ESTE

 StradaCostieratl

ISAS - INTERNATIONAL SCHOOL
FOR ADVANCED STUDIES

BOUNDS ON SUPERSYMMETRIC PARTICLES
AND ON E; FERMIONS FROM SEARCHES

OF COSMOLOGICAL RELICS AND FROM LEP

Thesis submitted for the degree of

Doctor Philosophiae

Candidate: Supervisor:

Esteban Roulet - Graciela Gelmini

Academic Year 1989/90

TRIESTE







BOUNDS ON SUPERSYMMETRIC PARTICLES
AND ON E; FERMIONS FROM SEARCHES

OF COSMOLOGICAL RELICS AND FROM LEP

Thesis submitted for the degree of
Doctor Philosophiae

International School for Advanced Studies

October 1990






Contents

- Overview

1- The supersymmetric Standard Model and the nature of the
LSP )
1.1- Sketch of low energy supergravity.
1.2- The nature of the LSP and the accelerator constraints.

1.3- Cosmological constraints and the gravitino problem.
1.4- No-scale models.

2- Neutralino dark matter searches
2.1- The dark matter problem.
2.2- The neutralino relic density.
2.3- Neutralino detection.
2.4- Neutralino-nucleus scattering cross section.
2.5- Results.

2.6- Conclusions.

3- Are exotic stable quarks cosmologically allowed?
3.1- Introduction.
3.2- Relic density of stable quarks.
3.3- Thermalization.
3.4- Fate of the stable quarks.

4- Bounds on ordinary-exotic fermion mixing from LEP
4.1- Introduction.
4.2- The formalism.
4.3- Theoretical expectations.

4.4- Experimental constraints.



Overview

The problem faced in this thesis is that of looking for ways to test (and constrain)
some of the most accepted extensions of the Standard Model (SM) of elementary par-
ticles. It is divided in two parts: the first two chapters deal with the supersymmetric
extension of the SM while the last two with phenomenological aspects of the exotic
fermions that are present in the Eg grand unified models.

I have considered some implications that the new results of the LEP collider have
for these theories and analysed in detail the bounds that can be obtained from searches
of cosmological relics, either of the stable lightest supersymmetric particle or of stable
exotic quarks, that can in principle contribute to the missing mass that is known to
exist in our universe.

In the first chapter, a brief sketch of how the supersymmetric SM can be obtained
as the low energy limit of supergravity theories (possibly arising from superstrings) is
presented, stressing why the naturalness problem associated to the fundamental Higgs
scalars requires that supersymmetry should manifest at the weak scale. The bounds
on the supersymmetric parameters resulting from accelerator searches and cosmolog-
ical requirements is discussed. The nature of the lightest supersymmetric particle is
analyzed and it is found that the most likely candidate is the neutralino, a neutral
fermion combination of the superpartners of the neutral gauge bosons v and Z and of
the neutral Higgs bosons.

In the second chapter it is shown that for a very wide range of the parameter space
the neutralinos make a significant contribution to the mass density of the universe. This
makes them one of the most attractive dark matter candidates. I discuss the strategies
for detecting dark matter neutralinos and concentrate on their indirect search through
the observation of the neutrino flux induced by the annihilation of neutralinos trapped
in the interior of the sun and of the earth underground proton decay experiments. It

is shown that present experimental results already impose further constraints beyond
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those imposed by accelerators and that feasible improvements could allow to test a very
interesting range not accessible to present colliders. Also the direct searches with Ge
spectrometers is addressed.

I turn then to consider the phenomenology of the new fermions that appear in
models based on Eg, the predilect unification group of superstrings. In these theories,
each generation is assigned to a 27 representation that besides the standard fermions
contains new ones: two neutral singlets, a new lepton doublet with its charge conjugate
and a color triplet isosinglet quark of charge -1/3 together with its conjugate. The
avoidance of terms inducing proton decay is usually obtained forbidding some dangerous
couplings. This in turn can imply that the exotic quarks have no channels to decay.
In the third chapter I consider the possibility of having a stable exotic quark and
reject it on the light of the unsuccessful searches of anomalously heavy isotopes and
on the astrophysical implications they could have. A natural way to make the exotic
fermions unstable is to allow for their mixing with the ordinary ones. However, since
ordinary and exotic fermions of the same colour and charge can be in diﬁerent”SU(Z)
repfesentations, this mixing can induce deviations from the standard couplings of the
ordinary fermions to the Z boson that are being measured at present at LEP. yUsing
the results of the first run of LEP it is possible then to obtain important constrains on

these mixings, as is shown in chapter 4.



CHAPTER 1

The Supersymmetric Standard Model
and the Nature of the LSP.

Supersymmetric theories with R-parity symmetry predict that the Lightest Super-
symmetric Particle (LSP) is stable and this feature gives the LSP especial relevance
at least for two reasons. First, because as it often happens that the LSP is neutral,
the characteristic signal of supersymmetric particle production in accelerators is the
missing energy carried away by the LSP and second, because being the LSP stable,
a significant amount of them could have been left over by the big bang and result of
cosmological relevance today. Both consequences are important. 'I“hey allow to con-
strain particular supersymmetric models and the second one can provide a solution to
the problem of the missing dark mass in the universe if this is identified with the relic
LSPs.

One of the supersymmetric models that has been more considered is the minimal
supersymmetric extension of the standard model, arising as the low energy effective
theory of N=1 supergravity [1.1]. In this frame, the spectrum and couplings of the
supersymmetric particles can be computed in terms of a small number of parameters,
allowing to identify the nature of the LSP in the different ranges of parameter val-
ues. From this analysis it results that the possible candidates are the neutralinos, the
sneutrinos and the gravitinos, whose phenomenology is considered in some detail. The
recent bounds obtained by LEP and proton colliders (Tevatron and CERN collider) as
well as the possible cosmological implications of the supersymmetric particles lead to

significant constraints to this supersymmetric models.
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1.1-Sketch of low energy supergravity

Supersymmetry, being the unique non-trivial generalization of the Poincaré alge-
bra [1.2] and having a lot of desirable features, has been widely applied. In particular,
the supersymmetric extension of the standard model is a strong candidate for the low
energy (E< Mpianck) particle physics model, probably arising from a more fundamental
theory like superstrings. Among the nice features is that supersymmetry can solve the
naturalness problem associated to the fundamental Higgs scalars®. This naturalness (or
hierarchy) problem [1.3] arises because although one expects the renormalized Higgs
mass to be ~ My, in order that the Higgs be related to the electroweak breaking, it
receives at one loop quadratically divergent contributions ém%; o A? (where A is the
cutoff associated to the threshold of new-physics, typically Mgur or Mp;). Hence,
the required counterterm should be extremely fine-tuned to produce the cancelation.
Supersymmetry can solve this problem due to its nice ultraviolet behaviour: since the
number of bosonic and fermionic degrees of freedom in multiplets with equal masses
and couplings is equal, the quadratically divergent contributions of boson loops are
canceled by the fermion loops. Clearly supersymmetry must be broken at low ener-
gies, but the cancelation of quadratic divergences partially subsists if supersyﬁmetry
is softly broken. This is what happens in supergravity induced models, where the loop
contributions to scalar masses is proportional to the mass splitting between superpart-
ners. Hence, to avoid unnatural fine-tunings the superpartner masses must be below
the ~ TeV scale. Thus, their consideration is unavoidable and one may hope that
supersymmetry will be found in a not too far future.

The other nice feature of supersymmetry is that when it is made local (super-
gravity), due to the connection of supersymmetric and Poincaré generators, the theory
automatically includes general relativity, providing a way to unify particle interactions

in a gauge theory context. Local susy is usually thought to be broken at a large scale in

1 an alternative solution to this problem is compositeness (technicolor) in which case

the Higgs boson is not elementary any more
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a hidden sector that communicates with the ‘ordinary’ particles only through gravita-
tional interactions (e.g. the Ej sector of the Eg x F} model obtained from superstrings,
that is a singlet under the standard model interactions contained in Fy). When taking
the low energy ‘flat limit’ one is left with a globally supersymmetric theory plus some
soft susy breaking terms whose coeflicients depend on the details of the hidden sec-
tor. When one rescales this theory from Mp; to Mw using the renormalization group
equations [1.4], different particle masses are renormalized differently according to their
electroweak and strong interactions. In particular, this may induce the Higgs fields to
acquire non-vanishing vevs, leading to the electroweak symmetry breaking as a final
gift.
Global supersymmetric model

To construct a global super Yang Mills model coupled to matter one needs a real
vector multiplet V¢ = V't and chiral multiplets ®* (such that D,®* = 0, where D is the
covariant derivative in superspace (z,0,)). Making the usual polynomial expansion of
the superfields in powers of the anticommuting variables § and 8, the vector superfield
has as components the vector field vj(z), a Weyl spinor A.(z) (the gaugino, with
adjoint gauge indices) and an auxiliary field D(z) (coefficient of the 688 term ,i.e.
J d*8V = D). Since under susy transformations auxiliary fields only gain a space-time
derivative, [d*z D is susy invariant. In addition, vector multiplets contain one real
and one complex scalars and a Weyl spinor that can be gauged away (in the Wess
Zumino gauge) in the massless case, while in the massive case they combine with the
others to leave a Dirac fermion, a real scalar and the vector field. The chiral fields
are composed of a Weyl spinor ¥.(z) and two complex scalars A(z) and F(z). The
auxiliary field F((z) is the coeflicient of the 66 piece, i.e. [d?§® = F, and can be used
to construct susy invariants in the same way as the D terms of vector superfields.

The supersymmetric and gauge invariant lagrangian density is then

L= /d‘*o@’fe?g"@ +/d20£§— TrWeW, +/d29(g(¢>) + h.c.) (1.1.1)
g

where Vji = V“T;‘i with T* the generators of the gauge group,
Wy = DDe 9V D,e?V (1.1.2)
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is the chiral superfield that contains the gauge field strength. Finally g(®;) is a chiral
function, called the superpotential. This function should be a polynomial of degree at
most three in the observable fields in order that the low energy theory be renormalizable
(supergravity is not renormalizable due to the gravitational effects, but one expects the
low energy theory to be so). This lagrangian has, in the Wess-Zumino gauge, the usual
kinetic terms for the gauge bosons, the gauginos, the matter fermions and scalars (with

2
: Af (ai)j ). The scalar potential is

1
—_ i A - a\2
V(4) = E; F!F; + 5 Ea (D*) (1.1.3)
and the equations of motion for the auxiliary fields yield

dg(A)
P _99\4%)
B=""54

mass matrix

, D*=—g) AlT*A;. (1.1.4)

This global supersymmetric model implies the following tree-level mass supertrace re-

lation

Str M? = (—)*7(27 +1)m7 =0. (1.1.5)
J

Since variations under global susy of bosonic fields involve fermionic fields or derivatives
of bosonic fields while those of fermionic fields involve auxiliary fields, to break susy
preserving Poincaré invariance requires to give a vev to the variation under susy of a
fermionic field (§¥ « F, 6§\ o D). Hence, two kinds of global susy breakings ha,v;been
studied, the Fayet Iliopoulos [1.5] ({D) # 0) and the O’Raifearteigh [1.6] ((¥') #O) In
these attempts it is hard to give a positive contribution to Str M? in order to lift the
scalar superpartner masses to experimentally allowed values. However, our goal is to
obtain a global susy breaking from the flat limit of broken supergravity where this is
easily achievable.
Local supersymmetric model

In the usual Yang Mills theory the local gauge symmetry ¢ — e0(2) g with w =
w?T*?, is obtained by making covariant the derivatives with the gauge connection 4, =
A% T* satisfying 64, = Guw — ig[A,,w]. In the same way, for the local supersymmetric

)\mn

—2~an + €Q, so that the connection becomes

V,=¢TP, —“—JEM +__1_¢;Q (1.1.6)
24 ey. m 9 mn MP[ 72 L.

transformations one has w = a™ P, —
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where e} is the vierbein (g,, = e'€}7mn) associated with translations, w, is the
spin connection associated to boosts and rotations and ¥, is the spin 3/2 gravitino
field related to the supersymmetry transformations. Local susy requires §V, = d,w —
19[Vy,,w]. A realization of this is the Einstein plus Rarita Schwinger lagrangians

M -
L= _%eR — 26”77 yv57, D, . (1.1.7)

Here e = \/g = det €} and R = e e, T is the scalar curvature, with

Ry = 00" + w;nkw,’fk —(p = v). (1.1.8)

To close the susy algebra off-shell one introduces vector, scalar and pseudoscalar aux-
iliary fields that complete the gravitational supermultiplet together with ey and ¥,
(from the eq. of motion, W™ = w*™(e, ¥,)).

The most general Lagrangian for the matter and gauge multiplets has the form

L= / dOE{ J(®,8'e*V) + Re (%(Z;—Zfab(é) TrWe W + g(@))> Lo (L19)

Here g is the superpotential and the function f,5, which transforms as a symmetric
product of two adjoint gauge representations, allows for general non canonical gauge
kinetic terms. F and R are the corresponding superspace determinant and chiral
curvature.

After elimination of the auxiliary fields, rescaling and manipulation of the fields,
the resulting lagrangian only depends on d = —3In(—J/3) and g through the combina-
tion

G(A;, A™) = d(4, A%) + In|g(4)]? (1.1.10)

called the Kahler potential (A4 is the scalar field in ®).

The bosonic part of the lagrangian is

_ 1 . . _ _
e 'Lp = —5R+ 0Dy ADFA™ + e 93+ GxGt FGh (1.1.11)

1 1 1 .
_-éfa;;lD(a)D(b) . ZRe fabFan + Z'L Im fa,bFan (1.112)
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where D(®) = GiT? 7 A;, with G* = 8G/dA;, G: = 8G/9A™.

From eq. (1.1.11-12) we see that:

i) In order for the matter fields to have canonical kinetic terms we need g;ﬁ = 5;
(e.g. G = A;A™ + In|g|?). Since Q_;: is the metric of the Kahler manifold spanned by
the fields A;, this corresponds to a Kahler flat manifold. This condition is sometimes
required, at least in the observable sector.

ii) The scalar potential is now ’
1
V=e903+GG " FGY) - Ef;,lD(“)D(”). (1.1.13)

iii) If fup # 6ap the gauge kinetic terms are non-canonical. This is an interesting

possibility because the gaugino mass term turns out to be
1 -
Ze-g/zg‘gl—l ki K ARAR + Bec. (1.1.14)
and this allows for non zero tree-level gaugino masses if fa3x 7# 0. This feature is
essential to break susy in some no-scale models [1.7] and happens in models derived

from superstrings.

The mass term for the gravitino field is
e 9%, oY, (1.1.15)

The breaking of supergravity requires a non-vanishing vev for an auxiliary field. By
the superhiggs effect, the gravitino eats the degrees of freedom of the associa,tedhgold-
stino acquiring the mass e ¢{9)/2, To avoid a cosmological constant we should require
a vanishing vacuum energy, i.e. V({4;)) = 0 in the minimum 8V/0A;|(4y = 0. This
condition means usually unnatural fine-tunings of the parameters in the superpotential
(the solution of this problems is the aim of the no-scale models).

It is generally assumed that the fields breaking susy are singlets under the Standard
Model group, i.e. that they are in a “hidden sector”. The simplest example corresponds
to only one hidden field z (from a chiral supermultiplet (z,x,h)) with a Polonyi-type
superpotential G(z) = m%(z + ), which yields a scalar potential in the z direction (for

canonical kinetic terms)
V(z) = mie** (3|2 + B — |2(z* + B) + 1) (1.1.16)

9



This potential is minimum at (z) = (v/3—1)M and vanishes there only if 3 = M(2—+/3)
(we have reinserted the Planck mass M = Mp;/+/8m = 2.4 x 10*® GeV).

Susy is broken if the auxiliary field A acquires a non vanishing vev. Since its
eq. of motion is h(z) o« ¢*(z), the superpotential should be non-vanishing at the
minimum. In Polonyi’s example, g((z)) = m%iM, so that susy is broken. The gravitino
eats the degrees of freedom of x¥ becoming massive. The resulting gravitino mass,

— 6(1/5—1)2/2

M3 /s m%/M, is of order Mw (as required by naturalness since mj, sets

the scale of the superpartners mass splittings in this model) if the susy breaking scale
mg is chosen in the range 101° — 10! GeV.

The superpotential for the observable fields y; is usually
g=huH,QU®+ hpH,1QD® + hyHiLE® + pH1 H, (1.1.17)

where Qr, Lz, Uﬁ\, D%\, Eiand H; ; are the superfields associated to the standard
model quark and lepton doublets, up quark, down quark and charged lepton right
singlets and the two Higgs doublets of hypercharge +1/2 required in susy models.
Although other terms such as

QLD + LLE®+U°D°D* + LH, +(1.1.18)

are in principle allowed by the gauge symmetries, they can lead to baryon number (B) or
lepton number (L) violation that could produce baryon decay at catastrophic rates. The
easiest way to avoid this is by invoking a multiplicatively conserved discrete symmetry,
called R-parity, under which ordinary particles are even while the superpartners are
odd (R = (—)**™3B+L with s the spin of the particle). The consequences of imposing
R-parity are that superpartners should be produced in pairs (and in particular the
diagram with a single squark mediating proton decay is forbidden) and that in the
decay products of a superpartner there should always be another superpartner, with
the result that the lightest superpartner should be stable.
Low energy theory
In order to get the low energy effective theory, it is necessary to take the ‘flat limit’

of the complete supergravity Lagrangian written above. To take the flat limit means

10



to shift the field z to his vev and to expand the lagrangian neglecting terms of order
M;ll while keeping m%/Mp; ~ ms/y fixed. The result is that z decouples from the
observable sector, now characterized by the globally supersymmetric Lagrangian plus

the soft-supersymmetry breaking terms

Lsost(yiyi) = m§/2 Z Si;Yiy; +mg)2 [4g® + Bg® +h.c]+ Z Moo +hec (1.1.19)
ij a

In the case of a flat Kahler metric the coefficient A (of the terms in the superpotential
trilinear in the fields ¢(®)) and the coefficient B (of the bilinear terms) are related
through B = A — 1 (for the Polonyi superpotential 4 = 3 —+/3) and S;; = 6;, so that
the scalars have a common mass m3 ;. In the more general case G = Asi(z, 27 )yiys + -
(where renormalizability of the observable sector requires (A;;) = §;;) it is possible to
have S;; # §;; for a non trivial A;; (see [1.8]) and hence, non-common scalar masses.

From this Lagrangian at the Planck scale we must now go down to the weak scale.
The electroweak and strong interactions will renormalize all the parameters following
the renormalization group equations [1.4]. One of the Higgs square masses becomes
negative (pulled down by the top Yukawa coupling) inducing the electroweak symmetry
breaking at a scale p ~ M exp(—O(1)/a:), with a; = hZ/4r, i.e. the W boson mass
is dynamically determined to be O(100 GeV) for reasonable values of the top Yukawa
coupling h;.

For simplicity, and to get predictability, one neglects intergenerational mixing and
only retains the third generation Yukawa couplings (even only h:). Furthermore, one
generally assumes an underlying unification group (since in particular supersymmetric
SU(5) leads to a correct prediction of s}, and an acceptable proton lifetime with
Mgur ~ 10'% — 107 GeV) what allows to relate the different gaugino masses at the
unification scale. At this point, the model depends only on the unknown parameters

hs, m3 /2, A, B, my/2 and p.
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1.2- The nature of the LSP and the accelerator constraints.

Low energy mass spectrum
The resulting low energy mass spectrum is the following:
i) Neutralinos: the neutralino mass matrix in the base (Ws, B, H,, f[z) corresponding
respectively to the SU(2) and U(1) gauginos and to the two higgsinos (these are the

Majorana fermions superpartners of the neutral bosons in the model) is

M1 0 -—MzcﬁSW MzsﬁSW
0 M, Mzcgew —Mzsgew (1.2.1)
—Mz(:ﬁSW M2C5CW 0 —H e
Mgzsgsw —Mzsgew —p 0

with M; and M, the bino and wino mass parameters, assumed to arise from a common
gaugino mass my j, at the GUT scale, so that at the weak scale they are related through
M; = (ai/ag)myj; (@ ~ 1/24 is the common coupling constant at the GUT scale).
In particular, M; = %Mz tan? @yy. The ratio of the two vacuum expectation values of
the Higgs fields (HY) = v; and (HJ) = v, is denoted by 2 tg = vz/v; and p is the
mass parameter coupling the two higgses in the superpotential. We will denote x the
lightest of the four neutralino mass eigenvalues. There are three cases in which m,, ~ 0:
for M, — 0 there is a massless photino ¥ = CWB—{—SWWg; for p — 0 there is a massless
higgsino h = Sﬂffl + c5ffz and for pM, = %Mgv sin 2(3 there is another non-trivial
massless combination of the four current eigenstates. For a given value of My, the
largest values of m, result for large values of |u|, in which case the lightest neutralino
is mainly a B with mass My 2 % tgd, M, so that as a general rule m, < M,/2.

We will take all the parameters of the lagrangian to be real, neglecting possible
small CP violation effects. Without loss of generality we choose M, non negative
since there is a symmetry in the renormalization group equations involved under a

simultaneous change of the sign of 4 and M;. A correct electroweak breaking requires

'Uz/’vl 2 1 [19]

2 we have denoted sinf = 53, sinfw = sw, etc.
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Fig. 1: Contour maps of the mass of the lightest neutralino x (in GeV) and its dominant
component (in regions separated by dotted lines) for v, /v; =2 (1.a) and 8 (1.b).

Contour maps of m, and the dominant neutralino component of the x (in regions
separated by dotted lines) in the p — M, plane are shown in figs. la and 1b, for
vy /v1 = 2 and v /v; = 8 respectively. ;

ii) Charginos: the masses of the charginos (Dirac fermions spartners of the charged
W bosons and Higgses) can be also obtained in terms of the same parameters Ma, p

and v, /vy, diagonalizing the matrix

0 0 M, Myw+/2¢5
0 0 Mw+/2s5 p
M, Miw~/Zs5 0 0 (1.2.2)
MW\/§C/3 7 0 0
in the base (Wﬂffj,ﬁf—,ﬁ;).
iii) Sleptons: The slepton masses are given by
2 2 2 tgzﬂ -1 2 3 1 3 1 2
m*(l) = my), —MZW(—QSW-FIs)Jr ‘2?2‘(1 - 'F_zz) + m(l - EE) mi, (1.2.3)

where Q and I3 are the charge and the third component of the isospin, b; are the
coefficients of the 3 functions (6ai/31np,2 = b;a? /4w, by = 33/5, by = 1) while F; =
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1+ b,-cx(;UTln(MGUT/Qo)2 and @, should be taken as the weak scale. In models
with non canonical kinetic terms for the scalar fields the common scalar mass could
slightly differ from m3/, and even be not common (although this last feature could be
constrained by the FCNC effects). Furthermore, in some no-scale models the common
scalar mass term could be absent with the gravitino acquiring an arbitrary mass, the
scale of susy breaking being set by the gaugino masses alone.

The sneutrino mass results then

ket Mzte'B—1
r — 3/2 2 tgzlg_i_l

while the charged slepton masses are always larger since the term proportional to M%

+0.72 M? (1.2.4)

(arising from the D-terms) results positive for them.

iv) Squarks: the squark masses are given by formulae analogous to those of the slep-
tons with additional large positive contributions proportional to the gluino mass that
push up their masses. Furthermore, for the top squarks neither the supersymmetric
contribution m? nor the effect of the top Yukawa coupling in the renormalization group
evolution can be neglected. Although the stops can be lighter than the other squarks?,
they do not turn out to be the LSP.

v) Gluinos: the gluino mass M3 = (a3/az)M; is always much larger than the x mass
so that they are not the LSP.

vi) Higgs particles: the Higgs spectrum in the minimal susy model corresponds to
a quite constrained two doublet system [1.10]. There are three physical neutral Higgs
particles, two scalars (usually called H; and H,) and one pseudoscalar (H3). Together
with the would-be Goldstone boson eaten by the Z, they are the eigenstates of two
2 X 2 mass matrices, one for the real parts and the other for the imaginary parts of

H{],z. Both matrices depend on just two parameters, which we choose to be v, /v; and

the mass of the lightest one, mpy,. The mass eigenvalues are given by
m%ﬂ = r,mb, (1.2.5)

where

ry < ¢, ¢ = cos 28, (1.2.6)

3 the {7, — ir mixing can give rise to some kind of seesaw that leads to a light stop state
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Fig. 2: Ratio of the mass of the pseudoscalar Higgs H3 over the mass of the lightest

H, as a function of vy /v; for different values of mpy,.

r o= c? (1_” ) (1.2.7)

C2 — T3

1—r
s =Ty (c2 — :2> : (1.2.8)

These equations imply mp, < mz, < mp,, with the lightest neutral scalar, H,, liéhter

(and the heaviest, Hi, heavier) than the Z. For values of v, /v; near one, the mass
my, is much larger than mp, but for large values of v2/v; both masses become equal
(see fig. 2). One can obtain the relation m} = m% +mj;, — m}, that implies that
when mpy, becomes similar to my, (for large v2 /v1) then mpy, ~ mz. Finally, there
are two charged Higgses H* with masses m%,; = mjy + miy, -

To describe the low energy mass spectrum it is convenient to choose as independent
free parameters the quantities h¢, tg, mu,, Mz and p (alternatively, instead of h; one
can use Mg/, since all these parameters are related through the condition m =
246 GeV for the electroweak breaking to reproduce My ).

Experimental bounds on supersymmetric masses.

LEP has found a lower bound on the chargino mass of m,x > 46 GeV [1.11],
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that significantly constrain the values of M; and p, parameters that determine also the
neutralino masses. In the allowed region of the M, — p plane, x is always lighter than

the charginos.

From the invisible Z-width I';,,, one obtains a number of equivalent massless v
species N, = 2.96 + 0.14 (average of the four LEP experiments [1.12]). Since the &

contributes to I';,, in an amount

1 4 g 3/2
Tss =5 (1 - A;’;) Tyo (1.2.9)
zZ

this leads to my 2 43 GeV if three degenerate sneutrino flavors contribute (ms 2 36
GeV if just one & contributes). This bound holds approximately even for unstable 7,
since the decay products are mainly invisible.

CDF and UA2 [1.13] have obtained a bound on the gluino mass of M3 2 74 GeV,
that would translate in M, & 20 GeV using the unification relation of the gaugino
masses.

Zen events at LEP [1.14], i.e. the production of Z — xx' of a heavier neutralino
x' that subsequently decays into the lightest y plus observable particles that give rise
to characteristic ‘one-sided’ events, exclude a small region with g ~ —50 + —20 GeV
and M3, ~ 10+ 30 GeV. LEP searches have also excluded Higgs masses my, < 25 GeV
for values of v, /v; ~ 1 and up to my, ~ 40 GeV for larger v, /v; values [1.15].

Other bounds have been obtained at LEP but in general overlap with the previous
ones. For instance, the bounds on the charged sleptons are taken into account when
one uses the 7 mass bound, the CDF bound and the mass relations.

Candidates for the LSP

It is now clear that in the minimal model the only candidates for the LSP are the
neutralino, the sneutrino and the gravitino.

In non-minimal models one could imagine the LSP being a chargino, a charged
slepton or a squark, but this would however be in conflict with the searches for exotic

charged or strongly interacting particles in nature once their predicted cosmological

abundance is taken into account.
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From eq. (1.2.4) the following relation can be obtained:

tg28 —1
moSmgy i Mﬁdéfg—” 75GeV (1.2.10)

In the case my < my, it results that the x is actually the LSP, since the upper bound
my < Maz/2 is in this case less than the present LEP bound on the  mass. We arrive,
at the important conclusion that the 7 can not be the LSP in the minimal model whe
the scale of susy breaking is set by a common gravitino mass contributing to the scalar %

masses. . L

1.3-Cosmological constraints and the gravitino problem

Besides the accelerator bounds previously discussed, there are further constraints
on the supersymmetric parameters arising from cosmological arguments that should
also be taken into account in this analysis. These are mainly the requirement that the
universe not be overclosed by the relic LSPs and the avoidance of the dangerous effects
of the decay products of long lived particles (gravitinos when they are not the LSP or
relic x or # when gravitinos are the LSP) [1.16].

If the LSP is the neutralino, its relic cosmological mass density py is determined
by the rate of x annihilations in the early universe and the constraint py, S p. =
2 % 1072°g/cm?® (p. is the critical density necessary to close the universe) exclude
neutralinos with masses below a few GeV (see next chapter). For what concerns the
gravitinos, due to their gravitationally suppressed couplings they freeze-out at very

early times surviving in large amounts until they decay at times 7 ~ M3, /m} 2 10% s

(100 GeV

m3/a

)3, yielding an additional contribution to the LSP density since one x is
produced by each decaying gravitino.

In the case in which gravitinos are the LSP, they provide a candidate for hid-
den (undetectable?) dark matter. The ‘Lee-Weinberg’ [1.17] computation of the relic
abundance of the x (or ©, whichever is the lightest) would yield their density after
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their ‘freeze-out’ in the early universe, but now these particles are unstable decaying
into gravitinos (plus something) with a typical lifetime 7 ~ M32,;/m3, where m is the
particle mass. In both cases the extremely large primordial gravitino relic density turns
out to be problematic (unless m3/, < few KeV [1.18]). The only way out is to assume
a period of inflation, required also by other independent reasons (flatness, monopole,
etc problems), that dilutes the gravitino density to acceptable values.

This is not the end of the story, because after the end of the inflation the universe
is reheated by the decay of the inflaton. A large reheating temperature is required
in order that the baryon asymmetry be generated through the usual GUT scenario,
i.e. with the out of equilibrium decay of particles with mass 2 10'! GeV (as is
necessary to have simultaneously an acceptable proton lifetime). The correspondingly
large reheating temperature leads to the regeneration of a large density of gravitinos
in the thermal bath [1.19].

In both the cases in which x is the LSP and the regenerated gravitinos decay
G — x+ ‘something’ or that the gravitino is the LSP and the relic x (or ©) decay
x — G+ ‘something’, the remaining decay products are very dangerous. They can
destroy the agreement between nucleosynthesis yields and the observed light element
abundances, produce excessive entropy release and distort the cosmic microwave back-
ground radiation [1.16].

In the case in which gravitinos decay, avoidance of these problems require the
reheating temperature to be Tg < 10® —~10'° GeV, in conflict with the generation of the
baryon asymmetry in the usual way. Some possible ways to avoid this constraint have
been proposed. If m, /2 = 10 TeV the gravitinos decay before the elements are formed
in the nucleosynthesis era, avoiding the bounds from photo and hadro-dissociation of
the light elements. However, these gravitino masses are too large according to the
naturalness criterion. A solution with mg/; ~ 100 GeV has been proposed [1.20] in
which gravitinos only decay into harmless v and ©. However, we have seen that in the
case my < Mg/, (small M) the LSP is necessarily the x so that the decay G — x+

‘something’ are still dangerous*. Other solutions rely on assuming an acceptably low

% for small M, there is a significant 4 component leading to G — ¥+ unless |u| < M,
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Tr (< 10® GeV) and looking for non standard baryogenesis scenarios at low energies:
in models with R-parity breaking [1.21] (although in this case the LSP is no longer
stable) or associated to the electroweak phase transition (with sphalerons). Finally,
one proposed way out is to have large Tr but produce nucleosynthesis at the KeV scale
induced by the decay of the gravitinos themselves (or other long lived particles) [1.22],
taking benefit of the gravitino decay instead of having to worry about it.

In conclusion, even in the case in which the neutralinos are the LSP so that no
relic gravitinos survive today, the cosmological implications of decaying gravitinos are
problematic unless we give up the standard baryosynthesis or nucleosynthesis scenarios.
The same kind of problems appear in the case m3/, < my < m; due to the effects of
the decays of the relic x after nucleosynthesis (unless p, < p. as happens for instance
if m,, is close to a pole in the annihilation cross section).

The gravitino problem is present mainly because one expects ms/; ~ Mw in this
models where the scale of susy breaking is set by m3/,. This condition can be avoided
in the no-scale models, where the scale of susy breaking is set by gaugino masses and

it is possible to have ‘naturally’ ms/zzzMW-

1.4-No-scale models

An attempt to solve the fine tuning problem associated to the requirement of van-
ishing cosmological constant has been done with the so called no-scale models [1.7]. In
these models, a symmetry under field transformations in the hidden sector, that makes
the Kahler manifold Einstein flat and maximally symmetric, yields a scalar potential
in the hidden direction completely flat (and vanishing), leaving the determination of
the vev (z) (and the gravitino mass) to dynamical effects associated to the low energy

physics.

but this implies an excessively large py
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Since the scalar potential can be rewritten as

V(z) = _96——4G/3g—1 azaz‘ eg/3 (141)

zz*

a Kahler potential satisfying
8,0,.e9/* =0 (1.4.2)

automatically leads to a vanishing flat potential with zero cosmological constant. The
solution to eq. (1.4.2) is
G=31In(z+2z") (1.4.3)

that is clearly invariant under the U,(1) transformation z — z + i8. Actually, the
whole Lagrangian is approximately invariant under the SU(1,1) transformations

az + 10
— —
vz + 6

with abd+pfy=1 (1.4.4)
that, however, are broken by the gravitino mass term. Conversely, the requirement that
the scalar potential be SU(1,1) symmetric guarantees that it is flat and vanishing, so
that the absence of a cosmological constant should be traced back to this symmetry.

The gravitino mass is not determined by the hidden sector superpotential and
appears as a new degree of freedom of the low energy theory to be determined dynam-
ically in the following way. The electroweak and strong interactions renormalize the
potential of the observable sector, inducing the electroweak breaking when a non-trivial
minimum in the ‘Higgs direction’ arises. The value of the potential at the minimum
results to be a function of the variable gravitino mass, that is now fixed by requiring a
minimal ground state energy, i.e.

0

3m3/2

V((4)) = 0. (1.4.5)

If the observable sector is taken as before, with canonical kinetic terms and the
. superpotential (), the mass spectrum is also similar and the susy breaking scale is set by
the gravitino mass (what provicies the common scalar masses). In susy GUTs however,
to avoid large contributions of O(m")GUng /2) to the cosmological constant, the heavy

sector must remain supersymmetric at the tree level. Since the effects of the gravitino
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mass are common, a tree level susy breaking in the light sector can be achieved only
with non-zero gaugino masses. It is possible to construct models in which the GUT
breaking provides gaugino masses only to the light sector. In a more general context,
this also allows to construct models in which the gravitino mass can have arbitrary
values (m; /222MW, for specific choices of superpotential and of the function fu:(z))
without affecting the low energy mass spectrum that depends now only on the gaugino
masses. These are the ones that are dynamically determined to be O(Mw ) in this
case. An example of Kahler potential leading to a flat potential in the z direction with
no susy breaking for the chiral fields in the observable sector (no common scalar mass
terms) is G = In(z + 2z* — A;A*") + F(A;) + F1(A**). However, renormalization from
Mp; down to Mw induces soft-breaking terms at low energies for the chiral fields.

It is very interesting to note that this kind of scenarios appear in superstrings,

where Calabi-Yau compactification from 10 to 4 dimensions yield [1.23]
G =1In(S + §*) + 3In(T + T* — 24:¢™) — In|W () + W(S)|? (1.4.6)

and f,5 = 58,5, where the hidden fields S and T are related to fields of the 10-
dimensional supergravity field theory (the dilaton and antisymmetric tensor field) and
to the field that scales the compactification manifold while ¢; are the fields in the
27 of E¢. One possibility that has been considered [1.24] is to trigger supergravity
breaking with a gaugino condensation in the hidden Ej sector that induces a potential
W (S) leading to the generation of ordinary gaugino masses that provide the seeds for
susy breaking in the observable sector. Typically one obtains ms/, ~ Mp; while the
gaugino masses are dynamically determined to be O(Mw ). It is clear that in this case

the gravitino cosmological problem is also avoided.

21



References:

[1.1] For a review see H. P. Nilles, Phys. Rep. 110 (1984) 1;
H.E. Haber and G.L. Kane, Phys. Rep. 117 (1985) 75;
R. Barbieri, Riv. Nuovo Cim. 11, n. 4 (1988)
[1.2] R. Haag, J. Lopuszanski and M. Sohnius, Nucl. Phys.B88 (1975) 257
[1.3] K. Wilson, as quoted by L. Susskind, Phys. Rev.D20 (1979) 2019;
G. t’Hooft, in Recent Developements in Gauge Theories, ed. by G. t’Hooft et al.
(Plenum Press, New York, 1980) p. 135
[1.4] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys. 68 (1982)
927; ibid. 71 (1984) 413
L. Alvarez-Gaumsé, J. Polchinski and M. Wise, Nucl. Phys.B221 (1983) 495;
L.E. Tbafiez and C. Lopez, Phys. Lett.B126 (1983) 54; Nucl. Phys.B233 (1984)
511;
C Kounas, A.B. Lahanas, D.V. Nanopoulos and M. Quirés, Nucl. Phys.B236
(1984) 438;
J.P. Derendinger and C.A. Savoy, Nucl. Phys.B237 (1984) 307;
L.E. Tbafiez, C. Lopez and C. Mufioz, Nucl. Phys.B256 (1985) 218:
A. Bouquet, J. Kaplan and C.A. Savoy, Nucl. Phys.B262 (1985) 299.
[1.5] P. Fayet and J. Iliopoulos, Phys. Lett.51B (1974) 461
[1.6] L. O’Raifeartaigh, Nucl. Phys.B96 (1975) 331
[1.7] A.B. Lahanas and D.V. Nanopoulos, Phys. Rep. 145 (1987) and references therein.
[1.8] S.K. Soni and H.A. Weldon, Phys. Lett.126B (1983) 215
[1.9] G.F. Giudice and G. Ridolfi, Z. PHYS. C41 (1988) 447
[1.10] J.F. Gunion and H.E. Haber, Nucl. Phys. B272 (1986) 1
[1.11] M.Z. Akrawy et al. (OPAL Collaboration), Phys. Lett. B240 (1990) 261;
B. Adeva (L3 Collaboration), Phys. Lett. B233 (1989) 530;
D. Decamp (ALEPH Collaboration), Phys. Lett. B236 (1990) 86
[1.12] ALPEPH, DELPHI, L3 and OPAL collaborations, L. Rolandi, presentation at the
XXV Rencontres de Moriond, Les Arcs, France (march 1990)

22



[1.13] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 62 (1989) 1825;
J. Alitti et al. (UA2 collaboration), Phys. Lett. B235 (1990) 363.
[1.14] ALEPH coll., D. Decamp et al.; Phys. Lett.244B (1990) 541
[1.15] D. Decamp (ALEPH Collaboration), Phys. Lett. B241 (1990) 141.
[1.16] J. Silk and A. Stebbins, Ap. J. 269 (1983) 1;
M. Yu. Khlopov and A.D. Linde, Phys. Lett.138B (1984) 265;
R. Juszkiewics, J. Silk and A. Stebbins, Phys. Lett.158B (1985) 463;
3. Ellis, D.V. Nanopoulos and S. Sarkar, Nucl. Phys.B259 (1985) 175;
R. Dominguez-Tenreiro, Ap. J. 313 (1987) 523;
N. Kawasaki and K. Sato, Phys. Lett.189B (1987) 23;
S. Dimopoulos et al., Nucl. Phys.B311 (1988) 699
[1.17] B.W. Lee and S. Weinberg, Phys. Rev. Lett.39 (1977) 165.
[1.18] H. Pagels and J. Primack, Phys. Rev. Lett.48 (1982) 223.
[1.19] J. Ellis, J.E. Kim and D.V. Nanopoulos, Phys. Lett.1458 (1984) 181.
[1.20] J.A. Frieman and G.F. Giudice, Fermilab preprint PUB-89/18-T.
[1.21] S. Dimopoulos and L.J. Hall, Phys. Lett.196B (1987) 135.
[1.22] S. Dimopoulos, R. Esmailzadeh, L.J. Hall and G.D. Starkman, Phys. Rev. Lett.60
(1988) 7; Ap. J. 330 (1988) 545.
[1.23] E. Witten, Phys. Lett.155B (1985) 151.
[1.24] E. Cohen, J. Ellis, C. Gomea and D.V.Nanopoulos, Phys. Lett.160B (1985) 62;
M. Dine, R. Rohm, N. Seiberg and E. Witten, Phys. Lett.156B (1985) 55;
J.P. Derrendinger, L. Tbafiez and H.P. Nilles, Phys. Lett.155B (1985) 65.

]
]

23



CHAPTER 2

Neutralino Dark Matter Searches

We are going to consider now in detail the case of neutralinos lighter than the W
boson as the dark matter. We have seen in the previous chapter that the neutralino is
very likely the LSP in the supersymmetric standard model. We will obtain the cosmo-
logical relic density of the lightest neutralino, estimate its contribution to the local halo
density and study the possibility of its detection. We will present the bounds arising
from present experiments (from indirect searches in underground detectors and direct
searches with Ge spectrometers) and consider the prospects for future experimental

searches of dark matter neutralinos [2.1-2.2].

2.1-The Dark Matter Problem

The matter content of the universe is usually measured in terms of = p/p., the
cosmological density p in units of the critical density p. = 3H2/8rG = 2 h? 1072°
gr/cm?® necessary to close the universe. H, = h - 100 Km/s Mpc is the present value
of the Hubble constant, with » ~ 0.5 — 1 the Hubble parameter (1 parsec=3.26 light

years).
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Although the visible mass accounts for Q,;; ~ 0.01, several observations indicate
that Q¢ > 0.1 — 0.2 [2.3]. One of the most striking examples is given by the mea-
surements of the orbital velocities of stars or gas clouds orbiting around spiral galaxies.
In fact, it is observed that these velocities remain approximately constant outside the
regions where the light falls exponentially off and at least up to 2-3 optical radii [2.4].

Since v(r)? = %(r)

, the flatness of the rotational curves means that the mass con-
tained within a radius r grows linearly with 7. This is an indication of the existence of
an halo of non luminous matter around the galaxy with a mass My,; > 3—10 M,;, that
provides the gravitational attraction necessary to bind objects of such high rotational
velocities. In particular, the average halo density in the vicinity of the solar system is
estimated to be p* ~ 0.2 — 0.4 GeV/cm? [2.25].

The existence of DM is also indicated by observations at larger scales, for example
Q ~ 0.2 is associated to the mass in groups and clusters of galaxies. The amount
of DM at even larger scaies is uncertain, in part because it is not known how this
DM is distributed. If its distribution is the same as that of the galaxies, then {par ~
0.2[2.5]. But if a smooth component is assumed, it is possible that Qpar >~ 1. Tentative
observations from the Infrared Astronomical Satellite, which is the largest scale redshift
survey that has been used to estimate (), suggest that Q > 0.7 [2.6]. Finally, there is
also a theoretical prejudice (inflation theory)[2.7] that favours = 1. :

Which is the nature of this DM? Standard primordial nucleosynthesis calculations
fit well with the observed abundances of the light nuclides (H, D, SHe, *He, SLi, "Li)
only if the density € of ordinary (“baryonic”) matter lies in the range 0.014 h™2 <
Qp < 0.025 A2, with a firm upper limit ; < 0.14 [2.8]. If @ ~ 1, the majority of
the DM must be non baryonic, but if the cosmological density is actually at the lower
end of the observationally allowed range, 0 ~ 0.2, it could be that the DM is mainly
baryonic. However, in this case many constraints restrict the possible forms it may
take to “Jupiters” or black holes, and it is difficult to invent schemes in which 90 %
of the baryonic matter in galaxies is converted to these unusual forms rather than to
stars. Though, it is quite plausible that the majority of the DM is nonbaryonic.

Many nonbaryonic elementary particles can provide the DM [2.9]. Among the most
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accepted candidates are T-neutrinos with a small mass ~ 30 eV (the GeV neutrino
case has been ruled out by LEP), axions, monopoies, hidden matter, WIMPs and the
lightest supersymmetric particle. In an early stage of the evolution of the universe,
these particles are in thermal and chemical equilibrium?® with the remaining ones, but
as the universe expands and cools, the “freeze-out” temperature is reached when the
annihilation rate becomes too low to allow the equilibrium condition to be preserved.
If the particles are stable, after this decoupling their density diminishes only by their
posterior (not very efficient) annihilation and because of the expansion of the universe.

This leads, in general, to a significant contribution to {2 for weakly interacting particles.

2.2-The neutralino relic density

Let us now turn to the evaluation of the x contribution to 2. We have

mxn

Q, X (2.2.1)

~ 2 h? 10-2°g/cm?®

so that we can obtain 2,h? once the present relic x number density ny, is computed.
The equation describing the evolution of the density n of a stable particle is
dn o

= = —3Hn — {o4v)(n? — neg) (2.2.2)

where the first term is the dilution caused by the expansion of the universe while
the second tell us that if the actual density is larger than the chemical equilibrium
value n.q, n will be reduced through particle annihilations at a rate proportional to
the thermally averaged annihilation cross section o4 times the relative velocity of the
particles. 'When the neutralinos become non-relativistic, i.e. when T' < m,, their
equilibrium density becomes Boltzmann suppressed (n.q ~ e"™/T) and as the universe
cools by its expansion a lot of ¥ annihilations must take place in order to preserve the

equilibrium situation. However, the x dilution also affects the annihilation rate and

1 the axion makes an exception since from its creation it is out of equilibrium
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after the ‘freeze out’ temperature Ty, ~ m/20 the annihilations are no more sufficient

to keep the actual density n, down to the equilibrium value n.; and the neutralinos

go out of chemical equilibrium. We can then integrate the evolution equation from the

freeze out up to now neglecting n.,. For this we assume an adiabatic expansion, i.e.
d(sR?) R

_ . _g& 2.2.3
7 0 — 3 3Rs ( )

where the entropy density is s = 2x’ I3, with g, the effective number of degrees of
y = g.T?, g g

freedom?

Defining Y = n/s and using that the Hubble constant is

R 8
= = =/ =r 2.24
H 3 Gp ( )

with the energy density being

2 4 . T; ¢
p= §6ng 9p = Gint + Ggec (f) (2.2.5)

2 To compute g, one adds 1 for each bosonic and 7/8 for each fermionic interacting

relativistic degrees of freedom, while the decoupled relativistic particles contribute to s as

[2.10]

271'2 3 3 27['2 1m3
il 8= 2 it
45 gdec 1 45 ga

$; =
so that its contribution to g, is g¢ = g} .(T:/T)® with T being the photon temperature
and T; the temperature of the decoupled particles. For instance, the temperature of the
neutrinos today differ from T due to the et e~ annihilations which reheat the photons at
T ~ MeV, once the v have decoupled. From entropy conservation

,\° 2 4
. 3 = ; 3 _1 =54 7/ 11
gint(T > MeV)T, = giny(T < MeV)T®  — ( T ) 2+4-7/8 11

so that for three families of massless neutrinos g,(I" < MeV):43/11. For the remaining
particles, we just add their contribution to g, when they become relativistic (T' > m)
and count the gluons and quarks instead of the mesons and baryons above the QCD

deconfinement temperature 7, ~ 200 MeV.
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the evolution equation for n can be cast in the form

dY m b
= = =2\V%a {ov)(Y? — Yezq) (2.2.6)

with = = m/s/3, resulting (since Y, < Y7,)

-1
V2w Fo dz
o Y2 = b 2.2.7
x m, Mp; ° 240 z2 (7v) ( )
3 . 2x? gif/® e o 3
where b° = & ot The freeze out value zy, is given by
1 1. 1
S — Zln B 2.2.8
zfo > 3(In B—3ln 3o B)| (2.2.8)
where
_ Mp

with the numerical factor A, of order one, depending on the criterion used to define
the freeze out temperature. (A fit to the numerical integration of eq. (1) leads to a
preferred value A ~ 1.5 [2.11].)

In the case in which the particles undergo mainly s-wave annihilations, i.e. that

ov =~ constant, and taking b(T") ~ b(T%,) in the integration, we get the result

o V2T, o
n’ =
Mpzmx\/g(av)

(2.2.10)

However, for the neutralinos there are channels of annihilation that happen only in
p-wave, i.e. ov « v?. Hence, in the thermal average (ov) &< T. In general, one expands
ov in powers of v? retaining only the first contributions in the non relativistic limit.
Replacing then v? — 6T /m, the thermal average (ov) results a function of 7.

There are two reasons why the s-wave annihilation of neutralinos can be forbidden.
The first [2.12] is that the identity of the two incoming Majorana neutralinos requires
an antisymmetric wave function. Hence, if the interactions preserve chirality, the an-

nihilation into fermion antifermion pairs must be p-wave in the my — 0 limit. This is

2 To deduce this we write § = Y — Y., and neglect d§/dz before freeze-out, finding =4,

from the condition § ~ Ye,.
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so because in this limit the outgoing fermions have opposite helicities and hence equal
spins in the CM system. The total wave function can only be made antisymmetric in an
L=1 p-wave state. This implies for instance that the s-wave part of xx — f f through
Z or Hj3 exchange is proportional to mzf. The annihilation through s-wave can also be
forbidden by a CP selection rule (we assume CP conservation in the interactions), since
a x pair in the initial state is, in s-wave, CP odd. Being H; CP even, annihilations
through H, or into HyH, (or HyHs) are not allowed in s-wave. Contrary, annihilation
through the CP odd H; or into Hz H; can happen in s-wave [2.13].
| Annihilation cross section
We can parametrize the relevant neutralino interactions as follows:

_ 9 0 g9 0. _ 9,0 ™mf Fe o
L=5 aHxx+ 5 aslsXysx — ks H>ff

(2.2.11)
g,(3) ™Mf 7 g -
=gy’ —— H ——azZ*
2% e sfvsf + Togy 222 XX +
where
L@ _ ] cos o/ sin 3, for up-type fermions; (2.2.12)
S 7| —sina/cosfB, for down-type fermions. o
(3) _ [ cot B, for up-—type fermions,
kf - { tanB, for down-type fermions, (2:2.13)

The angle a coming from the diagonalization of the Higgs bosons mass matrix

tan 20 = J_r:z tan 28 (—% <a<0) (2.2.14)
and
a, = 2%, — 7%, (2.2.15)
a2 = (Z138a + Z14¢a)(Z12 — Z11tgw) (2.2.16)
as = (Z13sg — Z1ac)(Z12 — Zi1tgw). (2.2.17)
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The matrix Z;; (1,7 = 1,...,4) transforms the current neutralino eigenstates into mass

eigenstates (x1 = x being the lightest):

Xi =2 B+ ZaWs + Zis Hy + Ziy Ha. (2.2.18)

At very low neutralino velocities, as for annihilations of neutralinos inside the sun
or the earth, the thermal average of the product of the xx annihilation cross section o

by their relative velocity v is only the s-wave piece:

(ov) = (ov) 57 + (00) 1, 11, (2.2.19)
f

where the annihilation into ff is due to s—channel Z and Hj exchange:

2., 4
GEmy

p.
(ov) s = c5 —*—Imﬂ Q% + QL I*. (2.2.20)
X

cs is the number of colors (¢; =1 for leptons, c¢f = 3 for quarks). This chanmnel is very
important when the x mass is close to a pole in the cross section, i.e. for m, ~ Mz/2 or
My, /2. The annihilation into H H; is usually the dominant channel if kinematically
allowed. It is due to ¢—channel and u—channel exchange of neutralinos x; (¢ = 1,...,4),

and s—channel Z and Hj exchange:
Gymy |Pu
(UU}Hsz = —-E;T—Z lrn_i l Z Qi + QIéI + anlz'
X

The reduced interaction amplitudes are:

Qf = ~myazTs, Py (2.2.21)

Ql, = elmeff)zg—;—kf)PHs, (2.2.22)

B —\/245’1(?)}?1(3) (Mmie + €16;my,) Py, (2.2.23)
Q¥ = \/ng cos(a — B)myp—_ Pz, (2.2.24)
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Qz, = \/glel(f) cos(2B) sin(a + B)mz Prs; (2.2.25)

(€; is the sign of the x; mass eigenvalues) with

F-(-z) = —1— Zissina + Zigcosa)(Z;g cos by — Z;1sin fw) + (2 « 7)), 2.2.26
2] 2 7 J
1
Fi(;) =3 (ZissinB — Ziacos B) (Zjz cosbw — Zj1 sinbw) + (i & J)], (2.2.27)

and the outgoing fermion and Higgs boson 3—-momenta are:

- 1/2
Ipfl = (m;”mﬁ) / 3
Pl = (1 — 24 +p2)""%,

with

m%Is :i:m%d—2

2
4mx

i

Ht

and the propagators are *:

_ 1 —4m? /m%
4m§c - m% — iTyzmz’
1
4m?2 — my, — il e, mu, ’
1
m2 (2p4 — 1) —m2, )

Pz

Py, =

P, =

Xi

For the annihilation in the early universe, necessary to compute the relic density,
the p-wave contributions must also be retained. There are channels that appear only

in p-wave. For instance, the annihilation into ff through H, exchange leads to

m? 3/2
4 Zk(z)z 2 (1 — _ZL)
g 2%y My Tx 2
NURS 9.2.28

* Fictitious widths for the Higgs fields have been taken to regularize the cross sections,

small enough so that our results are insensitive to them, i.e. I' < O(1 GeV).
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where ¢ = m}; /m2. The % factor (8 = v/c) in this expréssion is the signal of
the above—mentioned p—wave suppression. There is also the annihilation through H;
exchange and its interference with the H, exchange. Also annihilations into two Higgses
xx — HyHy, H3H; contribute, proceeding through y exchange in the t-channel or H,
and H; exchange in the s-channel.

Squarks and sleptons can mediate the process xx — ff through t—channel ex-
change. Since sfermions are expected to be heavy, these channels are usually sup-
pressed. They are only relevant in the regions of parameter space where the remaining
channels do not contribute significantly. This is the case, for instance, for small M,
values, for which the x is mainly photino (small az, a; and a3) and, furthermore, the
couplings of the (small) higgsino components are suppressed by factors of m¢/mw. It
is reliable to use the annihilation cross section for pure photinos in this case, whose

s-wave part is (assuming that all squarks and sleptons have degenerate masses 1)

- 8ra? m2
(ca (37— ) B) = —= cf Q‘} m?: 1-— —7{ . (2.2.29)
4
mt m2

R 7 is the electric charge of the fermions allowed by phase space. We consider the case

my < Mw since otherwise channels such as xx — WW should also be included [2.14].

Digression: There is a simplified way to compute the total annihilation cross section
in the non-relativistic limit to O(v?) that goes as follows:

In the process x(p1)x(p2) — A(g1)B(g2), with p? = m?, ¢ = m? and ¢Z = m2, the
following kinematical relations hold in terms of the Mandelstam variables s = (p; +p2)?

and ¢ = (p1 — q1)°

2p1.q2=s+t—m2—m§ , 2p2.q1=s+t—m2—m§ . 2p1.qr =mi4+mi—t
2p2.q2=m2+m§—t ,  2p1.pa =s5—2m® 2q1.q2:s—m§—m§
(2.2.30)

With the help of these expressions we can always write the modulus square of
the scattering amplitude summed over final states and averaged over initial states as a

function of ¢ and s:

i |A]* = f(t,3) (2.2.31)
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The differential cross section is

do 1 - \
dt ~ 16ms(s — 4m?) > 14 (2.2.32)

and since the variable ¢ expressed in terms of the angle § between p; and ¢; in the CM

of the incident neutralinos is t = 1, + cos 8§ At, with

2 2
mi+m; — s

t, =m? + 5 (2.2.33)
and
2 2 _ 2\ 2 2
At=241-4m \/(1 + M) _ A (2.2.34)
2 s s s
we have that
4m2 to+At
/ (s,1)
+A (2.2.35)
= d t=t,+vy,s
871'3\/3 — 4m? ./;A v i )
We can now Fourier expand the integrand
of
f(t,8) = f(to,8) + a(to,s)y + 522 (to,s) (2.2.36)

integrate and expand again using the non relativistic limit syr ~ 4m2+m?v? neglecting

terms O(v?) to get finally

oV ™

vk 8fo 5  Pfom'k  fo , ml

327m {f" {asm T 6 4k (kHHA& JAL - 2m2>H
(2.2.37)

where the subindex , means evaluated at ¢ = #, and s = 4m?, A¢? = (m? — m3)/4m?

and k = (1+ A¢?)2 —m2/m?. Once this machinery is inserted in a reduce program, the

task of the evaluation of ov up to p-wave terms is reduced to the evaluation of f(t,.s)

Relic and halo densities
Once we have the annihilation cross section, of which the expressions for the dom-
inant channels have been shown, we can compute Q, A% as a function of the parameters
M, and p for a given value of vy/v; and fixing the Higgs mass my,. The result is
plotted in the figures 1.a-b for v3/v; = 2 (1.2) and 8 (1.b) and mpy, = 50 GeV (masses

33



M, (GeV)

300
250 [

200 [

- %\ // ' %
150 © 150 IR It ‘ //
: 2 s /// .! i /
100 / - / // ! /
op &

300 L LN N

S SSRGS

250 |

AE T

\\\\\\\\\\\\\\\\\\\\\\\\

M-

200 |

[ENER TR I SR

. B SR A
—-1560 -100 =50 50 100 150
()

50

—150 -100

-50 0

u (8eV) b (GeV)

Fig. 1. Relic neutralino density for values of vz /v; of 2 (1.a) and 8 (1.b) with my, = 50
GeV. Corners of m, > mw avoided (above the thick full lines). The cross-hatched
‘regions are excluded because Q,h? > 1. The levels Q,h% = 0.05 (dotted lines), 0.01
(full lines) and the regions of 2,2 <0.001 (hatched areas) are shown.

my > mw avoided) °. The £, h? = 0.001 level shows the poles of the Z and the H; in
the annihilation cross section that can be identified by using fig. 1. In the cross-hatched
area, that corresponds to m, < few GeV, the x contributes k% > 1 overclosing the
universe and contradicting the observed lifetime of the universe. In all the remaining
region 0.001 < 2, k% < 1 neutralinos are of cosmological relevance. A
The assumption that the neutralinos constitute the halo of our galaxy is not tenable
if their cosmological abundance {1, is not large enough to account for all the dark matter
in the halos of galaxies, {0y ~ 0.05. The figures show where neutralinos may be the dark
matter in the halos of galaxies, i.e. only in the regions of 0.01 < Q,A? < 1, between
the full lines and the cross-hatched region. In this regions the relic density may be

® To estimate the relic abundance in the corners where the x is almost a pure 7 we have

made the simplifying assumption that all sfermions are degenerate at 100 GeV.
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2, > 0.05 for an allowed value of h, so that neutralinos may constitute by themselves
the halos of galaxies, and at the same time do not overclose the universe. Notice in fig.

1b how these areas reduce for large vy /v;.

2.3-Neutralino Detection

There are several ways in which one can try to search for the dark matter neu-
tralinos. These are:

i) Direct detection: The direct search for neutralinos from the halo looking for the
energy deposition they can produce in an interaction with a nuclei in a detector. These
detectors are typically of Ge or Si,-and the nucleus recoil energy is measured by the
ionization it produces. There are several techniques in the stage of development that
try to measure the energy transmitted to the crystal lattice by detecting the phonons
generated at first or the subsequent increase of temperature. Since the typical halo
neutralino velocity is ~ 300 km/s, the maximum recoil energy of the nucleus NV is
(normalizing with N=Ge)

m? m?v

2
~ 150 Key LTN/™MGe)

maz 4.'1)2 -
(m +mp)? (1+mpn/m)

recoil —

(2.3.1)

so that it is essential to have very low detection thresholds in order to be able to test low
mass dark matter particles (a 50 eV threshold is necessary to test m up to 1 GeV while
the present threshold of a few KeV allows to test m up to ~ 10 GeV). This is also why
Si detectors, that have lower thresholds, are better to detect light dark matter particles
whose energy transfer is small. However, even if the signal is above the detection
threshold, for the experiments to be able to set any significant bound it is necessary to
fight against the background sources, putting the detector deep underground, shielding
it from radioactive sources and using cryogenics to avoid thermal noise. Since the
X rates are proportional to the x halo density and to the y—nucleus scattering cross
section o,y one can only constrain the product n; - oyN. Since oyn is a function of

the supersymmetric parameters, the experimental constraints on the signal set bounds
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on the parameter space (M, u, v2/v1, myg). The simplest working assumption is that
the x are the only particles that constitute the halo , i.e. that pg’; ~ 0.3 GeV/cm®.
Under this assumption bounds were obtained in [2.15-2.16]. However, as we have seen
this assumption is not always tenable. For the values of the parameters for which this
is not possible, the bounds will depend on the particular assumption made about the
value of p;.

ii) Indirect detection: The indirect searches are based on the observation of the
products of the annihilation of dark matter neutralinos. One possibility is to look
directly to the annihilation of halo s, searching in particular for the v, P, etc. so
produced. However, this only seems to be competitive for the dark matter candidates
that yield a monochromatic spectrum of 7 since otherwise the signal over background
ratio is small [2.17].

Another more promising possibility, that we will consider in detail, takes profit of
the fact that during the lifetime of the solar system a large number of halo xy may have
remained trapped in the sun or in the earth so that the large x concentrations attained
in their cores proportionally enhance the annihilation signal [2.18]. In this case, only
the  so produced can be searched for at underground detectors such as Fréjus [2.19],
Kamiokande [2.20] or IMB [2.21]. The non observation at present of an excess flux
already set bounds on the supersymmetric parameters.

We will now concentrate on the computation of the signal expected in this detec-

tors.

The capture rate of neutralinos with mean velocity v, and mass density p; for a

body (sun or earth) of mass Mg is given by [2.22]

6)” ;
C:(—) %MBE('U?SC)Z‘ I fiS;. (2.3.2)

T Ty 15

The sum runs over all the elements contained in the body. f; is the fraction of Mg due
to the element of mass m;,o; is the cross section of the neutralino with the nucleus
of kind 4. (v2,.); is the square escape velocity mediated over the distribution of the

element. Both f; and ¢; = (v2,_);/v2, with v, being the escape velocity at the surface,
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are shown in table I. Finally, S; is a factor which takes into account the suppression due
to the element mass mismatching with the neutralino and the possible lack of coherence
of the interaction. The effect of the mismatching is particularly important for the earth
since in this case the escape velocity is low, so that neutralinos are trapped only if they
loose a sizable amount of their energy in the collisions. This is only possible in a head
on collision of a neutralino with a nucleus of similar mass. This will imply that the
capture of neutralinos by the earth is especially important for m ~ mp. = 56 GeV.
The effect of the lack of coherence becomes important when the transfer momentum is
not negligible with respect to the inverse of the characteristic dimension of the nucleus.
This has to be taken into account for heavy neutralinos. The analytical expression for
S; can be found in ref. [2.22].

The expression for the capture applies when the cross sections o; are smaller than
the value for which the capture saturates (i.e. the one for which all the incoming
particles remain trapped in the body). The large cross sections necessary for saturation,
of approximately 1073 cm? in the sun and two orders of magnitude larger in the earth,
are achieved only for Higgs boson masses lower than 1 GeV, which are in conflict with
experimental bounds.

The local halo density pj (the halo density in the vicinity of the solar system)
has been estimated to be 0.20 GeV cm™ < pp < 0.43 GeV cm™ [2.25] and the
expected value of the characteristic velocity of dark matter particles in the halo is 200
km s~ < v < 400 km s~ [2.26]. We choose values in the middle of the allowed ranges,
pr = 0.3 GeV/cm?® and v, = 300 km/s.

We consider capture by the earth as if it were a free body in space because nearly
identical results are obtained from the real situation, in which both the earth and the
neutralinos in the halo are moving deep within the potential well of the sun [2.27]. The
x’s captured by the earth or the sun remain trapped provided they are heavy enough
not to evaporate. The critical evaporation mass mey is ~ 12 GeV for the earth and ~ 4
GeV for the sun [2.27]. The number of trapped neutralinos with m, 5 me, decreases
exponentially with decreasing x mass. For my > me, the evaporation is negligible

and during the lifetime of the solar system an equilibrium is established between the
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Table I: Mass fraction f; of element ¢ and normalized average ‘potential energy’ ¢; =
(v?)/v? for the elements present in the mantle (¢; = 1.2) and core (¢; = 1.6) of the

g fi &;
(O 0.30 1.2
Si 0.15 1.2
Mg 0.14 1.2
Fe 0.06 1.2
Ca 0.015 1.2
Al 0.011 1.2
Na 0.004 1.2
Fe 0.24 1.6
S 0.05 1.6
Ni 0.03 1.6
Table I.a
1 fi b
H 7.721071 3.16
He 2.0910°1 3.40
0 8.5510~3 3.23
C 3.8710°3 3.23
Ne 1.51103 3.23
Fe 1.461073 3.23
N 9.4010~% 3.23
Si 8.1310~* 3.23
Mg 7.39107* 3.23
S 4.6510"* 3.23
Table I.b

earth [2.23] (table I.a) and in the sun [2.24] (table L.b).

capture and the annihilation of ys, so that the present annihilation rate is given by

half the capture rate.

We will consider the neutrinos produced in the annihilation of the trapped x’s
with energies E, 2 2 GeV, for which the atmospheric neutrino flux from cosmic rays
in the “neutrino observatories” is relatively low (see e.g. [2.28]). The production of
neutrinos from the non-relativistic annihilation of pairs of x’s proceeds via the decay

of intermediate heavy leptons and hadrons. The direct v production is suppressed for
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Majorana fermions in the non-relativistic limit. It is also possible to have ‘tertiary’
neutrinos produced by the decay of heavy leptons arising from Higgs decays in the
annihilation channel yx — H,Hj.

The differential neutrino production rate is then:

dR, C dNy,
=2 Yy 2.3.
dE, 2 EY:BX" dE, (2.3.3)

(the differential flux of neutrinos, at a distance R from the source, is given by d®/dE, =
dR,/dE,/(4wR?)). B,y is the branching fraction for annihilation xx — Y into
the channel Y, dNy,/dFE, is the differential neutrino yield from the channel ¥ —
v+ “anything” and the sum runs over all intermediate states Y allowed by phase space
(all standard ff pairs and Hy H3). The annihilation into HpHj3 is the dominant chan-
nel when open. Both bosons decay mainly into heavy fermions which in turn decay
producing neutrinos. Thus, one intermediate step is added in the neutrino production
chain with respect to the ff channel. When the Hy H3 channel is open, the production
of neutrinos from the ff channel is decreased and the final neutrino spectrum is softer,
due to the lower energy of the fermions from H; H3.

Light hadrons (containing only u, d and s quarks) and light charged leptons (e,
1) will be stopped in the sun or the earth before they can decay. The subsequent
neutrinos have an unobservable low energy spectrum [2.29]. Moreover, the production
of light fermions is suppressed by the factor m:}. On the contrary, the effects of energy
loss or neutrino absorption for hadrons containing heavy quarks and for the 7 lepton
are negligible for neutralino masses lower than 100 GeV [2.29]. Assuming that the
annihilation in a ¢t quark pair is kinematically forbidden, only f = 7,¢,b contribute to
the generation of energetic neutrinos.

To obtain the branching ratios and differential neutrino yields we write the pro-

duction rate as

dRp C def dNH H
= = 7t M 2.3.4
dE, 9 ;Bx,ff dE, +BX,H2H3 dE, ( )
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The branching ratios are given by:

By.1f = ((Z:i);f
(2.3.5)
Bo gy, = TV Ha s
X,Hz4H83 (a_v)
with
(ov) = Z(crv)ff- + (ov) &, 1, - (2.3.6)

f
We include hadronic fragmentation in dNy, /dE, by boosting the (approximate)
energy distributions of neutrino yield per fermion in the rest frame of the decaying
particle.

dNgs 1 (' dydN?

dE,, - E} E,,/E} Yy dy .

(2.3.7)

The distribution of neutrinos in the rest frame of the parent fermion f is given as a fit

to a Monte Carlo simulation [2.29],
dNf .
W S aly (2.3.8)

In these equations y = 2EQ/my, where EQ is the neutrino energy in the rest frame of

f (thus 0 < y < 1). The coefficients a{ are given in table II.

For quarks, the average energy of the hadrons in the f-generated jet, E}, is a
fraction of the original fermion energy Ey, E} = zlJ;.Ef . For a lepton, E'f = E¢if
there is no loss of energy in the medium (as is the case for the 7). This reduces the
naive estimates of the mean neutrino energy in the decay of b and ¢ quarks by factors
of 2-3, since the heavy quark must share the “beam” energy m, with the others jet
constituents and also because there are generally more than three particles in the final
state. The coefficients zl{, and a;-f are given in table II, taken from [2.29]. They were

obtained with v,, and we will assume an equal yield also for v, (and for antineutrinos).
6

® Since the distributions for the 7 and the b in [2.29] have unphysical tails, only the
ranges 0 < y < 0.98 for the 7 and 0.02 < y < 0.83 for the b should be considered.
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f ZF ag a; az as aq

T 1.00 0.0005 ~0.0104 2.1250 -2.0750 -0.0669
c 0.55 0.0097 -0.3917 4.6487 -8.6226 4.3834
b 0.71 —0.0629 5.8391 -22.5507 32.5397 ~16.5512

Table II: The coeflicients Zp¢ and a,( ™ for f = 7,¢,b, as taken from ref. [2.29].

The neutrino yield from a Hy H3 pair has as intermediate step the production of

fermions from each boson, with branching ratios By, s and By.y,

f f
dNHgH; dNy
= B B 2 2.3.9
z Hzf dE =+ B | (2.3.9)
where
dNf 1 /1 du [*dydN' (2.3.10)
dEu Z{;,EH‘ E,,/z;.EH'. U Ju Y dy ' o
where kinematics gives:
EHz =My (1 _IJ"')’ EHa = My (1 +#—) (2311)
The branching fractions By, s for H; — f f are:
Bing ocm (1= 43 /iy )" (R), (23.12)

1/2 5
am?/m2)"" ()2,

Let us turn to discuss the detection of the neutrino flux. The event rate for elec-

By, m? (1 —

trons (or muons) generated within the detector due to neutrino interaction is obtained

by folding the flux with the neutrino cross section:

mx d@ dau+ﬂ
e = dE EU ) EE

(2.3.13)

where E,. is the electron (muon) energy and Eyp, is the minimum energy necessary to
identify it. For E, larger than the proton mass, the differential charged current cross

section for neutrinos and antineutrinos per nucleon is [2.28]:
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doy4s E;
ZE“" (E,,E.)~0o (1 + aE2> , (2.3.14)

with o = 0.81-107%® cm? GeV~?! and a = 0.93. Replacing eq. (4.3.5) in eq. (4.3.4)

and taking into account the number of target nucleons, we find:

events [™x dd FEyp
. dE, = g, T =%), 2.3.15
R 154 Kt yr Fun dE, ( E, ) ( )
I(z) =1+ % —z— gz-", (2.3.16)

where the differential flux is expressed in cm™2 sec™! GeV~! and the energies in GeV.
The same signal for electrons and muons is expected. However, the search for electrons
is much more efficient, since the background is lower [2.28].

Energetic muon neutrinos can also be revealed through their interactions with the
rock, producing muons which either pass through the detector or are stopped inside.

The flux of muons with energy larger than Fy is given by [2.28]:

o d® [P B doyys 1
R =NA/ dE,,_/ iE / dg' &g By T (2.3.17)
g B dE, Jp, ' Jg, " dE, ( ”)a(l"'En/f)

where a > 2 MeV cm? / g and ¢ = 510 GeV take into account the muon energy loss

and N, is the Avogadro’s number. Substituting eq. (4.3.5) in eq. (4.3.8), we obtain

the rate of muon events:

events mx dd i
R, =TT dE,——ET' 2.3.18
=T L, P (%), (2:3.18)
T'(z) = .73 — 1.3z + 0.5z + .08z*, (2.3.19)

where a surface of 100 m? corresponds to a cubic detector of 1 kiloton of water. For the
sun, eq. (2.3.18) has to be multiplied by the factor 1/2. This takes into account the fact
that the signal is detectable only during the night, because of the large background of

muons from the atmosphere. This factor is not present for the terrestrial signal, since
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it has been assumed that the neutralino annihilations occur in the core of the earth

and the muons are always upgoing.

2.4-Neutralino-nucleus scattering cross section

To evaluate both the rate of neutralino direct detection and the capture of x by
the sun or the earth, that is necessary to know the rate of indirect x detection, we
need to know the neutralino-nucleus scattering cross section. Since the halo neutralino
velocity is 8 ~ 10~2, we are only interested in the non-relativistic limit. The effective

lagrangian at low energies for the x has the form

Less ~ %Yuvsxq7*(V + Av%)g + Ny Nzmg(Xxgq + ---) (2.4.1)

where the first term is associated to the Z and § exchange while the last one, pro-
portional to the Z and h components of x, is due to Higgs [2.16] and squark [2.15]

exchange.
The currents appearing in the first term in L.ss have the following non-relativistic
limits: ‘
(X7u1sX)nr — (0 §x) (24.2)

with 5, being the neutralino spin,

(N|gy*q|N)Nr ~ Thg — (J°,0) (2.4.3)
with J° the density associated to the nucleon quark current J#.

(Nlgv*v*alN)vr — (0,A¢ Sn) (2.4.4)

with Ag, the quark contribution to the nucleon spin S ~, being a quantity dependent
on the structure functions of the quarks [2.30].
It is clear now that in the non-relativistic limit the vector quark current does not

contribute, resulting a spin dependent interaction ~ Aq §X . Sy from the first term in

43



Less. In an interaction with a whole nucleus, in the regime of momentum transfer less
than the inverse nuclear radius, using the Wigner-Eckart theorem this term leads to a

X scattering cross section from the nucleus proportional to the nuclear spin J

2 2
oo A2 J(J+1) M (2.4.5)
ME M

where the factor A depends on the quark structure functions and on the nuclear shell
model [2.30-2.31].

Turning now to the remaining scalar term in L.¢s, the evaluation of (IV|m,gq|V)
is quite subtle. Since the valence quark masses are very small one can naively expect
a negligible coupling but there are, however, two important contributions:

One is from the coupling to the gluons present in the nucleon through a loop of
heavy quarks g (c,b,t) [2.32], yielding to an interaction which dominant term (the
only one surviving in the limit m,, — co, i.e. in the so called heavy quark expansion
[2.33]) is

> (N ImGagsl V) — = —=n*(N|G* G, |N) (2.4.6)
qh

with n* = 3 being the number of heavy quarks.

The other is the direct coupling to the sea of strange quarks that, as implied by
the measurement of the pion nucleon sigma term, seems to be very important. In fact,
a fit to the baryon octet mass spectrum leads [2.34], taking into account that o, =~ 60
MeV [2.35]

(N|m3s|N) ~ 380 MeV ¥ nTy (2.4.7)

Both couplings are also related by their contribution to the nucleon mass through
its expression as the trace of the energy momentum tensor (including the anomaly)

between the nucleon states at zero momentum transfer:

myUNTN = (N|O4IN) = (V]S mqgq — bg—;GG]N) (2.4.8)

with b = 11 — 2n,. Using again the heavy quark expansion, the direct contribution of

the heavy quarks cancel against their contribution to the anomaly, resulting

- 2 o,
mNINTN = (N meqiq — (11 - 3 g GGIN) (2.4.9)

q1
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with ¢; = u, d, s being the light quarks (the scale is set by Agcp). This implies that’

2% N|GGIN) ~ 508 MeV Ty Ty . (2.4.10)

T

The fact that the scalar interaction leads to spin independent couplings implies
that in a low energy scattering from a heavy nucleus there will be a coherence en-
hancement factor A2 (A is the number of nucleons in the nucleus) that generally makes
this contribution dominant with respect to the spin-dependent one since most of the
nucleon spins are aligned pairwise to zero so that J does not increase as A. Moreover,
since squarks are experimentally (and theoretically) expected to be rather heavy while
the Higgs boson mass is theoretically bounded to be my, < |cos28|Mz, the Higgs
boson exchange should give the dominant contribution to the scattering cross section

from heavy nuclei at low energies. This amounts to:

2,2
H, 4\/-2- 9 m;m,, 2 g%J
o; —Gr My 5
T (m; + my)? mhy,

(2.4.11)

The Higgs-nucleon coupling gy is

2k1(4.2) + k(z) . (2)
gy = ggng—gd- + g3nnky | (Z13sa + Z1sca) (—Z11sw + Zizew)  (2.4.12)

where
(N|GG|N)

~ 5 x 107 (2413
T X ( )

a,
IENN = —(\/iGF)l/zg

is the coupling of a standard Higgs to the gluons inside the nucleon through one loop

of heavy quarks (summing over ¢, b and t). The additional contribution proportional
to

N|m,ss|N)

g% = (V2Gp)? ( Tauy S LX 107° (2.4.14)

accounts for the Higgs coupling to the sea of strange quarks. It is usually dominant,
especially for large values of vo/v;. The factors k§2) take into account the different

couplings of up and down type quarks to the Higgs bosons. Notice that the coupling

" the contribution of the u and d quarks to the nucleon mass are respectively ~ 20 and

30 MeV [2.34]
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gy is proportional to the product of a gaugino component of the x (the Z one) by a
higgsino component. Thus, it vanishes for a pure photino or a pure higgsino. It depends
on vz /v; both explicitly through « and 8 and implicitly through the coefficients Z;;
and increases with v, /v;.

The following spin—dependent term arises from Z ‘boson exchange and is important

only in the scattering from hydrogen in the sun (where the heavy nuclei have very low

abundances)
G2 mZm?2
SD F 2 2 x “H
o =3—a e e 2.4.15
H o ng( T H)z, ( )
with g4 = 1.25.

Thus, the elastic scattering cross section is given by a; = o5” + ain in the sun
H,

and by ¢; = ;" in the earth.

2.5-Results

The expected event rate of neutrinos from the sun and the earth should be com-
pared with the corresponding upper limits from underground detectors. At present,
the event rate limits on neutrinos and antineutrinos of the electron and the muon type
with energy E, > 2 GeV at the 90% C.L. are 4.1 events kton™ yr~! for the sun and 6.4
events kton™! yr~! for the earth, resulting from charged current contained and vertex
contained events at Fréjus [2.19]. The comparison with neutrinos of lower energy is
also possible, but we do not attempt it here. The data from the center of the earth
come from an aperture angle equal to 7° plus the resolution angle, which insures that
essentially all neutrinos from x annihilations should be collected.

The 90% C.L. limits from IMB [2.21] on the flux of up—going muons with energy
larger than 2 GeV are 8.4 107!* ¢cm~2 s7! from the sun and (conservatively) 2.65
107?® cm™2 57! from the earth. The bound from the earth is quite conservative since

it includes muons from all zenith angles larger than 98°, while the orbits of neutralinos
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trapped in the earth have a rather small radius, given by 7, ~ 0.12Rg(20GeV /m,)*/2
[2.22], with Rg the radius of the earth. So one would expect the neutralino signal to
come from a much smaller solid angle and, since the angular resolution is good (3.5°
[2.21]) at these muon energies, the experimental upper bound on the signal could be
significantly improved (even by a factor between 10 and 100) by a further analysis of
the experimental data.

In figs. 2a—c we present the areas of the p — M, plane that are not excluded by
accelerator bounds and the part of them accessible to dark matter searches for the same
values of vz /v; and of mpy, as in fig. 1. The large central hatched area is excluded
mainly by the LEP bound on the chargino mass and the UA2 and CDF bounds on
the gluino mass [2.36]. In figs. 2a and 2b we show the areas excluded by the limits of
Fréjus and IMB under the assumption p, = ps (hatched with positive slope lines). For
mpy, = 50 GeV, present experiments are sensitive only to the signal from the earth,
both from contained neutrino events and upgoing muons, coming from neutralinos with
masses in the range 50-70 GeV, close to the Fe nucleus mass were the capture rate by
the earth is kinematically enhanced. Also indicated are the regions where m, > mw
(at the top-left and top-right corners), not analyzed here.

The areas truly rejected by DM searches are actually smaller than discussed up to
now. It is obvious that neutralinos cannot constitute the halo if their relic densityis too
small to account for the dark matter in the halos of galaxies, but the relation between
the relic abundance of neutralinos in the universe and its local abundance in the halo is
not known and requires additional assumptions. Thus, we first presented the maximum
extent that the exclusion areas may have to give a better idea of the actual meaning of
these assumptions in terms of the possibility of restricting the different models.

In order to see the bounds that could be obtained taking into account the relic
density of neutralinos, we have made the conservative hypothesis that in the regions
of our parameter space where Q,h? < 0.05 (see fig. 1) the x’s constitute only a
fraction Q,,h?/0.05 of the halo, i.e. their local density is only that fraction of ps. This
assumption is reasonable if halos consist of cold dark matter with cosmological density

Qgh? = 0.05 and with a spatial distribution similar to that of the x’s. Our procedure is
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conservative in the sense that we may be reducing the ;:xpected rate in a region of the
p— M plane by a factor larger than necessary if & < 1, since 2, = 0.05 may correspond
to 2, h? < 0.05. In a matter dominated universe, the value A = 1 is compatible only
with a very young universe. It corresponds to an age of only 9 Gyr, if Qioimh?® = 0.05.
A more acceptable value for the age of the universe, 15 Gyr, corresponds to h ~ 0.6,
for the same Q;o1a1h2.

As a result of this procedure, the excluded regions are appreciably reduced. For
example, no exclusions remain for the values of v5 /v; and my, chosen in fig. 2a, while
for those in fig. 2b, only the small densely hatched areas remain excluded. In fig. 2a
and 2c we also show the regions which would be accessible with a factor of 10 (hatched
with horizontal lines) and 100 (dotted regions) improvement in the present bound from
p's from the earth. A factor between these is easily expectable (actually, the data to
obtain it may already exist, as pointed out above).

The bounds from dark matter searches extend beyond the regions shown in the
figures. They are in general weaker in the half-plane p < 0, where the x couplings are
generally suppressed. For instance, the present bounds in fig. 2b extend up to My ~ 1
TeV and up to p ~ 200 GeV for i > 0, but they finish just outside the figure for u < 0.
With a factor of 10 improvement the accessible regions extend up to My and u values of
several hundreds GeV. With a factor of 100, the bounds would exclude most x masses
below mw up to values of M, and p of a few TeV.

In fig. 3 we plotted the maximum values of mp, as a function of vy /v; for which
bounds can still be obtained with the present experimental constraints from indirect
searches (curve I1) taking into account the partial contribution of the neutralinos to
the halo density. As my, increases, the last bounds to survive are those from the earth,
which exclude values of m, ~ mp, due to the enhancement of the capture rate of x
(this feature also compensates the decrease in the x relic density near Mz/2). It is
very interesting to note that in the y — M, plane these bounds are complementary to
those from accelerators. In fig. 3 we also show (solid lines) the region corresponding
to the present LEP bounds (ALEPH curve) on the Higgs mass, and its maximum
accessible value in the near future at LEP (LEPI curve), to which two different channels
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Fig. 2: Excluded regions in the p — M, plane, for mpg, = 50 GeV and vy fvg = 2
(4.a) and 8 (4.b-c). The central hatched area is excluded by the accelerator bounds
(mainly from m,+ > 46 GeV). Indirect searches under the assumption p, = pp exclude
the areas hatched with positive slope. Direct searches in Ge spectrometers exclude
those with negative slope. Taking into acount the partial x contribution to pa only
the densily hatched areas remain excluded. Improvements by factors of 10 and 100 in
the limit from upgoing p’s from the earth should exclude the horizontally hatched and
dotted regions respectively. Similar improvements in direct searches would exclude the
vertically hatched area and a region comparable to the dotted one respectively.
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Fig. 3: Maximum values of the Higgs mass myy, as a function of v, /v, for which there
is a testable region in the p — M, plane accessible to present or future indirect (I) and
direct (D) dark matter neutralino searches. I1 and D1 correspond to the present bounds
while 110 and 1100 are for improvements by factors of 10 and 100 in the bounds from
upgoing p’s that we used and D10 and D100 are for the corresponding improvements
in Ge spectrometer searches. The ALEPH curve is the present lower bound on mg,
from LEP, while the LEPI curve is the kinematically accessible region for LEP.

contribute. For v,/v; & 2 the kinematical limit on mpy, from Z — H; H; is given. For
smaller vy /vy, Z — H3Z* provides a better bound (for the LEPI curve a statistics of
10° Z was assumed) [2.37]. The curves 110 and 1100 correspond to an improvement by
a factor of 10 and 100 respectively in the indirect bounds from upgoing u’s from the
earth.

Although the scattering cross section diminishes as m;fi, reducing proportionally
the x capture rate for increasing Higgs mass, there is an important compensating effect
that increases the event rate and explains the behaviour of the curve I1 for my, ~ 50
GeV. The threshold (mpy, + mu,)/2 for x annihilation into Hp Hj, which is the main
channel if allowed, is beyond the interesting range m,, ~ 50-70 GeV for mpy, & 50
GeV. The absence of annihilations into H, H3 for these masses has two consequences:

a greater x relic density and more energetic neutrinos from x annihilations, because
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they are produced in the decay of primary heavy fermions instead of secondaries. Both
factors increase the event rates, which are proportional to E, for contained events and
to E? for upgoing muons.

Notice also that the 1100 curve coincides with the border of the dashed region that
is theoretically excluded from the Higgs mass relation mpg, < |cog|Mz. This means
that, with a factor 100 of improvement in u searches, a neutralino with mass in the
range 50-70 GeV should be found or definitely ruled out (within the minimal susy
version of the standard model). Conversely, if the x mass were around the Fe mass, the
present experimental sensitivity of indirect dark matter searches would exclude Higgs
masses below the I1 curve.

Figs. 2 and 3 contain still another independent piece of information. We have
examined the bounds that direct searches of neutralinos with Ge spectrometers impose
on the supersymmetric parameters. With the assumption p, = pp, the Ge bounds
exclude the area hatched with negative slope lines in fig. 2b (there are no bounds for
the parameters in fig. 2a). Taking into account the reduction in the signal due to the
actual cosmological relic density there are no bounds on the parameters in fig. 2 with
the present data [2.38], ® but with a factor 10 of improvement the vertically hatched
area in fig. 2c would be tested. With a factor 100 of improvement they would test a
similar area as the upgoing p’s with a factor of 100 improvement which is shown in figs.
2a and 2¢c. This large improvement in direct searches is however not easily expected
with the present techniques based on detecting ionization in Ge or Si crystals.

In fig. 3, the curves D1, D10 and D100 refer to the maximum mg, values for which
there is an accessible region with m, < mw to the searches with a Ge spectrometer,

considering present bounds and factors 10 and 100 of improvement on them respectively.

2.6-Conclusions

We have examined experimental constraints on the parameters of the minimal

8  We used slightly better unpublished data from the PNL-USC collaboration.
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supersymmetric extension of the Standard Model of elementary particles from searches
of dark matter neutralinos in the halo of our galaxy and detailed calculations of their
relic abundance. We used bounds from Fréjus on contained and vertex contained
neutrino events, from IMB on upgoing muons from the sun and from the earth and
from Ge spectrometers. We have also shown the regions accessible to further dark

matter searches.

The predicted relic abundance and signal depend on the values of four parameters
that we have chosen to be pu, My, my, and v,/v,. We give explicitly the results in a
p — M, plane for two representative choices of v, /v; (2 and 8) and for my, = 50 GeV
(out of reach for LEP I). As can be seen in fig. 1, just the requirement of an appropriate
relic abundance largely restricts the parameter space: the neutralino could constitute
the dark matter in the halos of galaxies only between the boundary of the excluded
cross-hatched areas (in which neutralinos would overclose the universe, {2, 4% > 1) and
the full lines (Q,h% < 0.01). In fig. 2 we show the parameter ranges excluded by
accelerators and dark matter searches. The accelerator bounds exclude most of the
areas were neutralinos can be the main component of the halos of galaxies (see figs. 1
and 2). Still, we present the bounds assuming p, = pp to show the maximum regions
which could be tested (under any assumption on p,) with the present sensitivity of
dark matter searches. Because the assumption p, = p; is in general unrealistic, the
points shown there as excluded by the IMB and Fréjus data might still correspond to
a viable model. In fact, taking into account the actual x relic density (by assuming
that the x contribution to the local halo density is proportional to its cosmological relic
density as explained above), the excluded regions are sensibly reduced. In fig. 2 we also
indicate the regions that would be accessible to dark matter searches with (reasonable)
factors 10 and 100 of improvement in the bounds from upgoing muons from the earth

taking into account the x relic density.

The regions excluded become smaller for decreasing values of v, /v, or increasing
mpy,. Before disappearing, the testable regions concentrate around the mass of the
Fe nucleus that enhances the signal expected from the earth. At present, taking into

account p,, the bounds disappear for mg, > 25 GeV for vy /vy = 2, my, > 65 GeV
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for va /vy = 8 and my, > 70 GeV for v2/vy = 20. This is shown in fig. 3, were we
plotted the maximum values of my, as a function of v, /v; for which there are ranges
of p and M,, outside those excluded by accelerators, accessible to indirect and direct
dark matter searches, both at present and in the near future.

A factor larger than 10 of improvement in bounds from the upgoing muons from
the earth should be easily achievable. We have shown such an improvement would
allow to test the range m, ~ 50-70 GeV for most of the Higgs boson masses allowed
in the supersymmetric standard model. This is a very interesting range, because it can

not be excluded by accelerators or by the condition of not overclosing the universe.
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CHAPTER 3

Are Exotic Stable Quai'ks
Cosmologically Allowed 7

In this chapter we examine the possibility of the existence of new stable exotic
quarks, as for example the @ = —1/3 charged quarks predicted by Es models. It 1is
shown [3.1] that their cosmological consequences combined with bounds from super-
heavy element searches and the requirement that heavy particles captured by neutron
stars do not induce their collapse into a black hole, exclude that possibility. Thus, in

these models some mechanism must exist to allow the exotic quark decay.

3.1-Introduction

Several GUT extensions of the standard model enlarge considerably the particle
content of the three standard generations, and some of them include heavy ‘exotic’
quarks among the new particles. An interesting example are the Es models [3.2], like
those arising from ten dimensional superstring theories after compactification to the
four physical dimensions [3.3]. In these models each generation of fermions is assigned to
a 27-dimensional (fundamental) representation that, together with the standard fifteen
fermionic degrees of freedom, includes twelve additional new fields. The electromagnetic
charge and colour quantum numbers of the new particles are univocally determined by

the group structure. Besides the existence of new exotic charged and neutral leptons,
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each generation contains a new colour triplet and weak singlet quark @ of electric
charge —1/3. The mass of this quark, being model dependent, is in principle arbitrary,
but a lower bound on it comes from present collider experiments. The LEP results
exclude the existence of new quarks lighter than Mz /2.

Since under the unbroken SU(3) x U(1) gauge group the heavy quarks transform
with the same quantum numbers as the standard ‘down type’ quarks, a mixing among
them is allowed. If this mixing is present, the  mass eigenstate should decay weakly
into standard fermions. However, since the SU(2) x Uy(1) quantum numbers are dif-
ferent, such a mixing induces deviations from the weak interactions of the down-type
mass eigenstates predicted by the Standard Model and also flavor changing neutral cur- -
rents. Present experimental data restrict considerably the allowed values for the mixing
angle, specially for the first two generations for which it result typically sin fm;x < 0.05
[3.4-3.5].

Here we want to analyse the consequences of assuming the exotic quark to be
stable (or nearly so, i.e. with lifetime larger than the age of the universe). For some
superstring-inspired Eg models, a stable exotic quark is a natural consequence of the
particular structure of the superpotential. In fact in order to avoid low—energy baryon
and lepton number violation, it is necessary to require that some potentially dangerous
couplings vanish, and this is most easily done by introducing certain discrete symme-
tries. In turn, these symmetries often imply that the mixing between the exotic quarks
and the ordinary down type quarks vanishes [3.5]. Although we have in mind the Ej
candidate, the analysis can be extended with minor modifications to other coloured
particles (charge 2/3 quarks, sextet quarks, ...).

If the heavy quark is stable, it can have important cosmological consequences. Its
present density can be computed by following the thermal evolution of the universe.
At very early stages its abundance is determined by the thermal and chemical equi-
librium. Subsequently,‘the cooling of the universe reduces the annihilation rate of the
heavy quarks until, at the freeze out temperature, the chemical equilibrium can no
longer be mantained. However, as we will show the heavy particles remain in ther-

mal equilibrium. In the confinement transition the exotic quarks hadronize together
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with the ordinary quarks. At this stage the relevant annihilation cross section asso-
ciated with the disappearence of the heavy quarks increases and can reach a typical
hadronic size, so that a significant reduction of the relic density of heavy hadrons takes
place after confinement. (Our results on the present abundance of heavy quarks differ
from a previous analysis that overestimated the annihilation cross section after con-
finement [3.6].) The superheavy hadrons are subject subsequently to primordial and
eventually stellar nucleosynthesis, where heavy nuclei are also produced. The stringent
experimental bounds from searches of superheavy elements are a powerfull test for the
existence of these hypothetical stable exotic particles. We use also the bounds on very
massive charged particles contributing to the cosmic dark matter that have been re-
cently obtained from the study of their effects on the evolution of neutron stars [3.7].
These bounds, toghether with the cosmological requirements that the universe not be
overclosed by these particles totally exclude the existence of a stable exotic quark.

In the following we assume that no particle-antiparticle asymmetry is present.
This assumption does not affect the generality of the conclusions since an asymmetry

can only increase the abundance of superheavies, giving more strength to the bounds

obtained.

3.2-Relic density of stable quarks

The equation describing the evolution of the number density n of stable species is

dn R 5 2
T —3§ n— (ov)(n® —ng,) (3.2.1)

where R is the scale factor of the universe, (ov) is the thermally averaged annihilation
cross section times the relative velocity é,nd TNeq is the value of the density in chemical
equilibrium (see chap. 2).

At temperatures above the confinement temperature 7, ~ 200 MeV, the relevant

annihilation cross section of two heavy quarks @ involves the channels QQ — gg ,
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47, where g is a gluon and g an ordinary quark (we neglect the contribution to the
annihilation cross section coming from electroweak channels). For a colour triplet
quark in the non-relativistic limit (I' < m) annihilating into N; lighter flavors, we

obtain

T

3 2 7 3.2.2
(a‘v)QQz 2 §Nf+-2—7 . ( 2. )

In this expression, we take a,(Q?) renormalized to the scale Q% ~ m?2, since this is the

relevant momentum transfer involved in the annihilation. Assuming only the standard
physics at energies below m, we get for instance a,((10 TeV)?) ~ a,(M3,)/2. The
appearence of new physics below the exotic quark mass could affect the value of a,
and could also open new channels for the annihilation. This is the case, for instance, if
supersymmetry is present at the weak scale, since annihilations involving squarks and
gluinos could contribute to eq. (5).

When confinement occurs, due to the presence of a relatively large number of ordi-
nary quarks, the heavy quarks Q will hadronize mainly forming a system of ‘superheavy
kaons’ (@7 and Qg, with ¢ = u, d) and, due to the baryon asymmetry, the Q7 mesons
will finish as superheavy baryons Qgq through annihilations with ordinary nucleons.

In a previous study of the survival of heavy quarks [3.5], the annihilation cross
section below T was estimated to be equal to the ordinary nucleon-antinucleon cross
section, oy ~ 30 mb/v. However, several reasons indicate that this is an overestimate.
In fact, in eq. (1) only the exclusive cross section that does not contain the two heavy
quarks in the final state should be used. Since we are considering energies below Agep,
the light quarks cannot be considered as spectators in the process of QQ annihilation,
which for instance could proceed through the hadronic process Qg+ Qqq — QQ + gqgq,
with the formation of a Q@ bound state, which consequently decays into light particles.
Although the associated cross section could be of hadronic size, since the Compton
wavelength of TeV particles at MeV energies is < fm, the total annihilation cross
section cannot exceed the characteristic geometrical cross section associated to the
range of the interactions (~ fm), i.e. ¢ < 47 fm® ~ 100 mb. Instead, with the previously

mentioned estimate of ¢ ~ o5 the very slow thermalized heavy hadrons (with v =
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Fig. 1: Relic density of exotic stable quarks as a function of their mass for annihilation
cross sections into light species after confinement of 100 mb (f = 1), 10 mb (f = 0.1)
or negligible (f = 0). |

\/6_1_"_/_7;) would have a cross section much larger than one barn. The heavy hadrons,
unlike the ordinary nucleons, enter the long wavelength regime where the annihilation
cross Section can grow beyond the geometric one only at temperatures (< MeV) where
the densities have been too dﬂuted.for the annihilation to be efficient. Furthermore, the
exchange of ordinary mesons (7, w, ...), that gives the main contribution to the total
low energy annihilation of hadrons but does not affect the number of heavy quarks,
should not be included in {ov). Also, since the baryon asymmetry has washed out the
ordinary antiquarks from the heavy hadrons, the vector exchange leads to repulsive
interactions that further reduce the annihilation rate of @QQ. In view of the previous
discussion, we expect the relevant annihilation cross section to be much less than the

corresponding geometrical cross section, and we will parametrize it as

o= f-100 mb (3.2.3)
with f < 1.
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In fig. 1 we show the resulting values of Qh? for the upper value f = 1 and
for f = 0.1. Here Q is the present relic mass density of heavy quarks in units of
the critical closure density, h is the Hubble constant in units of 100 km/s Mpc and,
from observations, 0.4 < h < 1. Due to the large uncertainty in the estimation of
f that is related with the non-perturbative effects involved, we have also plotted the
other extreme case in which the annihilation rate after confinement is negligible. This
would correspond to an annihilation process Qq + Qqq — light hadrons proceeding
essentially through a partonic-like cross section. In this case, () is determined with good
accuracy (since Tf, >> T.) by the free quark annihilation rate before hadronization.

Quantitatively, it is safe to neglect annihilations below 7T, as long as

Ty, m
(ov)rer. § ZLov)og ~ o (7v)es (3.2.4)

where we have used a typical freeze out temperature Tf, ~ m /30 — m/20.

Figure 1 clearly implies that masses larger than ~ 10° TeV are cosmologically
excluded, since they would yield Qh2? 2 1, overclosing the universe. Moreover, the
observed lifetime of the universe suggests A2 5 0.25, making this constraint even
stronger. For Fg models, in the absence of any kind of mixing, each of the three
flavours of exotic quarks contribute to 2, and then the cosmological bounds should be
applied to the sum of their contributions. This leads to un upper limit of m ~ 3. 10*
TeV if the heavy quark masses are assumed to be similar.

If the heavy quark is not a triplet of colour (sextets of heavy quarks have been
considered e.g. in [3.5]), or if new physics is present at energies below m, the annihila-
tion cross section would differ (but in principle not drastically) from the case previously
discussed, and the value of the relic density §), which is inversely proportional to it,

will be correspondingly modified.

3.3-Thermalization

In the previous computation we have assumed that the heavy particles remain in

62



thermal equilibrium. An argument to justify this assumption goes as follows: thermal
equilibrium is mantained if the energy exchanged through collisions during an expansion

time 7 ~ Mp;/T? is larger than the original energy E ~ T of the heavy particle, i.e.:

nvoTAER E (3.3.1)

where n is the number density of the scatterers, v is their mean velocity, and o their
typical cross section. Before confinement, thermalization proceeds mainly through
scattering off termalized quarks and gluons through ¢-channel gluon exchange. Al-
though the corresponding cross section has a Coulomb-like divergence associated with
the exchange of soft gluons in the forward scattering, the relevant quantity for the

thermalization is the energy transfer cross section

do
Otr = /d cos § T eos 0 (1 —cosf) (3.3.2)

where 6 is the center of mass scattering angle. Since inside the quark-gluon plasma
the color charges undergo an ‘electric’ screening with a typical length [3.8] m ;' with
m?2, =~ (¢gT)*(N + N;/2)/3 playing the role of an effective gluon mass (N=3 is the

number of colors), after taking into account this effect we obtain a finite result:

(o4r) ~ @ — In(—5-) . E3.3.3)

Since in this case the momentum transferis Ap ~ T, v ~ 1 and n ~ T3, eq.(3.3.1) is
always satisfied.

After confinement, taking into account only the scattering off nucleons, we can
derive from eq. (8.3.1) an upper bound for the mass of a heavy hadron for it to be
in thermal equilibrium: the baryonic asymmetry yields ny ~ 10773, while for non

relativistic particles v ~ /T/mpy, and AE ~ T'y/mpy/m, with my the mass of the

nucleon. We then obtain:

m[GeV] < 10'2 (o [mb])’ (MZ;V) (3.3.4)
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We see that for a typical hadronic elastic cross section, the assumption of thermalization
is correct in the whole range of masses that we have considered. Moreover, for T' ~ m
“the large number of pions present will further contribute to the thermalization of the
heavy hadrons, and for the charged ones also the scattering off photons and electrons

will contribute, leading in general to a bound higher than (3.3.4).

3.4-Fate of the stable quarks

Now, in order to see what kind of superheavy elements we should expect to find
at the present time, and where we should look for them, we will follow the evolution of
the heavy quarks from the confinement transition until now.

From T and up to T' ~ 1 MeV, the electroweak interactions among the different
heavy hadrons (for instance Qd+v « Qu+e) will determine, due to the mass difference
of some MeV’s between the up and down quarks, an excess of Qu over Qd. Their
abundances should have the ration

i _ p~(mi—my)/T (3.4.1)
nj
and we expect their mass difference to be comparable to the ordinary kaon or B-meson
mass splitting.

For the heavy baryon, we will assume that the neutral isosinglet particle state
(Qud)%° is lighter than the positively charged member of the isotriplet (Quu)lzt.
This assumption is based on the same kind of analysis that explains qualitatively the
mass relationship mpo < mg+: for s—wave baryons, the antisymmetry of the isosinglet
(ud) 4 state in the internal isotopic—spin space forces the spins of the two light quarks to
be antiparallel, and the energy of this configuration is lower with respect to the energy
of the symmetric (ud)s triplet diquark state, that implies aligned spins [3.9].

At T ~ 1 MeV, electroweak interactions freeze out and primordial nucleosynthesis
has begun. At these temperatures we expect that most of the heavy mesons will be

positively charged Qu, while most of the heavy baryons should be Q(ud)4 neutral
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isosinglets. The surviving neutral Qd mesons, if they do not bind to any nucleus,
will weakly decay with a typical meanlife of a few seconds. If they bind to nuclei,
their decay rate depends on the Coulomb barrier that they feel inside the positively
charged nuclei, but in all cases they finish as charged elements. In contrast, due to
the large mass splitting (O(100 MeV)), the few surviving isotriplet baryons should
decay electroweakly into the neutral isosinglet even if they bind to nucleons. During
nucleosynthesis, a fraction of these neutral baryons may bind to protons (and neutrons)

giving rise to superheavy positively charged elements.

This fact has an important consequence, because when galaxies form, after the so
called ‘violent relaxation’, all the atoms that have fallen into the potential well of the
galaxy become ionized and, as shown in ref. [3.10], the charged elements lighter than
~ 20 TeV fall into the disk together with the ordinary baryons. So for m < 20 TeV
we expect most of the charged heavy elements to be found in the disk, while for larger
masses they should originally remain mainly in the halos of galaxies. However, larger
concentrations of superheavy elements in the disk are to be expected also for masses >
20 TeV, since these particles can be captured by the disk during the following evolution
of the galaxy. It was recently suggested [3.11] that this could happen efficiently for
particle masses up to 10° TeV. Clearly the heavy baryons that do not form charged
nuclei during nucleosynthesis will for the most part remain in the halo, leading to an
asymmetry between @ and Q concentrations in the disk. The heavy elements that had
fallen into the disk will be subject to stellar nucleosynthesis forming also superheavy

nuclei of large Z.

For m < 20 TeV the proportion of heavy hadrons H with respect to ordinary
nucleons present in the stars (and in the earth) should be of the order of the ratio
of their cosmological densities: ngr/nper = (Qu/m)/(Qpar/mp), with m, the proton
mass. The resulting concentrations are enormously large ( 2 107°) and exceed by
several orders of magnitude the existing experimental bounds. For instance, searches
of superheavy water exclude concentrations of heavy hadrons with respect to ordinary
hydrogen in water larger than ~ 1072® for masses < 1 TeV [3.12], larger than ~ 1024
for m < 10 TeV [3.13], and with less certainty > 107** for larger masses [3.12]. Actually,
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in the earth, we expect an even larger concentration of elements containing H hadrons,
since they did not evaporate away as most of the ordinary light elements did during
the earth lifetime.

For m > 20 TeV the heavy elements remain as dark matter or are captured in the
disk, giving a contribution to the density of the galactic halo p; in the neighborhood
of the disk of at least Qg - pp. However, the existence of large amounts of heavy
CHArged Massive Particles, (CHAMPS, ref. [3.10]) has been recently shown to be in
contradiction with the observed long life of several neutron stars [3.6]. This is due
to the fact that CHAMPS captured by the protostellar cloud should collapse into the
interior of the stars forming a black hole that would destroy the star in a time scale
~ yr. For the black hole to form it is necessary that the total mass of the captured
heavy particles exceeds the Chandrasekhar mass, so that degeneracy does not prevent
the gravitational collapse. Since the capture by the protostellar cloud depends on the
electromagnetic cross section off hydrogen [3.6], although the bounds were deduced
for leptonic CHAMPS, they also hold for the charged hadronic superheavies under
consideration. In the range of masses 20 TeV < m < 10° TeV, which is less constrained
by searches of superheavy elements, contributions to the halo densities larger than
10~7 — 1078 are ruled out by this argument. (This should be compared with our
prediction of more than 107° in this mass range.)

For Eg models, since nearly all the @’s form charged elements (e.g. Qu), while a
sizeable fraction of the Q’s give rise to neutral states that are not efficiently captured
by the protostellar cloud, we expect that a Q — Q asymmetry will be present inside the
neutron star. This should be a general feature of models for which Q and @ belong
to hadrons of different charge, or even both neutral, since in these cases we expect
that they should bind differently with nuclei [3.5]. As a consequence, they should be
captured by the protostellar cloud at different rates due to their ‘chemical’ difference,
and since even a tiny asymmetry ( < 1%) between the concentrations of @ and Q would
leave, after eventual Q — @ annihilation inside the star, enough superheavies to produce

a black hole, the same conclusions deduced in ref. [3.6] still hold in this case.

In the case in which Q —Q were to form hadrons of equal charge, the large Coulomb
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barrier will prevent them from annihilating at the typical temperatures of neutron stars.

The previous analysis then leads to the conclusion that the existence of a stable
exotic heavy quark can be safely ruled out.

We also note that in the presence of a particle-antiparticle cosmic asymmetry be-
tween the heavy quarks, all the bounds would be stronger: the relic abundance would
clearly result larger, and hence the maximum cosmologically allowed mass would be
smaller. For instance, an asymmetry ng — ng/ny ~ 1071%, which i= comparable to
the ordinary baryonic dne, implies m < 250 GeV, and the corresponding larger den-
sity of relic superheavies would enhance the contradiction with the bounds previously
discusséd.

The results obtained have been based on the very accurate determination of the
concentration of heavy hadrons in water, and on the observation of long lived neutron
stars, but it should be mentioned that several other experimental data (e.g. concentra-
tions of heavy isotopes of different elements, bounds from satellite detectors, etc.) as
well as other theoretical considerations (e. g. the possible influence of heavy hadrons
on stellar evolution) also constrain the exotic quark mass. For instance, the stringent
bounds on strongly interacting dark matter that come both from detector searches near
the top of the atmosphere [3.14] as well as from underground experiments [3.15], will
apply to the neutral superheavy baryons, restricting thus their possible contribution to
the local density of the ha.ld (the charged component is stopped before it can reach the
detectors mentioned).

The conclusion is that a stable or very long lived quark would be present with too
large a density to be compatible with the cosmological requirements, with the bounds
obtained from anomalous element searches and with some astrophysical implications.
Hénce, models with exotic quarks must include also a mechanism to allow for their
decay. In the case of Eg models this can be achieved by allowing for the presence
of nonvanishing couplings of @ with other (scalar) particles that could mediate their
decay or induce, through a non zero vacuum expectation value, a sizeable mixing among

exotic and ordinary quarks.
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CHAPTER 4

Bounds on ordinary—exotic fermion mixing

from LEP

In this chapter it is shown that recent measurements of the partial widths of the Z
boson at LEP significantly improve previous bounds on the mixing between ordinary
fermions and possible heavy fermions with exotic SU(2) x U(1) assignments, especially
for the pu and 7 leptons and for the b quark [4.1]. It is also stressed that in some
extensions of the standard model with an additional U(1) factor (as in Es models that
are analysed in some detail), the effects of a Z — Z' mixing can produce similar effects to
those due to fermion mixing and then both should be taken into account. We constrain
s"}, the square of the mixing between ordinary and exotic fermions, to s2 < 0.025,

53 < 0.077 and s% < 0.024, improving the previous bounds by almost a factor 10 for
the 7 lepton, by a factor 5 for the b quark and by a factor 2 for the p.

4.1-Introduction

One of the striking results of the first few months of run of the LEP-1 and SLC
machines is that no new particles have been produced. The bounds on the masses of
many new particles that are predicted by a large class of models (SUSY, Composites,
GUT’s,...) are already near the kinematic limit accessible with this two machines and
thus it seems that the search for direct evidences of new physics must be delayed to

the time when a larger center of mass energy will be available.
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On the other hand, the experimental data agree moderately well with the Standard
Model (SM) and, even if for the moment there are no clear evidences of deviations from
the theoretical predictions, it is possible that in the near future measurements at the
Z-peak might reveal the existence of physics beyond the SM through indirect effects.

The increase in statistics, together with a better understanding of the systematical
errors, will provide us with a set of high precision measurements that will be quite
effective for the search of tiny new effects or, at least, to put stricter bounds on the
relevant parameters that are generally introduced in any extension of the electroweak
theory.

For example, deviations from the SM predictions are expected if gauge groups
larger than Gsy = SU(2)r x U(1l)y [xSU(3)¢] underlie the standard electroweak
theory. In particular, these deviations could be due to a mixing among the standard
fermions and new exotic ones (that often occur in models with enlarged gauge groups)
as well as to a mixing of the standard Z, with additional neutral vector bosons. Both
these effects will modify the fermion couplings to the gauge bosons, and most of the
quantities that are measurable at the Z—peak are particularly good to detect possible
deviations from the standard neutral current couplings.

With respect to the mixing among gauge bosons, we will assume that only one
new neutral Z; mixés appreciébly with the Zg. Then, we are lead to investigate the
phenomenological consequences of an effective gauge group Gsar X U(1)'. Since the
direct product structure leaves the U(1)' fermion quantum numbers, as well as the g'
coupling constant completely arbitrary, a second assumption has to be made in order
to obtain predictions: namely that our effective low energy gauge group originates
from a simple group Gs, broken by some mechanism at a higher energy scale. Then,
since U(1)" belongs to the Cartan subalgebra of G5, only few choices for the quantum
numbers of the particles present in the model will be allowed, and the possible range
for the value of the coupling constant g’ will also be constrained.

For the sake of definiteness we will carry out our investigation in the frame of a
class of Eg models. The consequences of the presence of a new Z; of Eg origin on

Z-tesonance physics has been deeply investigated by many authors [4.2]. However,
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to consider the modifications of the Z-couplings due to a Zy — Z; mixing alone is
not totally consistent in these models, since similar effects can arise also from fermion
mixing. In particular, since each fermion generation is assigned to a 27 representation
of Eg, besides the 15 standard fields 12 additional ‘exotic’ particles per generation
are predicted to exists. These are: a weak doublet of leptons (N, E~) with its charged
conjugate doublet (E*, N¢), a color triplet weak singlet quark h of charge -1/3 together
with h¢, and two neutral singlets v and S. In general a mixing among particles that
have the same quantum numbers under the unbroken U(1)g % SU(3)c group will be
allowed, modifying the standard couplings of the fermions.

Bounds on the mixing of a Z; of Eg origin with the standard neutral boson
have been derived in ref. [4.3]. The results of that analysis constrain the mixing
to tane,,;; < 0.22 for a Z; almost decoupled from neutrinos, and to a much lower
value (tane,,;. < 0.05) in the other cases. However, the analysis in [4.3] does not take
into account the possibility of fermion mixing, so that a combined analysis of these two
effects should turn out in slightly worst bounds than the ones quoted.

On the other hand, the implications of the fermion mixing alone in a very large
variety of observables have been used to constrain the mixing angles between ordinary
and exotic fermions [4.4], resulting in s = sin?¢ < 0.030 — 0.050 for the first generation
and for v, si < 0.055 while the bounds for the fermions in the third generation and
for the second generation quarks are much worst. For instance, for the b — h; mixing
the bound is s? < 0.43 and for the 7 — E. mixing it is s2 < 0.22 (all at 90% c.L).

Although these mixings can in principle vanish, there are good reasons to believe
that they are nonzero. In fact, recently it has been shown using cosmological and astro-
physical arguments, together with experimental bounds from heavy isotope searches,
that new charged leptons [4.5] and new colored particles [4.6] can not be stable. Clearly,
the mixing of the exotic particles with the ordinary ones provides a natural channel for

their decay.

It is our purpose here to show that the present LEP results on partial widths of
the Z boson already improve the previously mentioned bounds on s? by a factor of 5,

taking into account also the possible effects of a Zy — Z; mixing, while for s2 the bound
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is improved almost by a factor 10 and this last result is essentially model independent.
In particular, it is important to constrain the b and 7 mixings not only because
they are poorly bounded at present, but also because they are theoretically expected

to be the largest ones since, if the masses arise from a seesaw mechanism, one has

sin ¢ ~ (m/M) linear — seesaw

sin® ¢ o (m/M)? quadratic — seesaw (41:)
where m and M are the light and heavy fermion masses respectively and for alarge class
of models one typically expects that the mixings will fall within the range suggested in
(4.1.1). This argument also leads us to expect tiny mixings in the first two generations
( £ 1073), since unsuccessful searches of exotic particles that couple to the Z-boson
suggest M > Mz /2. We will concentrate on the conséquences of the mixing between
the ordinary and exotic charged leptons and between h; and b quarks. A general
analysis of the effects of lepton mixing in the charged and neutral sectors, of the quark
mixing and Zy — Z; mixing in several quantities measurable at LEP (partial widths

and asymmetries) is under consideration [4.7].

4.2-The formalism

The exceptional group FEg [4.8] is one of the most interesting candidates for a
unifying group. The reason is at least twofold: first Eg contains as subgroups the
symmetry groups of the most popular grand unified and left-right symmetric theories,
like e.g. SO(10), SU(5), SU(2)r x SU(2)r x U(1l)p-r and second, it is the only
phenomenologically acceptable group that can arise from ten—dimensional superstring
theories after Calabi Yau compactification down to the 4 physical dimensions [4.9]. A
nice feature of the Fg algebra is that the embedding of the color and weak isospin
subgroup SU(2)1 x SU(3)¢ is unique, but clearly in going from rank 6 down to rank 3,
‘three Cartan generators are left, and it follows that the identification of the hypercharge
axis is not unique. Here we will consider the embedding of Gsar in Eg through the

maximal subalgebras chain:
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Es — U(l)y x SO(10)
l——' U(1), x SU(5) (4.2.1)
L Gsu -
The most general form for U(1)' compatible with this symmetry breaking chain
will then be a linear combination of the U(1)y and U(1), generators that will be
parametrized in terms of an angle «. Correspondingly, the couplings of the fermions

to the Z' boson will depend on both the ¥ and x quantum numbers through the

combination (¢q = cos e, sq = sin a):

Q' = CaQ¢ + San- (422)

For the left handed fermions belonging to the 27 fundamental representation of Eg, the
values of the abelian @y and @, charges are listed in Tab. I.

S| (o), he | hs | vi | (D) | e us (D),
64/2Qy | 4 -2 1
61/2Qx | 0 2 —2 —5 3 -1

Table I: Quantum numbers for the'left handed fermions of the fundamental 27 repre-

sentation of Eq. Abelian charges are normalized to the hypercharge axis according to:

S = (Y =5

The multiplicative factors have been chosen in order to have the same normaliza-
tion for the three abelian axes: Tr pr = Tr Q; = Tr (%)2, so that at the unification

scale the same coupling constant g, is associated to both Y and Q' charges. Possible

73



deviations that could arise at the 100 GeV scale, as a consequence of a different running

of the couplings, can be taken into account by writing:

g =K— (4.2.3)

where the SM relation e = gyc,, has been used.
We will denote with Z; the U'(1) vector boson gauge eigenstate that in general
has a non diagonal mass matrix with the standard Z;. The mass eigenstates Z and Z'

are related to Zy and Z; through an orthogonal transformation, parametrized in terms

Z\ cos® sin® Zo
(Z')_<—Sin® cos@) (Zl>' (4.2.4)

Then, the physical Z boson couples to fermions via the effective lagrangian:

of a mixing angle O,

G, cos? © M%
2v/2

reminds that for the moment we are considering unmixed

1/2
Lnc(Z)=— ( ) D Fpulss —apyslv; - 2¢ (4.2.5)
7

where the superscript “o”

fermions. In this expression the effective couplings ¥y and @y correspond to the SM
couplings vy and ay shifted by a quantity proportional to the Zy — Z; mixing and

dependent on the @' fermion quantum numbers:
Bf = vf + sple v} © @5 = aj + swle a'f (4.2.6)

with
vp= 2T —4QF % = 2T — Qf (v +1) ap = 2T

C O (a27)
'Uff = 23&(@5’; - st( ) CL;: = 46&@-5, + 23&(@{( + Q';fc )

2
w

where Tsf is the left-handed fermion weak isospin, @7 the electric charge, s = sin?d,,
with 9, the weak mixing angle and v = 452, — 1 is the charged lepton vector coupling.
Since v is a small quantity that can be used as an expansion parameter for truncating
expressions (v ~ —0.08), it is useful to express all the fermions couplings as a function

of v, as we have done. The ratio g'/gy = & has been absorbed by rescaling the mixing
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angle: i@ = k -tan ©. On resonance, the shifts of the standard couplings are by far
the most important effects of the Zy — Z; mixing. Z — Z' interference, as well as Z'
exchange diagrams, are suppressed at least by a factor 'zI'z: /Mz Mz and can then
be safely neglected. We will discuss later the effects of the shift on the physical Z mass

due to the mixing.

The next step is to allow for a mixing among the standard and exotic fermions that
will further modify the couplings. We note that since the electromagnetic (and color)
quantum numbers of the exotic quarks and leptons are the same as those of the ordinary
ones (as it must be since otherwise no mixing would be allowed), the electromagnetic
current is unchanged. Moreover, table I shows that the SUL(2) transformation prop-
erties of the right handed @ = —1/3 quarks and left handed leptons also coincide with
the ordinary omes, so that only the couplings of left handed down-type quarks (weak
isospin doublet) and right handed ordinary leptons (weak singlets)A will be modified by
the mixing since their heavy partners are respectively singlets and doublets of weak
isospin. Following ref. [4.4] we introduce two vectors for the ordinary and exotic left
and right handed weak eigenstates Yir) = (¢Zrd7¢§z);€( Rr)> and other two vectors for
the light (i.e., standard) and heavy mass eigenstates ¥r(g) = (1,/;1,¢h)’£(R), where for
example for the down-type light quarks %; = (d,s,b5)T. The weak and mass eigenétates

are related by unitary transformations

Y2 =Uryr ; Y% = Urvr (4.2.8)

with
A FE
mR:< ) (4.2.9)
(R) F G LR

and from the unitarity of U
ATA+ FIF=ATA+E'E=1T (4.2.10)

The 3 X 3 matrices E and F describe the mixing between the light and heavy states.
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The part of the weak neutral current that gets modified by the mixing can be written:

1 -
7% ~ 2 %% s ILPr + tsIf, Pr — Qs7, 1)
a (4.2.11)
= s UL UL Py + UL UL PR — Q5% 1 45
f
where the sum involves only the @ = —1/3 quarks ¢ = d,h and the charged leptons

L= e,E, PL(R) = %(1:]:75) and

I; = (é 8) ; Ip = (8 ?) (4.2.12)

while
I 0
Ig=It =I= (o I) (4.2.13)

Using (4.2.11) and the unitarity relations (4.2.10) it is easy to see how the couplings of
the light states d and £ are further modified with respect to eq. (4.2.6):

'5d-—+'5d=’5d—2t3(FLdTFﬁ) ad—>&d=&d—2t3(FLdTFLd) ( )
4.2.14
Fp — &g = B¢ + 2t3(F F§) Gy — by = ag — 23(FSFE)

The matrices FTF are in principle 3x3 non diagonal matrices that describe intergener-
ational mixing too. However, the off-diagonal terms that would induce flavor changing
neutral currents at the tree level are severely constrained by experiments [4.4]. We will
assume that these terms are negligibly small so that the light-heavy mixing occurs es-

sentially between particles belonging to the same generation. We will then parametrize:

diag(Fl 1y Frzy) = (sT), (572, (s5)?) (4.2.15)

with s? = sin® ¢;.

Clearly, in our procedure to define the effective coupling of the fermions to the
Z-boson, second order effects proportiénal to i - sin® £ have been neglected. In the
following we will consider as ‘first order terms’ the following set of small parameters:

to, sin? ¢ and v, and we will neglect terms involving products or higher powers of them.
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4.3-Theoretical expectations

Before beginning the analysis of the bounds that can be derived from the measure-
ments of the partial widths Z — bband Z — £1£~, we want to discuss an indirect effect
of the fermion mixing that will enter as a theoretical uncertainty in any prediction for
electroweak quantities. The set of electroweak parameters that is known with the best -
experimental accuracy is a, Mz and G, (the Fermi constant measured in p decay). In
particular, G, is introduced to replace the W mass, whose experimental value is still

affected by a large error. G, is related to Mw through the equation:

G, Ta
—£ - 4.3.1
V2 Mg sin? Oy (1 — Ar) ( )

where Ar is a radiative correction that (taking into account only the leading contribu-
tions) can be written as Ar ~ Aa — (c% /s2)Ap. Here, the effect of Aa (=~ 0.06) is to
renormalize the electromagnetic charge to the scale Mz -

a(M3) = ) Ci(OA)a) (4.3.2)

while Ap [4.10] contains potentially large corrections that in the SM are essentially due
to the top-bottom mass splitting, but that in general can arise from a mass difference
between the components of any additional isodoublet of fermion [4.11] or scalar [4.12]
particles that is present in the model. In a theory that allows for a Zy — Z; mixing,
it is possible to take into account this effect by replacing M% — pmi,M% since pmiz
enters any expression in the same way as a p, # 1 generated by non-standard Higéses
[4.2,4.13]. In such a theory, a possible (and useful) definition of the Weinberg angle
is ¢ = M% /(pmizM%). Allowing now also for a fermion mixing, eq. (4.3.1) will be
modified into

Gu _ _ ma(M7) —As 4.3.3
™ T e (439

with
p = pmiz(1+ Ap)
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and where

1
1—As=cEck el ~1— —(s22 452 4 552 4 gk2 434
BTV, e Ve 2 23 Yy € e

takes into account the effect of fermion mixing in p~decay [4.4]. Two remarks are in
order: first, both a Zy — Z; mixing and a heavy top produce positive deviations of p
from the SM tree level value p = 1. Since the theoretical upper bound on m; comes
from measurements of the p parameter, in general allowing the top mass to vary in the
range 80 GeV< m; <230 GeV automatically takes into account the uncertainty related
to a Zp — Z, mixing. This is not the case for the partial width into b—quarks, since
this quantity receives an additional m;—dependent contribution from the Zbb vertex
correction that also involves the top mass and that almost cancels against the Ap??
correction [4.14]. As a result, I';; turns out to be nearly unsensitive to the value of the
top mass. Thus, in this particular case the uncertainty coming from Apmiz = pmiz — 1
must be separately taken into account. A second point that we need to discuss is the
effect of e, v., p and v, mixing in the measured Fermi constant. We can include this
effect simply by replacing G, — G,(1 4+ As) in all the expressions, but in so doing As
will induce an additional theoretical uncertainty. However, we expect this correction to
be quite small since the mixings involved in g—decay should be negligible (As < 107°
according to eq. (4.1.1)). In the forthcoming expressions we will keep trace of both
these effects but, as we will see, they will not affect very much our numerical analysis
since the overall error is largely dominated by the experimental uncertainty.

From the lagrangean (4.2.5), after the replacement ¥ — ¥ and @ — @, we can write

the tree level expressions for the partial widths Z — ff as:

. 3
Fff — \/ipmzz:GZ(Slr'*‘ AS)MZ ('i}? + &f) (435)

Then, from the expression for the effective neutral couplings (4.2.6-4.2.7) and (4.2.14)
we obtain for the partial decay width into b—quarks:

19 3 . 2 30
Ty =Tp" [1+ 13 (Apmiz + As) — 3o (\/ 10 co — \/;sa> - ﬁ(sf){] (4.3.6)
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with, at the tree level
V2G , ME (13 — 4v)

FS~M —
bb 487 3

(4.3.7)

Including the 1-loop electroweak and QCD corrections * we have in the frame of the
SM
oM = 377 . (1 £0.012)MeV (4.3.8)

where the theoretical uncertainty corresponds to the variation of the top mass, Higgs

mass and a,(M%) in the ranges
80 GeV < my < 230 GeV; 25 GeV < My < 1TeV; 0.10 < a5 < 0.14 (4.3.9)

According to our previous discussion we will neglect the effect of As in eq. (4.3.5). To
estimate the uncertainty due to Apn,iz, we use again eq. (4.3.3) with the experimental
value of the W — Z mass ratio averaged over the UA2 [4.15] and CDF [4.16] experiments:
M2, /M2 = 0.775+0.007, and Mz = 91.170 % 0.033 from LEP [4.17]. Neglecting again
As, and subtracting the contribution of an 80 GeV top quark, we obtain at 90% c.l.
Apmiz < 0.007. We note that although the experimental value of p obtained in this way
is slightly less precise than what could be obtained from low energy neutral to charged
current ratio [4.3], this estimation is insensitive to possible Z' exchange diagrams.

To estimate the uncertainty induced in I'y; by the Zo — Z; mixing we have evalu-
ated the values of the corresponding term 52, = 1?’—3{@ (\/ﬁ Coa — \/gsa) in the range
experimentally allowed for © as a function of « that is quoted in ref. [4.3]. We obtain
for this effect —0.174 < 6% < 0.013. Although the bounds obtained in [4.3] ignored the
effects of fermion mixing, we think that they should be reliable since they are derived
from deep inelastic v scattering off nucleons and from e*e™ — p¥ ™ data that involve
only fermions for which mixing effects are expected to be negligible.

In conclusion, our numerical prediction for the partial decay width of the Z boson

into b quarks is the following:

30
T\ = 377 - (1 L .01p H00 H018 -1—3(3;3)2) MeVv (4.3.10)

1 W. Hollik is acknowledged for providing the fortran program WIDTH.
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where the first error comes from SM uncertainties, the second from pmi. and the third
from Zy — Z; mixing. Since the effect of the b — hj mixing tends to decrease the decay
rate, we have to compare the experimental data with the maximum allowed value of
(4.3.10). Moreover, since also the effect of Zg — Z; mixing in this quantity turns out
to be negative for almost all values of a, and the possible positive shift is bound to
be quite small, the inclusion of this effect in our analysis does not change the bounds
from what one would obtain assuming ® = 0. Clearly if any nonzero Zy — Z; mixing
is experimentally found, this will generally result in a better bound on (s§)?.

For what concerns the partial width into 7 and u leptons, it looks convenient to get
rid of the overall multiplicative coefficient in (4.3.5) by defining a quéntity normalized
with the electron width

Tpsg- ﬁf + &%
= - 4.3.11
R Fe+e‘ 733 + a‘g ( )
for which we obtain:
Re = R3M — 2(sP)? + 2(s2)? (4.3.12)

and, neglecting the tiny effect of my, R3M = 1. Clearly the quantity Ry is exactly
one even in the presence of a Z; — Z; mixing, since the lepton couplings to the Z;
boson also obey universality. In fact, the bound on the quantity (s¥)? — (s¥)* can
be effectively thought as a bound on any source of violation of universality, of which
the mixing among fermions that we are considering now is probably one of the most
obvious. In comparing (4.3.12) with the experimental data we will again neglect (s¥)?,

obtaining thus an upper limit on the 7 — E, and p — E, mixing.

4.4-Experimental constraints

We now discuss the experimental data. To obtain the partial width Z — bb the
decay mode b — p has been used in ref. [4.18] (L3), while the ALEPH collaboration
[4.19] uses both b — p and b — e decay modes to tag the b quark. Their results are,
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respectively
Br(b — p) Ty = 41.7 & 2.9(stat) + 3.0(syst) MeV
Br(b — p) [y = 42.6 & 5.0(stat) & 2.1(syst) MeV (4.4.1)
Br(b — €) T'y; = 38.8 & 3.4(stat) + 1.8(syst) MeV
where the second and third results are obtained by multiplying the ALEPH results
for Br(b — £) T'y3/Thaa by the hadronic width averaged over the four LEP exper-
iments T'hay = 1788 & 23 MeV [4.17). Then we take the weighted average of the

three measurements and using the value quoted in [4.19] for the branching ratio:

Br(b — £) = 0.102 % 0.010 we finally obtain
T,; = 399 + 46 MeV (4.4.2)

In this equation the uncertainty in the branching ratios for the decay of the b quark
into e and p leptons dominates the overall error. The ALEPH [4.20] and OPAL [4.21]
collaborations have published data for the Z — ++t7~ and Z — ptp~ partial widths.
The average of their measurements gives

T,+,- =859+4.4MeV
(4.4.3)
T+,- =85.2+£4.2 MeV
Finally, for the partial width into electrons, we use the average of the four LEP exper-
iments [4.20-4.23] :

Tpto- = 81.7+£1.6 MeV (4.4.4)

Tn this average we have assumed that the errors quoted in [4.20-4.23] are uncorrelated.
We have neglected a possible correlation in the uncertainty that arises from the pro-
cedure for subtracting the t—channel Bhabha scattering from the data since this effect
cannot be larger than a relative 2% [4.24], and in R the errors that arise from the 7
and p partial widths largely dominate.

With this figures, the experimental value of our quantities at the 90 % c.l. are

found to be
Ty; =399 (1£ 0.19) MeV;

R, = 1.051 (1 £ 0.09) (4.4.5)

R, =1.043 (1 + 0.09)
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We note that in R, and R, the error is probably overestimated since we expect that the
systematic uncertainty that originates from the measurement of the luminosity should
cancel in this two ratios.

From (4.3.10), (4.3.12) and (4.4.5) we get the following bounds for the b~hy, 7—-E;

and p—~F, mixing angles:

(sf)* < 0.077
(s2)* < 0.025 (4.4.6)
(s5)? <0.024

It is interesting to note that the first two bounds are already comparable with the
maximum values for the mixings that can be derived from eq. (4.1.1) given the present
lower limits on the mass M of exotic particles.

In conclusion, we have analysed the consequences of a mixing among the ordinary
fermions and new heavy exotic ones that are predicted to exist in E¢ models, centering
the attention on quantities relevant for experiments at the Z peak. We have taken into
account several effects that occur in this kind of theories, such as a Zy—Z; mixing that
will induce deviations fr<.)m the SM couplings of the fermions and will also influence
the value of the p parameter. We have compared the results with recent LEP data,

obtaining new and improved bounds on the mixing angles of the 7 and p leptons and

of the b quark.
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