions

To obtain a realistic phenomenological model we must require supersymme-
try breaking. Supersymmetry, if it exists at all, should be an exact symme-

4Some other attractive solutions for the y problem are proposed in Refs. [3] 4] [5] [6] [T, [§].
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try which is spontaneously broken. In other words, supersymmetry must be
hidden at low energies, exactly like it happens with electroweak symmetry
in the ordinary Standard Model. It turns out however, that spontaneous
breaking of global supersymmetry doesn’t give realistic models.

The hierarchy problem is solved if the theory is free of quadratic diver-
gences. The absence of this kind of divergences does not however imply that
the theory must be supersymmetric. It is possible to add some terms to the
supersymmetric lagrangian, breaking supersymmetry without introducing
quadratic divergences. These new terms are called soft breaking terms. At
one loop it is simple to count the possible terms because all divergences are
found in the wave function renormalization of chiral multiplets and vector
multiplets (equivalent to the renormalization of gauge coupling constants).

Soft terms are actually present in the low energy effective lagrangian of
spontaneously broken supergravity theories. This means that they can be
derived from a more fundamental theory (i.e. valid at higher energies) such
as N = 1 supergravity. We will see how it is possible to do this in the
next section, when we will treat the so called gravity-mediated scheme. In
general, these models extend the MSSM including new particles and interac-
tions at very high mass scales. For practical purposes, it is extremely useful
to parameterize these models just introducing extra terms which break su-
persymmetry explicitly in the effective MSSM lagrangian. In the context of
a general renormalizable theory, the possible soft supersymmetry breaking
terms in the lagrangian are

Loot = —% (My A A" + c.c.) — (m?)s 7" o

_ (lbijd)(b' + laijk¢.¢.¢ + > 1.10

B iDj 6 i PPk C.C. ( . )

They consist of gaugino masses M, for each gauge group, scalar (mass)?

terms (mg)g and b, and (scalar)® couplings a¥/*. It is possible to show that

a softly-broken supersymmetric theory with Lo as given by equation

has no quantum corrections which have quadratic divergences to all orders

in perturbation theory. For all the details see the work of Girardello and
Grisaru [9)].

The lagrangian Lgg breaks supersymmetry, since it involves only scalars
and gauginos, excluding their respective superpartners. In fact, the soft

°In the MSSM one might imagine that the D term for U(1)y has a Fayet-Tliopoulos
term as the principal source of supersymmetry breaking. Unfortunately, this cannot work,
because the squarks and sleptons do not have superpotential mass terms.



1.3 Gravity-mediated susy breaking models

terms in Lgop can give mass to all of the scalars and gauginos in the theory,
even if the gauge bosons and fermions in chiral supermultiplets are massless.
The gaugino masses M) are always allowed by gauge symmetry. The (m2)§-
terms are allowed for 4, j such that ¢;, ¢/* transform in complex conjugate
representations under all gauge symmetries. In particular, when ¢ = j this

is certainly true, so every scalar can get a mass in this way.

. . : . )
AAAAAAARA Losox—>-A L J TTTTTN

(a) (b) (©) (d)

Figure 1.5: Soft supersymmetry-breaking terms: (a) gaugino mass insertion
My; (b) non-analytic scalar (mass)? (m2)§-; (c) analytic scalar (mass)? b/,
(d) (scalar)? coupling a™*.

The remaining soft terms are restricted by the symmetries. It is worth
noting that the v and a”* terms have the same form as the M% and y“*
terms in the superpotential, so they will be allowed by gauge invariance if
and only if a corresponding superpotential term is allowed. The Feynman di-
agram interactions corresponding to the allowed soft terms in equation
are shown in Fig. For each of the interactions in Figs. a,c,d there is
one with all arrows reversed, which corresponds to the complex conjugate
term in the lagrangian.

1.3 Gravity-mediated susy breaking models

In this section we systematically analyze the way in which the MSSM soft
terms arise. The gravity-mediated models are characterized by the fact that
the hidden sector of the theory communicates with the MSSM only (or pri-
marily) through gravitational interactions. In an effective field theory, this
means that the supergravity lagrangian contains non-renormalizable terms
which are suppressed by powers of the Planck mass, since the gravitational
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coupling is proportional to 1/Mp;. These will include

LNr = _]WlplFX Ea: %fa)\a/\a + c.c.
—MlHFX <éym]k¢i¢j¢k + ;M'”@%‘)

—Mll%lFXF)*( Kigio* + c.c. (1.11)
where Fx is the auxiliary field for a chiral supermultiplet X in the hidden
sector, and ¢; and A® are the scalar and gaugino fields of the MSSM. The
terms in equation ([1.11)) are part of a non-renormalizable supersymmetric
lagrangian which contains other terms that we may ignore. Now if one
assumes that (Fy) ~ 101° or 10! GeV, then Lyr will give us a lagrangian
of the form Lg,n in equation , with MSSM soft terms of order a few
hundred GeV.

The dimensionless parameters f, k;-, y'9% and the dimensionful ;/¥ in
LNRr are to be determined by the underlying theory, perhaps string theory.
Even without knowing this theory, we can simplify the task assuming a
“minimal” form for the normalization of kinetic terms and gauge interactions
in the non-renormalizable supergravity lagrangian. In that case, we have a
common coupling for the three gauginos , f, = f, and for the scalars k‘; = k5§
The other couplings are proportional to the corresponding superpotential
parameters, giving y’”* = ay”* and 1/ = Bu with universal dimensionless
constants « and 3. Then all the soft terms in Els\ngtSM can all be written in
terms of just four parameters:

(Fx) (Fx)

KEP Ay =a~>L By =p- X (1.12)
M2 Mp Mp

1igk

(Fix) 2
mq/9 = fi mg =k
/ Mp 0
In terms of these, one can write for the parameters appearing in the soft
lagrangian

M3 :M2 :M1 :m1/2 (113)
mé:m%:m%:m%:mézmgl m3 =md =m3 (1.14)
Ay = AOYu ad = AOYd Ae = AOYe (1'15)

Even if this choice of parameterization is not completely well-motivated on
theoretical grounds, from a phenomenological perspective it sounds very
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nice. Moreover, this framework avoids the most dangerous types of FCNC
and CP-violation. Equations — are also highly predictive, while
equation is content-free unless one can relate By to other parameters
in the theory. They should be applied as RG boundary conditions at the
scale Mp;. We must then RG evolve the soft parameters down to the elec-
troweak scale, predicting in this way the entire MSSM spectrum. This can
be done in terms of just five parameters my o, m%, Ay, Bo, and u (plus the
already-measured gauge and Yukawa couplings of the MSSM). In practice,
one starts this RG running from the unification scale [f| My ~ 2 x 1016 GeV
instead of Mp;. The reason is that unification of gauge couplings suggests
that we have the theory under control only up to My, but we know little at
scales between My and Mp;. The error is proportional to a loop suppres-
sion factor times In(Mp;/My) and can be partially absorbed redefining m2,
my /a3, Ag and By. However, in some cases can lead to important effects. This
framework represents the bulk of phenomenological studies of supersymme-
try. It is sometimes referred to as the minimal supergravity (mSUGRA) or
supergravity-inspired scenario for the soft terms.

1.4 Soft supersymmetry breaking in the MSSM

To obtain insights from the MSSM, we need to specify the soft supersymme-
try breaking terms. In section we learned how to write the most general
terms in a given supersymmetric theory. Applying this recipe to the MSSM,
we have

1 e — -
Lo = -3 (M3gg + MWW + MlBB> ¥ec.

— (iau @Hu —dag @Hd — %ae EHd> + c.c.
~Qm3Q-L'm}l-umdu —dm3d —emie
—myy, HiH, —my HyHq — (bH,Hy + c.c.) (1.17)

In equation , Ms, M>, and M; are the gluino, wino, and bino mass
terms respectivelyﬂ The second line in equation contains the (scalar)?
couplings, of the type a¥/* in equation . Each of ay, aq, ae is a complex
3 x 3 matrix in family space, with mass dimensions. They are in one-to-one

SWe will see in the following that the presence of extra dimensions will lower the
unification scale by some order of magnitude.

"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.

10



Review of the MSSM

correspondence with the Yukawa coupling matrices in the superpotential.
The third line of equation ([1.17) contains squark and slepton mass terms
of the (m?)! type in equation (1.10). Each of rn(ZQ, m2, m%, m?, m2 is a
3 x 3 matrix in family space which can have complex entries, but they must
be hermitian in order to have a real lagrangian ﬂ Finally, in the last line of
equation we have supersymmetry-breaking contributions to the Higgs
potential; quu and m%{d are (mass)? terms of the (m?)] type, while b is the
only (mass)? term of the type b” in equation which can appear in
the MSSM ﬂ The expression is the most general soft supersymmetry-
breaking Lagrangian of the form which respects gauge invariance and

conserves matter parity.

Unlike the supersymmetry-preserving part of the lagrangian, Eé\ngtSM in-

troduces many new parameters in a number which is much greater than that
in the ordinary Standard Model. A careful count [10] shows that there are
105 masses, phases and mixing angles in the MSSM lagrangian which can-
not be rotated away by redefining the phases and flavor basis for the quark
and lepton supermultiplets. Thus, in principle, supersymmetry (or more
precisely, supersymmetry breaking) appears to introduce more arbitrariness
in the lagrangian than the Standard Model does. Fortunately, there are al-
ready experiments which limit this number. This is because most of the new
parameters in equation involve flavor mixing or CP violation, which
is already restricted by experiment [11].

All of these potentially dangerous FCNC and CP-violating effects in
the MSSM can be avoided assuming that supersymmetry breaking is “uni-
versal”. In particular, one can suppose that the squark and slepton mass
matrices are flavor-blind. This means that they should each be proportional
to the 3 x 3 identity matrix in family space:

2 2 2 2 2 2
mo =mpl ms=m-1 m%=m21l
Q Q u U d d
9 (1.18)

m% = m%l mg = m%l
If so, then all squark and slepton mixing angles are trivial, because squarks
and sleptons with the same electroweak quantum numbers will be degener-
ate in mass and can be rotated into each other. Supersymmetric contribu-
tions to FCNC processes will therefore be very small, modulo the mixing
due to ay, a4, ae. One can make the further simplifying assumption that
the (scalar)® couplings are each proportional to the corresponding Yukawa

8To avoid confusion, we do not put tildes on the Q in sz, etc.
9The parameter we call b often appears in the literature as B.

11



1.5 RG equations for the MSSM

coupling matrix:
ay=AuwoyYu ad=Awyd A = AcYe (1.19)

This ensures that only the squarks and sleptons of the third family can
have large (scalar)® couplings. To avoid large CP-violating effects it is as-
sumed that the soft parameters do not introduce new complex phases. This
is certainly true for Higgs, squarks and sleptons mass matrices if equa-
tions ([1.18)) are valid. One can also fix p in the superpotential and b in
equation (]-]E) to be real, rotating the phase of H, and Hy;. One can also
assume that the masses of the gauginos are real and that the matrices A;
appearing in equations are real; then the only CP-violating phase in
the theory will be the ordinary CKM phase of the Standard Model.

The conditions and reflect the so called assumption of soft-
breaking universality. The soft-breaking universality relations have not a
well established theoretical background. One can just think that they come
from a specific model for the origin of supersymmetry breaking. The equa-
tions (|1.18) and (1.19)) must be taken as boundary conditions on the running
soft parameters at a certain RG scale (g, much greater than the actual ex-
periments can probe. We must then RG-evolve all of the soft parameters,
the superpotential parameters, and the gauge couplings down to the elec-
troweak scale.

At the electroweak scale, equations and will not be satis-
fied. However, RG corrections coming from gauge interactions will respect
equations (1.18) and (1.19)), while RG corrections coming from Yukawa in-
teractions are small except for the ones of the third family. In particular,
the (scalar)?® couplings should be negligible for the squarks and sleptons of
the first two families. We must stress that, if universality hold at the in-
put scale, then supersymmetry will contribute only with a small amount to
FCNC and CP-violating observables.

1.5 RG equations for the MSSM

In the next chapter we will describe in detail how to obtain the renormaliza-
tion group (RG) equations. However here we want to anticipate the result
for the MSSM. The 1-loop RG equations for the Standard Model gauge
couplings g1, g2, g3 are given by

d 1 d _, b

— g = ba, — =—— =1,2, 1.2

12



Review of the MSSM

where t = In(Q/Qo) with Q the RG scale. In the Standard Model, b5 =
(41/10, —19/6, —7), while in the MSSM one finds bM55M = (33/5, 1, —3).
The latter coefficients are larger because of the presence of the extra MSSM
particles in the loops. The normalization for g; here is chosen to agree
with grand unified theories like SU(5) or SO(10). Thus in terms of the
electroweak gauge couplings ¢ and ¢’ with e = gsin 0y, = ¢’ cos 6y, one has
go=gand g = \/%g’ . The quantities oy = g2 /4 turn out to run linearly
with RG scale at one-loop order. In Fig. it is shown the RG evolution

60 w

40 - SN

30 -7

0 I I I I I
2 4 6 8 10 12 14 16 18

Log,,(Q/1 GeV)

Figure 1.6: RG evolution of the inverse gauge couplings a; !(Q) in the Stan-
dard Model (dashed lines) and the MSSM (solid lines). In the MSSM case,
as(myz) is varied between 0.113 and 0.123, and the sparticle mass thresholds
between 250 GeV and 1 TeV. Two-loop effects are included.

of the a; !, including two-loop effects, in the Standard Model (dashed lines)
and the MSSM (solid ones). Unlike the Standard Model, the content in
particle of the MSSM is right to ensure the gauge couplings unification,
at a scale E My ~ 2 x 10'6 GeV. At first sight, the unification of gauge
couplings at My might seem only an accident; but it may also be taken as a
hint for grand unified theory (GUT) or superstring models. Indeed, both the
theories predict gauge coupling unification below Mp;. We then expect to
apply a similar RG analysis to the other MSSM couplings and soft masses.

10We will see in the following that in presence of extra dimensions, the unification scale
will lower towards values much smaller than the Planck scale.
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1.5 RG equations for the MSSM

The one-loop RG equations for the three gaugino mass parameters in
the MSSM are determined by the same quantities bé\/l SSM which appear in

the gauge coupling RG equations (|1.20):

L

Mo = < —3bage Ma (ba = 33/5,1,-3) (1.21)
T

for a = 1,2,3. As we will see in the next chapter these equations can not be
achieved by means of effective potential alone, but to some extent they are
generalization of the corresponding RGEs of [12] to an arbitrary content of
particles. It is easy to show that the three ratios M,/g> are each constant,
in the sense that they are RG-scale independent El In minimal supergravity
models, we can therefore write

_ %@
2(Qo) ?

M,(Q) (a=1,2,3) (1.22)

at any RG scale Q@ < @, where Qg is the input scale. Since the gauge
couplings are observed to unify at a scale My ~ 0.01Mp;, one expects
that g3(Qo) = ¢3(Qo) ~ g3(Qo)-

Therefore, one finds that

My M,

M3
@ 9@ g

(1.23)

at any RG scale if we neglect small two-loop effects. In minimal supergravity
models, the common value in equation is equal to my o/ 9[2], where gy
is the unified gauge coupling at the input scale and my/y is the common
gaugino mass. Since the gauge couplings g1, g2, and g3 are quite well known
at the electroweak scale, the prediction can be extrapolated up to
My;. Moreover, we will see later that the gaugino mass parameters enter
into the RG equations for all of the other soft terms.

In the next chapter we will study the renormalization group equations
for softly broken supersymmetric theory, showing how to derive them in the
case of the MSSM. Here we simply present the complete set of equations.
Let us consider the running of the superpotential parameters at one loop

1This is true up to small two-loop corrections.

12Tn a GUT model, it is automatic that the gauge couplings and gaugino masses are
unified at all scales @ > My and in particular at Q ~ Mp;, because in the unified theory
the gauginos all live in the same representation of the unified gauge group.
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level. The Yukawa couplings run with scale according to E

d Yt [ 2 2 16 2 2 ].3 2

oy = ——g2 32 -2 1.24
e 672 _6!yt! +lwl® — 595 =302 — 1291 (1.24)
d Yb [ 2 2 9 16 4 2 [

oy = — g2 342 -~ 1.2
el 62 _ﬁlybl Hlyel” + 1y " = 595 = 392 — p91| (1.25)
d yr | 2 2 2 99

— = 4 — - = 1.2
pri Tor? | [yrI” + 3lyel” — 392 — o1 (1.26)

Note that the [-function for each supersymmetric parameter is propor-
tional to the parameter itself. This is a consequence of the famous non-
renormalization theorem for susy theories. For the same reason, the equa-
tion for the p parameter has the form

d 7

3
M= o2 yel® + 3lysl* + ly-1* — 395 — =gt (1.27)

5

Next we consider the 1-loop RG equations for the analytic soft parame-
ters ay, a4, ae. In models obeying equation , these matrices are pro-
portional to the corresponding Yukawa couplings at the input scale. With
the approximation of equation (|1.5]), one can therefore write

0 0 00 0 0
a,~ |0 0 ag~ [0 O a.~ |0 O (1.28)
0 0 00 0 0

S
]

t b Qr

which defines E running parameters a;, ap, and a-. We must stress however,
that in this approximation we don’t neglect the masses of the lightest squarks
and sleptons. We instead assume a mass degeneracy for the first and second
generation as we will see in . In this limit, only the third family and
Higgs fields contribute to the MSSM superpotential.

13We will use the approximation, as is common, that only the third family Yukawa
couplings are significant.

14 Usually in the literature rescaled soft parameters A, = a;/y:, Ay = ap/yp, and A, =
ar/y- are commonly used.
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1.5 RG equations for the MSSM

The RG equations for the trilinear couplings are given by

d [ 16 3 .
16772@% = a _18|yt\2 + |yb‘2 — 393 - 39% — 159%} + 2apyp Yt
32 26
|59 g3 M3 + 695 My + 1591Ml (1.29)
162 L0, = ay _18|yb\2 + [yl + [ye)* — Egg — 3935 — + 2a0y Y
dt I 3 1591
* 32 o 2 14
+2aryzyp + Yo | 5 95Ms + 695 Mo + 1591M1 (1.30)

d 9

gf] + 6ayypyr
2 18 ,
+yr | 693 M2 + ggll\/h (1.31)

while the RG equation for the b parameter (the one that appears in the
Higgs potential) is

d 3
16550 = b3l 3l + o~ 393 - 2ot

* * * 6
+h [atyt + 6apyy + 2a,y; + 695 My + 59%)1\4 (1.32)

The (-function for each of these soft parameters is not proportional to the
parameter itself. This is due to the fact that, parameters which violate
supersymmetry are not protected by non-renormalization theorems.

Next let us consider the RG equations for the scalar masses in the MSSM.
In the approximation of equations and , the scalar masses satisfy
boundary conditions like equation at an input RG scale. When they
are renormalized, they will stay almost diagonal

mg, 0 0 m2z 0 0
my~| 0 mg 0 mi~| 0 m2 0 (1.33)
0 0 mp 0 0 2
3 3

The first and second family squarks and slepton remain very nearly degen-
erate, but the third family squarks and sleptons will be affected by large
Yukawa couplings. The one-loop RG equations for the first and second fam-
ily squark and slepton squared masses can be written as

1672 —m — ) 8g2CY|M,|? (1.34)
a=1,2,3
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Review of the MSSM

for each scalar ¢. Here the sum is over the three gauge groups U(1)y, SU(2)L
and SU(3)c. M, are the corresponding running gaugino mass parameters
and the constants C¢ are the quadratic Casimir invariants. Looking at
the equation , we note that the right-hand sides are strictly negative:
then scalar (mass)? parameters will grow in the running from the input
scale (unification scale) down to the electroweak scale. The scalar masses
will receive large positive contributions at the electroweak scale, given by
the presence of the gaugino masses.

The RG equations for the mass parameters of the Higgs scalars receive
contributions from the Yukawa (y;5,) and the soft couplings (asp,.). It
turns out to be useful to introduce the following combinations

X, = 2|yt]2(m12qu + még + m2 )+ 2|a|? (1.35)
Xp = 2lp/*(mi, + ng + md ) + 2ap|? (1.36)
X, = 2|yT\ (de+mL3 +mz )+2]a7|2 (1.37)

In terms of these quantities, the RG equations for the soft Higgs mass pa-
rameters are

d 6
16712@771%_[” = 3X;-— 6g§‘M2|2 _ gg%‘M1|2 (138)
d 6

The third family mass parameters also get contributions from X, X
and X,. Their RG equations are given by

d 32 2

1671'2%7712@3 = X+ Xp— —g§IM3|2 — 6ga|My|* — Bg%\M1|2(1.40)
d 32 32

167T2£m1223 = 2X; — g3 M3)? - —g%|M1|2 (1.41)
d 32 8

167~ mg, = 2X, — 03| Ms| — {-gi M [? (1.42)
d

167r2%m%3 = X, —6g3|Ms|* - fgl\MﬂQ (1.43)
d 24

167r2£m§3 = 2X, — —g%]Ml\z (1.44)

Examining the RG equations (1.29))-(1.32]) and ((1.38)-(1.44) we note that

if the gaugino mass parameters are non-zero at the input scale, then all of
the other soft terms will be non null. While if the gaugino masses vanish at

17



1.6 Mass spectrum: the neutralinos

tree level, then they don’t get any contributions to their masses at one-loop
order. In that case the gaugino masses M7, My and M3 will be very small.

Before concluding this section, we must comment on a peculiar property
of mSUGRA models. There are also terms in the scalar (mass)? RG equa-
tions which are proportional to 77(Ym?) (the sum of the weak hypercharge
times the soft (mass)? for all scalars in the theory). However, these con-
tributions vanish in the case of minimal supergravity boundary conditions
for the soft terms, as one can see by explicitly calculating Tr(Ym?) in each
case. If Tr(Ym?) is zero at the input scale, then it will remain zero under
RG evolution, i.e. is a RG invariant. Therefore we neglect such terms in our
discussion. We will see however that in presence of KK excitations Tr(Y m?)
is no longer invariant and those terms will have an effect.

1.6 Mass spectrum: the neutralinos

The electroweak symmetry breaking is responsible for the mix of higgsi-
nos and electroweak gauginos. The neutral higgsinos (ﬁg and I:Tg) and the
neutral gauginos (E, /W\?O) form four neutral mass eigenstates, called neu-
tralinos. In this section we will denote E| the neutralino mass eigenstates by
N; (i =1,2,3,4). The lightest neutralino, Nl, is usually assumed to be the
LSP, the lightest supersymmetric particle. As we will see this is the only
MSSM particle which can make a good cold dark matter candidate. We now
describe the mass spectrum and mixing of the neutralinos in the MSSM.

In the gauge-eigenstate basis ¢ = (E WO, HY, I;TS ), the neutralino mass
terms in the lagrangian are

1
LD —i(wO)TMN@ZJO + c.c. (1.45)
where
M, 0 —cgsSwmy  SgSwmyg
M = 0 Mo cgew my  —Sgcw myzg (1.46)
—cgSwmy  cgew my 0 —u
sgswmz —Sgcwmgz —u 0

Here we have introduced the usual standard abbreviations sg = sin 3, cg =
cos B, sy = sinfy and ¢y = cosfy. The gaugino masses M7 and Ms in
this matrix come from the MSSM soft Lagrangian in equation , while g
is the supersymmetric higgsino mass terms appearing in equation . The

14 - o~ > .
¥ 0Other common notations use X? or Z; for neutralinos.
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terms proportional to myz are the result of Higgs-higgsino-gaugino couplings.
The mass matrix M5 can be diagonalized by a unitary matrix, giving rise
to positive real eigenvalues.

In general, the parameters M;, Ms, and p can have arbitrary complex
phases. In mSUGRA models satisfying the unification conditions equa-
tion , Mj and M, will have the same complex phase preserved by
RG evolution equation @) In that case, redefining the phases of B and

W we can make M; and M5 both real and positive. The phase of y then
cannot be rotated away. However, if u is not real, CP-violating effects in
low-energy physics will arise. Therefore, it is common to assume that p is
real. The sign of pu remains still undetermined by this constraint and will
be a parameter of the model.

In models which satisfy equation , one has the result

5
M ~ 3 tan? Oy My ~ 0.5M> (1.47)

at the electroweak scale. Then the neutralino masses and mixing angles
depend on only three parameters. This assumption is usually made in almost
all phenomenological models.

There is an interesting limit in which electroweak symmetry breaking
effects can be treated as small perturbation on the neutralino mass matrix.
If

myz < | £ M, |p £ My (1.48)

then the neutralino mass eigenstates are very nearly Ny ~ E; Ny =~ V[N/O;
N3, Ny~ (HO £ HY)/+/2, with mass eigenvalues:

 mysiy (M + psin25)

my, = M T (1.49)
2 .
myy (M2 + psin 23)
mNQ = M2 — MZ —M22 (150)
2(1—e€sin?2 Mic%, + Mys?
my = ‘N“"mZ( €SI ﬁ)(|ﬂ|+ 16y + 25W) (1'51)
8 2(|pl + My)(|pl + M)
e WHmQZ(Hesmzﬁ)(m\—Mlc%V—M2s%V) 152)
Na 2(|p| — My)(Ju| — Ma)

Here we have assumed that p is real, but its sign € = +1 is undetermined.
It turns out that a “bino-like” LSP N; can have the right cosmological
abundance to make a good dark matter candidate. For this reason, the large

19



1.6 Mass spectrum: the neutralinos

|| limit is preferred. Moreover, this limit tends to emerge from mSUGRA
boundary conditions on the soft parameters, which require |u| to be larger
than M7 and My to have electroweak symmetry breaking. In practice, the
masses and mixing angles for the neutralinos can be computed numerically.
The corresponding Feynman rules can be found in Refs. [13] [14] 15, [16].
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Chapter 2

Renormalization group
equations

In general supersymmetric gauge theories are renormalizable field theories,
and renormalization can be performed to all orders in perturbation theory
without breaking supersymmetry. Using the superfield formalism for quan-
tum corrections it is possible to show that any perturbative contribution
to the effective action must be expressed as one integral over the whole su-
perspace. This leads to the celebrated non renormalization theorems. In
particular, there are no quadratic divergences, which are responsible for the
so called hierarchy problem. This is the main reason to introduce supersym-
metry in the Standard Model.

In order to have a realistic model, however, it is necessary to add su-
persymmetry breaking terms. These terms can be chosen in such a way to
avoid quadratic divergences even if susy is broken. These are the so called
soft terms. The running of these terms doesn’t follow the rules of supersym-
metry. It turns out at this scope to use the method of effective potential. In
this way it is possible to obtain the renormalization group equations for all
the parameters: gauge couplings, Yukawa couplings and all the soft terms.
Once the equations are obtained, one can rephrase all the contribution in
terms of usual Feynman diagrams.

In the MSSM the gauge couplings unify at a scale near the Planck mass.
When we will introduce extra dimensions in the next chapter, the KK towers
will give rise to power-law behavior. These exotic properties, make the
model more appealing because the unification of gauge couplings happens
at energies much lower than the usual.
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2.1 Method of effective potential

2.1 Method of effective potential

Before discussing the renormalization group equations (RGEs), we want
to review a powerful method to obtain the running without making use
of Feynman diagram calculations. This method, known as the effective
potential method, will be useful even to treat soft breaking terms. We
saw in the previous chapter that supersymmetry reduces the number of
independent diagrams. However, when we introduce soft breaking terms,
we must deal with a usual field theory. In this case the number of diagrams
to analyze will grow fast, raising the amount of work to do in calculating the
RGE. The method of the effective potential, avoiding the use of Feynman
diagrams, is more suitable in this case. Indeed, in this framework, it will be
sufficient only to calculate the mass matrices for the various fields involved.
The quantum corrections will depend on these matrices.

To begin with, let us consider the simple case of a real scalar field with
lagrangian

£(r) = 50u6(x)0"6(x) — V(6(x) o

2
V(e) = ot - 5o

where my is the bare mass and ay is the bare self-coupling. In this lagrangian
we can put ¢(x) = p + ¢1(x) where p is the value that ¢(z) assumes at the
minimum of the potential. Then we have

Sto = [ a [;ama%l—vwwp)

_ —1/d4:€¢1 [D2+V”(p)] b1+ (2,2)

2
where the omitted terms involve a constant piece plus higher powers of ¢;.
From field theory, we know that the action is expressed in terms of the
potential

Sl = [ dtet (@), = -2V () (2.3

where € is the total volume of space-time, while the effective action is defined
as
Llp] = —QU(p) (2.4)

The function U is known as effective potential. The relation between the
usual potential and the effective one can be inferred by second order terms
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in the saddle point expansion E|
th 4 A1
Up)=V(p) — EQ In det{iA™"[p]} (2.5)

where Alp] is the propagator. To calculate the second term we note that

In det{iA"'[p]} = Trin{iA=1[p]}

4
= [ Gy mtkiia A (2.6)
Hence we obtain
i 4
Uip)=Vip) 2 / (;lﬂ’; In(k|iA (o] ) (2.7)

We must now evaluate the propagator. From the usual definition we have

0%5(g]
01 (x)0¢2(y) |

= —[@+V"(p)] 8z —y) (2.8)

(@lia™ [plly)

In the formula (2.7) we need the propagator in momentum space. We find
then

QM RiA llk) = K2 — V"(p) (2.9)
We can now substitute this into to obtain
ho[ d*%
Vo) = Vi) +5 [ G mlkd + V() + 00 (210

where we have rotated into Euclidean momentum space. The above integral
is divergent, but we can cut it off at a scale k2, = A%, getting

4 21
A <1nA 1

+0 <A12> (2.11)

/ d*kpin(k% + V") =

1 |
P2 VG VAV _
APV 4 S (V) (m " 2)

Using this result, we have

U(p) = V(p) + 1Vi(p) + O(n%) (2.12)

'In this section we leave % to make the expressions more clear.
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where

Vi(p)

A Ly 4 (V)2 [1 V¥p) _ 1] (2.13)

= 3272 6472 AZ 2

In this expression we have dropped a constant of the order of A*In A because
this has no effect on the location of the minimum of U(p). Note that the
second derivative of the potential is just the (squared) mass of the scalar
field. This will prove useful when we will deal with supersymmetric theories.
To separate V;(p) into its divergent part and its convergent one, we must
introduce an arbitrary scale parameter p, so that we can write
V// V// ILL2

This allows us to rewrite expression (2.13)) as

2 11\2 "
Vi(p) = 3222 AV — %(V”)2ln 22] + (6V47r)2 (m‘l; - ;) (2.15)
As we can see, the terms in square brackets are divergent, while the rest
is finite. To eliminate the divergences in Vi(p) we make use of the renor-
malization procedure. It is known that in order to do this, the divergent
terms must have the same form as those present in the lagrangian. Then one
can absorb the divergences defining new parameters. Indeed, this is what
happens for any renormalizable theory.

For a potential V(p) of polynomial degree n, V"(p) is a polynomial of
degree n — 2 and subsequently the divergent part of Vi(p) is a polynomial
of degree 2n — 4. Thus we find the known result that the theory is renor-
malizable if n < 4.

To display the counter terms, we rewrite the parameters in £(z) as

ap = a1 + o«
L (2.16)
mg =mj + ém

where do and ém? may be divergent in perturbation theory, while the pa-
rameters «; and m% must be finite. The corrections da and ém? will be
of order A. Introducing the expressions (2.16]) into the Lagrangian, we can
rewrite

1

) Sm2 oo
L(x) = 50u0(2)0" $(x) = V($(w) + —~¢" — 7ot (2.17)

2
V(o) = ot - Lo
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Renormalization group equations

The last two terms in the lagrangian are the counter terms. Since they are
of order i, they can be simply added to the one loop effective potential,
giving

om? Yo’
Ulp) = V(p) + WVilp) — =~ ¢* + ng# (2.18)
We choose da and dm? so as to cancel the divergent part of Vi (p):
2ﬁ AQ
oo = 2312 In—
o (2.19)
om? = 21t A%+ mlnA—
3272 2 2

The right hand side of these equations are ambiguous up to additive finite
terms, but they can always be absorbed into the scale parameter . We note
that from the first equation in we can recover the usual beta function
for a self interacting scalar field, which isﬂ

3a?2
1672

In the next section we will make use of this powerful method to renormalize
supersymmetric theories.

8= (2.20)

2.2 Effective potential and supersymmetry

We can generalize the previous analysis to the case of supersymmetric the-
ories [I7]. At this end we note that the second derivatives of the potential
are just the squared masses of the various particles. The mass matrices will
involve bosons as well as fermions. In the last case, we must take into ac-
count the minus sign coming from the ordering of propagators in a fermion
loop. Thus we introduce the supertrace

STrM? = (=) (2j + 1)m] (2.21)
J
where the sum is over all particles, j is the spin and (2j + 1) is the number

of degrees of freedom for a massive particle of spin j. The formula ([2.13])
then becomes

1
6472

5 STrM=(z) +

oV =
327

STrM*(z)In (Mjg)) (2.22)

2To be consistent with the standard notation we have set & = 1, as usual.

25



2.2 Effective potential and supersymmetry

where A is the cut-off mass parameter E| and z stands for a scalar field.
For supersymmetric theories the quantity vanishes and this ensures
that there are no quadratic divergences at all. As we will see, it is even
possible that a theory with broken susy has no quadratic divergences. This
is peculiar of soft breaking terms.

We will consider the one-loop renormalization of the scalar potential,
which contains a gauge part depending on the gauge coupling, to determine
all renormalization constants of the theory. The one-loop divergent contri-
butions to the scalar potential are given by the expression . We will let
the scalar fields belong to a certain representation of a gauge group and we
will denote them as z®. Fields in the conjugate representation are denoted
with a lower index z,. The index a actually hides various indices such as
flavour number, number generation and gauge index. To make the formulas
less cumbersome, we will use only one collective index.

The supertrace STrM?(z) must be considered as a function of the scalar
fields and not only of their vacuum expectation values. The supertrace
STrM?*(z) is the analogous for the fourth power of the mass matrices. The
second term contains all logarithmic one-loop divergences. The problem of
finding soft breaking terms corresponds to add new gauge invariant terms to
the lagrangian such that STrM?(z) does not receive any new field dependent
contributions. These terms otherwise, would correspond to new quadratic
divergences. With this simple recipe, we can investigate easily one-loop soft
breaking terms. It is also possible to show that these terms are also soft to
all orders, provided they do not give any field dependent contribution to the
trace of M?(z) for all states of a given spin [9].

We must outline that soft breaking terms arise naturally in the effective
low-energy theory of spontaneously broken supergravity theories. In these
theories, local supersymmetry can be spontaneously broken, using the super-
Higgs mechanism. At energy scales much lower than the Planck scale, or
equivalently in the limit Mp — o0, gravitation decouples. As a result,
one has an effective gauge theory which is globally supersymmetric and
embodies a set of soft breaking terms. In general, every soft term can be
generated choosing the appropriate sector in which Higgs breaking occurs.
However, these models are strongly constrained by phenomenology and not
all the terms are allowed. For instance, all scalar mass terms are equal:
(m2); = m2(5§. These constraints are useful to reduce the arbitrariness
of the soft terms. However they are subject to runnings governed by the

3In the formula (2.22)) we omitted a constant term proportional to A%, which is irrele-
vant in dealing with the effective potential.
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Renormalization group equations

renormalization group. We will now derive these equations at the one-loop
level.

We consider the most general E| supersymmetric lagrangian with arbi-
trary soft terms, gauge group GG and chiral multiplets in the representation
R. For simplicity all the formulas will be given for a simple gauge group,
with a unique gauge coupling constant. The generalization to non simple
gauge group is straightforward. Indeed, for the MSSM it will be the usual
standard model gauge group SU(3) x SU(2) x U(1). The scalar potential is
given by

V(2% 24) = Veusy (2, 2a) + Viort (2%, 2a) (2.23)

where Vs, is the standard supersymmetric potential and Vi, is the soft
breaking piece. The susy potential, as usual, has the form

1
Veusy (2%, 2a) = faf* + 5 DD (2:24)

where f is the superpotential. For a renormalizable theory, it is at most
cubic in the fields

1 1
f= §,uabz“zb + gfabcz“zbzc (2.25)
We made use of the notation
df df
.= — ¢ = 2.26
fo=g2 i (2.26)

and similar expressions hold for higher order derivatives. The D-terms read
instead
DA = —gz, T4, 2 (2.27)

where T4 are the generators of the gauge group acting on the chiral multi-
plets z,. The most general soft terms are

1 1 - AB~A=
Vaopt(2%, 2a) = (m*) 202" +11(2) +71(2) — AMPNINT — CAAENINE (2.28)

The first term gives masses to scalar particles, while 7(z) is an arbitrary
gauge invariant polynomial of third degree in the scalar fields z*. We have
also included a gaugino mass term, that can always be chosen real by a
phase redefinition of the gauginos. In the following we will diagonalize this
mass matrix putting it in the form A48 = AA§4B,

With the method of the effective potential one can obtain all the renor-
malized constants but the gaugino mass terms. The gaugino mass indeed

4We will assume that there are no Fayet-Iliopoulos terms.
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2.2 Effective potential and supersymmetry

involves spinors and thus cannot be studied through the analysis of the scalar
potential. One then has to make use of Feynman diagrams or the method
of the pure spinor [I§].

The gauge coupling constant appears in the gauge potential, while the
Yukawa couplings are either proportional to g or directly given by fup.. Since
all soft breaking terms are at most of dimension three, Yukawa couplings
cannot be affected by them: their renormalization goes in the same way
as in the supersymmetric case. This is an interesting result concerning the
hierarchy problem, since the Yukawa couplings running is still proportional
to the coupling itself. From the scalar sector only, is thus possible to obtain
all the renormalization group (RG) equations H We will now compute all
renormalization constants and the corresponding RG equations to one loop
order. The one loop contributions to the scalar potential are given in equa-
tion . Since, by definition of soft breaking terms, STrM? does not
receive any field dependent contribution, our theory will be free of quadratic
divergences. All divergences are then logarithmic and we can define hatted
quantities in the following way

~

V(%)

V(z) — kSTrM(z) (2.29)

where k = In(A/Q)/327% and Q is an energy scale. Now the main task is
to compute the supertrace of the quartic mass matrix for arbitrary values
of the fields z%. Let’s start with the mass matrix for spin one. It is easy to
see that

(MHAB = pADBE + pBEpA (2.30)

The trace of the fourth power is then
3TrMi =6 (DiDP) (DDF)) +6 (DA D) (Df'D™)  (2.31)

The fermionic mass matrix contains the gaugino masses

fab iv/2D2}
My = ( —i\/%DB“ AABa (2.32)
One can obtain
—2Tr My = =2faf* feaf™ — 16 fu f**DZ DA = 16(D; D) (DP* DY)
+8fabDAaAABDBb + fasz?AABDbB _ IGAACACBD:?DBG
—2AABABEACDADA (2.33)

SExcept for gaugino mass terms, as explained before.
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The mass matrix squared of scalar fields, as usual, can be expressed in terms
of second derivatives of the potential

Va VCLC
M2 = b > 2.34
(v Ve (2.31)
where we have defined
Vab = fabcfc + D;:‘DI? + Tlab (235)
Vab — fabcfc + DAaDAb + ﬁab (236)
V& = ffy. + DAy DA 4+ DAD{ + (m?) (2.37)

Putting together all the mass matrix squared we can verify our assertion
about the renormalization properties of the soft breaking terms. Forgetting
susy terms we have

TrM2,;, = 2(m?)s — 2048 ABA (2.38)

This trace is actually field independent, and thus we have no quadratic
divergences.

Our theory is invariant under gauge transformations as well as STrM*
is. Then we can express all the terms by means of group invariants. The
gauge transformations act over the fields as d,2% o< (T A)gzb. We can thus
exploit the gauge invariance of the superpotential, obtaining

faDA% = —gf, TA320 =0 (2.39)
Differentiating once we have
faDA* = —f. D4} (2.40)
and differentiating twice
fare DA = = fus D¢ = fac DY (2.41)
The invariance of the gauge potential reads
DAD! DB — pADAepB — ¢ (2.42)
At the same time we have for the polynomial 7(z)

naDA =0 (2.43)
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2.2 Effective potential and supersymmetry

These identities help us to rewrite STr(M?) in terms of group invariants of
the representation R

Tr(TATP) = T(R)64P (2.44)
TAYTA, = C(R)6: (2.45)

and the quadratic Casimir of the adjoint representation
FACD £BCD _ () 5AB (2.46)
The mass terms (m?) gauge invariance leads to
(m?)32, DA — (m?)¢2*D2 =0 (2.47)

By combining these various identities, one gets the following expressions
involving the superpotential. From the equations (2.40) and (2.41)) we obtain

ac b a C aoc
2f9 fpe DA = — fape fODAC = — f2¥ f,, DA (2.48)

F foe DDA = g2C(R) fu f° (2.49)

Many of the terms appearing in STr(M?*) can now be expressed in a different
form. For instance

fabefS DA DA = > C(R) £ fa — °C(R) 2" fup (2.50)

Ff.DIDY = g>C(R) f* fo — g*C(R)za fo ™ (2.51)

The equation (2.51)) is also obtained from (2.50) by complex conjugation.
Besides we have

FDEDY = —g?C(R) f*24 (2.52)

fap DA DAY = —g2C(R) f,2° (2.53)
For the soft terms involving the polynomial and the scalar masses we obtain
nabDAaDAb — QC(R)T/aza
7DADY = —g?C(R)7%z, (2.54)
(m*)y Dy DY = g*C(R)(m?)j 202"

—-g
—-g
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Finally, we have identities involving group invariants
DA (D;;‘DBZDB”) — ¢°C(R)DADA
DA (DfDAZDBb) = [C(R) - ;C(G)} DADA  (2.55)
DAD® (D4 D%,) = ¢*T(R)D*D*

After some calculations and making use of equations ([2.48)- (2.55)), we finally
obtain

STrm* = +2¢%[T(R) + 2C(R) — 3C(G)|DAD* — 8¢*C(R) f* £,
HAF fro DA DA + 21 fup ffe — 1662 C(R) A% %2
—28°C(R)[2" " fap + 2a f5.f*") + 200671
—8¢°C(R)AA(faz™ + fO24) — 2A%
+2fabcfc77ab + 2fabcfc77ab - 292C(R) (ﬁaza + naza)
41 fac(m?); + 46°C(R)(m?)j 202" + 2(m*)f (m?),
+4(m?)¢ (D), DA (2.56)
Notice that the last term vanishes as a consequence of Schur’s lemma for
traceless generators of semi-simple groups H This is not generally true for
possible U(1) factors present in the gauge group. This fact is important
for the MSSM, which contains indeed a U(1) group. One can rewrite this
expression in terms of the scalar fields, the coupling constants and the mass

parameters by inserting the expansions in the superpotential. In STrM*
the following terms are present:

e terms of order zzzZ;
+2¢%[T(R) — 3C(G)|DADA + gz, X, T4} 2" DA
+4g%C(R)DAD" — 462C(R) ™ fugezpze?2° (2.57)

1 ! g
+ QXl?facdfbc d Zczdzc’zd’

e terms of order zzZ;

— 7gQC(R)fabcu“dzszzd 4+ h.c.

2.58
+ ngacdubezezczd + h.c. ( )

6 Actually we have STr(Tm?) = m*STr(T).
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2.2 Effective potential and supersymmetry

e terms of order zzz;
— Qch(R)n(g)achaZbZC + h.c.

+ 21 fegen(pyapa 272227 + hec. (2.59)
—4¢°C(R) Z A Fpe2®2P2° + hec.
A

e terms of order zZ;

— 12¢%C(R) prappt® 2% z¢ + 2X 1% prag ze 2
+ 4920(R) (m2)gzazb + 8”(3)abcn(3)abdzczd
+ 492TT(TAm2)(TA)ZZaZb (260)
—16g°C(R) Y (AM)2(202") + 4(mP) facaf " 22"
A

e terms of order zz;

+ fabcfcden(Q)abzdze + h.c.
+ 4L pean(3)ape 2 2¢ + hec.
— 2¢°C(R)n(2)ap2"2" + h.c. (2.61)
—8g°C(R) Y A uapzz" + hec.
A

e terms of order z;

+ 4 fpequ(m?)b 2% + h.c.
+ 21 pean2)apz? + hec.
- 2ng(R)17(1)aza + h.c.
+ 417(3)(15677?2{’) 2°+ h.c.

(2.62)

Here, to avoid cumbersome notation, we have defined the useful quantity
X = £ frea (2.63)

With the help of these formulas, we can renormalize our theory. In super-
symmetric theories all divergences are found in the wave function renor-
malization of chiral multiplets and in the renormalization of gauge coupling
constants (which is equivalent to wave function renormalization of vector
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multiplets). We then introduce a parameter p to exploit the running of the
gauge couplings, while the wave function renormalization is governed by e}

7 = (5;;—;6;) 2 (2.64)
g = (1+p)g (2.65)

The dimension four terms zzzZz are not affected by soft terms, so the renor-
malization of the gauge coupling constant g as well as the Yukawa couplings
fabe are the same as with unbroken supersymmetry

~ 1 ! 1 / 1 / ANV,

fabc = fabc+ 563 fa/bc+ 562 fab/c“‘ 565 fabc/ +fgblcjcfa’b/c’ (266)
R 1 1. 17

Hab = Hab + 563 Hab + 562 Hab + Ugbb Ha'b (267)

Inserting expressions (2.64]) into the formula (2.29)) we obtain

p = —2kg*[T(R) — 3C(Q)] (2.68)
€l = 4kg*C(R)6¢ — 2k X} (2.69)

while for the other parameters we have

na = 2kg?[C(A) + C(B)Iog 6} (2.70)

faie = 2kg*[C(A) + C(B) + C(C))62 67 6¢ (2.71)
In these last two formulas we can recognize the famous renormalization
properties of supersymmetry

!/

pa = (22 pary (2.72)
fave = (ZYVHT(ZYD(ZY2)E faye (2.73)

The renormalization constant Z corresponds to the wave function renormal-
ization applied to chiral superfield in the case of unbroken supersymmetry

(ZY2)¢ = 68 + 4kg®C(A)] — KX} (2.74)

We note that Z'/2 # 1 + ¢/2. This difference is due to the presence of the
vector multiplet. We recall here that z® is just the scalar component of the
chiral multiplet and not the chiral field itself. All other parameters will not
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2.2 Effective potential and supersymmetry

be multiplicatively renormalized, because of the presence of soft breaking
terms. For the masses one gets the corrections

(M) = (m?)y = kXZ(m?)f — kX§(m?)E — 4k f% foee(m®)g
—8kn(3)acan(s) + 8kg*[C(A)AZ + C(B)ALd
+4g*Tr(TAm?)(T4)¢ (2.75)

The last term is present only for U(1) group. The function 7n(z) is a polyno-
mial of degree three and every power of fields must be analyzed separately.
For the cubic terms we obtain

’f/(3)abc = T7(3)abc + 4]{792[0(14) + C(B) + C(C)}n(fﬂ)abc
=2k [fbcdfblc{dn(?))ab/c’ + facdfalc,dn(?))a/bc’ + fabdfalbldn(?))a’b’c]
—k [Xgln(S)a’bc + Xll;/n(3)ab’c + Xg/n(S)abc’}
+4kg* [C(A)Aa + C(B)Ap + C(C)AC] fabe (2.76)

while for the quadratic pieces we have

By = N+ 4kg2C(A) + C(B)nyas — KX n@yars + XE 0(2)ar]
_2kfabcf6de')7(2)de - 4kf6de [W(B)acdﬂeb + n(S)acd,U/eb]
+8kg*[C(A)A 4 + C(B)AB]ftap (2.77)

Finally for the linear terms
A = Ny +4kGPC(A)N 0y — kX0 — 2k £ an2)ed
—4kn(3)apeTi(sy — Ak faberi (m?); (2.78)

Now it is easy to obtain the renormalization group equations. To properly
renormalize our theory we need to specify a energy scale @, using the quan-
tity k defined after (2.29). For example, for the gauge coupling we have

d g3

C(G) — T(R)] (2.79)

which is the usual formula for the one-loop beta function that can be derived
with standard field theory techniques, taking into account the content of

34



Renormalization group equations

multiplets. The full set of renormalization group equations is listed below

d
Q@fabc

d
Q@Mab
d

Q@(Wﬂ)g

@n(S)abc

Q@n@)ab

d

Q@n(l)a

L1, o
39,2 |% [C(A) +C(B) + C(C)] fave
_(Xslfa’bc + Xll:lfab’c + Xglfabc’)] (2.80)
1 i ’ ’
555 | 46°[C(A) + C(B)ap — (XE war, + X3 uab,)} (2.81)
1
— g5z~ Xe(m®)f = Xg(m®)g = A" foce (m*) +
—8n(3)acatl(s) + 89°[C(A)A% + C(B)AR);
—4g*Tr(TAm2)(T4)¢ (2.82)
— o [+ 46C(A) + C(B) + C(O)syane
-2 (fbc fb, cd 3)ab' ! +facdfac )a’bc! +fabdfa,b/ Ya'blc >
_Xa N(3)a’be — Xb N(3)ab'c — Xc N(3)abe’
47 [C(A)A 7 + C(B)Ag + C(C)AC fure| (2.83)
" 3072 [ +4¢°[C(A) + C(B)nyas — [X& n@yan + X3 M2)av]
_2fabcf6d677 - 4dee[ 3)acdHeb =+ 77(3)acdueb]
+8¢2 [C(A)AA +C(B >AB]M} (2.84)
~39.2 [+ 49°C(A)naya — Xanay — 2/ av(2)ed
—41)(3)abeTl(5) — 4fapeps ™ (m Z)b} (2.85)

To generalize these equations to non simple gauge groups we must simply
replace combinations like g?[C(A) + C(B)] by a sum over all factors in the
gauge groups, including also U(1) factors. For every gauge group we will
have a gauge coupling constant and the respective group invariant C'(R).

2.3 RGEs for the MSSM

In this section we show how to derive the RG equations of section (1.5)). In
order to do this we recognize that fu;. are just the Yukawa couplings v,

Yp and yr.

For every fermion only the respective Higgs will be involved:
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2.3 RGEs for the MSSM

up-type for the top and down-type for the bottom and the tau. The u-term
is given by the parameter uq, when a = H, and b = Hy or vice versa.
The soft scalar masses (m?)¢ are diagonal: there is a term for every quark
and lepton and one for every Higgs. To obtain the equations —
for the trilinear terms attention must be paid. The parameters a;, a; and
ar are given by 2734 Similar considerations discussed for the Yukawa
couplings hold in this case. The b parameter must be identified with the
only non vanishing 72,5, where a and b stand for the up-type Higgs and
the down-type or vice versa. As can be seen from the equation (1.6)) of the
previous chapter, in the case of the MSSM there is no linear term in the
superpotential. We note also that there is a change in sign for the gaugino
masses: we have A4 = — M )’\4 for every gauge group. At this point we need
the quadratic Casimir for the various gauge groups. For SU(N) groups the
following formula holds

N%Z -1
2N
We then have a value of 3/4 for SU(2), and 4/3 for SU(3). For U(1)
we have simply Co = 3/5 Y2 where Y is the weak hypercharge and the
factor 3/5 comes from the normalization in grand unified theories. The
value of the hypercharges are 1/6,2/3,1/6,—1/3,—-1/2,—1,1/2,—1/2 for
t,t,b,b, 7,7, H,, Hy respectively. The quantities defined in equation
are not null only when the two indices are the same. In particular we have

for the quarks of the third family

Oy (SU(N)) = (2.86)

Xp = 4yl (2.87)
Xy = Al (2.88)
X; = 2yl +2lpl? (2.89)

The corresponding X' for b is the same as for ¢ since they belong to the
same weak doublet. For the leptons we have

X7 = 2y (2.90)
X7 = Ay (2.91)
while for the Higgs
Xyt = 6yl (2.92)
Xft = 6yl + 2|y (2.93)

It is now a simple task to retrieve the equations for the MSSM of the previous
chapter, taking care of the multiplicities due to color charge.
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2.4 Feynman diagrams analysis of the soft terms

In the previous section we obtained all the renormalization group equations.
Here we want to translate those equations in terms of Feynman diagrams.
This will prove useful when we will deal with higher dimensional theory to
manage soft terms in presence of Kaluza-Klein particles.

We will not show a generic treatment of the renormalization for all the
parameters, but we will limit to the most interesting case of the MSSM. In
section there are all the vertices of the supersymmetric extension of the
Standard Model. From those vertices we can construct all the diagrams that
renormalize the soft parameters.

Let’s start with the b parameter which plays a crucial role in the elec-
troweak breaking sector. Looking at the equation we note that there
are five different kind of terms. However, the first on the second line in-
volving two fape and 7(2)qp doesn’t give any contribution in the case of the
MSSM. Indeed, the only non vanishing 72)4 is the one where both a and
b stand for Higgs fields; since there is no Yukawa coupling with two Higgs
fields, we conclude that this term is not present. Thus we are left with four
kind of diagrams. Every diagram must be logarithmically divergent and the
nature of the couplings will suggest us which interaction vertex must be
take into account. The first terms in contain the square of the gauge
coupling and a Higgs mass insertion. We can immediately recognize that
the corresponding diagram is

H, mH
N T b(~363 - 2g?) (2.94)

One propagator in the loop is the one of the gauge boson, which can
belong to the SU(2) or the U(1) gauge group, since the Higgs are colorless.
The other propagator is the Higgs one with a “mass” insertion. In four
dimensions both the propagators carries a factor of 1/p?, where p is the
internal momentum. In the limit of large p, the integrand goes like 1/p*.
Then, we have a logarithmically divergent integral, as we expected.

In (2.84) there is another piece proportional to the b parameter and it
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comes form the following diagram

t,b, T
H, Hy
------ O--*-- b(3y; + 3y; +y7) (2.95)

Clearly, there is another diagram in which the b (mass) insertion stays
on the other external leg. Both the contributions are included in (|2.95)).
The particles which circulate in the loop are quarks and leptons. Since we
work in the third family approximation only the bottom, top and tau will
give rise to significant contribution. Even if at first sight this diagram might
seem quadratically divergent (two fermion propagators which carry a factor
1/p each), it is actually logarithmic divergent, thanks to gauge invariance.

The other two diagrams responsible for the renormalization of b are
proportional to the soft term u. The first involves a gaugino and its mass
insertion

Hu Hd 6
-—- --- n(6g3Ms + g7 M) (2.96)

Note that this diagram is related to the diagram (2.94)). The four fermion
propagators provide a logarithmically divergent integral even in this case.
The second diagram involving the p term contains three-scalar vertices

b7

H, //—\‘\ Hy

e — Pl 2M(3atyt + 3apyy + aTyT) (2'97)
o v

However, the nature of the two vertices is quite different. One comes
directly from the trilinear couplings a;, while the other is due to the su-
perpotential (uy;). Again, two scalar propagators give rise to 1/ p* in the
loop integral. As usual, only squarks and sleptons of the third family which
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can circulate in the loop. Putting together all these pieces —, we
easily retrieve the equation of chapter

We now move to discuss the renormalization of the Higgs masses. The
equation contains a term proportional to the trilinear couplings. The
diagram responsible for this term is

- R 6a7 (2.98)

In we show the case of the up-type Higgs where only the stop
enters in the loop. In the diagram for the down-type, instead, both the
sbottom and the stau can circulate. In the first line of all the terms
contain the soft squared masses. The first two are proportional to the Higgs
mass itself since the quantity X' is always diagonal in the MSSM. These
terms correspond to a mass insertion in the external leg

H, Hy 2.2
______ - - 6yt miy, (299)

Clearly, the mass insertion can be put the same way on the other external
leg. As explained above, in the case of the up-type Higgs only the top can
circulate in the loop, while for the down-type Higgs both the bottom and
the tau can circulate. The last term in the first line of involves mass
insertions within the loop and it is proportional to the Yukawa coupling.
The corresponding diagram is given by

______ A Gytz(m% —i—m%) (2.100)

The quartic vertex needed for the loop comes from the superpotential;
thus it is proportional to the Yukawa couplings. There are similar diagrams
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for the down-type Higgs: we need only to substitute the top squark with
the sbottom and stau particles. In the second line of (2.82]) there are pieces
containing the gaugino masses. The corresponding diagram is

A

H, H, 6

..... O (S coiag) oy
i,

Actually we have two gaugino mass insertions within the loop. This
guarantees the presence of four fermionic propagators which give rise to a
logarithmically divergent diagram, as it should be. The diagram with the
down-type Higgs gives the same contribution. Finally the last line in
is present only for the U(1) gauge group

3
______ ¢____Z gg%Tr(Ym% (2.102)

In this case the quartic interaction comes from the presence of the gauge
bosons in the kinetic terms of the various particles. Indeed, the trace
Tr(Ym?) defined in paragraph is over all the matter states and the
Higgses as well. The contribution of the corresponding diagram for the
down-type is opposite with respect to . Collecting the terms —
(2.102)) we obtain the equations and (1.39).

The analysis for the squark and slepton soft squared masses is much the
same as for the Higgs. Indeed the renormalization are governed by the same
equation (2.82). We will present the diagrams for the stop, following the
same order we used for the Higgs mass. The first diagram is

H,

t t
______ Q--*-- (297 + 2y7)m? (2.103)

t,b
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This diagram is valid for the SU(2) left doublet. For the singlets every
diagram will contribute with its own Yukawa. For the sbottom, as for the
stau, we must substitute the up-type Higgs with the down-type one. In
every case, the term turns out to be proportional to the mass of the particle
involved. The second diagram which is built from three-scalar vertices is

L Lo 2} ta) (2.104)

Similar arguments discussed for the diagram (2.103) hold for this dia-

gram too. The diagram proportional to the Yukawa couplings is instead

t
------ 4----= 2(my, +md) + 295 (Y, +mi)  (2.105)

The quartic vertex comes directly from the superpotential. In the loop
both the Higgs can circulate. The diagram with two gaugino mass insertions
for squarks and sleptons is

i t 32 2
..... C} _<gg§M§+ag%M§+15g%M%> (2.106)

We must take care of the Casimir under the full gauge group. For the
stau there is no term proportional to g3, while there is no gy for the singlets.
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The last diagram is present only for U(1) gauge group.

______ L 79%Tr(Ym2) (2107)

Note the different factor with respect to (2.102). This resembles the
hypercharge of the various particles. Combining all the diagrams (2.103)-
(2.107) we arrive at the formula ((1.40). The other formulas ([1.41])-(1.44])

can be derived in the same way.

Finally we analyze the diagrams which renormalize the trilinear cou-
plings. First we look for those terms in (2.83]) which are proportional to the
gauge coupling and to the trilinear coupling itself. The relative diagrams
are

/
H, St 3, 3
__[f\_’\_l_ ‘ _ < @+ 92) (2.108)

10

30 393

/
. 0
i / 7, 3, 16
__[f\_’}t__/ _ ( gi + 50+ 2) (2.109)

It is easy to see that on the left we have one of the diagram which
renormalizes the wave function of the Higgs or the top. This “subdiagram”
is proportional to the square of the gauge coupling: for the Higgs clearly
we have no term regarding SU(3). Attached to this subdiagram there is a
three-scalar vertex, precisely the one appearing at tree level. For the other
trilinear couplings we must substitute the up-type Higgs with the down-type
one.

There are other two diagrams which are connected to those diagrams
before
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A S/ H
t ’ 2 2
-- -<, ar(3y; + vi) (2.110)
ANR7
t,b N
t 7/ ;
H ’
_ _uQ < 3?2 (2.111)
H, M -
t N

Indeed we simply replace the subdiagram on the left with the other
responsible for the renormalization of the wave functions. We must take
into account that the trilinear coupling involve a squark and its complex
conjugate. This explains the factor yg in the first diagram. Of course there
are the corresponding diagram involving the sbottom and the stau.

There are other two diagrams which are proportional to the trilinear
coupling and to the Yukawa couplings

t ;o
-~ 4 t
H. , AN //
[ >< 6asy? (2.112)
N’ N ~
- N
H, A
Hu 7/ -
i’ ;77N 0t
\ 7
---1 X 6aryi + 2apyyp (2.113)
\ N
TN Hu
t,b

The quartic interactions come from the superpotential and thus their
strengths are given by the product of two Yukawas. In the first case we
have only stop and up-type Higgs, while in the other case we must take
into account the complex nature of the squark. When there is a three-scalar
vertex with the sbottom, the quartic coupling includes also the sbottom.

Lastly, we have two diagrams proportional to the gaugino masses
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\
\
Sl

16 13
—yt <39§Ms + 395 M> + 15ng1> (2.114)

~
/

/

Sl

\
Sl

16
—yt (g%Ms + 395 M) +

15

13
3 g%M1> (2.115)

Hu S< Hu

In this case one of the internal line in the triangle loop is a gaugino
with its mass insertion. On the left we can note the Yukawa vertex. The
difference between the two is just a reshuffle of the external legs. Again,
putting together all the terms — we find the equation .
For the sbottom and the stau, using the same arguments one can obtain the
equations ([1.30) and (1.31)) respectively.
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Chapter 3

Extra dimensions

It is possible to incorporate extra spacetime dimensions into a field-theoretic
analysis of the MSSM. In this case, there will be the appearance of Kaluza-
Klein modes and this leads to the resulting lack of renormalizability that
afflicts higher-dimensional field theories, where the couplings are not dimen-
sionless. This kind of scenario is called a bottom-up approach: one starts
from a four dimensional theory and then adds extra dimensions in such a way
to reproduce the physical observables measured in the actual experiments.
This is in contrast with the top-down approach which starts from a higher
dimensional theory to fall to our world. This is what string theory tries to
do, even if a phenomenologically interesting model is not available so far. In
the bottom-up, there is a “minimal” scenario that consistently embeds the
MSSM into higher dimensions. In the future, this model would be derived
from a more complete high-energy theory (perhaps string theory).
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3.1 Kaluza-Klein model

Actual experiments show that our world consists of only four flat dimensions.
It is thus clear that the only way to discuss extra spacetime dimensions is
to assume that they are little enough. Then, they would be invisible at the
energies accessible so far. Let us study in detail the case of extra dimensions
compactified on a circle of fixed radius R. Extra dimensions become impor-
tant at the energy scale g = R~!. Here we review the simple case of a
complex scalar field ®(z). This field depends on the usual four dimensional
spacetime x = (g, z1, T2, T3), but also on the additional (space) coordinates
vy = (y1,y2, - ,ys) where § = D—4 is the number of extra dimensions. Since
we are compactifying on a circle we must demand periodicity of ®(z) under

Yi — Yi + 27 R (31)

which implies that ®(x) takes the form

+o0o
O(x)= Y @ (z)exp(in-y/R) (3.2)
where n = (ny,n2, - - - ,n5) with n; € Z. The four dimensional fields & (x)

are called Kaluza-Klein (KK) modes, and n; are the corresponding Kaluza-
Klein excitation numbers. The mass of each KK mode can be inferred
substituting the expansion (3.2)) into the equations of motion. This gives

m, = mgy+ 22

(3.3)
where mg is the mass of the zero-mode. At energies below R~! only the
zero-mode can be observed: it corresponds to the usual four dimensional
state. Raising the energy, extra dimensions become significant through the
appearance of an infinite tower of associated KK states. Their mass increases
with the KK number. As explained before, we must assumed that R~! is
much greater than the observable energies. Then the mass of the zero-mode
mg will be completely negligible.

All the massive KK states look like copies of the zero-mode state. How-
ever, in the case of the MSSM, KK states must fall into given representation.
Then it turns out that not every state can have KK excitations. Indeed, chi-
ral MSSM state alone cannot form a KK mass; we must introduce its chiral
conjugate mirror.
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3.2 Extra dimensions in the MSSM

In this section we follow the notation of Dienes and collaborators [1, [19].
We denote by n the number of generations of MSSM chiral fermions that
will have KK excitations. Of course, the simplest scenario is the one with
n = 0, i.e. no chiral MSSM fermions have KK excitations. Thus, in this
scenario, gauge bosons and Higgs fields will be the only fields with KK
excitations, while the quark and lepton representations will not have KK
excitations. This scenario is said the “minimal scenario”. In the following
we will also consider the other cases in which n = 1,2, 3. This scenarios are
perfectly consistent with the framework of string theory, as we shall see in
the following.

We now want to consider the spectrum of KK excitations for the various
kind of particles that appear in the MSSM. Let’s start with the Higgs fields.
We saw in section [I] that the MSSM contains two kind of Higgs fields, thus for
each KK mass level there will be two massive chiral N = 1 supermultiplets
H,q4. In [1] it was convenient to assemble the two N = 1 Higgs chiral
fields into an N = 2 hypermultiplet. To be invariant under N = 2 SUSY,
besides the kinetic terms for the vector multiplet and the hypermultiplet the
lagrangian must also contain an interaction term of the following form

/ d2 <\/§Hu<I>Hd + uHqu> +hee. (3.4)

where p plays the role of the usual p-term appearing in the MSSM, while ®
is the chiral multiplet contained in the N = 2 vector multiplet. These are
the only admissible terms for an N = 2 theory. The first term is a coupling
between the hypermultiplet and the vector multiplet, and it is needed to
enlarge the amount of supersymmetry. To check how robust the scenario
is with respect to the presence of this term, we have studied two different
cases which we call Higgs N =1 and N = 2. In the former case we assume
that the KK states behave as their zero-modes and that the first term in
is absent. In the latter case this term is switched on.

We then pass to discuss gauge bosons. A massless gauge boson is an
N = 1 vector supermultiplet. On the contrary, a massive gauge boson is
represented by a massive N = 1 vector supermultiplet. This is equivalent
to join an N = 1 massless vector supermultiplet 4 = (A4, \) with an N =1
chiral supermultiplet A" = (¢,1). Taken together, these form a massive
N = 2 vector supermultiplet:

A )
(n) _



3.2 Extra dimensions in the MSSM

The chiral supermultiplet contains two real fields (or a complex one). One
of the real field of A’ represents the longitudinal component of the massive
gauge boson, while the other field and the Weyl fermion remain massive.
Thus, these KK towers of states are effectively N = 2 supersymmetric. This
is true for § = 1 or 2, i.e. for five or six dimensions. For higher dimensionality
the situation can be different. In general the minimal number of supercharge
grows with the dimension H

Finally, in the cases n > 1 some of the chiral fermions have KK excita-
tions and these excitations will have the form

m
Foo = (91 9 (3.6)
P17y

where ]:1(”) = (gzbgn),i/}ln)) are the KK excitations of the MSSM fermions

and ]:Q(n) = (gbgn), d}gn)) are the corresponding KK excitations of the mirrors.
Taken together they form an N = 2 hypermultiplet.

It will not be necessary to use the N = 2 formalism to describe these
towers of KK states. What we must bear in mind is that we shall give KK
excitations to the gauge bosons, to the Higgs fields, and to only n generations
of the MSSM fermions. The effects of extra dimensions are constrained to
this subset of the MSSM spectrum.

There are two important points. The first is how to avoid KK excita-
tions only for some of the fields. The second concerns the fact that starting
from a higher dimensional theory, we must be faced with a extended four-
dimensional theory, i.e. a theory with at least N = 2 supersymmetry. To
explain both the points we discuss the simplest case. In five dimensions, as
in every odd dimension, it is indeed impossible to define a chiral projector.
Then, there is no Weyl fermion at all. Constructing all the matrices needed
for the Clifford algebra, and in particular the conjugacy matrix, it is even
possible to demonstrate that there are no Majorana fermions in five dimen-
sions. A Dirac charge will split into two four-dimensional Weyl fermions
giving rise to a N = 2 theory. For higher dimensions the situation is much
the same. Then, how can we have KK towers of gauge bosons falling into
N = 2 representations, while their zero-modes are only N = 1 supersym-
metric?

At this end, let us consider the case of a single additional dimension. The
spacetime now consists of x = (zg,x1,x2,x3) and the extra y coordinate.

1This is due to the nature of the spinor fields, whose number of components grows with
the dimension.
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The complex scalar field can be written as ®(x) = &4 (z) + i®_(x), where

Oy (zy)= > [ (z)+ & (z)] cos(ny/R)

"y (3.7)
_(z,y)= Y [ (z) — ()] sin(ny/R)

n=0

Since ®(x) is a complex field, in general even 4 (x) are complex. However
it is possible to distinguish between ®, and ®_ through their properties
under the Zo transformation y — —y. In particular we have

<I>+(x,—y) = +<I>+(£Il,y) (38)
q)*(l‘7_y) = _CI)*('Iay) (39)

The decomposition has a special property: ®_ lacks a zero-mode.
When we compactify a N = 1 theory from five to four dimensions, we end
up with a N = 2 theory. However, the MSSM is only N = 1 supersymmetric.
If a field of a given multiplet transforms as an odd function under reflection
of the extra coordinate, then the zero-modes are only N = 1 supersymmetric
even though the KK tower is N = 2.

By demanding specific properties for our wave function, we are actually
not compactified on a circle. The identification y ~ —y changes the circle
into a so-called Zs orbifold. This is a simple example of a quotient manifold
that is natural from the string theory point of view. The compactification
on a orbifold explains how to have 3 —7 generations with no KK excitations.
In our orbifold there are two particular points: y = 0 and y = 7R, which
are invariant under the action y — —y. Such special points are called fixed
points of the orbifold. The presence of these points changes the expansion
of the fields, which now takes the form

®(x) = dA(x)d(y) + P (x)d(y — 7R) (3.10)

Such mode expansion respects the symmetries of the orbifold. However, this
expansion does not give rise to infinite KK towers, because these states exist
only on the fixed points. In this way a given MSSM fermion will have no
KK tower simply by requiring that it only sits on the fixed points. In string
theory such states are called twisted states, because of the twisting caused
by the orbifold action EL Summarizing, we have a higher dimensional theory

2These considerations apply to closed string theory. However, for open string, D-branes
allow a different mechanism.
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consisting of four flat dimensions and a certain number of extra dimensions
compactified on orbifolds. Our zero-modes will consist of the usual MSSM
particle. For what concern the higher KK mode, we will have infinite towers
for the gauge bosons and the Higgs fields, while for the chiral sector we will
have n generations with KK excitations. The remaining 3 — 1 generations
will not have KK states and they will be restricted to fixed points.

Let us summarize our framework. The higher-dimensional MSSM is
described in terms of a spacetime consisting of four flat dimensions and
some extra dimensions compactified on orbifolds of radius R. The massless
zero-mode states form the particle content of the MSSM. The higher levels
consist of an infinite towers of KK states associated with the Higgs field, the
gauge-boson states, and 7 generations of the chiral MSSM fermions. The
variable 1 can assume the values 0, 1,2 or 3. The remaining 3 —7 generations
instead lie on the fixed points of the orbifold and thus they don’t have KK
states.

The non minimal scenarios will be understood in the following way. We
distinguish three different cases: n = 1 in which only the third family has
a KK tower, n = 2 in which only the first two families have a KK tower
and 1 = 3 in which all the families have KK tower. This choice is dictated
by the usual third family approximation (see section (1)) and by a constraint
imposed by the ISASUGRA code [20] concerning the mass degeneracy of
the first two families.

3.3 “Running” of the gauge couplings

The non-chiral sector of the MSSM, gauge and Higgs bosons, live in D flat
spacetime dimensions, where D = 44§ and ¢ is the number of extra dimen-
sions. This spacetime consists of four flat dimensions and ¢ circles of fixed
radius R = g which is actually different from a flat (4+0)-dimensional
spacetime. Increasing the energy scale p is equivalent to decrease the ef-
fective length which will become much shorter than the radius R. From a
purely four-dimensional point of view we can evaluate the vacuum polariza-
tion diagram including the effects of the MSSM particles as well as the KK
excitations circulating in the loops. For pedagogical reason, we will consider
the most simple case of a single Dirac fermion, compactified on a single ex-
tra dimension (6 = 1). The KK excitations will contribute the same as the
zero-modes for each particle.

For a single Dirac fermion with KK excitations, the vacuum polarization
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diagram is given by

1 1
- Y t/ o <”ﬂq—nm””k+,q—nm> (3.11)

Nn;=—00

We took the ground state mass to be zero for simplicity. Indeed, the zero-
mode mass in the MSSM is of the order of 100 GeV, while the compactifica-
tion scale will be taken greater than 10° GeV and thus all the MSSM masses
can be neglected. The term in equation with n; = 0 amounts to con-
sider only the original fermionic state without its KK excitations. Opposite
values of n; correspond instead to momenta (in the extra dimension) which
have opposite directions. The minus sign comes from the fermionic nature
of the loop. All our calculations will suppose a suitable ultraviolet regulator
with cutoff A.
Making use of gauge invariance

I, (k) = (kuky — guk?®) IL(K?) (3.12)

and contracting the Lorentz indices we can write

8 & [ dY —(k+4q) - q+2mj
HW*’%Q£§A<%%&ﬁme+W—@ﬁ (3.13)

To evaluate the integral we must now pass to euclidean momenta. As usual
we combine the propagators by means of the Feynman x parameter

1
AB
The terms in the integrand that are odd in g vanish and thus only terms
that are even in ¢ will contribute, yielding

© diq @ — (1 —2)k? +2m2
d
e 3k2 _Z / x/ {q 24 a(l = x)k? +m7)]?
n;=—00
(3.15)
We can rewrite this expression in terms of a Schwinger parameter t using

the following identity
_ — At

— /1dac[Ax+B(1 — )72 (3.14)
0

This yields

(k%) = 3k2 Z /da:/ dtt/oo dq [¢* = 2(1 — 2)k* + 2m])]

n;=—00

x exp {—t[¢® + z(1 — 2)k* + m2]} (3.17)
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We make use of the following identities

& d4q ta2 1 & d4q 2 1
L eta” — 207107 — 1
/0 (2m)i° 167242 /0 2r)a?° 823 (3.18)
to obtain
2 S 1 o)
N _ g dt |2 2 2
x exp {—t[z(1 — 2)k* + m2]} (3.19)

After integration by parts we have
I(k?) = 53 nvzz_oo/o dr x(1 — azt)/O + eXP {—t[z(1 — 2)k* + m2]}
(3.20)

We can now express the sum over KK states appearing in (3.20). We first
recall the definition of the Jacobi 3 function:

e}

O3(r) = > exp(intn?) (3.21)

n=—oo

where 7 is a complex number. By means of the Poisson resummation for-
mula we can infer a nice property of this function that will be useful in the
following

03(—1/7) = v/ —itb3(7) (3.22)

In order to avoid polidromy, one chooses the branch of the square root with
non negative real part. The expression (3.20)) can be put in terms of the
Jacobi function as

2 1 Oodt 3 B it )
(k%) = 2g7r2/0 dx z(1 —x)/o ¢ te(1-a)k? {93 (7:1%2)} (3.23)

In conclusion, we find that II(0) is given by

2 0 - 0
g dt it
I1(0) = —103 | — 3.24
©0) 12#2/0 t { 3<7TR2>} (3:24)
This expression is clearly divergent. Actually there are problems both in the
lower limit as in the upper one. To regulate (3.24]) we must introduce both
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infrared and ultraviolet regulators in order to eliminate these divergences.
To make (3.24]) finite, we modify the integral in the following way

00 T/.LO_2
/ dt — / dt (3.25)
0 rA—2

Here A is a ultraviolet cutoff, while ug is the infrared one. The numerical
coeflicient r is defined as
r=m(Xs) 20 (3.26)

The quantities X5 and r cannot be deduced in the framework of a non-
renormalizable theory. We will discuss this issue in the next chapter. How-
ever here we anticipate that X is just the volume of a -dimensional sphere
of unitary radius and take into account the number of states included in this
region.

In the limit R — 0 with only one extra dimension, we retrieve the usual
result. Indeed, in this case we can safely substitute 63 with one to find

2 2
(o) = 80, A (3.27)
672 po 872 o

where b = 4/3 is the beta-function for a single Dirac fermion (2/3 is for a
Weyl one). We can generalize the formula to the full MSSM. At this
end we denote by b; the beta-function coefficients for the KK modes but the
zero-mode. We find

2 27 g ; s
gsb; . A gib; /“O dt it
mo) = 9%, = 9% @ S | R
(0) 82 Lo + 1672 Jop—2 t s T R?
2 7 27 rug 2 ; $
gi(bi—b;) A g7b; / o dt it
- i " In — L — <03 | — 3.28
872 " Lo * 1672 J a2 t )| >\ nR2 (3:28)

In the first line we put in evidence the term coming from the zero-mode;
since the theta function contains this contribution also, we must subtract it
in the integral. This term can be easily integrated and gives rise to the first
term in the second line of . This results in a modified beta-function
coeflicients, while the contribution of the KK modes is given by the second
term.

From ([3.28]) we can easily infer

~ ~ —92 . 5
_ _ bi — bi A bi THo  dt 1t
a; H(A) = o (po) — o In (,uo> i /M_2 I {93 <7rRQ>} (3:29)




3.4 More on power-law behavior

This result is exact in the case of § extra dimensions compactified on circles
of equal radii R. This is also valid for any mass scales A and pgp; only at the
end we will identify the scale pg with R~!. The presence of KK modes is
incorporated in the 63 function.

Let us now suppose that both A and pg are greater than R~'. In this
case we have t/R? < 1 and the 63 function can be approximated by means

of (3:22)
it T
03| — | = — )
3 <7rR2> R . (3.30)

If we insert this approximation in (3.29) we obtain

bi — b; A bi X,
1 . O i A UiAS s )
o W) = o) - P () BN (W) e

Finally, if we identify po with R~! we have

_ _ b; — b A biXs
() = o o) = g P () - B

A 1)
<) -1 (3.32)
Ho
This is the relation we were searching for. We conclude with a comment
about the approximation that pg > R™!. At the end we identified po with
R~!. It is not possible to manage in an analytical way integrand of theta

functions. However numerical results show that actually the equation (3.32)
holds with good approximation EL

3.4 More on power-law behavior

In this section we will further analyze the approximations adopted in the
previous section [21I]. We start by rewriting the evolution of «;

~ ~ —2 . (S
b — b; A by [T dt it

-1 =a (A +~—21 / — 305 —5 3.33

az (,LL[)) az ( )+ ot n 1o +471. PA—2 t 3 7TR2 ( )

Assuming A > pg we can deduce the numerical factor r appearing in the
integral. We can compare the limit with the usual renormalization group
analysis once we have decoupled all the excited states with masses above
A; we also assume that the number of KK states below a certain scale

3See [T] for details.
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between po and A is well approximated by the volume of a §-dimensional
sphere of radius x/

5
N (i o) = X (”) (3.34)
Ho
where Xj is given by
5/2
7T
Xs=——— 3.35
"TT(1+4/2) (3:35)

Here T is the Euler gamma function satisfying I'(z + 1) = 2T'(z), I'(1) = 1.
Thus, as expected we find Xy = 1. For higher values of § we have X; = 2,
Xy =7, X3 = 4n/3, and so forth. The result is then a power-law behavior
of the gauge coupling constants given by

a; () = o (no) — b";fﬂn (5()) - 2’;)? [(;‘(})6 — 1] (3.36)

When the mass of the zero-mode can be neglected, which is the most com-
mon case, the mass of a KK mode is well approximated by

4
e = pg > i (3.37)
=1

At each mass level u,, the number of KK modes is given by the solutions
of the equation . In the case of a single extra dimension, each KK
level will have two KK states of opposite KK number. On the contrary, the
zero-mode is not degenerate and corresponds to a particle of the MSSM.
In higher extra dimensions the KK level are not equally spaced and the
spectra contains the excited levels with energy in the §-dimensional box.
Let us consider in detail the case of a single extra dimension. The one-
loop renormalization group equations for energies just above the n-th level
(1> npg) are

d -1 b; + 2715@

dIn ,uai T or

This formula can be easily understood taking into account that all the low
energy particles contribute through b; (which include the zero-modes) and
all the excited states in the first n KK levels contribute twice. The boundary
conditions imply that

(3.38)

_ _ b + 2nb;
a; Y ) = a5 H(npo) — 5 In (nl;m) (3.39)
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With a similar argument we obtain

o (o) = a7 (0 = o) = S F2= R (1) o)

and so on, up to

b; + 21;1'

a7} (2p0) = o (o) — In2 (3.41)

Combining the equations together we finally get

b; b;
a; ) = a; (o) — =~ In <M> - .2 [nln <M> - lnn!] (3.42)
Ho Ho
This equation shows a logarithmic behavior corrected by the presence of n
threshold states below pu.
In the limit of large n we can make use of Stirling’s formula

n_ —m

nl~n"e 2mn (3.43)

The expression (3.42)) then takes the form of a power-law running

a; Y (p) = a; Hpo) — zb—; In (:()) - Qb—; -2 [<:0> —In \/ﬂ] (3.44)
The term inside the square brackets is Inv/27 ~ 0.9189. Thus we recover
the usual result with a good approximation. The small discrepancy
could be corrected by high energy thresholds or second order corrections.
Now we can move to the case of higher dimensions. In these case each level
is characterized by a set of numbers nq, ..., ng which satisfy equation .
While the zero-mode is unique, each KK level is (2°6!)-fold degenerate. In-
deed there are §! ways of distributing these ¢ (absolute) values between the
§ numbers n;, and there are 2° different combinations of the signs for each
one of the combinations. However, we must take into account that some of
these numbers could be equal or even zero, then the degeneracy of each level
is

0!

-9 =
ke lea! - Ky Ip!

(3.45)

where k; is the number of times that the value (without sign) of n; appears
in the array nq,...,ns, and p is the number of zero elements in the same
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array. The index N stands for the label of the level corresponding to the
squared ratio of masses

0 2
Y n?= (“Nl) (3.46)
i1 Ho

where N is an integer number. Some levels have additional degeneracies.
For instance, for § = 2, we have 52 +0 = 42432 = 25, thus level 25 is 12-fold
degenerated (4 times from the first plus 8 times from the second one), while
level 5 is just 8-fold degenerated (5 = 22 + 1) and level 3 does not exist at
all. The renormalization group equations for energies above the N-th level
receive contributions from b; and of all the KK excited states in the levels
below, giving

N
fs(N) =" g5(n) (3.47)
n=1

where gs(n) represents the total degeneracy of the level n. The evolution of
the coupling then looks like

o M) = a7 V(1) — 2F ‘g‘;(N)bi In (H;‘) (3.48)

We can iterate this result for all the first NV levels. Combining all of them
together and considering equation (3.46[), we get the logarithmic running

> N
a; () = a5 Hpo) — Qb—;ln (5()) - Qb—; [f(;(N) In (:()) — %Zg(g(n) Inn
(3.49)
where now the correction of the NV thresholds appears in a explicit way. As
it should be, for § = 1 we recover the equation . We now show that for

large N these expression reduces to a power-law running. Let us consider
only the terms in parentheses in (3.49)). We define those terms as

Fy (:()) = £;(N)In <“> - ;égg(n) Inn (3.50)

Ho

Regarding that gs(n) = fs(n) — fs(n — 1) we can write

(2) - s [o(z) -t

1 N
-5 [ (faln) = fo(n — 1) = f3(N) n N] (3.51)

n=1
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3.4 More on power-law behavior

In the limit when N is large we have N ~ (u/p0)?%.

vanishes and the rest becomes

Hence the first term

F (;‘(}) ~ —% [/lNdn?:j(n) Inn — f3(NV) lnN} - /ﬂ: %fg(n(t)) (3.52)

In this limit we can assume that fs(n(p) ~ Xs(u/po)® — 1 and we recover
the customary approximation for large N

Iz X5 | (1)’ p
Fs|—)=—||—) —1| —In{ — (3.53)

1o o |\ ko Ho
We can easily extend our analysis to the case where the § compactifica-

tion radii are not all equal. In this case the masses of the excited KK states
are given by

)
my =Y niuf (3.54)
=1

where we have defined p; = 1/R;. Let us also define the scale g = 1/Rpqz,
where 1/ R4, is the inverse of the largest radius. We have a new threshold
each time that p reaches a level in the tower characterized by the squared

ratio of masses
o\ 2 4 i 2
M, = <”> => n} (> (3.55)

Ho i1 Ko

We can follow the same steps as before, but now Fj is given by

N
P+ s) = 500 () < Y sty (356)
n=1

for p just above the N-th level. In the continuum limit we may assume that
the number of states below the energy scale pu is well approximated by the
volume of the ¢ dimensional ellipsoid defined by

1)
NG+ i) = % T () (3.57)

In this limit we have
Xs [Ty (1 > M
F5 My oyt s U5) = —— <> - <O> —hl () 358
( ) 0 g i E 203 Ko ( )
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Extra dimensions

with the explicit extraction of the zero-modes. Clearly, when all the radii
are equal we reproduce the result .

Ghilencea and Ross [22] pointed out that in the MSSM the energy range
between g and A is relatively small due to the power-law behavior in the
evolution of the couplings. For instance, in the case of one single extra
dimension we have an upper limit A/ug of order 30, which decreases for
higher § to be less than 6. This fact seems to clash with the assumption
which justifies the volume approximation. Only the first few levels appear
to be relevant for p =~ pg. However, we can do a careful analysis defining

the integral

oy dr _ 2

I=> / —enw (3.59)
n=—oo 7‘(“0//&)2 €

We can compute this integral with the help of the Poisson resummation

formula
\f et (3.60)

n=—oo n=—oo

Then the integral (3.59)) can be approximated by

I = 4(—1+ Z —Erd 2”*”)
4 (A — 1+ 1e4ﬂ> (3.61)

Ho 4m

&Q

where Erf is the error function. In the second line we took into account
only the n = 1 dominant mode. Numerically we have e~4" /471 ~ 10~7. This
shows how good the approximation is.

3.5 Extra dimensions: gauge couplings

In this section we analyze the effect of extra dimensions on the gauge cou-
plings. In four spacetime dimensions, the gauge couplings g; are dimension-
less. In D spacetime dimensions, however, the gauge couplings g; E| have the
engineering mass dimension

G)=2-73 (362

4The tilde is to distinguish this coupling with the standard one, obtained after passing
to four dimensions.
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3.5 Extra dimensions: gauge couplings

and thus the structure constants ;" ! have dimension D—4 = §. The relation
between the higher- and lower-dimensional couplings can be easily inferred.
Since the extra spacetime dimensions have a fixed radius R, the standard
compactification gives

o; = R, (3.63)

From standard field theory technique it is known that higher-dimensional
field theories are non-renormalizable. From the four dimensional point of
view, this non-renormalizability, at the end, comes from the presence of
infinite towers of KK states. These states can circulate in the loops, giving
rise to new quantum corrections.

In four dimensions there exists an elegant result, which shows the running
of gauge couplings at one-loop level. Let us define the structure constants
a; = g2/4n. Then we have

d —1 bl

- = .64
dlnual () 21 (364)

This equation can be easily integrated to provide

b
-1 -1 H

o; (p) = a;  (Mz) = 5-In i, (3.65)

where the coefficients for the MSSM are given by
(by,be,b3) = (11,1, —3) (3.66)

This is the famous logarithmic running, where we have chosen the mass
of the Z boson as the input scale. To be consistent with grand unified
theory EL like SU(5) or SO(10), it is common to define oy = (5/3)ay and
b1 = (3/5)by. Unlike the standard model case, in the MSSM the evolution
of the couplings leads to a unification at a scale of the order of 106 GeV,
with a common gauge coupling given by

1
24
In a extra dimensions model the corrections are given by the presence of

KK towers. After resumming vacuum polarization diagrams we obtain the
gauge coupling as a function of the cutoff

1/2
= (1=t ) 9 (3.65)

5In the case of grand unified theories the MSSM gauge groups come from the unified
gauge group. All the generators of a given group must have the same normalization.

ar(Mgur) = a2(Mgur) = as(Mgur) ~ (3.67)
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From ({3.24) we obtain

1 bl — Z)l 1 A i)iX(;

‘ o o 2md

A 4
— ] -1 3.69
()] oo
The beta-function coefficients b;, given in (3.66|), correspond to the contri-
bution of the zero-mode states. The beta-function coefficients b; are instead
given by o
(b17 b27 b3) = (3/57 _37 _6) + 77(47 47 4) (370)

These beta-function coefficients come from the contributions of the KK
states: gauge bosons, Higgs fields and n generation of chiral fermions with
the appropriate mirrors

To be consistent, we must impose matching conditions on «;, which
represent the uncorrected value of the effective four-dimensional couplings.
This must coincide with the value of the coupling at the scale ug, paying
attention that under the scale pg equation holds. We then obtain

by . A b A bX AN?
-1 — 1 I T T Tt ) el _
a;, (A) =a; (Mg) 5. In . + 5, In o 20 [(MO) 1] (3.71)

valid for all A > py.

The equation must be not confused with a renormalization group
equation. It simply expresses the dependence of the couplings on the value
of the cutoff A. The gauge couplings depend on the parameters of the
theory (ug, 6 and 7) and the scale A at which a new fundamental theory
must appear. The presence of the extra dimensions makes the unification of
couplings possible for any given values of A. Moreover, the unification will
take place for every parameters pg, 0 and 7.

In Fig. 3.1 we show the dependence of the gauge couplings as a function
of the compactification scale ug. Before pug we have the usual logarithmic
running, while for p > po the couplings evolve in a power-law way. The
matching conditions ensure that the couplings evolve in a smooth way, giv-
ing rise to continuous curves. As can be seen, the unification happens a
decade after the compactification scale. This is a common feature of models
with extra dimensions. If we increase the number of extra dimensions the
unification will take place sooner.

In Fig.[3.2)we show the dependence on 7, once we fix the compactification
scale. If the number of families with KK towers increases, the common value

5These are necessary to give mass to KK excitations.
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3.5 Extra dimensions: gauge couplings

of the couplings at the unification scale increases too. For this value of pyg,
we see that the unification remains perturbative for all n; we can then trust
in our one-loop equations.

60 — — 60 — —
40 —

20 —

log,o(k/ GeV) log,o(k/ GeV)

60 — — 60 — —

20 —

ogt(u)

\\\\\\\\\\\\7 7\\\\\\\\\\\\\\\
0 5 10 0 5 10 15

log,o(k/ GeV) log,o(k/ GeV)

Figure 3.1: Unification of gauge couplings in the minimal scenario for § = 1.
Four typical cases: o = 10° GeV (top left), pug = 10® GeV (top right),
po = 10' GeV (bottom left), and o = 10'® GeV (bottom right).

Let us now explain this unification in a physical way. First suppose that
all the MSSM states have KK excitations. In this case we have l~71 =
for all 7. Then at each level we have heavier copies of the entire MSSM
spectrum. In the context of the MSSM we know that the unification is
independent of the number of generations. Indeed, every generation fits
into complete grand unification group multiplets (whatever the gauge group
is). We conclude that the KK modes don’t spoil the unification if this would
occur in the MSSM case.
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40\\\\\\\\\\\\\\\\\\\\\

11.5 12 12.5 13 13.5
log,,(1/GeV)

Figure 3.2: Unification of gauge couplings for different values of 7. We fix
po = 102 GeV and 6 = 1.

In general, we have b; # b;. To achieve unification we must require that

—b
Bij = b, (372)
J

S
<7
<7

=
T

be independent of ¢ and j. Equivalently, we must require

B _ By

Zle =1 3.73
Bis Bas (3:73)

Even tough in our case these relations are not exactly satisfied, we have the
approximate result

BIQ 72 B13 11

— = — =~ 0.94 — = — = 0.92 3.74

Bis 77 Bog 12 ( )
This result is independent of the value of n because it simply shifts all the b;
by the same amount: then the unification occurs as well. The experimental
uncertainties (although smaller than in the past) ensure that the unification
is preserved for all values of pg, d, and 7.
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3.5 Extra dimensions: gauge couplings

20 —

0 5 10 15
log,,(1,/GeV)

Figure 3.3: The ratio of the unification scale M/, to the scale g, as a
function of pg. The dot stands for the limit of the usual four-dimensional
MSSM.

It is also easy to explain why the unification scale is independent of 7.
When we increase the value of 1 we simply add complete multiplets to the
spectrum at each KK mass level. These extra complete multiplets always
preserve the unification scale to one-loop order shifting the unified coupling
towards higher values. This behavior can be seen in Fig. [3.2]

This gauge coupling unification will occur at a scale A, which we identi-
fied as a new unification scale M{,,. Indeed, in the previous, we interpret
the cutoff A as the hint of a new fundamental theory, such as grand unified
theory (GUT). In the framework of our renormalizable truncated KK the-
ory, M{, can be interpreted as the scale of unification ﬂ This scenario
then predicts the appearance of a higher (44¢) dimensional GUT at the
scale M{ 7.

This new unification scale M/, is generally much lower than the usual
unification scale Mgy = 2 x 10'6 GeV in the ordinary MSSM. In order to
solve equation at the unification point, we make the approximation

"This is not possible for the non abelian case, see [23].

64



Extra dimensions

50

40

10

log,,(My,,/GeV)

Figure 3.4: The unified coupling (af) " as a function of the unification
scale M{y;p, for n=0,1,2,3.

that the B;; in (3.72) are equal for all i and j. We denote the common value
as B;j = B. We then find

MGy ~ po f1/° (3.75)

for any value of ug and 6. The factor f is given by

0 Mgaur
—14+-""In
f XsB o

> 1 (3.76)

In the limit § — 0 the compactification scale ug tends towards Mgy and
we recover the MSSM, since f — 1 and M, will coincide with Mgyr.

However, in general, we see that the new unification scale M, can be
much lower than the usual Mgyr. The ratio of the unification scale My,
to the scale pg for different values of § is shown in Fig. [3.3] For § > 1 we
see that the unification is very quick, being M, at most six times the
compactification scale.

Of course, also the new unified coupling o, will differ from its MSSM
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3.6 Extra dimensions: Yukawa couplings

value. We find the approximate result

_ _ 2 Maur
(agur) ™ ~ agyr + @(1—77) In

3.77
My 0T
where agyr ~ 1/24 is the unified MSSM coupling. The behavior (3.77))
is plotted in Fig. We see that in the n = 0 case, agy is always less
than agyr, i.e. the higher dimensional theory is more perturbative than
the usual MSSM.

For n = 1 the theory is always perturbative as the MSSM, and the unified
coupling is invariant under changes in the unification scale. For n = 2 the
theory is less perturbative than the usual MSSM, and the theory can be
applied only for values of the compactification scale greater than 10° GeV.
There is then a lower bound on the radii of the extra dimensions. In a similar
way, for n = 3 we have a lower bound on the radii of extra dimensions of
100 GeV.

We pointed out that higher-loop corrections could be particularly signif-
icant because the gauge couplings have power-law behavior. Thus, higher-
loop effects might be particularly large. However, the massive KK excita-
tions fall into N = 2 supermultiplets. In this way, we are guaranteed that
power-law corrections to the gauge couplings must vanish at higher-loop.
Thus, the only corrections beyond one-loop order are the logarithmic cor-
rections due to zero-modes. All the higher-loop corrections will be small and
we then expect that gauge coupling unification will be achieved also beyond
one-loop order.

Now that we have established that gauge coupling unification occurs at
scales lower than the usual GUT theories, we face with the issue of fermion
mass hierarchy.

3.6 Extra dimensions: Yukawa couplings

In this section we describe the evolution of Yukawa couplings. These cou-
plings are strictly related to the fermion mass through the electroweak sym-
metry breaking mechanism. Following what we have done with the gauge
couplings we can define a sort of Yukawa structure constants ap = y% /A,
where F' stands for the various quarks and leptons (F' = u,d, s, ¢, b, t, e, 1, T).
When we deal with the fermion masses we face with values that differ by
many orders of magnitude. Indeed, ar goes from 1 for the top quark to
10'2 for the electron. The hope is that the power-law behavior (as we will
see in a moment) of these couplings in presence of extra dimensions could
solve this problem, providing the observed mass hierarchy.
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As in the previous section, we start by reviewing how the Yukawa cou-
plings run in the usual (4-dimensional) MSSM. The electroweak symmetry
breaking provides mass to the fermion in the form

mp = yrpv cos 3 (3.78)
for down-type quarks and leptons, while for the up-type quarks we have
mp = ypv sin 3 (3.79)

Here v ~ 174 GeV enters in the Higgs potential and tan ( is the ratio of
up-type and down-type Higgs VEV’s. As we saw in paragraph the
superpotential has the generic form

W=> yrFFH,q (3.80)
F

In the MSSM, these Yukawa couplings run logarithmically with the energy.
Their RG evolution is given by

d .,
dlIl,LL ap (M) - (381)

We must note that here the one-loop beta-function coefficients bg(p) are
not constant as in the gauge coupling case, but they depend on the energy
scale. For example for the top quark we have

by =6+ 1 <ab + 3ay, + 3o — Eag — 3y — 1304) (3.82)
Qi 3 15

Only the first term on the right hand side is constant, while the others evolve
with the energy scale pu. The situation is similar for the other fermions. In
order to generalize the equation , we review how it was derived in
section

As can be seen in the Yukawa coupling yr is responsible for the su-
persymmetric triple vertex involving a Higgs field and a fermion-antifermion
pair. The supersymmetric non-renormalization theorem ensures that the
renormalization of ar depends only on the wave function renormalization
factors Z;

o' (1) = ZuZr Zg ap' (no) (3.83)

The factors Z; can be calculated through the formula (2.74]). The general

result is

Zi=1- Lt (3.84)

2 o
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3.6 Extra dimensions: Yukawa couplings

where ~; is the anomalous dimension of the field ¢. Specifically we have for
the quarks

i 1 3 8
=qtap— —a] — -y — -«
Tt t bT 3pl T 52 T 393
2 8
=204 — Ea — §Oz
Vi = Q¢ 15 1 3 3
while for the leptons we have
3 3
VYr = O — 701 — 09
10" 2 (3.86)

VF =200 — 5o

Finally the anomalous dimensions of the Higgs fields are

3 3
YH, = 30y — ﬁal — 50[2
3 (3.87)
YH, = 30 + oy — 0% ~ 5

Taking into account equation and limiting to linear terms in the log-
arithms we obtain the running , with beta-function coefficients given
by
apbp =9F + 7% + VH, (3.88)
We can now pass to discuss the situation in presence of extra dimensions.
The § extra spacetime dimensions appear at the energy scale g = R™1.
Below this scale there is no effect due to KK states and the Yukawa couplings
run logarithmically according to . When we go over the energy pg we
have finite one-loop corrections as functions of the cutoff A. We have

apt(N) = ZyZp Zs ap' (o) (3.89)

Following what we obtained for the gauge couplings, we expect the form of

the anomalous dimensions to be
A o
— ] =1 3.90
</~LO ) ] ( )

The power-law term arise from the summation over KK states which enter
the loops. As we will see, the anomalous dimensions 4; corresponding to the

7i(po) = Filpo) | A Filno) Xs

Zi=1-—
‘ 2w 140 2§
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excited KK modes differ in general from the anomalous dimensions «; of the
zero-modes. Only in that case a logarithm term will appear in (3.90)).

It is worth noting that opposite to the case of gauge coupling, these
anomalous dimensions ; depend on the scale p. In (3.89) and (3.90)), these
coefficients must be evaluated at the (fixed) scale pg. This is due to the
nature of this theory as an effective theory.

t.b t
Y O
t Hu,d t t Q,W,Z,Y t

t,b Hu,d

SN
--------------- M------
Hy,d tb Hy,d Hyd W2y Hygqg

Figure 3.5: Wave function renormalization diagrams in the MSSM. Dia-
grams (a,b) contribute to Z; and Z;, while diagrams (c,d) contribute to
ZH, 4

Our goal is now to evaluate the functions #;, which are responsible of the
one-loop corrections coming from the KK massive levels. For convenience we
collect the diagrams responsible for the anomalous dimensions in Fig. [3.5
We will deal first with the minimal scenario. Let us then consider the
diagram (a). In the loop a fermion and a Higgs field circulate. In the minimal
scenario the MSSM fermions do not have KK towers, so the fermion in the
loop must be a zero-mode. Regarding the Higgs tower, we note that each
massive level contribute the same as the zero-mode of the Higgs fields itself,
in both the cases N =1 and N = 2. As a consequence 7 is the same as the
four dimensional one. Looking at the diagram (b) in Fig.|3.5| we see that the
situation is much the same. The fermion must be a zero-mode again, while
the massive gauge bosons can be KK modes. Even though the towers are
N = 2 supersymmetric, they couple with the fermions only through their
N = 1 components. This is due to the symmetry properties of the wave
function (see section . Even in this case we find that the contribution
to the fermion anomalous dimension coming from this diagram is the same
as the usual four-dimensional one. In conclusion, for the minimal scenario
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3.6 Extra dimensions: Yukawa couplings

we find
P =r  F=F (3.91)

for all fermions.

The anomalous dimensions of the Higgs fields are given by the diagrams
(c) e (d) shown in Figs. In Fig. [3.5(c), the only particles that propagate
in the loop are fermions. Since the fermions have no KK states, this diagram
does not affect the anomalous dimension .

For what regards the diagram in Fig. [3.5(d) we note that the full N = 2
set of KK states for the gauge boson can circulate in the loop . Now we
must separate the two cases: Higgs zero-modes N = 1 and N = 2. In the
first case we have a N = 1 diagram which contributes to the anomalous
dimensions. Then 7y, and yg, have only the gauge terms, which are the
same in this case as can be seen from equation .

In the case N = 2 after imposing KK momentum conservation at each
of the vertices, we find that there is no contribution to 4. This is a conse-
quence of N = 2 theorems, once we take into account also the term . In
conclusion, for the minimal scenario, we find that both ¥, and g, are null.
The presence of extra dimensions has no effect on the Higgs wave function
renormalization.

Let us now discuss the non minimal scenarios. In section we isolated
the three different cases. When 1 = 2 only the first two families will have
KK towers and we fall in the case of the minimal scenario. In the third
family approximation indeed the Yukawa couplings of the first two families
are completely negligible. In the other two cases, n = 1 or n = 3, the third
family will have KK states.

Let us take again the diagrams in Fig. In diagram (a) also the
fermions can propagate in the loop. Since we must impose KK momentum
conservation, we have a single sum over KK modes. Indeed, the external
states are zero-modes |§| and KK momentum conservation implies that the
levels of the particles in the loop must be opposite. Then we have a single
sum. We must outline that this diagram cannot vanish due to N = 2
properties, since the external states are not N = 2 and the whole diagram is
a N = 1 diagram. The situation is much the same in the case of Fig.[3.5|(Db).
Then we have the same result found in the minimal scenario.

Finally we consider the Higgs fields. In diagram (c) both the fermions in
the loop will have KK towers. After imposing KK momentum conservation
we end again with a single sum. For what regards the last diagram in
Fig. [3.5] we must distinguish between the two cases. If we treat the Higgs

8Recall that we are calculating corrections to the MSSM states, i.e. zero-modes.
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(zero-modes) as belonging to a full N = 2 multiplet, then this diagram is a
N = 2 diagram and thus vanishes. In this case the anomalous dimensions
Ym, have only the terms containing the couplings in . In the other
case, when the Higgs (zero-modes) are N = 1 particles, the diagram (d) in
Fig. does not vanish and gives rise to a single sum. Then the anomalous
dimensions due to KK modes are the same as the zero-modes.

3.6.1 Higgs N=1: minimal scenario

In this case the anomalous dimension receives a contribution from the dia-
grams in which particles from the KK tower of the gauge bosons circulate in
the loop leading to a power-law contribution. For the Higgs fields we have

- 3 3
Vi, = S5 T 5 (3.92)
- 3 3
THy = Tip@ T 2 (3.93)

For what the Yukawa couplings are concerned, we get

d AN’ 16
16520y, = yt[3\yt|2+xa (5) Gl + 1t - 5

dt 3
13
. 2 22
363 1591)] (3.94)
2d 2 2 A b 2 2
16725 = w3l + e+ X (2 ) (Il + 3l
Ho
393 395 ﬁgl> (3'95)
167T2iy = yr|ly|* + 3wl
dt T T T
+X; (A)é (3|y 2342 9g2) (3.96)
10 T 27 50

Finally we analyze the (supersymmetric) Higgs mass

d
1602 —p = u[(Syt|2+3lybl2+lyrl2)

dt
+X <A >6 (—3 2 — = 2> (3.97)
) 0 92 591 .
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3.6.2 Higgs N=1: non minimal scenarios

In the non minimal scenarios we introduce KK towers also for the matter
fields. As we saw in section we must distinguish among three different
cases: 7 = 1 in which only the third family has a KK tower, n = 2 in which
only the first two families have a KK tower and n = 3 in which all the
families have KK tower.

One of the consequences of having KK towers for the matter fields is
that they no longer live at the orbifold fixed point and they are allowed to
be in the bulk. The anomalous dimensions of the Higgs fields in the n = 2
case is the same as in the minimal scenario. For n = 1,3 we find

YH, = YH., (3.98)
YH, (3.99)

’?Hd

For the chiral fields t,b,7 we have a similar situation, the contribution of
the KK towers is the same of the zero-modes. Then the coefficients of the
B-function have only a power-law contribution.

3.6.3 Higgs N=2 scenarios

We discuss first the minimal scenario. As in [I] the wave function renormal-
ization of the Higgs fields are given by

Yo, = 0 (3.100)
Y, = 0 (3.101)
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The one-loop beta-functions for the Yukawa couplings are then

16772%% = 1 [3]yt\2 - %g% - ;g% + X5 (S())é (3\yt|2 + yo|* — ?93
_ggg _ ;gg%)] (3.102)
16%2%% = [3|yb|2 + |y |2 — %9% — ggg + X <$0>5 (|yt’2 + 3yp|?
—13—69?, - 295 - égf)] (3.103)
167r2%yT = yr |lyel” + 3lwsl* - 1%9% - %gi + X; (c[;o)é <3Iyr\2
_%gg _ gﬁ)] (3.104)

For the (supersymmetric) Higgs mass, in virtue of the non-renormalization

theorem, we have
d
—u =0 3.105
il (3.105)
This equation holds for any 7. For what concerns the non minimal scenarios,

the results we found in section B.7.2 for N = 1 are still valid.

3.7 Extra dimensions: soft terms

In presence of KK modes the effect of the thresholds is to contribute to the
running of the soft terms with power-like terms. The general form of the
running of a parameter ﬂ g will be of the type

dg A - /AN

Q—==(0b—->by)In—= + Xsb () 3.106

dQ ( g) Q g9 1o ( )

where b, is the standard one-loop value of the coefficient, while b~g is the
contribution of the thresholds.

While the effective potential method is powerful in determining the run-

nings for the parameters in the SUSY Lagrangian, it is difficult to apply it to

9Here we used g for a generic soft term and b, for the relative one-loop coefficient.
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the computation of the soft terms in presence of the KK states. This is why
we have decided to also carry on an analysis in terms of Feynman diagrams
in paragraph In section [2| we saw the general form of the running of the
couplings and masses. All the contributions to the renormalization of these
parameters are collected in paragraph

The computation of the effect of extra dimensions is now straightforward:
each time that in a Feynman diagram KK states are allowed to circulate in
the loop (external states can only be zero-modes), the contribution of the
diagram must be added to the b coefficient in . We finally remind the
reader that in an orbifold compactification the KK momentum is conserved
only in the bulk. The wave function in the compactified dimension must,
in fact, be expanded in a basis which is invariant under the discrete group
acting on the compactified dimension. Furthermore the orbifold fixed points
break translation invariance along the extra dimensions.

Following the previous prescription we can obtain the G-functions for all
the soft terms. As usual, we must distinguish between the minimal and non
minimal scenarios in both the cases, “Higgs N = 1”7 and “Higgs N = 2”.

3.7.1 Higgs N=1: minimal scenario

We start with the trilinear couplings

167 o = Suful? + X&(C/;O)é{at Ol + - 9% — 303 - 1247
+2apyp Yt + Yt [3329§M3 + 695 M + igngl} } (3.107)
16#2%% = 9ap|yp|? + aply- > + 2a,yiys + X&(C;\O)d{ab [9|yb|2 + [ye?
—?9% — 3¢5 — 1159?] + 247y
+p [?’;g%Mg + 695 My + f; Q%M1:| } (3.108)

74



Extra dimensions

d A
167> 2 a; = 3a7|ybl2+3aryrl2+X6()6{‘“[9'%'2
t QO

9
—3g5 — 39?} + 64y Y

18
+yr [6931\42 + 59%%} } (3.109)

The (-function for the b parameter (crucial for the electroweak symmetry
breaking mechanism), is given by

d ) ) )
167r2%b = b (3Jyel® + 3wl + lyr?) + p[6acy; + 6apy; + 2a,y7)
AN 3
+X5< ) b<—32—2>
Qo %27 59
2 § 2
| 692 M + £ g1 My (3.110)

Now we can show the [-function for all the soft squared masses. For the
two Higgs mass parameters we have

d 3
167T2£quu = 6ly:l® (my, +mi +m7) + 6lacl* + 59%T7“I(Ym2)
AN 6
X A - 6 2 M 2 Y 2 M 2
+ 5(@0) { g5 | Ma| 591| 1
3 2 2 2
+591 (mHu - de) (3.111)
2 d 2 2 2 2 2 2 2
162 2miy, = 6l (m¥, +m? +m?) + 6|ap|* + 2a|

3
+2|y|? (m%d +m2 + m%) - gg%Tr/(YmZ)

A ’ 2 2 6 2 2
+X5 | — — 6g5|Ma|* — —gi| M|
Qo 5

3
Lt i, i) | 112
In order to avoid cumbersome expressions, we have introduced the quantity
Tr'(Ym?) = Tr(Ym?) — mj;, + m%{d (3.113)
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where the usual trace over the hypercharge, defined in the MSSM, is given
by

Tr(Ym?®) = mj, — qud + mé — 2 (m2 +mZ2+m?)

+m2+mi+mi—mi +m2+md+mZ (3.114)

Moreover, in our computations we have assumed the first two families to be
degenerate in mass, such that

mQ = 2mq, +mg,
2 2 2
my, = 2mj, +my,
2 2 ! ? (3.115)
mg =mg
m? = m?

The equations for the squarks mass terms read

d 1
167r2£mf = 2]yt\2m% + 2]yb]2m% + 5g%Tr'(Ym2)
AN° 32 2
¥ (A =2 2 M2 — 62 IMo 12 — 2012
() { 2 3105 — 631 Mo — 2 gdlan
+2|as|? + 2|ap|* + 2|y (m%{u + mf) + 2|y |2 (m%[d + m?)
1
—i-gg% (m%{u — m%ld) } (3.116)

d 4
167r2£m% = 4]yt\2mf—5g%TT’(Ym2)

AN [ 32 32
() {—3g§|M3\2 M+ Ao

Qo 15
4
Ayl (miy, +mi) = <91 (mby, —mi,) } (3.117)
Qd 2 2 2 2 2 / 2
167 £m5 = Ad|yp|*m; + gngr (Ym?)
AN 32 8
X . _ 2 M 2 o 2 M 2 4 2
() { 2 M2 — S A +
9
HAlys|* (i, +mp) + <91 (mb, —mi,) } (3.118)
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Finally, for the sleptons masses we have

d 3
16%2@771% = 2y, *m2 — gg%Tr/(YmQ)

AN 242 0 20002 2
+X5 | = — 695 | M| —591|Ml| + 2la-|

Qo

5

d 6
1671'2&17@ = 4|y7]2m%+5g%Tr/(Ym2)

AN 24
+x5 () { ~ 2R + 4o

Qo

5

3.7.2 Higgs N=1: non minimal scenarios

3
+2|y-|* (m%]d + m%) — Zgi My, — My,

2

6
+4|y-[? (m%]d + m%) + -g1 (my, — My

) } (3.119)

» } (3.120)

In this case for the b parameter we must distinguish between the n = 2 and
n = 1,3 cases. In the former case the running is the same as in the minimal
case due to the third family approximation. In the latter case, once again,

the [-functions coefficients have only a power-law behavior.

Finally the running of soft scalar masses in the non minimal cases is

given by a logarithmic term multiplied by
Tr' (Ym?)
and a power-law term given by
Tr(Ym?) — Tr'(Ym?)

In the n = 1 case the primed trace is defined as

Tr%zl(sz) = 2m%21 —2(m2 +m2) + m%—l— m2 —2mj + 2m2

while for n = 3
Tr%zg(YmQ) =0

(3.121)

(3.122)

(3.123)

(3.124)

because all the families have KK tower and there is no logarithmic contri-

bution. Finally for the case n = 2 we have

Tr)_o(Ym?) =mp, —2(mi) +m; —mj, +m2

T

(3.125)
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3.7.3 Higgs N=2: minimal scenario

We begin with the trilinear terms, which look like

d 3 3 A 16 3 17
160 —ar = a <9fyt\2 - Eg% - 29%) + X(;(Q())‘S{at [—393 - 59; - %9%

+ar (Oyel® + |wol?) + 2apy5 e

32 26
+i [3Q§Mg + 695 Mo + 15ng1] } (3.126)
d 3 3 .
IGWZ%% = ap <9|Z~/b|2 + |Z~/T’2 - Eg% - 29%) + 2a- Y7y
+X6(£)5 ap [9|yb|2 + |yl * - E92 - §92 - 192} + 2a:y; Yo
Qo t 3B 7597 g% tYt
32 14
+yp [3932,]\43 + 695 Mo + 159%]\/[1] } (3.127)
d 3 3 N
167 —ar = a (Syb!2 + 3lyr|* = 1591 - 293) + 6ayysyr
A 3 3
X (20 7[9 T2_72_72]
+ 5(Q0) {a lyrl” = 592 — 591
2 18
+y7— 692M2 + gglMl (3128)
The B-functions for the b parameter reads
d * * *
167r2ﬁb = b (S\yt|2 +3lyp? + y-|?) + 1 (6ary; + 6apyy + 2a,y%)

3 6
+b (—393 - 59%) +p <+693Mz + 59%M1> (3.129)
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The G-functions for the soft squared masses of the Higgs fields are

d
1672 —
o6 7

6y |* (m%qu + m? + m%) + 6as* + %g%Tr(YmZ)

~6g P — gl (3130
= 6ly|* (mi, + mi +m3) + 6lay|* + 2a,|?

+2|y|? (qud +m2 + m%) - gg%Tr(Ym2)

~6GMP — Lt M (3131)

while for the squarks we have

d
16w2@m3

d
16%2%771%

167 @mz—)

1
2|y *m3 + 2|y *mE + —gi Tr' (Ym?)

5
AN [ 32 2
X o —72M2—62M2—72M2
x5 () { 2 G5 — 6g3IM P — 2 g2l
+2]as|® + 2|ap)® + 2|ye* (mFy, +m7) + 2|ys|? (qud +m7)
1
+z01 (Mg, —mi,) } (3.132)

4
4lyq ]me - gg%TTI(YT”Q)

AN 32 32
¥ (A _ 94 9 2 _ 94 9 2 gl |2
+Xs <Q0> { 393 M;| 1591|Ml’ + 4 ay|

4
eyl (miy, +mi) = gt (b, —mi,) } (3.133)

2
Ay + S BT (V)

AN [ 32 8
X . _ 2 M 2 . 2 M 2 4 2
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2
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Finally the equations for the leptons read

d 3
167T2£m% = 2’yT‘2m72*——gg%T7’/(Ym2>
A ’ 2 2 6 2 2 2
X5 (g0 ) 1~ OBIMLE = ZatIan]? + 2o
3
+2ly: | (miy, +mi) — cor (mig, —miy,) } (3.135)
1672 L2 = ay P2 1 S (vm?)
AN [ 24
+Xs (Qo) { - €Q%|M1’2 + 4fa. |

6
+4]y.|? (mEy, +mZ) + gg% (m3, —mir,) } (3.136)

We must outline that our results (3.132))-(3.136)) for the masses of the

squarks and sleptons differ from those reported in [24] in two respects: on
the one hand the terms proportional to Y and mlzqu — mlzq, due to the U(1)
gauge factorEL are absent in [24]. On the other hand in — (3.136]) there
are terms coming from the diagrams which do not get contributions
from the KK states and therefore do not have a power-law type running.

3.7.4 Higgs N=2: non minimal scenarios

The results we found in section [3.7.2] for N = 1 are still valid. The only
difference concerns the soft mass terms: for the Higgs masses, m%{u, m%{d no
diagrams will contribute to the power-law. The equations are then the same
as in the MSSM. On the other hand the squark masses have only power-law
contributions. For the other soft terms the equations are the same of the
minimal scenario, regardless of the value of 7.

3.8 Connection with string theory

So far the calculations of the beta functions were made using field theory
methods only. In this section we want to elucidate the connection of extra

10For an explicit evaluation of this term, given by the diagram (2.107)), see for example
(4.12) in [25].
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space-time dimensions with the framework of string theory. For example,
the notion of orbifold is borrowed from strings, where it is a symmetry of
the entire theory.

In string theory it is known that beside the KK momentum there are
also winding numbers, which are related to nature of the string itself. A
string can wrap around the compactified dimensions. In our model however
we can safely neglect the winding modes since our radii are presumed large.
Besides there are also extra states coming from string theory. However the
nature of these states depends on the model and it is not possible to take
into account their contribution without a full understanding of the string
model.

Usually in GUT theories, the unification scale is close to the perturbative
heterotic string scale Mring =~ 5 X 10'7 GeV. If we could identify these two
scales then we could think of those model as embedded into string theory.
In our model, the power-law running however lowers the scale of unification.

Note that the appearance of the GUT symmetry in string theory has a
profound effect. From a field theory point of view we can say that the gauge
couplings unification signals a grand unified theory at the scale M. In
the meanwhile, GUT symmetry is broken in string theory through the action
of the orbifold. As a consequence, there are extra GUT states which are not
present in the standard MSSM. For example, in the SU(5) model, there
appear the X and Y gauge bosons, which are responsible for proton decay.
These states exist in the string spectrum, with masses m ~ n/R, n € Z,
with n > 1.

We must outline that the presence of such states with masses npuy means
that these states, together with their KK towers, should influence the gauge
couplings between jio and M. The effects of the X and Y bosons must be
included below the unification scale as a consequence of GUT breaking via
an orbifold projection. Breaking GUT symmetry in string theory through
an orbifold doesn’t mean that the GUT symmetry is restored above M{ .
Actually GUT symmetry is restored at the scale g since the states with
masses m > o fall into GUT multiplets. These states are then called GUT
precursors [26]. Since the KK towers corresponding to the X and Y bosons
appear in complete GUT multiplets the rapid gauge coupling unification is
still preserved. This property is common to all the GUT group.

String theory can also address the question of whether it is possible to
have such a small scale 19 = R~!. There are two ways of answering. Let us
start with a perturbative description, i.e. a weakly coupled heterotic string
with a large radius of compactification. As was done in Ref. [27, 28], the
Planck scale remains at the perturbative heterotic string value 5 x 1017 GeV.
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In this perturbative framework, it is not possible to explain why the scale of
gauge coupling unification should be lower than the Planck scale. Indeed,
weakly coupled heterotic strings [29] lead to gauge coupling unification near
the Planck scale. To escape this, we can interpret the unification scale as
the string scale embedding directly our scenario into string theory.

In weakly coupled heterotic strings, the tree-level string scale Mying is
related to the Planck scale in the following way

Mstring ~ gstring Mpi (3.137)

where gsring is the unified string coupling. This relation does not depend
on the number of extra dimensions nor the radii of compactification.
String dualities change the situation. Heterotic strings at strong coupling
can indeed be described as (open) Type I strings at weak coupling. We can
study the non-perturbative regime of heterotic string theory by analyzing
weakly coupled Type I strings. In Type I string theory there exists the
intriguing possibility [30) BI] of lowering the fundamental string scale. In
this case equation is no longer valid and it is substituted by the

relation
Mstm’ng ~ €¢/2 Ygauge MPl (3138)

where ¢ is the so-called ten-dimensional dilaton field and ggquge is the Type 1
gauge coupling. Choosing the VEV of the dilaton in a suitable one, we can
lower Miring With respect to Mp;.

Let us recall the ten dimensional action

S = / d'0z {6—2¢R + e—¢F2} (3.139)

It is then possible to relate Mgiying and Mp;, eliminating the dependence on
the dilaton. We find

1

—_yA 3.140
agaugeMPl ( )

Mstring ~

where ogquge = gfmuge /(4m) and where (27)5V is the six-dimensional volume
of the compactification. The relation is just an order of magnitude
estimate, which could be deduced on dimensional grounds.

We will try to identify agauge With agp and Mping with M, = 10
TeV < 106 GeV. Let us assume, as usual, § extra dimensions of radius
R = pg'. From the relation we can determine the (common) radius
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r for the 6 — § compactified dimensions. The normalized compactification
volume is given by

V ~ R0 (3.141)
thus we find
M/GUT 6/2 3-6/2
/ !/ !/ —
M aGur(MbyrR)? (Myrr)*= (3.142)
\ effective field theory Type I’ string theory
: : 3 -
10 MeV: 100 GeV 0.5Tev 110 TeV log 1
1 Mg /R Mgyt
gauge: 4D | 4D 5D | 10D
gravity: 4D | 9D i 10D ' 10D

Figure 3.6: Sketch of the evolution of the gauge couplings within a Type I’
realization of our scenario. The corresponding effective number of spacetime
dimensions felt by the gauge and gravitational couplings are indicated.

We start with the case § = 1. If we take M(,;;;» = 10 TeV, from Figs. 3.3
and we see that M/ rR =~ 20 and ofp ~ 1/50. This implies that
Mlypr =~ 10~%. Thus we find that the radius 7 of the five extra dimensions
must be smaller than the string length scale. This signals that we must make
use of the so called Type I' description. In string theory this is possible
thanks to T-duality E In general a Type I theory with a compactified
radius 7 is equivalent (in the sense of the T-duality) to a Type I’ theory

N7 duality is a symmetry which links the large scale behavior of string theory to its
small scale structure.

83



3.8 Connection with string theory

with a compactified radius r’ = (M, ftrmgr)_l

Mstm‘ngr = (Mstringrl)_l (3143)
We therefore pass to a Type I’ description with
(")t~ 107 My ~ 10MeV (3.144)

We thus found a way to associate the scale of gauge coupling unification
at 10 TeV with the string scale of a Type I’ theory: one dimension has
radius R~! ~ 0.5 TeV and the five remaining dimensions have radii ' ~
(10MeV)~!. This scenario is sketched in Fig. E Below the unification scale
we have an effective field theory and above the Type I’ string description is
adequate. We identify the string scale with the unification scale M/, ~ 10
TeV. The gauge couplings feel a new dimension at R~! = po ~ 0.5 TeV.
Gravity instead feels five new dimensions.

A similar calculation for the case § = 2 provides the result 7’ ~ (0.1 GeV)~!
for the remaining four dimensions. We point out that these results depend
on the string scale. Indeed, if we take M/, = 10'? GeV we have now the
same result 7’ ~ (10°GeV)~! both for the case § = 1 and § = 2.
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Chapter 4

Susy and dark matter

In astronomy there is overwhelming evidence that most of the mass in the
universe is some non luminous dark matter of yet unknown composition.
The bulk of this dark matter is of non baryonic nature. The presence of an
exact discrete symmetry, R-parity, in the MSSM guarantees that the lightest
supersymmetric particle (LSP) is stable. Such a weakly interacting massive
particle (WIMP) would have a cosmological abundance Q ~ 1 today. It is
then natural to consider the possibility that this LSP is the dark matter. In
most cases, this particle is the neutralino, a linear combination of the susy
partners of the photon, the neutral Z° and the Higgs bosons. Although dark,
in the sense that they cannot emit nor absorb electromagnetic radiation,
WIMPs must have nonzero coupling to ordinary matter, because they must
annihilate into it during the freeze out period in the early universe. The
presence of extra dimensions will modify the expansion law of the universe,
which is crucial in studying Boltzmann equation for the relic density. In this
way the resultant relic density can be altered and the allowed region for the
MSSM can be dramatically modified from the one in standard cosmology.
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4.1 Neutralino cosmology

The most of dark matter candidates are of non-baryonic nature. The main
distinction is between “hot” and “cold” dark matter. A dark matter is called
“hot” if it was moving at relativistic speeds at the time galaxies could just
start to form. It is called “cold” if it was moving non-relativistically at that
time. This categorization has important ramifications for structure forma-
tion. Experimental studies on galaxy formation may provide an important
hint on whether dark matter is hot or cold. Hot dark matter can cluster
only when it has cooled to non-relativistic speeds. N-body simulations of
structure formation in a universe dominated by hot dark matter, fail to
reproduce the observed structure.

The non-baryonic cold dark matter candidates are basically elementary
particles which have not yet been discovered. The leading candidates are
axions and weakly-interacting massive particles (WIMPs). These are stable
particles which arises in supersymmetric extension of the Standard Model.
WIMP masses are typically in the range 10 GeV-10 TeV, and they have
interactions with ordinary matter which are characteristic of the weak in-
teractions. The most promising WIMP candidate is the neutralino [32} [33],
and in the rest of the chapter we will focus on this possibility.

Then, among the dark matter candidates, the neutralino in supersym-
metric models is a suitable one. Two conditions must be satisfied: the
neutralino must be the lightest supersymmetric particle (LSP) and R-parity
must be conserved. The first one occurs in a broad region of the space
parameter of minimal supergravity (mSUGRA) model, while the second is
required to ensure the neutralino to be a stable particle.

Such a particle exists in thermal equilibrium and in abundance in the
early universe, when the temperature of the universe exceeds the mass m,
of the particle. The equilibrium abundance is maintained by annihilation of
the particle with its antiparticle y into lighter particles [ (xx — [l) and vice
versa (Il — xx). In many cases, the particle is a Majorana particle in which
case X = X. As the universe cools to a temperature less than the mass of
the particle, the equilibrium abundance drops exponentially until the rate
for the annihilation reaction xy — Il falls below the expansion rate H, at
which point the interactions which maintain thermal equilibrium freeze out,
and a relic cosmological abundance freeze in.

This idea was used in the late 70’s to constrain the mass of a heavy neu-
trino and subsequently to suggest that the dark matter could be composed of
weakly interacting massive particle (WIMPs). Since then many calculations
have been done and improved. The result of the cosmological abundance
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calculation for a thermal relic is crucial to the argument for WIMP dark
matter.

At this scope let’s do a simple estimate. Suppose that in addition to the
known particles of the Standard Model there exist a new, yet undiscovered,
stable particle x. In thermal equilibrium, the number density of y particles
is

Neg(X) = (2;qr)3 / f(p)d®p (4.1)

where ¢ is the number of internal degrees of freedom of the particle and
f(p) is the familiar Fermi-Dirac or Bose-Einstein distribution H At high
temperatures (T >> m,,), we find the usual relation ne,(x) oc 7°. At low
temperatures, instead, we have

mXT 302 —my /T
neg(X) 2 g < 5 > e (4.2)
so that their density is Boltzmann suppressed. If the expansion of the uni-
verse were so slow that thermal equilibrium was always maintained, the
number of WIMPs today would be exponentially suppressed. Essentially,
there would be no WIMP at all. However the universe is not static, so
equilibrium thermodynamics is not the whole story.

At high temperatures, ys are abundant and rapidly converting to lighter
particles and vice versa. After T drops below m,, the number density of xs
drops exponentially, and the rate for annihilation drops below the expansion
rate. This rate is ' =< 04v > n,, where < o4v > is the thermally averaged
total cross section for annihilation of y Y into lighter particles times relative
velocity v.

4.2 Freeze out: the Boltzmann equation

In the very early universe, when the temperature is very high, all particles
are in thermal equilibrium. As the universe expands, however, it cools and
the interaction rates become too low to maintain this equilibrium. We say
that the particles “freeze out.” Unstable particles that freeze out will decay
and thus will disappear from the universe. However, the number of stable
particles will tend towards a non-vanishing constant, and their thermal relic
density survives to nowadays.

! Actually, for a neutralino the Fermi-Dirac statistic is the suitable one.
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This kinetic process is described quantitatively by the Boltzmann equa-

tion

% = —3Hn, — (04v) (nf< — Neg) (4.3)
where n, is the number density of the dark matter particle, H is the Hubble
parameter and n., is the dark matter number density in thermal equilibrium.
The quantity (c4v) is the thermally averaged annihilation cross section for
annihilation of xx into lighter particles times relative velocity wv.

A detailed derivation of this equation can be found in appendix [A] Any-
way can be easily understood. The second term on the left-hand
side accounts for the expansion of the universe. In the absence of num-
ber changing interactions, the right-hand side would be zero, and we would
find n, oc a3, as we should. The first term in brackets on the right-hand
side of equation accounts for depletion of WIMPs due to annihilation
and the second term arises from creation of WIMPs from inverse reaction. It
can be naively derived by noting that, in equilibrium, the rate for depletion
and creation of particles is equal. This equation both describes Dirac as
well as Majorana particles, such as neutralinos. For the case of Majorana
particles, the annihilation rate is < o4v > ni /2, but in each annihilation
two particles are removed, which cancels the factor of 2 in the annihilation
rate.

It turns out to be convenient to change variables from time to tempera-
ture,

m
tﬁxzix

(4.4)

where m, is the x mass, and to replace the number density by the co-moving

number density
n

n—Y=— (4.5)

s
where s ~ 0.4¢,T3 is the entropy density. Here g, is the effective number of
relativistic degrees of freedom. Since s scales inversely with the volume of
the universe when entropy is conserved, the expansion of the universe has

no effect on Y. In terms of these new variables, the Boltzmann equation

(4.3)) becomes
x dY Negloav) [ Y?
el —1 4.

Yeq da H Yeg (4.6)

It is now clear that before freeze out, when the annihilation rate is large
compared with the expansion rate, Y trails the equilibrium value Y,,. After
freeze out, Y approaches a constant. This constant is determined by the
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annihilation cross section (o4v). Y will follow its exponentially decreasing
equilibrium value. This behavior is shown in Fig. 4.1
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Figure 4.1: The co-moving number density Y of a dark matter particle as a
function of temperature and time. From Ref. [34].

If we consider the neutralino as our WIMP, the mass and annihilation
cross section are set by the weak scale: mi ~ {0 A0 ~ Myear?. Freeze out

takes place when the decay width is of the order of the Hubble parameter
Neg{oav) ~ H . (4.7)

For a non-relativistic particle we have the behavior (4.2) and the Hubble
expansion rate falls with temperature as H = 87G/3 ~ 1.669i/2T2/Mpl.
From these relations, we find that WIMPs freeze out when
1/2
% ~In {<0Av>mepl (%) } ~ 30 (4.8)
Since myv? = 3T, WIMPs freeze out with velocity v ~ 0.3.
At first sight one can think that freeze out should occur at T ~ m,.. But
this is not the case: gravity is weak since M p; is large. The expansion rate is
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then extremely slow, and freeze out occurs much later than one might expect.
For m, ~ 300 GeV, freeze out occurs at temperature 7" ~ 10 GeV' and the
corresponding time is t ~ 10~® s. In the book of Kolb and Turner [35], one
can find also the freeze out density

10710 GeV 2
Q, = Yoo —————— 4.9
x = MxSTteo (0 40) (4.9)
An estimate of the weak cross section gives
a2
(oav) ~ —F2— ~ 1077 GeV 2 (4.10)
weak

where as is the weak coupling. Equation corresponds to a thermal
relic density of Q,h? ~ 0.1. This analysis has ignored many numerical fac-
tors, but the orders of magnitude is correct. WIMPs therefore naturally
have thermal relic densities of the right order of magnitude to close the uni-
verse. This coincidence is a hint that connects the problems of electroweak
symmetry breaking and the topic of dark matter.

600 T

Stau LSP
500

Neutralino LSP

100
0 500 1000 1500 2000 2500 3000

m, (GeV)

Figure 4.2: Regions of the (mg, M, /o) parameter space in mSUGRA with
Ap =0, tan 8 = 10, and p > 0. The lower shaded region is excluded by the
LEP chargino mass limit. The stau is the LSP in the narrow upper shaded
region. In the rest of parameter space, the LSP is the lightest neutralino, and
contours of its gaugino fraction Z, (in percent) are shown. From Ref. [36].
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4.3 Neutralino annihilation

The two processes which govern nearly all of neutralino cosmology are anni-
hilation of neutralino pairs and scattering of neutralinos off ordinary matter.
In this section we discuss the annihilation cross sections. We provide results
for all the final states that appear at tree level and for those one loop final
states that are also important. The annihilation cross sections are needed in
cosmology for calculations of the cosmological neutralino relic abundance,
the flux of energetic neutrinos from neutralino annihilation in the sun and
earth.

On general theoretical grounds the annihilation cross section should have
the velocity dependence (o4v) o vP. It is then sufficient to expand the
annihilation cross section in the non-relativistic (v < 1) limitﬂ

(04v) = a+ bv® 4+ O(v?) (4.11)

where a is the s-wave contribution at zero relative velocity and b contains
contributions from both the s and p waves. In the simplest case, the s wave
is unsuppressed and (o4v) is almost energy independent. Thus, only the a
term is necessary. However, it often happens that y is a Majorana particle
and the annihilation into light fermions is suppressed by helicity. In this
case also the b term is needed. For practical purposes, the first two terms in
are sufficient. We can then find the quantity Y., appearing in .
The result for the relic abundance is

Yot = 0.264g, Mpym,, (4.12)

where 2y = Ty /m, is the freeze out epoch and g, is the number of degrees
of freedom evaluated at 7.

For what regards neutralinos in the galactic halo, sun and earth they
move with velocities O(1073) (in units where ¢ = 1), so only the a term in
equation is needed for calculations involving relic neutralinos. As we
saw in equation , when neutralino interactions freeze out in the early
universe, their relative velocity are approximately v ~ 0.3 so both the a and
b terms are generally needed for relic abundance calculations. Results for
the a and b terms can be found in [32, 37, [3§].

Neutralino can annihilate into numerous final states. The processes
which dominate are those at tree level (lowest order in perturbation the-
ory), i.e. the two body final states. Other than fermion-antifermion pairs

2A detailed derivation of |D can be found in the appendix
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(neutrinos, leptons and quarks), there are
wrw~—, 2°2° wrH-, W—H*, Z°4°, Z°H°, Z°h°, HTH~

and all the combinations (six) of the neutral states A, h® and H®. Many
Feynman diagrams contribute to each of these processes [39], so the compu-
tation of the total annihilation cross section turns out to be a difficult task.
In one of the following sections we shall concentrate on the ~~ final states,
since they can be a proof of the existence of neutralino dark matter EL

The analytic results for the a term are not cumbersome expressions. On
the other hand, calculations of the b terms are more involved. They can be
obtained by “brute force” evaluation of Feynman diagrams, giving rise to
results which are valid for any value of the center of mass energy, including
non relativistic limit. Since there is a large number of diagrams involved EL a
simple check about the calculation is the high energy behaviour of the cross
sections, which must be consistent with unitarity. The complete analytic
results for the a and b terms can be found in several works [39] 4T, 42].

Almost all the parameters of the MSSM are involved in the calculation.
Given this large freedom in adjusting the parameters, there is a plethora of
ways to achieve the desired relic density for neutralino dark matter. We will
see that many of these different ways may be found in minimal supergravity
(mSUGRA). In various regions of mSUGRA parameter space it is possible
to obtain the desired thermal relic density.

4.4 Thermal relic density: the bulk region

Numerical analysis show that the LSP is a bino-like neutralino in much of
mSUGRA parameter space. We can thus consider the limit in which the
neutralino is a pure bino. In this case, all processes with final state gauge
bosons vanish [

The process xx — ff can now occur through a sfermion exchange (t-
channel). As susy partners of Standard Model bosons, neutralinos are Ma-
jorana fermions. If the initial state neutralinos are in an S-wave state, the
Pauli exclusion principle implies that the initial state is CP-odd, with total
spin S = 0 and total angular momentum J = 0. If the neutralinos are gaug-
inos, the vertices preserve chirality, and the final state ff has spin S = 1.

3We must stress, however, that this contribution is negligible for abundance calcula-
tions.

“In order to manage this complicated task, we made use of a publicly available code [40].

5This follows from supersymmetry and the absence of 3-gauge boson vertices for abelian

gauge group.
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In order to have J = 0 we need a mass insertion on the fermion line. This
process is therefore either P-wave-suppressed (no a term in equation {4.11f) or
chirality suppressed. This conclusion actually holds also for mixed gaugino-

Higgsino neutralinos and can be applied to all other processes that contribute
to the ff final state [39].
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Figure 4.3: The bulk and co-annihilation regions of mSUGRA with Ay = 0,
tang = 10 and p < 0. In the light blue region, the thermal relic
density satisfies the pre-WMAP constraint 0.1 < Qpyh? < 0.3. In
the dark blue region, the neutralino density is in the post-WMAP range
0.094 < Qpyh? < 0.129. The bulk region is the dark blue region with
(mo, My/3) ~ (100 GeV,200 GeV). The stau LSP region is given in dark
red, and the co-annihilation region is the dark blue region along the stau
LSP border. Current bounds on b — sy exclude the green shaded region,
and LEP limit to the Higgs mass is shown (m; = 114 GeV). From Ref. [43].

The region of mSUGRA parameter space with a bino-like neutralino
where xx — ff yields the right relic density is the region shown in Fig. [4.3
with (mo, M) ~ (100 GeV, 200 GeV'). This region is called the “bulk
region”. In the past, due to uncertainty in the measurement, there was a
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4.4 Thermal relic density: the bulk region

wide range of parameters with (mg, M; /2) < 300 GeV that predicted dark
matter within the observed range. After WMAP data, the “bulk region”
has been reduced to a thin ribbon of acceptable parameter space.

Moving from the bulk region by increasing mg and keeping all other pa-
rameters fixed, one finds too much dark matter. This behavior is shown in
Fig. [433] In the bulk region, a large sfermion mass suppresses the annihi-
lation cross section ({(oav) ~ mJTQ), which implies a large Qpys. In fact,
sfermion masses not far above current bounds are required to offset the P-
wave suppression of the annihilation cross section. In a sense, it seems that
an over-closed universe can provide upper bounds on superpartner masses.

In the above we assumed that yx — ff is the only annihilation chan-
nel. However, for neutralinos which are not bino-like, there are many other
contributions. In the next, we will shortly describe this possibility studying
the so called focus point region.

We want to stress that the bulk region, is also severely constrained by
other data. The existence of a light superpartner spectrum in the bulk
region implies a light Higgs boson mass, and typically significant deviations
in low energy observables such as b — sy. Current bounds on the Higgs
boson mass, as well as concordance between experiments and standard model
predictions for b — s7v, therefore disfavor this region. This is shown in
Fig. 4.3 For this reason, we will consider also other possibilities.

4.4.1 Focus point region

As can be seen in Fig. in mSUGRA the neutralino can be gaugino-like or
higgsino-like; thus a bino-like LSP is not the ultimate answer. When my is
very large, to ensure electroweak symmetry breaking the Higgsino mass pa-
rameter |p| must be small. In this case, the LSP becomes a gaugino-Higgsino
mixture. The allowed region for this kind of LSP is called the focus point
region, a name which resembles peculiar properties of the renormalization
group equations [44], 45 [46].

In the focus point region sfermions are very heavy and thus the related
diagram are suppressed. However, the existence of Higgsino components in
the LSP implies that diagrams with exchange of charged higgsino/gaugino,
like in xxy — W1W ™, are no longer suppressed.

Neutralinos may annihilate efficiently enough as to produce the desired
thermal relic density. Cosmological constraints limit the regions with the
right relic densities (see Fig. [4.4). However, since the right relic density
can be achieved with arbitrarily heavy sfermions, cosmology doesn’t supply
upper bound on superpartner masses.
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Figure 4.4: Focus point region of minimal supergravity for Ag = 0, p > 0,
and tan § as indicated. The excluded regions and contours are as in Fig.
In the light yellow region, the thermal relic density satisfies the pre-WMAP
constraint 0.1 < Qpyh? < 0.3. In the medium red region, the neutralino
density is in the post-WMAP range 0.094 < Qpah? < 0.129. The focus
point region is the cosmologically favored region with mg = 1 TeV. From

Ref. [36].

4.4.2 The A funnel region

The coupling with the A Higgs boson opens the possibility that the dark
matter annihilates to fermion pairs through an s-channel pole. This process
is efficient when 2m, ~ m4. The A resonance region occurs in mSUGRA
for tan 8 2 40 [47, 48] and is shown in Fig. This resonance is so efficient
that the relic density may be reduced too much. Therefore, to obtained a
suitable relic density the process must be near the resonance, but not exactly
on it.

4.4.3 Co-annihilation region

In the previous cases we neglect the possibility that there are other particles
present in significant numbers when the LSP freezes out. In this case the
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Figure 4.5: The A funnel region of minimal supergravity with Ag = 0,
tan 3 = 45, and g < 0. The red region is excluded. The other shaded
regions have Qpyh? < 0.1 (yellow), 0.1 < Qpyh? < 0.3 (green), and 0.3 <
Qpuh? < 1 (blue). From Ref. [48].

xXx annihilation is no more efficient.

The neutralino density may drop due to co-annihilation with the other
species [49, [50]. These particles must be mass degenerate with the neu-
tralino at the freeze out temperature, ' ~ m,/30. Co-annihilation can
dominate over P-wave-suppressed XX annihilation cross section and thus
may be important even with mass splittings much larger than 7T

As can be seen in Fig. [£.3] the co-annihilation possibility is realized in
mSUGRA along the 7 LSP (y LSP border). In the acceptable region, we
can thus find a narrow finger extending up to masses m, ~ 600 GeV'.

4.5 LSP: limits and constraints
We saw that the most well motivated WIMP candidate is the lightest super-

symmetric particle (LSP). In most of the parameter space of the MSSM the
LSP is the neutralino, a linear combination of the supersymmetric partners
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of the photon, the Higgs bosons and the neutral Z° boson.

Extensive calculations have shown that the cosmological abundance of
the LSP is close to unity and suitable for solving the dark matter problem,
independent of the specific composition of the LSP. In particular, we must
outline that models with neutralino as LSP are favourite for cosmological
reasons, giving rise to acceptable galaxy formation (cold dark matter).

Lower limits to the age of the universe are often used to provide con-
straints to Q,h%. It is often misstated that if €, > 1, then neutralino will
over close the universe. However, adding matter to the universe doesn’t
change its geometry, but causes the universe to expand more rapidly. In
this case the universe will reach the actual size in a shorter period of time.
Thus, lower limits to the age of the universe provide upper bounds to Qh2,
and therefore to 2, h?. The limits to Qh? for a given age of the universe are
obtained assuming the universe is matter dominated [7]

Obviously, the mass density of neutralinos must be less than the total
mass density, so for a universe older than 10 billion years, we must have

Qh?~1. (4.13)

Experimentally, there is evidence that the universe is closed. Data collected
until now suggest that the universe is actually flat. Even the inflation model
suggests that the density of the universe is the critical one. If the universe is
open or flat constraints are even stronger: for a universe 10 billion years old
we must have Q, h? < 0.5, while for a value of 13 billions years the constraint
is Q,h? <0.25.

Now we can give a limit on the WIMP mass. On dimensional arguments
annihilation cross section is generally expected to decrease as the neutralino
mass is increased, so the relic abundance should increase. Therefore, heavier
neutralino should be more likely to dominate the mass of the universe and
partial-wave unitarity provides an upper limit o m;z to the coefficient a
and b in the non-relativistic expansion of the cross section. This can be
used to put a model independent lower bound

TeV)\?
Qn2 > (mdTeV) 4.14
oz (M) (1.14)

to the cosmological density of any stable thermal relic. The age of the
universe constraint then leads to the limit of the mass of a stable dark
matter particle m, < 3007eV. This conclusion will not change if the relic

5We must point out that these limits cannot be relaxed by introducing a cosmological
constant.
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density is determined by annihilation near a threshold or co-annihilation
(see section . We must outline that this limit is in general two orders
of magnitude greater than the masses usually considered, but it is referred
to a model with a coupling of order one. Instead, in the MSSM, the cross
section are proportional to a coupling of the order o® ~ 10™%. So the largest
cosmological acceptable masses are

my S 3TeV (4.15)

For a flat universe, neutralino with an abundance Qxh2 ~ (.25 is the most
attractive. Summarizing the results we have that

0.025 < QA% <1, (4.16)

is a conservative range for the relic density of neutralino which could take
into account dark matter in the galactic halo.

4.6 Dark matter detection

We saw that one of the successes of supersymmetry with exact R-parity
conservation is the prediction of an electrically neutral LSP, which represents
a good candidate for the dark matter. The most attractive prospects for
direct detection of susy dark matter comes from the idea that the lightest
neutralino is the LSP, as is the case of mSUGRA models.

We saw in section that once the universe cooled and expanded, the
very massive sparticles can no longer be produced and they all annihilate
or decay into neutralino. The remaining neutralinos can annihilate through
processes xx — ff with the exchange of squarks and sleptons or the ex-
change of Higgs scalars or a Z boson. For a high massive neutralino new
channels open like xx —=WTW~, ZZ, ZhO, hOhY or even WtHT, ZA°,
ROAC ROHO HOAO HOHO A%A° or HTH~. When the density of LSPs
decreased, the annihilation rate became very small, and the y relic density
is determined by the Boltzmann equation, i.e. the annihilation rate and the
dilution caused by the expansion of the universe.

The predicted density of a bino-like (or perhaps higgsino-like E[) neu-
tralino LSP obtained by doing these calculations can have the right range
to constitute a fraction of the critical density of the universe, and perhaps
to explain the rotation curves of galaxies [34] 51l [52].

"In presence of extra dimensions we will see that both the situations can happen.
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It is also necessary to require that the density of surviving LSPs not be
too large. Otherwise, the universe could have not reached its present size
and age of at least 10'0 years. This puts an upper limit on the LSP mass,
but this limit is not parameter independent, because if the masses are varied
in the right way, the LSP may happen to annihilate very efficiently through
a resonance.

If neutralino LSPs were really the cold dark matter, then their mass
density in our neighborhood must be at least about 0.1 GeV/cm? in order
to explain the rotation curves of galaxies. In this case, they should be
detectable by means of weak interactions with ordinary matter, or through
annihilations.

The direct detection of x depends on their elastic scattering of heavy
nuclei in a detector. The elementary process is the scatter of a quark by
virtual exchange of squarks, a Z boson, or Higgs scalars; another possibility
is the scatter of gluons through one-loop diagrams ﬁ The energy transferred
to the nucleus in these collisions is typically of order tens of keV. However,
there are important backgrounds from radioactivity and cosmic rays. It
turns out that the optimal detector material (e.g. germanium, silicon, or
niobium) depends on the details of the x-nucleus interaction.

Another, more indirect, way to detect neutralino LSPs is through their
annihilations. This can occur in regions of space where the density is very
high in order to increase the possibility of the interaction. This can occur if
the LSPs lose energy by repeated scattering off of nuclei, eventually becom-
ing concentrated inside massive astronomical bodies like the earth or the
sun. In this case the annihilation of neutralino pairs into neutrinos is the
most important process, since all the other known particles cannot escape
from the center of the massive object where the annihilation takes place. In
particular, muon neutrinos and antineutrinos from xx — v,v, will travel
large distances, finally undergoing a charged-current interaction leading to
energetic muons. There are also interesting possible signatures from neu-
tralino LSP annihilation in the galactic halo which might produce detectable
quantities of high-energy photons, positrons, and antiprotons [34) 51}, 52].

4.7 Neutralino dark matter in higher dimensions

Cosmological observations, in particular the Wilkinson Microwave Anisotropy
Probe (WMAP) satellite [53 54], have established the CDM cosmological

8We will see this process in detail in a following section.
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model E| with great accuracy. The relic abundance of the cold dark matter
is estimated to be
Qepah?® = 0.1126170 0015 (4.17)

These observations, which have enhanced the precision in relic density mea-
surements, have greatly reduced the parameter space of the MSSM. We saw
in section [£.2] that the thermal relic density of a dark matter particle can be
obtained by solving the Boltzmann equation

P 4 3ty = —(oa0) [(m)? — ()] (418)
As we can see, the thermal relic density depends on the underlying cosmo-
logical model as well as its annihilation cross section. If a non standard
cosmological model is taken into account, the resultant relic density of the
dark matter can be altered from the one in standard cosmology. For what
concerns the cross section, this will be modified by the appearance of other
particles (KK modes and other exotic ones).

To evaluate the situation in presence of extra dimensions we must analyze
the differences with respect to the standard framework. In section [3] we
found that the behavior of the Hubble constant changes as a result of a
modified Friedmann equation. This will change the left hand side of ,
which takes care of the expansion of the universe. In the standard setup,
this term is responsible for the density n, oc a~3, in absence of interactions.
The brane world model is instead a well known example of a non standard
cosmological model. The Friedmann equation for spatially flat spacetime is

now [55, 556, 57, 58]
p2 = 8¢, <1 + p) (4.19)
3 Po

where
po = 96wG M2 (4.20)

We recall here that H is the Hubble parameter, p is the energy density of
matter, while M35 is the five dimensional Planck mass and we have neglected
the four dimensional cosmological constant. Moreover, we have omitted the
so called “dark radiation” term, which is constrained by nucleosynthesis
analysis. The second term proportional to p? leads to a non standard be-
havior. At a high energy regime (p > pp), this term dominates and the
universe obeys a non standard expansion law.

9CDM stands for cold dark matter. Cold dark matter is composed of objects sufficiently
massive that they move at sub-relativistic velocities. The low velocities of cold dark matter
allow the formation of structures on small scales.
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As we did in section we rewrite equation (4.18]) into the form

ay 5 9 9
dr —E<UU>(Y —YEQ)
-2
= —)\w74<0v>(Y2—YE2Q), (4.21)
1+ (%)

in terms of the number density to entropy ratio Y = n/s. We also defined
the variable z = m/T, where m is a dark matter particle mass and A =
0.24gi/ M pim, as can be inferred from the estimates in section M The
quantity x; is defined as

(4.22)

When = < zy, the p? term dominates in equation , while the p?
term becomes negligible after x > x; and we recover the expansion law in
the standard cosmology. The temperature defined as T; = mz, L is often
called “transition temperature” since the expansion law of the early universe
changes from the non-standard one to the standard one. We focus on the
effect of the p? term for the dark matter relic density. Then we consider the
case that the decoupling temperature of the dark matter (let us call it Ty) is
higher than the transition temperature, namely x; > x4 = m/Ty. Using the
definition of py and x; in equations (4.20) and (4.22)), this condition gives

7_[_29 1 1/6
M; < *m? —4
b= ( 30 " 967G ¢ >

2/3
, m \23 (20
~ 4.6 x 103 TeV (7100 GeV) <xd : (4.23)

l

Here we have normalized the decoupling temperature by its typical value:
in our case the estimate is 4 = m/T; ~ 20. For M5 < 103 TeV, we can
expect significant brane world cosmological effects.

We can now analyze our model, checking where this contribution dom-
inates, i.e. where p >> pg. In this case we have a simple relation between
the five dimensional Planck mass and the compactification radius, given by

(M5)°R = Mp (4.24)

where pgp = 1/R is the compactification scale.
We then easily obtain the table As one can see, the p? term will
never dominate, so we can use the usual Friedmann equation. Unfortunately
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Mo = 1/R M5 = (/J,()M]%l)l 3 PO = 967TGM56
Gev GeV GeV4
10° 2.15- 10 1.2-10%
109 4.64 - 10 1.2-10°!
108 2.15-10% 1.2-10%
1010 1-10'6 1.2-10%
1012 4.64 - 1016 1.2-1063

Table 4.1: Values of the D = 5 Planck mass M5 and of pg for different values
of the compactification scale ug.

in the literature there is not a general expression of the Hubble expansion
rate H for an arbitrary number [)] of extra dimensions . There are some
interesting issues concerning the D = 6 dimensional case in [62] [63] and also
in [64] [65]. We considered explicitly only the case D = 5 and we argued
that the conclusion still holds in the higher dimensional case [66].

At this point we can analyze the changes in the cross section. This
involves only tree level processes. A typical one will be of the form

Y+x—X+X (4.25)

where X are KK modes. Since the neutralino is the lightest particle of the
MSSM, its mass will never exceed some TeV. However, KK modes will have
at least a mass of 100 TeV for the minimal scenario. So energy conservation
will forbid any annihilation. However, we will see in the following that KK
modes can play a role in a loop process, since in the loop the energy must
be not conserved.

4.8 Phenomenology

In this section we present the results for the low energy phenomenology of
our scenario. To compute the weak scale parameters we used the publicly
available codes ISASUGRA [20] and DarkSUSY [40}, 67]. We modified the
ISAJET routines in order to take into account the power-law running of the
gauge couplings, of the Yukawa couplings and of all the soft terms following

108¢e [59, 60} 6] for general reviews on the subject.
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the procedure outlined in section |3 We solved the differential equations E
given by the running of the couplings and masses imposing boundary condi-
tions as in the usual mSUGRA scenario [68, [69]. In this way we have, at the
new unification scale M/, a universal scalar mass mg, a universal gaugino
mass mq/; and a common trilinear coupling Ag. The only other parameters
which need to be specified are tan 5 and sign(u).

For a fixed choice of the extra-dimensional parameters ug, 6 and n we
performed a detailed scan of the (mg,mq /2) parameter space keeping fixed
tan 8, Ag and sign(p). We computed for every model the thermal relic
density
My

Pc

solving the Boltzmann equation for the neutralino number density.
We considered only tree-level annihilation processes in the computation of
(o 4v). This implies that we do not have to worry about the presence of the
KK states. In fact KK modes are too heavy to be produced in the interme-
diate tree-level annihilation channels. This is guaranteed by the fact that
the neutralino mass (i.e. the mass of the lightest supersymmetric particle)
is at most of order of 1 TeV for every model we considered. For the relic
density computation we have taken into account all the possible coannihila-
tions with other sparticles. Because the mass of the first KK excited level
is of order pg there is no possible coannihilation between the neutralino (a
0-mode particle) and the KK particles. In this way the standard treatment
of the coannihilations is still valid. As discussed in the previous paragraph,
the possible difference with the standard scenario may arise only from the
Hubble expansion rate H.

Let us fix the notation defining the lightest neutralino as the linear com-
bination

00 = (4.26)

X = Ni1B + NioW + Ni3H, + N1y Hy (4.27)
where B and W are the bino and wino fields, while H, and Hy are the two
higgsinos. The gaugino fraction, as usual is defined as

Zy = |Nul* + | Nio| (4.28)

We say that a neutralino is gaugino-like (in particular in our case bino-like)
it Z, > 0.9 while it is higgsino-like when Z, < 0.1. In all the intermediate
cases we denote the neutralino as mixed-like.

HThese differential equations can be solved numerically by mean of the so called Runge-
Kutta method, which is described in appendix |g
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As explained in section [3] we considered two different scenarios: one in
which the two zero-mode Higgs fields are chiral N = 1 superfields as in the
MSSM and the other in which they form an N = 2 matter hypermultiplet.

We first analyze the N = 1 Higgs case in the minimal scenario n = 0 in
which the matter fermions do not have KK towers. We performed a detailed
scan in the parameter space (mg, my /2) fixing all the other parameters. In
Fig. [4.6] we show the regions already excluded due to either theoretical or
experimental reasons for a given model (up = 10° GeV, § = 1 and 1 = 0).
The dark gray region is excluded because the 7 is the LSP rather than the
neutralino, the red region is excluded because the models do not achieve
electroweak symmetry breaking (EWSB) while the blue region is excluded
because the models do not satisfy the current accelerator bounds (limits
on the chargino masses, b — sv, etc.). In almost all the parameter space

1o=10° GeV, 6=1, n=0, tanB=10, sgn(u)=+1, Ag=0
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Figure 4.6: Excluded regions in the plane (mo, m /)

the neutralino is still the LSP. One of the main result is that, unlike the
standard mSUGRA case, the neutralino is no longer bino-like (as we saw
in section. but it tends to be a very pure higgsino (see Fig. . This
conclusion strongly depends from the value of the compactification scale .
In fact the regions in which the neutralino is higgsino-like get smaller for
higher values of pg (see the left panel of Fig. for the case g = 10° GeV
and Fig. for the two cases g = 108 GeV and ug = 10'° GeV). For
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Figure 4.7: Contour plots of the gaugino fraction in the plane (mg, my )
for different values of 4.

higher values of pg the higgsino-like region approaches the region excluded
due to an incorrect EWSB. The previous result is only slightly dependent
from the number of extra-dimensions § as can be seen by comparing the
two panels of Fig. The only difference is a change in the shape of the
excluded regions. In other words the crucial property of the g-functions is
the power-law behavior rather than the effective power-law index, i.e. 4.

In every contour plot for the gaugino fraction we have shown the cos-
mologically allowed regions. The red regions are those for which the relic
density Qh? satisfies the WMAP constraints [54, [70]

0.09 < Qh* < 0.13 (4.29)
while the green regions denote the pre-WMAP constraints
0.13 < Qh% < 0.30 (4.30)

The cosmologically allowed regions have a huge overlap with the pure higgsino-
like region, especially for low values of pg, i.e. po < 10® GeV. For higher
values of po the cosmologically allowed regions tend in general to overlap
with a mixed-like neutralino region.

We also present in Fig. the isomass contour plots for the neutralino
for increasing o and for fixed §. As in the case of the gaugino fraction

we show the cosmologically allowed regions. For higher values of pg high
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neutralino mass contours (around 1 TeV) are shifted upwards so that models
that possess the right relic density have m, < 500 GeV. Increasing the value
of Ag, for example Ay = 2500, implies a shift of the cosmologically allowed
regions towards higher values of the neutralino mass of about m, 2 800
GeV and a wider region excluded by the accelerator bounds. Moreover, in
this case, the neutralino is a very pure higghsino Z, < 0.1 in all the allowed
parameter space.

,u(,=105 GeV, 6=1, n=0, tanB=10, sgn(u)=+1, Ap=0 ;40=108 GeV, =1, n=0, tanB=10, sgn(u)=+1, Ap=0
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Figure 4.8: Contour plots of the neutralino mass (in GeV) in the plane (myp,
my ) for increasing values of pyo.

For increasing values of tan # we obtain the same shift of the cosmologi-
cally allowed regions as in the case of high Ay. Moreover the excluded region
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in which the neutralino is not the LSP grows towards higher values of my.
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Figure 4.9: Contour plots of the gaugino fraction in the plane (mg, my2)
for increasing values of pyg.

Let us now analyze the non minimal models with n > 0. As explained
in paragraph we considered three different cases: n = 1 in which only
the third family have a KK tower, 7 = 2 in which only the first two families
have a KK tower and 7 = 3 in which all the families have KK tower.

For 1 = 2 we must have zg > 10% GeV in order to avoid non perturbative
gauge couplings at the unification scale (see for example Fig. 4 of [1]). In
this case, regions with mg = 3000 GeV are excluded due to an incorrect
EWSB while for tan 3 < 30 there is no region in which the neutralino is
not the LSP. For higher tan 3 the parameter space develops a region, for
small myg, excluded by EWSB constraints and by the stau being the LSP.
In almost all the allowed region the neutralino turns out to be a very pure
bino (as in mSUGRA) though there is still a significant overlap between
the cosmologically favoured region and the region in which the neutralino is
higgsino or mixed-like. The possible values of the neutralino mass are lower
than in the minimal scenario, with typically m, < 500 GeV.

In the case n = 1 in which only the third family has KK tower almost
all the parameter space is allowed for low tan 3. There are only two small
regions excluded by the accelerator bounds and by the EWSB constraints.
The neutralino turns out to be always a bino. The cosmologically allowed
region is very small and in correspondence with a low neutralino mass region,
i.e. my <50 GeV. For higher tan 3 we have the same behaviour except for
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the presence of the two excluded regions (EWSB constraints and the stau
being the LSP) for small my.

;10:105 GeV, =1, n=1, tanB=50, sgn(p)=+1, Ag=0 ;40:]()'0 GeV, 6=1, =2, tanB=10, sgn(u)=+1, Ag=0
2000

500

1750

400 1500

1250

myp
(GeV)

myp

/
300 (GeV) 1000

750

200
500

250

100

1000 2000 3000 4000 5000 500 1000 1500 2000 2500 3000
mo (GeV) mo (GeV)

Figure 4.10: Gaugino fraction in the plane (my, m1/2). Left panel: non
minimal scenario n = 1. Right panel: non minimal scenario n = 2.

Finally we consider the n = 3 case in which all the families possess KK
tower. In these models the region for which m;,, < 750 GeV is always
excluded for any value of tan 8. For tan 3 < 30 there is only a very small
region in which the neutralino is not the LSP, namely for mg and m,
quite null. For higher values of tan 3 there is another region in which the
neutralino is not the LSP together with a region excluded by the EWSB on
the left of the parameter space. The neutralino mass for this kind of models
is lower, m, < 200 GeV , with respect to the minimal case (left panel of
Fig. . The neutralino composition is essentially that of a pure bino
except for a region close to the excluded regions in which Z; < 0.1 (right
panel of Fig. . Once again the relic density is in the right range in the
regions where the neutralino is higgsino or mixed-like.

In general non minimal models are disfavoured from the point of view of
the cosmological relic density because the allowed regions are very small.

In the scenario in which the Higgs form an N = 2 matter hypermultiplet
the results about the neutralino composition and the corresponding relic
density remain essentially unchanged. However there are some differences
in the shape of the allowed and excluded regions in the parameter space.
For example in the minimal scenario n = 0 (see Fig. £.12{a)) the regions
excluded due to EWSB and to the accelerator bounds are smaller than in
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Figure 4.11: Left panel: neutralino isomass contours (mg, m, /2) for the non
minimal scenario n = 3. Right panel: gaugino fraction in the plane (my,
ml/z) for the non minimal scenario n = 3.

N =1 case. This holds for all tan 8 and Ay. Keeping fixed all the other
parameters, there are in general allowed regions in the right part of the
parameter space with mg > 2500 GeV. The cosmologically allowed regions
get shifted in order to “follow” the regions in which Z,; < 0.1. In the non
minimal cases > 0 the behaviour is the opposite and the parameter space
is in general more constrained, although there are cases in which the region

excluded by the neutralino not being the LSP is absent (see Fig.[4.12(c),(d)).
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(a) Excluded regions in the plane (mo,
ml/g) for the minimal scenario n = 0.
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(c) Neutralino isomass contour in the
plane (mo, mq,2) for the non minimal
scenario n = 1.
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(b) Gaugino fraction in the plane (mo,
ml/z) for the minimal scenario n = 0.
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(d) Neutralino isomass contour in the
plane (mo, my2) for the non minimal
scenario n = 2.

Figure 4.12: Contour plots for N = 2 Higgs models.
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4.9 Cosmic gamma rays

Neutralino annihilation in the halo may produce a gamma-ray flux, with
both the continuum and the line contributions. We must outline however,
that since the gamma-ray background in the universe is not well understood,
it is difficult to obtain precise measurements, any inference of dark matter
in the halo from gamma-ray observations must come from distinct gamma
ray signatures.

Even if neutralinos, as neutral particles, have no direct coupling to pho-
tons, they can couple to ordinary matter (otherwise annihilations cannot
provide Q,h? < 1). In this way we can have coupling to photons through
loop diagrams. Therefore, there will be a small cross section for direct anni-
hilation of two neutralinos into gamma rays. The typical velocity of neutrali-
nos in the halo (~ 300km/s) is very small compared with the speed of light.
So, photons produced by annihilation of neutralinos will be monochromatic,
with an energy equal to the neutralino mass. Since, there is no known
astrophysical source capable of producing monochromatic gamma rays in
the range 10 + 1000 GeV, observation of such gamma rays would provide a
“smoking gun” signal for the existence of neutralinos in the halo.

When neutralinos annihilate to quarks and leptons in the galactic halo,
the hadronic shower will produce gamma rays with a broad energy distri-
bution centered around one tenth of the neutralino mass. However, this
signal cannot be easily distinguished from the background. The gamma-ray
flux produced in neutralino annihilations through 7° decays can be large
but in general lacks distinctive features: it is quite impossible to isolate it
from the background signal. When a pion decays into two ~s, the spec-
trum is independent of the pion energy. It is peaked at half of the 7
mass(~70 MeV) and it is symmetric with respect to this peak (if plotted
in logarithmic variables). The trouble is that this is true both for pions
produced in neutralino annihilations and for those generated by cosmic ray
protons interacting with the interstellar medium (or other possible sources).
When we consider the gamma-ray background induced by cosmic ray, the
neutralino induced gamma-ray flux looks like a secondary flux due to nu-
cleon nucleon interactions; however it can be dominant for energies above 1

GeV or so.

Let us now consider the characteristic angular dependence of the gamma-
ray intensity from neutralino annihilation in the galactic halo. Annihilation
of neutralinos in an isothermal halo with core radius a leads to a gamma
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ray flux of
APy _ opv [
—r = d 4.31
= /0 P2(r)dr (1) (4.31)

where 1 is the angle between the line of sight and the galactic center, (1))
is the distance along that line of sight. The quantity o,,v is the cross
section times the relative velocity v of neutralinos. The total cross section
of neutralinos into gamma rays gives rise to the continuum signal.

We can also make an order of magnitude estimate of the expected gamma
ray flux. For example, for the two photon annihilation cross section arising
from diagrams with slepton loops, we have

4,2
amx

(4.32)

O~y U ==
Y m

e

where « is a typical coupling constant and m ; is the mass of the slepton. In
general the slepton is the heaviest particle in the loop, so its propagator leads
to a suppression m];4 in the cross section. The factor of o* in equation (4.32

comes from the four couplings in a loop diagram (which must be squared
to obtain the cross section) and the factor of mi in the numerator can be
understood on dimensional ground.

For purposes of illustration, let us focus on the case that the neutralino
is a pure bino, which turns out to be the lightest susy particle in much of the
parameter space as we saw in section [£.4] In this case, the relic abundance
turns out to be [71]

2\ 2 _ 9
Qn2~7.10°8 (24} (Ma 4,
B 0 (mx> (100 GeV) (4.33)

Assuming that the universe is flat and that the binos constitute dark matter,
then QBh2 ~0.25 and 0., ~ 3- 1073 em3/s. If we insert this estimate into
equation we find that these kind of signals lie at the limit of the
observations of current detectors. The standard isothermal halo is broad
and flat, and so we need local density enhancements to raise the gamma ray
signal level.

4.9.1 Sources and fluxes

Following the discussion in [72], the monochromatic gamma-ray flux (in
units of em =257 1sr~!) measured in a detector with angular acceptance A()
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is

- N, voxo 10 GeV \ 2
O, (1, AQ) = 0941071 (10_;9 C£3;_1> < i ) (J (1)) an x AQ
X
(4.34)

where 1) is the angle of observation and where N, is the number of outgoing
photons: 2 for yx — v~ and 1 for xx — Z~. Here the dimensionless
function J(v) is defined as

J(w) = — ( ! )/ () di(y)  (4.35)
8.5kpc \0.3GeV/cm3 line of sight Px .

and its angular average over the resolution solid angle A{ is

(7 @)a0 = 5 /A AT (W) | (4.36)

Analogously, the gamma-ray flux with continuum energy spectrum is
obtained by replacing the term in parentheses N, voxo, with a sum over all
tree level final states. This formalism can be used also to estimate the flux
in the simple case of a single source which can be considered as point-like. If
such a source is in the direction ¢ at a distance d, equation becomes

1 1 21 1
(T W)an = 550 <O.3GeV/cm3> 2 m/dg’" pr() (4:37)

where the integral is over the extension of the source (which is supposed to
be much smaller than d).

There are many sources of gamma-rays coming from the annihilation of
dark matter particles. An obvious source is the dark halo of our galaxy
and in particular the galactic center. The reason is that it is believed that
the dark matter density profile is peaked towards it, possibly with huge
enhancements close to the central black hole. In particular, the galactic
center is ideal both for ground and space-based gamma-ray telescopes. As
satellite experiments provide a full sky coverage, they will test the hypothesis
of gamma-rays emitted in clumps of dark matter which may be present in
the halo EL Also fluxes coming from external nearby galaxies can be take
into account.

The DarkSUSY package is suitable to compute the gamma-ray flux from
all these sources. The continuum gamma flux from all annihilation channels
can be computed and may be easily obtained for a given energy or energy
threshold. Two cases are included in the package:

12Gee for example [73].
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a) assuming that neutralinos are smoothly distributed in the galactic halo
with p, equal to the dark matter density profile, in DarkSUSY equa-
tion is computed for a specified halo profile and any given ¥
and AQ [72].

b) a portion of dark matter can be in the form of clumps, each of which
is treated as a non-resolvable source in the detector. These clumps are
distributed in the galaxy according to a probability distribution which
can be specified by the user. In DarkSUSY the default choice is that
they follow the dark matter density profile. It is then straightforward
to extend this to all other astrophysical sources. In all the calculation
one must take care of redshift effects and absorption on starlight and
infrared background.

In the previous section we count the possibility of an enhancement, a “spike”
in the vicinity of the galactic center. However, there is no consensus in the
literature, and thus DarkSUSY does not include routines for these effects.

4.9.2 A “smoking gun”: yxy — 7y

A relevant gamma-ray contribution may arise directly (at one-loop level) in
two body final states. Although such photons are much fewer than those
from 70 decays,we saw that they have a much better signature. Neutralinos
annihilating in the galactic halos have a velocity of the order v/c ~ 1073;
hence the outgoing photons will then be nearly monochromatic, with energy
of the order of the neutralino mass. Since there is no other known astro-
physical source with such a signature, this detection would be a spectacular
confirmation of the existence of dark matter in form of exotic massive par-
ticles. Unfortunately, the processes are loop-suppressed and to enhance the
flux we probably need a halo with a large central concentration, or clumps
of dark matter to detect such a signal. The branching ratio for neutralino
annihilations into 2+v is typically not larger than 1%, and the largest val-
ues of vog, lies in the range 1072 + 1072 cm3s~!. Such values allow the
discovery of this signal in upcoming measurements.

In the DarkSUSY package the full expression for the annihilation cross
section of the process

X+Xx—=7+7 (4.38)

is computed at the one loop level, in the limit of vanishing relative velocity
of the neutralino pair, i.e. the case of interest for neutralinos in galactic
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halos. The outgoing photons have an energy equal to the mass of y:
E, =m,. (4.39)

The total amplitude is implemented as the sum of the contributions obtained
from four different classes of diagrams:

/Nl:.[lfer/NlH+ +Aw + Ag (4.40)

where the indices label the particles in the internal loops: fermions and
sfermions, charged Higgs and charginos, W-bosons and charginos, and in
the gauge we chose, charginos and Goldstone bosons. For every A term, the
real and imaginary parts are computed separately; the full set of analytic
formulas are given in [74],[75] [76], following the notation of [77], where some of
the contributions were first computed. They are rather lengthy expressions
with non trivial dependences on various combinations of parameters in the
MSSM. We didn’t complete the calculation: we reserve it for the next future.
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Appendix A

Approximate solution to the
Boltzmann equation

In this appendix, following [78], we will obtain an approximate solution to
the Boltzmann equation

Z—? = —3Hn — (ov) (n2 - n%) (A1)

To this end, we change variable from the time to the temperature scaled by
the mass of the lepton produced in the annihilation yxy — [ [

x=T/M (A.2)

It turns out to be convenient also to scale the equilibrium density by the
photon number density

n, = 2§r(23)T3 (A.3)

and define the following quantities
G(x)=— Go(z) = — (A4)
The equilibrium density can be easy calculated from the formula

1
=2 | &Pp—ri— A5
mo=2 [ Ao (A.5)

valid for any fermion. The factor two is the number of degrees of freedom.
It is then easy to obtain the expressions for Go(x) in two limiting cases. For
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temperatures high in comparison with the heavy lepton mass we can assume
E ~ p. From the useful formula

o (_)n+1 B 3
; = 540) (A-6)
we conclude that
Go(z) = 3/4 x>1 (A.7)

In the opposite limit, i.e. for temperatures low in comparison with the mass
we can apply the thermodynamic limit and put £ ~ M + p?/2M into the

equation (A.5)) obtaining

1 ™ 1 —1/:!:

The lepton freezes out while the universe is radiation dominated: in this
case the dynamics is governed by

H=== ——‘ (A.9)

Using x as independent variable and making use of equations (A.3]), (A.4)
and (A.9) we find that the Boltzmann equation (A.1l) can be expressed as

dG(z)
dx

= \G(z)? = Go(x)?] (A.10)
where the constant A is given by

3¢(3)

73

A\ =

5 712
[27rNF} M Mpi(ov) (A.11)

Here Mp; is the Planck mass and Ng is the number of massless degrees of
freedom, with each spin state of a boson contributing 1/2 to Np and each
spin state of a fermion contributing 7/16 to Nrp. When weak interactions
dominate we have a simple estimate for the cross section (~ G%M?) and
thus for A

A~ 2x10% M3 /GeV? (A.12)

Since we expect that M > 1 GeV, we see that A is larger than 108. The
size of A\ allows us to obtain an approximate analytic solution with good
accuracy.
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We will be more general as possible, solving a equation in which the
parameter A is not constant. This corresponds to a cross section which
depends on the temperature, as is the case. The equation then looks like

dG(x)
dx

= \z) [G(z)* — Go()?] (A.13)

The equation ({A.13]) is a non linear first order Riccati differential equation.
However, it may be converted into a second order linear equation. At this
end we define a new variable

1 €T
fla) = — / da' Az (A.14)
Ao g
where \g and xzg are constants. When A is constant, we can set A = A\g and
zg = 0. Then the variable ¢ will be simply equal to z.

We now introduce the function f(§)

L4 (A.15)

Nof(€) de

which, in contrast to G(z), satisfies a linear equation. Indeed, substituting

the expression (A.15)) into equation (A.13]) we obtain

G(z) =

d2
[~ MGalal©)?] 19 =0 (A1)
Since A is very large, we can apply a WKB solution over most of the range
of x. The boundary condition is that G — G when x — oo. The solution
is then given by

F(&(x)) ~ Go(z) % exp [— /fﬂ dx/)\(x/)Go(az/)] (A.17)

The function G(x) has the approximate form

Go(x)

G(z) ~ Go(x) + IN@)Gol)

(A.18)
where the prime denotes a derivative with respect to x. Since \ is very
large, the number density G(x) will follow the equilibrium density Go(x)
up to the point at which the second term in ({A.18]) becomes comparable to
the first term. This happens when the temperature 7" is much less than the
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lepton mass (x < 1). So we can use the approximation (A.8]), obtaining the

condition @)
AMx) 7 19 1y
=z teT T > 1 A.19
<<3>\£ (A.19)

for G(z) to be close to Go(x). This is satisfied if x = 1/In A(z). When z
decreases below this value, G(z) moves away from Go(x). Then the WKB
approximation fails at a point

™ )\(1‘0)2
2¢(3)?
The equation (A.20]) determines the value of zg, fixing also the constant

zoe 20 =1 (A.20)

/\0 = /\(.%'0) (A.Ql)

We note that in this way £ ~ x — o for x near xg. Since A(zo) is very large
1/xo will be too. In the region near z = 0 we have the following equation

d2

e <2§/x3>] 7 =0 (A.22)

This has a solution in terms of the modified Bessel function
f(&) = Ko (ewg) (A.23)

which matches the WKB approximation around the transition region. The
argument of the modified Bessel function becomes very small as x — 0 and
we can apply the approximation

f(&) =—¢/zg+In2— v (A.24)

where v ~ 0,577 is Euler’s constant. The scaled number density (A.15) is
then given by

o
Gl0)~! = / oA () + Aoz2(In2 — ) (A.25)
0
Since z¢ is very small, we can write this result as
1
G0yt = / dA(x) (A.26)
0
where
1 1
—=——In2+4+~ (A.27)
I X0
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When ) is constant, the approximation (A.25) is a leading logarithmic ap-

proximation valid to order 1/ In2X. From (A.4), the number density of
leptons is given by

n(t) = n (£)G(0) (A.28)

This result is valid down to 1 MeV. Below this temperature, photons are
reheated by electron-positron annihilation, increasing their number density
by a factor of 11/4. Thus, at present we have

(”)0 - %G(O) ~ % (A.29)

Ty

Limit on the mass density implies that particles with mass p and the density
of 400 per cm? (just like the photons of the microwave background), have
a mass bounded by p < 20 eV. This translates into a limit on the mass of
leptons and antileptons

8 14M
HG(O)M ~—= < 20eV (A.30)

Recalling equation (A.12]), we obtain the bound

M >2 GeV (A.31)
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Appendix B

Thermal averaged cross
section

In this appendix we shall deal with the thermal averaging, showing that
equation is the most general one. Let |M]? be the absolute square of
the reduced matrix element for the annihilation of two x particles, summed
over final spins and averaged over initial spins and particle-antiparticle
states. For particles with incoming momenta p; and po we define

1 2
aAv—4E1E2/dQ|M| (B.1)

where df) is the Lorentz invariant phase space

3.,
dQ = (2m)** (pr+p2 - > _p) [] (2;[)3]?;]90 (B.2)
j (A

%

The sum and product are over the outgoing particles. The quantity [ dQ|M >
is manifestly Lorentz invariant and thus must depend only on the Mandel-
stam variable s = (p; + p2)?. It turns out to be convenient to introduce

1

w(s) = 1

/dQ|M|2 = FB1Eyo 40 (B.3)

We now suppose that the initial x particles have an energy distribution
f(E), where E? = p% + mi. We define the thermal average as

(040) = o [ paf () 1() ) (B.4)
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where ng = [ dpf(E). The distribution function in the Boltzmann limit is
given by
k

J(E) = Gy BT (B.5)
Here T is the temperature and k is the number of spin states. Note that
does not depend on the overall normalization of f(E). We saw in section
that the density of the y particles will trail its equilibrium value until the
freeze out temperature Ty ~ m,,/30. We therefore need to know (o 4v) only
at temperatures where we can apply the Boltzmann approximation
regardless of the statistics of the particles involved. The integrals in (B.4])
cannot be done analytically. So we expand (c4v) in powers of x = T'/m,,.
Since we are interested in regimes where x < 1/30, we need only take few
terms to obtain a good approximation. We will limit to order z2. We start
by writing

s=(p1 +p2)? =2 (mi + E1Es — p1po cos 9) (B.6)

where 0 is the angle between p; and ps. All the dependence on the angle is
given by this factor. Using the thermodynamic limit (B.5)) we can write

k? 3, 8. BT —E/T
<O'AU> = (27‘(‘)67’%/(1 pld pae (& Ei

k? * Pivs gt —myr [T
= — dp1dpy——=2-e "1 ™2 / dcosOw(s
87r4n(2)/0 PP gk, -1 )

k2 [ +1
= 84 2/ dEldEzplpzeEl/TeE2/T/ dcosbw(s) (B.7)
87N Sy .

where we used pdp = EdE. In this case we chose one of the momenta as
the reference axis. To manage equation (B.7)) we change variables in the
following way

E, = my(1+zy,) (B.8)

1 1/2
Pa = my(2x)'? <ya—|—2xy2> (B.9)

where a = 1,2 stands for the two incoming particles. We then have

0o 1 1/2 +1
(oav) = C'/ dy1dyo H (?J@' + 2acyi2> e_y"/ dcosfw(s) (B.10)
0

i=1,2 -1
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where we introduced the constant
2,43 ,—2/x
k*mj e
4,2
4meng
to avoid a more cumbersome expression. We can also rewrite the Mandel-

stam variable as

C = (B.11)

1/2 1/2
s 14 1 (1 + 1)+ 1, 0 n 9 " 1,
—_— = —T —X — & COS —X —X
4m§< B Yrrvy2 5 Y1y2 Y1 5 Y1 Y2 5 Ys
(B.12)

to expand the integrand of (B.10) in powers of . We need also to expand
w(s) about s/4m3< = 1. The result at order z? is
/dcos Ow(s) = 2w+ zw'(y1 +y2)
2| 4 (Ll o 1,5 5
+a” lwyiys +w { gy + gy + gyige || (B13)

where primes denote derivatives with respect to s/ 4m§< and w and its deriva-
tives are all to be evaluated at s/ 4mi = 1. We must also compute ng, which
appears in the definition of (o4v). We get

no = /d?’pf(E>

00 1/2
= [k:(27m)_3/26_1/"”T3} }/ dy(1 + zy) (y + ;ng) eV
0

™
15 105
- [kz(wa)’?’/Qe’l/xT?’} 14+ ot a4 ... (B.14)
8 128
and thus 3.2/
1 8moe/* 15 285 5
== |1-—— — .. B.15
n  k2dmf < R TR ) ( )
The general formula for the averaged cross section is then
1 3 3
(oav) = WT?( [w - 5(210 —w')x + g(lﬁw — 8w + 5wz + .. } (B.16)

Remembering that mxv2 = 3T we have v? = 3z. We then recognize equa-

tion (B.16]) as the general expression (4.11]) in section after the identifi-

cation
a = w/mi (B.17)
1
b = <2w’—w> Jm? (B.18)



Appendix C

Runge-Kutta method

C.1 Generalities

Integrating RG equations by hand is a practically impossible task. So we
must force to use numerical methods. Isasugra package contains a subrou-
tine, called RKSTP, which makes this possible. This subroutine is accessible
form the CERN program libraryﬂ It can solve a system of n > 1 first-order
differential equations

% = fi(z,y1, -y yn) (i=1,2,...,n) (C.1)

x

This system can be integrated by means of Runge-Kutta method, a powerful
numerical method. Before discussing this method, we want to revisit the
general strategy of finding numerical solution. In this appendix we shall
concentrate on the methods of solving a single first-order ordinary (no partial
derivative) differential equation with one initial condition

y' = flz,y) (C.2)

y(zo) = o (C.3)

The method can be easily generalized to handle systems of simultaneous
first-order equations. Then there is broader application than the simplicity
of the fundamental equation might suggest.

What we really mean by a solution to (C.2)) and to (C.3))? Equation (C.2)
is a relation that define a curve in the x — y plane, giving the derivative at

'Visit the link http://wwwasd.web.cern.ch/wwwasd/cernlib/.
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each point on the curve. There is a family of such curves and the condition
will specifies which curve is.

A solution is an expression for y in terms of . To find numerical values
of the function, we simply substitute any particular values of x into the
expression and compute the corresponding values of y.

This method is a so called one-step method. We use information about
the curve at one point and do not iterate the solution. This is a direct
method, which seems to imply less effort, but in practical cases require
more evaluations of the function. A method that theoretically provides a
solution to any differential equation, but is nevertheless of little practical
computational value, is the Taylor expansion. We write the expansion of
the solution y(x), about some point x = x,,. In other words, we assume
that the process of solution has proceeded to some specified point, and we
ask what happens in going to the next point

Yy(@) = ym+ Y@ —zm)
yll 9 y/// 3
00— )+ 2 @ ) (C.4)

The difficulty of this method is that it may be hard -in fact, in some cases
impossible- to find derivatives. It is therefore generally impractical from a
computational point of view. Its importance lies in the fact that it provides
a basis for evaluating and comparing methods of practical worth: we have
a yardstick for judging them.

There exists a broad class of techniques known as Runge-Kutta methods.
These methods have three peculiar properties:

1. they are one-step methods: to find ¥,,+1, we need only the information
available at the preceding point (%, Ym);

2. they agree with Taylor expansion up to h”, where p is different for
different methods and is called the order of the method?}

3. they do not require the evaluation of any derivatives of f(x,y), but
only the function itself.

The third property makes Runge-Kutta method more practical than a simple
Taylor expansion. The price we have to pay is to evaluate the function
f(z,y) for more than one value of = and y. It is a price well worth paying
for avoiding derivatives.

?In Isasugra it is employed the fourth order method.
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C.2 (Generalized second order Runge-Kutta

Before passing to see the second order Runge-Kutta method, let us first
analyze the Taylor expansion. We will limit to second order. Given two
points x,, and x,,41 at a distance h, we have the solution

2
Yt = v+ hf 4 (a4 T 1y) + O(R?) (©5)

where the notation f, stands for the partial derivative with respect to x
and so on. The formula is equivalent to approximate the curve which
represents the solution with a parabola. This is certainly better than the
simple approximation with a straight line, but it can be improved. In the
next section we will see a more powerful method, i.e. the fourth order Runge-
Kutta. Let us now evaluate the function f at x = z,, + h and y = y, + hyl,,,
which are the first order corrections to the initial values. We obtain

f (@m A+ by Ym + hy,) = f+ hfe + hf fy + O(h?) (C.6)

where all the derivatives are evaluated at x,,, ym,. At this point, following
geometrical insights, we can generalize this procedure defining

Ym+1 = Ym + h® (xm> Ym, h) (07)

where h is the step, defined as the difference x,,+1 — . The function @ is
of the form

¢ (xm7 Ym, h) =af (:Em» ym) +axf (xm +b1h, ym + thy;n) (08)

The coefficients can be deduced by comparing the Taylor expansion up to
second order. Repeating the expansion in (C.6)), we obtain

J (@ +bih,ym +bahf) = f+bihfo +bohf fy + O(h?) (C.9)

where, as usual, the functions on the right hand side are evaluated at ,,, Y.
Then we can express equation (C.7) as

Ymt1 = Ym + b (arf + asf + h(asbi fr + asbaf fy)) + O(h?) (C.10)

We can compare this with the Taylor series (C.5)). If terms in hf are to
agree, then we must require

a1 +ax=1 (Cll)
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From comparing terms in h2f,, we must have

ashy =1/2 (C.12)
And finally, from comparing terms in h2f [y, we require that

agby = 1/2 (C.13)

Since we have three equations in four parameters, we may choose one of the
parameter arbitrarily, excluding zero perhaps, depending on which parame-
ter is taken as the free one. For instance, let

ay=w#0 (C.14)
Then we have
a1 =1—w
by by — % (C.15)

Collecting together the various pieces we then have

Ymr1 = Ym +h|(1=w)f (Tm,Ym)

b wof (nt gt + 5 famam) ) | +008)  (€.10)

2 2w

This is the most general second-order Runge-Kutta method. For w = 1/2
we recover the famous improved Euler method (Heun’s method)

h h
Ym+1 = Ym + §f (:Uma ym) + §f (xm + h, Ym + hf(l‘m, ym)) (0'17)

while for w = 1 we get the so called modified Euler method. The truncation
error for any nonzero choice of w is proportional to h3. We will enter in
detail on this in another section.

Before concluding this section and going on to higher order Runge-Kutta
method, we may consider a simple example:

y =y (C.18)

with the initial condition
y(0) =1 (C.19)
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The exact solution is y = exp(x). The second-order Runge-Kutta, following

€19, is
h
Ymal = Ym + h [(1 —W)Ym +w <ym + 2wym>} (C.20)

which, for any nonzero w, reduces to

h2
Ym+1l = Ym (1 + h+ 2) (C.21)

It follows that
2\ m+1
Ymt1 = <1 +h+ 2) (C.22)

The term in parentheses is the same as the first three terms of the Taylor
expansion for e”. So, as we should expect, we have

Y1 2 MM+ = gTm (C.23)

C.3 Fourth order Runge-Kutta

We shall not show the derivation, but content ourselves with stating the
fourth-order formula, which is one of the most commonly used methods of
integrating differential equations. It is so widely used, in fact, that in the
literature of numerical computation it is often referred to simply as “the
Runge-Kutta method”, without any qualification of the order or type.

Let’s view this method in the simple case in which we have only a single
differential equation. Introducing a small parameter h, we set

by = hf(z,y) (C.24)

This expression, contrary to the others, is exact to all orders in hA. From
this we can construct the second step k2, which is

ko =hf(x+h/2,y+ hk1/2) (C.25)
The third and fourth step are built in the following way

ks = hf(:v+h/2,y+hk2/2) (0.26)
ky = hf(x+ h,y+ hks) (C.27)
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As you can see, these quantities are defined iteratively. Once you know kq
you can construct ke, and so on. The solution is then given by

1
ylx +h) =y(z) + 8 (k1 + 2kg + 2ks + kyq) (C.28)

The error per step is proportional to h°. We will discuss this item in detail
in the following section.

Now we want to prove that this method is actually a fourth order method.
We start by reviewing the Taylor expansion. Assuming that the step-length
is h, we have

Yot h) = () +hy(@) + i (@)

1

1
5y/// (I‘) _|_

Iy””(;c) +O(h?) (C.29)

_|_
Then we calculate all the derivatives, taking into account that f(z,y) is a
two-variables function. The first derivative of y is simply the function f; if
we differentiate twice we obtain
d%y

W:fr""ffy (C'30)

where we have introduced the common notation f, = df/Jdz. With some
algebra we can obtain the expressions for the third derivative
d3y

775 = faw 4 2f fay + P2 hyy + fuly + £ £ (C.31)

and the fourth one
dy 2
@ fmmr+3fxfxy+5ffyfzy+3ffa¢ry+3f fzyy

PPy 3  fafyy T AL fyfyy + faafy + fofo + ff (C.32)

Now that we have the general expression up to fourth order, we can pass
to analyze the Runge-Kutta method. With some efforts, it is possible to
calculate all the functions k; up to fourth order in h. As explained earlier,
the function k; is exact to all orders. So, let’s start with the function ko:
h? h3
ko = hf+ 5(fx+ffy) t3 (fox + 21 fay + F2 Fyy)
h4
+ E (fa:xx+3ffxa:y+3f2fa:yy+f3fyyy) +o (033)
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where dots stand for higher order terms. The expressions for the other
functions are more lengthy; for k3 we obtain

h? h3
kS = hf"‘?(fx"‘ffy)"’g(fxx+2ffxy+f2fyy+2fxfy+2ff5)
h4
@[fx:px+3ffmzy+3f2fzyy+f3fyyy+6fxfxy

+ 3fyfen + 12 fyfey + 317 Fu Sy + 61 FoFuy + 652 Fy fyn] + -+ (C.34)

while for k4 we have

+

h? h3
k4 = hf_*'?(fx'i‘ffy)"’_? (fxfy""ff;'i_fm:+f2fyy+ff:cy)
h4
51 [3fan by + 1587y by + 188 Fy fay + 6Fo 3 + 6153 + 12 Fofra

Now we can compare this result with the expression obtained by
Taylor expansion. We can see that, putting all these things together, the
Runge-Kutta method is exact up to fourth order in h, as we anticipated at
the beginning.

+

C.4 Error analysis

In general, the truncation error in a p-th order Runge-Kutta method is
KhPt! where K is some constant. The derivation of this constant is not
a simple matter. One of the serious drawbacks of Runge-Kutta methods
is indeed the lack of simple means for estimating the error. Without some
measure of the truncation error, it is difficult to choose the proper step size
h. Here we give only a rough rule. If

k2 — ks|

oy — o] (C.36)
becomes large (more than a few hundredths), then A should be decreased.
We want to stress that, even if the truncation error is small, a Runge-
Kutta method may produce extremely inaccurate results under unfavorable
conditions. Such erroneous results can arise because small errors (roundoff
or truncation) may become magnified as the solution is carried out for larger
and larger z. For example let us consider the simple equation

y = —10y (C.37)
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with the initial condition y(0) = 1. The exact solution is
y(x) = e 102 (C.38)

From an analysis completely analogous to that unfolded for the example
(C.18)), we find that a second order method leads to

Ym+1 = (1 — 10h + 50h%)™ (C.39)

But now notice that the term in parentheses is greater than 1 if A > 0.2.
For large m, therefore, y becomes indefinitely large. The exact solution, on
the other hand, becomes small!

This phenomenon is called partial instability. It is distinguished from
other instabilities by the fact that it depends on h. We conclude stressing
that this partial instability exists for the Runge-Kutta method even when the
exact solution does not decay exponentially, as in the example just discussed.
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