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ABSTRACT

Attempts to understand physics beyond the Standard Model must face many
pbenomenological constraints, from recent Z° data, neutral current measurements,
cosmology and astrophysics, neutrino experiments, tests of lepton- and baryon-
-number conservation and CP violation, and many other ongoing experiments. The
most interesting models are those which are allowed by current data, bu? offer ‘pres
dictions which can soon be experimentally confirmed or refuted. Two classes of such
models are explored in this dissertation. The first, containing an extra U(1)’ gauge
group, has a dark matter candidate which could soon be detected. The second, in-
' corporating supersymmetry with R-parity violation, predicts rare Z° decays at LEP;
some of these models can already be ruled out by LEP data and gluino searches at

the Tevatron.



For my parents,

who did most of the work

i



Acknowledgements
For the doom of Man is that he forgets.
— Merlin the Magician, “Excalibur”
My ‘deepest thanks and admiration go to my advisor, Prof. Lawrence J. Hall,
whose wisdom, insight, and patience made this dissertation possible. He has tried
to teach me to see the physics of a problem, to reach an understanding of the whole
before getting lost in the details, and he has set an example which I will always try
to follow; |
[ also wish to thank the many other physicists who patiently helped me with
“this work, including Mahiko Suzuki, Mike Barnett, Bob Cahn, Bernard Sadoulet,
Riccardo Barbieri, Gian Giudice, apd Jim Freeman. Many of the ideas here stem
from discussions with my friends and colleagues Steve Hsu, Eric Carlson,‘ Josh Bur-
ton, Greg Anderson, Kim Griest, and Fred Kral. Thanks and condolences go to
my dissertétion committee, Lawrence Hall, Mahiko quuki, and Henry Helson, for
reading and commenting on this work in its various stages. Evéryone knows the real
work is done by the secretaries, Betty Moura and Luanne Neumann at L.B.L.; and
Ken Miller, Anne Takizawa, and Donna Sakima on campus.
Thanks of a more personal nature go to Karen Hunold, whose love has given
me strength and serenity through this whole project; to Brother Robert Sullivan,
who introduced me to the joy of physics; and to my parents, who have encouraged

and supported me throughout my academic career.

il



CONTENTS

Dedication . . . . . . . . . ... e e e e e e e e e e '. Coe
Acknowledgements. . . . . . . J e
I. Phenomenology in the Pre-SSC Era .
A. Where Do We Go From Here? ...................
B. Ekperimental Constraints . . . . . . . R
II. U(1) Dark Matter
A.Introduction . . . . . . .. ..o e e e e e
B.U(LY Models . « « v v oo e P

C. Cross-Section Calculations . . . . . « « « v v o v v v

D. Quantum Complications . . . . . . . . . . . . . ... . |

E. Fixed Coupling €. + . « « « v v v o e

F.Conclusions . . . . v . v v v v v v e e

G. Appendix: Formulas for &4, T,, ®,,,and T
III. Flipped SU(5) with Ry Violation

- C. Renormalization Scaling Behavior. . . . . . . . . .. .. .. ...
D. Signatures of Lepton Violation in Rare Z° Decays. . . . . . . . . . .

E. Conclusions . . . . . . . . . . .o

IV. Rare Z° Decays from Rp Violation .
A.Introduction....................; ......
B.Fermion Mass Mixing . . . . . . . . . . .. ... ... .. ...
C. Branching Ratios . . . . . . . R

D. Signatures . . . . . . . ... G e e e

i



E. Conclusions . . . . . . .. .. ... oo BT
F. Appendix: v Mass Limits . . . . . .. .. ... .. ... .. .. 58
V. Ruling Out Large Sneutrino Vevs. . . . . . . ... . . . . . 59
A.Introduction . . . . . . . . . o0 oo e e e e s .. B9
B.Thep=0Model . . . « « v v v v v v i i i i e e e i i .60
C.Mc')deléwithpzo‘.....‘.......'.........‘...63
D.Conclusions.....‘......................64
VI. Summary: Today’s Challenge . PR : 1

"References . . . &« v v ¢ ¢ 4 4 4 e e e e e e e e . . 68

CALVYIN AND HOBBES/ Ll Wansnen

TUATS PLENTY. SY TWE TIME
WE ANDO AN INTROOUCTION,
A FEw ILLUSTRATIONS, NNO
A CONCLUSION, T Whi

Calvin & Hobbes, ©1989 Universal Press Syndicate
Reprinted with permission, all rights reserved.



I. PHENOMENOLOGY IN THE PRE-SSC ERA

'All we’ve got is this moment, the 21st Century’s yesterda'y.
‘ - INXS, “Need You Tonight”

A. WHERE DO WE GO FROM HERE?

The success of the SU‘(BV)C ®SU(2)W®U(1)Y Standard Model in the 1970s and
1980’s provided a welcome understanding of the profusion of “elementary” particles
then known. All experimental data to this day has proven consistent with the
Standard Model, and of the 18 free parameters in the theory (3 éoupling constants,
10 masses, 4 Kobayashi-Maskawa angles, and the Higgs vev), only the masses of the
top and the Higgs have not yet been determined. We need to better understand the
non-perturbative aspects of the ﬁheory, notably low-energy QCD and topological
effects, but this seems largely a matter of developing betterma.thgmar,ical tools. We
need to confirm the existence of the top quark and the Higgs boson, bu£ this seems
just a matter of building a large enough aécelerator (such as the Superconducting
Supercollider). A generation of physicists has grown up with no inexplicable data
to i)onder, no experimental signpost pointing to fundamentally new understanding.

Faced with this situation, physicists have taken several different routes. Some
work on the poorly-understood aspects of the Standard Mcdel mentioned above.
Some are trying to incorporate quantum gravity, presumably at the experimentally
unattainable Planck scale. Some look to the cosmos for unsolved problems, such as
inflation, dark matter, and the solar neutrino dearth, which may point the way to
new physics. Finally, some try to build larger models which encompass the Standard
Model, and which predict new physics just around the corner.

There are esthetic reasons to believe in physics beyond the Standafd Model.

Perhaps the most compelling is the hierarchy problem, the vast gap between the
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weak scale (~ 100GeV) and the Planck scale (or the GUT scale), which seems
to require an extreme ﬁne—tgnir‘xg of the Higgs mass. Technicolor theories avoid
this problem by doing away with fundamental scalars, replacing thefn with fermion
condensates. Supersymmetry (SUSY), on the other hand, provides for cancellation
of scalar and fermion loops above the SUSY-breaking scale, relaxing the need to fine-
tune‘ the Higgs mass. Since SUSY must be broken near the weak scale, one may still
ask why this lies so far below the Planck scalé, but supergravity theories provide
some motivation here. At present there is no complete technicolor model which
agrees with experiment, so many theorists believe supersymmetry must appear at
energies below a TeV. = |
Another reason to expect physics beyond the Standard Médél is the apparent
running of the gauge couplings‘tbwards a single value at very high energies (~
106 GeV), suggesting that a éimple gauge group describes physics above this “grand
unification” (GUT) scale. Embedding the Standard Model gauge group in a simple
GUT group would also explain why hypercharges are discrete. Such discreteness, as
‘manifested in the neutrality of the hydrogen atom and the cancellation of triangle
anomalieé, cannot be elxpla.ined in a model with a U(1) factor. The first, and
simplest, proposed GUT group was SU(5), which gave predictions: for proton decay
and the Weinberg angle which are now experimentally ruled out. It is too often
“overlooked, however, that a supersyrhmetric SU(5) theory correctly predicts the
Weinberg angle, and predicts a slower proton deéay rate which is not ruled out by
experiment.

Cosmology and astrophysics have also provided motivation for physics beyond

the Standard Model. Most compelling in this area is the evidence for non-baryonic
-dark matter. From galactic rotation curves, we know there is far more mass in

galaxies than can be accounted for by luminous stars; at least one-fifth of the mass



needed, in fact, to close the universe (i.e. € > .2). Theoretical prejudice, for
example fronlri inflationary models of the‘eaﬂy universe, would place 2 = 1, but that
is 100 times more mass than we see in luminous stars. Furthermore, the success
of standard nucleosynthesis calculations precludes the possibility that this missing
mass is baryonic, so we are forced to conclude that 99% of the universe consists of
some “dark matter” which is not in the Standard Model!

These reasons to believe in physics beyond the Standurd Model are very non-
specific in their predictions, leaving model-builders tremendous leeway. However,
it is not easy to write down a new model which @ddresseé the above issues, yet
is close enough to the Standard Model at low energies to be consistent with all
known experiments. It is even harder to develop such a model with interes‘ing
and attainable experimental predictions for the near future. .The SSC.will almiost
ceftainly shed some light on the future direction of physics, but we of the Pre-SSC |
Era must make do with the expeﬁmeﬁts we have. |

The next section gives a brief overview of some experimental constraints every
model must face. The following chapters describe two classes of models which are
currently allowed, but make predictions which will soon be verifiable. The first,
containing an extra U(1)" gauge group, has a dark matter candidate which could soon
be detected. The second, incorporating supersymmetry with R-parity violation,
oredicts rare Z° decays at LEP; some of these models can already be ruled out by

LEP data and gluino searches at the Tevatron.

B. EXPERIMENTAL CONSTRAINTS

What follows is necessarily a cursory and incomplete listing of some important
phenomenological constraints (as of April 1990) which any model must respect. Far

more information and references can be found in the Particle Data Book(!.
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1. Z° Mass, Width, and Decays

One exciting recent development in experimental high energy physics is the pro-
duction of ~ 10% Z%s (by the end of 1989) at LEP (CERN), with up to 107 expected
in the near futurve. Combined results from ALEPH, L3, OPAL and DELPHI! for
the Z° mass (909 + .4 GeV) and width (2.534 £ .027 GeV) sightly constrain sin? 8y,
and p, and limit the number of new particles lighter than M,/2. In particular, -
the number Aof light neutrino species, N, = 3.10 + .09, casts strong woubt on the
existence of a fourth generation.

No new particies-have been seen in Z° decays, so any postulated visvible particle
which couples to the Z° (such as a SUSY chargino) must be heavier than 45GeV.
The branching ratios for Z° — e*e~, Z° — utu~, and Z° — e ‘have Conﬁrmed
the principle of universality. A lower limit of 24 GeV has been placed on the Standard
Model Higgs mass(® from non;observation of the decay Z° — hPvi. Searches for
7% — hA and Z° — Z*h, where h and A are the lighiest scalar and pseudoscalar
Higgs fields of supersymmetry, are powerful tests of the Minimal Supersymmetric
Standard Model.

A similar wealth of data on W#* physics should become available when LEP II

begins operation.

2. Neutra! Currents

Measurements of néutral-current cross-sections/®, notably neutrino scattering
from isoscalar nuclei, accurately determine the Weinberg angle, sin?6,, = 0.228 +
.004 and the p parameter, p = 1.001 £ .007. A comparison with the resuits from
the Z° and W= masses and the Z° width puts an upper limit on the top q;xa.rk
mass, m, < 168 GeV. The value for sin? 6 is inconsistent with the standard SU(5)

theory, but agrees with the supersymmetric SU(5) prediction. p a 1 indicates
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that electroweak symmetry breaking occurs predominantly fhrough Higgs doublets.
These results also constrain the mass of a Z’ boson and its mixing 6, with the Z°;
while the constraints are model-dependent, we have réughly My > 129GeV and
104 < 0.20. |

" The GIM mechanism insures that neutral currents are flavor-conserving in the
limit of degenerate quark masses, cor;éctly predicting the rarity of such flavor-
changing neutral current (FCNC) processes as K; — utu~ and K* — n*py. The
strangeness-changing K; — K xﬁass difference is also a calculable GIM violation
which arises from the charm quark mass. Theories of physi¢s beyond the Standard

Model often fail because they predict unacceptable flavor-changing neutral g:urrenfs. :

3. Coémological Constraints

Assuming a big-bang scenario for the early universe, all particle species initially
~ existed in thermal equilibrium number densities. Massleés or light stable particles
(e.g. photons, light neutrinos) would today have a number density ng =~ T3, where
Ty = 2.7K. From this we calculate 2, = 10~® in photons, and if neutrinos had a
mass of 65eV we would find 2, = 1. The equilibrium number density of a heavier
stable particle would decrease rapidly as the univérse cooled below the particle’s
méss, but at some point the particles would fail to annihilate rapidly enough to
maintain thermal equilibrium, and would “freeze out”. A Lee-Weinberg calculation
of the presént mass density then gives roughly Q & (10~° GeV~2)/ (o4v); eg. a
4 GeV neutrino wéuld also give 2, = 1. These two dark matter candidates, an 65eV
neutrino and a 4 GeV neutrino, typify ;‘hot” and “cold” dark matter. Masses in
between are forbidden Ly astrophysical measurements of the deceleration parameter
qo, giving 2 < 2.

~ Standard nucleosynthesis calculations correctly predict the current abundances
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of light elements. These calculations requir‘e the universe to be radiation dornina,ted
in thé‘ MeV era, limit the number of light (< MeV) ﬁa.rticle species, and tightly
constrain the current baryon number density (ng/n., = 3 x 10719). The latter
provides a strong argument, against baryonic dark matter. The source of the baryon
asymmetry is still a myster}", but it is l;nown that baryogenesis requires a non-
eqﬁi.librium CP- and B-violating process. The decay of superheavy GUT particles
provides such a process, but if this decay occurs too early, any asymmetry would be
wii)ed out by inflation.

If a Lee-Weinberg calculation for a hypothetical particle predicts Q ~ 1, it
is tempting to postulate that the ﬁa.rticvle constitutes the galactic halos, so that
its local density (0.3 GeV/cm?®) and velocity (8 = 10~3) are known. Dark matter
detectors then tightly constrain its interaction cross-selction with ordinary huclei;
for dark matter particles of mass 10 GeV to 10 TeV this cross-section must be less
than a picobarn. A fourth-generation Dirac neutrino between 10 GeV and 1.4 TeV
-thus cannot constitute the halo.

Phase transitions which occurred as the universe cooled could strongly influence
the mass distribution t‘oday. A phase transition could be responsible for inflation,
which solves the horizon, ﬂdtness, and monopole problems. Topological defects
which arise ffom post-inflation phase transitions, such as domain walls and GUT—
scale monopoles, generally overclose the universe, but cosmic strings are allowed
and could explain the seeding of galaxies. The effects of the QCD phase transition
(~ 200 MeV) are still not well understood, though it is postulated that quark nuggets
or black holes could be formed in the process.

Recent COBE data shows the microwave background is extremely uniform, and
precisely fits a blackbédy spectrum.’ Particles, hypothetical or known, which would

decay after the photon decoupling must not alter this spectrum. These data also



show that structure (i.e. préto-ga.la.xies and galactic élusters) did not appear until
after the eV-era (Z = 3000), yet large-scale maps of the universe show walls and
bubble-like structures out to hundreds of megaparsecs today, aud quasars which
formed as early as Z = 4.7. The distribution of matter in the universe abpears to
be inconsistent with hot dark matter, and may not agree with cold dark matter,
either. Fermionic hot dark matter (e.g. 65V neutrinos) is also disfavored because
dwarf galaxy halos appear to contain more mass than would be allowed by Fermi
statistics.

Though tI;e microwave background contains most of the electromagnetic en-
ergy density in the universe, diffuse background radiation has been measured over
much of ‘the spectrum. There appears to bé more X-ray background than‘ can be
accounted for from known X-ray sources, providing a fertile ground for particle the-
ory speculation. On the other hand, any model with decaying hypothetical particles
must avoid producing more X-ray and gamma background than is observed.

The completion of the Keck Observatory, and the launch of the Hubble Tele-
scope in April 1990, should vastly improve our knowledge of the large-scale structure

and contents of the universe.

4. Astrophysical Constraints

Models of the sun, which incorporate data from helioseismology, sunspot cycles,
and geological records of solar luminosity, predict a rate of neutrino output which is
several times larger than observed. One explanation is the cooling of the sun’s core
by hypothetical WIMP’s (Weakly Interacting Massive Particles), which are called
cosmions if they also constitute the dark matter. Cosmions are nearly excluded
now by dark matter detector experiments. Proposed new pa:ticles must, of course,

avoid cooling stars too much. Many models with Majorons (the Goldstone bosons of
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broken lepton number) fail because Majorons cool red giants; the solution is usually
to give the Ma jofons a mass. |

Other solutions to the Solar Neutrino Problem provide grist for the theory mill.
An example is the MSW effect, in which neutrinos change species as they pass
through the sun. Detection of lower-energy neutrinos will soon test this idea.

The supernova SN1987A provided data on the neutrino outpﬁt, luminosity
curve, and structure of Type II supernovas. About 10°® neutrinos x 6 species,
of average energy 10 MeV, should have been produced, carrying away most of the
star’s original gravitational energy. The detection of about 10 #,'s at Kamiokande
and IMB confirms this prediction, supporting our models of supernova physics, and
limiting the amount of energy which could have been ca.rmed off by right-handed
neutrinbs and other hypothetical particles. This argument gives a provisional limit
of u, <1073ug on neutrino magnetic moments®, suggesting Dirac masses <2keV.
Arrival time data put limits on the electron neutrino mass, and constrain the de-
cay‘modes of neutrinos. For example, if the decay v, — v,y occurred within the
supernova, the luminosity would have been greater, while if it occurred between the

supernova and here, a cosmic background of such photons would have been detected.

5. Neutrinos

Any non-zero neutrino mass requires physics beyond the Standard Model, ei-
ther a new particle (v°) or lepton-number violation. Neutrino masses are currently
limited to 18 eV (v,, from ﬁritimn decay), 250 keV (v,, from w-décay kinematics),
and 35 MeV (v,, from r-decay kinematics). One experiment at ITEP stubbornly
continues to report a value m(v,) = 25eV. Searches for neutrino-less double-3 decay

constrain the majorana mass of v, to be less than 2 eV,

*The cooling rate for red giants gives a more model-independent limit of By < 10~Ypug.



Much stronger constraints on neutrino masses and lifetimes come from cos-
mology, supernova and red giant physics, pion decay (* — ev,), and gamma ray
background; from these arguments neutrinos above 65eV are excluded under very
general assumptions. Neutrino oscillation searches at nuclear reactors, at accelera-
tors, in the atmosphere, and in the sun constrain mixing angles and mass-squared
differences befween generations. Many ambitious plans have been made for more

sensitive neutrino detectors in the near future.

6. Lepton- and Baryon-Number Conservation

While the Standard Model iﬁcorporates lepton- and baryon-number conserva-
tion automatically, most new theories must impose one or the other by hand (such
as R-parity), or explain why‘ they are so small. Liquid scintillation detectors have
so far failed to observe proton decay (i.e. p — e*y or p — n*D), placing a lower
limit of about 1032y on the proton lifetime. The non-observation of processes such
as p~ — e"yor K — pu*e~ show that lepton number is highly conserved, while
searches for neutron oscillations and nuclear decays show i:ha.t baryon number is
highly conserved.

Note, however, that violation of a single generation of lepton number, i.e. only
electron number, would not permit any of the above processes, so it is not so tightly
constrained. However, in this case the electron neutrino would acquire a Majorana
mass, so neutrino mass limits provide constraints. Forward-backward asymmetries
in ete~ collisions, Bhabha scattering, and muon decay also constrain the violation

of a single family number.

7. CP Violation

In the Standard Model, CP violation arises from a phase § iﬁ the Kobayashi-

Maskawa matrix, and from the fqcp parameter.
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Prediction of CP violation from é requires knowledge of the other Kobayashi-
Maskawa mixing angles, which are found from various decay rates (including B-
mesons), deep inelastic neutrino scattering, and the unitarity condition. CP viola-
tion is seen in kaon decays. € characterizes CP violation in K°— K° mixing [O(G%)],
while ¢ measures CP violation in decay amplitudes [O(GF)]. Measurements of €
and ¢ constrain CP violation arising from new physics; for example, models with
a charged Higgs have CP-violating contributions from diagrams in which W# is re-
placed by h*. Further information on CP violation may come soon from studies of
B -- B mixing and B-meson decays.

" CP violation arises in QCD from an anom‘aly in the U(1), rotation needed
to make the quark mass matrix real, and is characterized by a péraxneter Oqcp-
However, ‘limits on the neutron electric dipole moment (d, < 10~% e — cm) show
that 8qcp < 107° (the “strong CP problem”). One possible explanation is lt‘hat
ﬁu = 0, but this appears to conflict with K and = mass measurements. Anothér
requires two Higgs doublets (as in supersymmetry), with a global Peccei-Quinn
symmetry. SU(3) instantons break the U(1)pq, and drop fqcp to a CP-conserving
minimum. However, the pseudo-Goldstone bosons of broken U(1)pq, called axions,
are disallowed at the ¢lectrowea.k scale by direct searches, ‘and at many other scales
by astrophysical and ;osmological arguments. Negative axion searches now fofce
models of new physics to avoid a PQ symmetry. In supersymmetry, a uH, H, term

(needed for proper electroweak breaking) breaks U(1)pq.

8. QCD and Hadronic Physics

At short distances, perturbative QCD can be studied in deep inelastic scattering
and high-energy hadron collisions to determine Aqcp- Our understanding of bound

systems is poorer, though helped in part by bag models, the chiral Lagrangian
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formalism, and lattice QCD studies. Expériments at the Tevatron (Ferrﬁilab)[4'5]
have placed lower ‘ljmits on the top quark mass (89 GeV), gluino masses (74 GeV),
and squé,rk masses (150 GeV). Since many experiments necessarily involvé QCD.
interactions (particularly at hadron comdem!), a better understanding of QCD would

greatly improve our ability to probe physics beyond‘ the Standard Model.
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II. U(1) DARK MATTER

Twinkle, twinkle, little star, / How I wonder what you are!
. = “The Star” (Jane Taylor)

A. INTRODUCTION

In addition to their Standard Moael interactioﬁs, the known quarks and lep-
tons may‘intergct via gauge boscns sorhewhat heavier than the W* and Z°. Such
- extra gauge bosons can be sought in particle accelerators, e.g. by direct produc-
tion 5t ete” ér hadron colliders, or by measuring deviations from Sta.ﬁda.rd Model
predictions for neutfa.l current and charged current phenoi'nena. In this chapter
we demonstrate that present and future dark matter detectors provide powerful,
indirect probes for a Z'. Furthermore, searches can cover a large mass range,
Mz <Mz <2TeV.

This probe rests on the assumption that the dark matter is a neutral Dirac

fermion 1, which interacts with ordinary matter only through the Z’, with coupling

strength
G = —{-—2- (‘i}%)’z ' (1I.A.1)
A freezeout calculation gives a relic abundance for 1 of approximately
Q, = _._.____(1{:?31‘;)2 -1 (ILA.2)
where
(gav) ~ (G')*m], (my, < Mz) (I11.A.3a)
(oav) ~ (91)*/m},  (my > My) (IL.A.3b)

and ho = . Constraining g{ < v/4~ limits us to the region 1 GeV < m, < 40 TeV.
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This dark matter could be directly seen by germanium®”! (or superconduct-
ing granule®) detectors, which register the nuclear recoil from an elastic collision
between ¢ and a nucleus. The coherent elastic scattering cross-section from 2/

exchange i's:
(G")*m? A?
(1 + 7""‘1.(:/1‘4Ge)2

Oy~ (ILA.4)

where A is the atomic weight and M, is the mass of ‘he nucleus. This is correct
even for m;, > M3, since the momentum transfer is low. Egs. (I1.A.2), (II.A.3a),

and (II.A.4) combine to give:

1.
(1 + mtb/A/IGe)z

Oel ~

(m¢, < MZI) (II.AS&)

Thus, for m, < M3, o, is large and constant when m,, < Mg, then drops as 1 /m?,
at larger values. o increases again (as m32) for m,, > My, so it is possible to get
observable signals over large ranges of m,, and My,. Our calculations show the most

likely regions for observable signals: are:

L. - 10GeV < m, < 100 GeV (my, < Mz)

II. | 400GeV < m;, <40TeV  (m, > My,)

In this introduction we have argued that experiments searching for elastic scat-
tering of dark matter particles may allow for a prbbe of a new U(1)’ gauge interac-
tion. After an overview of some U(1)’ models in Section B, we calcula.te‘ cross-sections
in Section C fgr both Dirac and Majorana fermions. The results for Dirac fermions
(Sections C.1 and C.2) are close to experimental limits. In Sections D and E we
look at additional model-dependent constraints, and our results are summarized in

Section F.
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B. U(1Y MODELS

1. A Prototype U(1)

The choice of a U(1)’ will affect our final result for o4 by a small multiplicative
factor @, generally ir"x the range % <% < % (though ® <« 1 in cases 6f accidental
cancellation of the proton and neutron cha.rges). We choose in tﬁis subsection a .
prototype U(1)/, fof which we take ¢ = 1. |

Consider SO(10) — SU(5) ® U(L)x. The SU(5) is taken to be the usual Georgi-
Glashow model, and we break U(1)x at roughly the TeV scale with a Higgs ¢ (from

a 16). Our.‘prototype U(1)’ is then just U(1)x, whose normalized charge is
SM = /5(B-L - 8Y) (I1.B.1)

In addition to the 15 Standard-Model Wey! spinors (@, U°, D¢, L, and E*), the
16 of SO(10) contains an N° which transforms under SU(5) ® U(1)x as (L, /%) A

term ¢N°N couples N° to an SO(10) singlet N, giving rise to a Dirac fermion

- I . _2

¥ is our dark matter ca.ndidaté, coupling to ordinary matter only through the ex-
change of a TeV-scale Z'. | |

We omit all couplings like LN¢h¢ which would make 1) unstable, by imposing
some discrete symmetry (e.g. N — iN, N°¢ — —iN¢). One can view such an
SO(10)-violating discrete symmetry two ways. The first is to simply accept the

‘low-energy model as it stands, with Yukawa couplings
L=QU°h®+QD°h+ LE°h+ ¢N°N . (IL.B.3)

and with the gauged U(1)x, without worrying about GUT embeddings (or even

supersymmetry). The second is to invoke the Hosotani break‘ng mechanism, in
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which Yukawa couplings do not maintain the expected relatiohs, and may vanish by
a discrete symmetry or for topological reasons.!®! . | |

. Another possibility we will consider, in the absence of the SO(10) singlet N, is
that N° formrs a Majorana fermion. Since Majorana fermions only have axial vector

couplings, they are much harder to detect.

2. Other Popular U(1)’s

Nothing in the calculations of Section C requires unification; however, in order.
to sample some other U(1)" theories, we now consider several models which arise
from Eg unification.

- When Eg breaks down
Eg — SO(10) ® U(1)q — SU(5) ® U(1)x ® U(1)q (ILB.4)

the known particles can be embedded in three different wa&‘s* corresponding to
Geérgi-Glashow[IO], Flipped(!!12], and Doubly-Flipped SU(5)® (see Table 1), and in
each case different symmetry-brea.king mecham"sms can lead to different low-energy
U(i)' éymmetries. Any anomaly-free U(1)' can be characterized as ﬂ(B-L) +AY +
kP, whére P is a variant Qf Peccei-Quinn symmetry. (B-L), Y, and P charges for
particles in the 27 are shown in Table 2.

Georgi-Glashow SU(5), broken by an adjoint Higgs (or the Hosotani mecha-
nism), has two leftover U(1) symmetries; we must choose, one linear combination to
be our U(1)". String phenomenologists have three favorite choices, known variously
in the literature as A, B,CPlor n,x, 1" or Y, Y”, Y'15]. Model B (x, Y") is iden-

tical to our prototype S(!), discussed in the previous subsection. Model C (1, Y,

*In addition to the embeddings of Table 1, one can switch D¢ « B¢, [ — H , and N¢ «— N,
Under this transfcrmation, our symmetries transform as S() «— () §G3)  §3) §(4) , S(6)
S S4) 50 we do not find any new candidate symmetries this way.
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27 — [(10,-1,1) é 3,31 @ (1,-5,i)] ® [(8,-2,-2) @ (5,2,-2)] @ [(1,0,4)]

G-G QU Ec  De L Ne Be,h B, he N
1-Flip: Q,Us,N°c  UeL E¢ B¢ he B,h N
2-Flipp  Q,B°, N De,he ~ N°© Ue, h B,L E°

Table 1: Particle Assignments for the 27 of E,

S | B A k| Q DU L EEN h h B B°N | Norm
B-L | 1 0 0} 3733 -1 11 0072 2 of /¥
yolo 1t ol bt n 0 bt obe| /2
Pl o013 % 2 10 0-1-1"2"% 2|/
SOl 54 0] 1 -3 1-3 15 2-2-2 2 0 Vs
S0 2 512 4 2 4 2 0 -6-4 -4 -610 |1
S@ 110 -6 5| 4 -2 4 -2 410 -2 -8 -8 -2 10 | /L
SOl 0o-2 10 0 2 2-20 0-2 0-2 2| I
S® 12 6 112 2 -4 -4 8 2 -4 2 -4 2 2|,/T
@11 -2 01 0-1 1 0-1 1 1-1 0 0 0 T
SO 13 0 01 -1-1-3 33 00-2 2 0 Vi

Table 2: Charggés for Candidate U(1)’ Symmetries

which we call S@, s populgr because the N° can take a large Majofana mass and
drive the neutrino mass seesaw mechanism; in that case our ¥ would have to consist
of N (if Majorana), or of N and an E,4 Singlet P (if Dirac). Model A (, Y, or
Y1), which we C;Jl S®), is the only one which arises from Hosotani breaking of
Eg directly to the rank-5 group.
| Flipped SU(5) ® U(1)x is broken to the Standard Model with Higgses in the
(10,-1) and (10,1) representations. Dépending on where these Higgses reside in
E, they can leave different U(1)’ symmetries unbroken. If they come from 27 and

27, they leave symmetry S™, while if they come from a 8, they leave S©®). Doubly
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Flipped SU(5) ® U(1)x & U(1)q is broken to the Standard Model by Higgses in
the (10,-1,1) and (10,1, —1) representations (frorﬁ 27 and Z(), which leave yet
another U(1)’ candidate, $©. |

Finally, we consider S'(’) = B-L, which Qomes, for example, from a Pati-Salam
model.l'”] Our seven popular U(1)’s, with their [8, A, k] values, particle charges,

and normalizations, are listed in Table 2.
C. CROSS-SECTION CALCULATIONS

1. A Light Dirac Fermion

In this subsection we predict the germanium scattering cross-section for a Dirac
lfermion with m,, « 1M, This is the most interesting case, since our results are
nearly model-indepenaent and close to experimental limits. 1) must consist of two
Weyl spinors of different U(1)’ charges; otherwise the calculations of Subsection 3

apply. Under our various candidate symmetries, we could take

| N N
D@67 N ) @ CIE) = p (I1.C.1)

where P is some other particle with zero charge under the relevant symmetry.
i interacts with a germanium nucleus via a t-channel Z/ exchange, as in Fig. 1.

The effective Lagrangian is:
£ = V3G (V= Agre) Ce (Vo - Agers)Ge  (I1L.C2)

Here V,, = S, + Sp and A, = S}, — Sg, where S, and Sg, are the U(1)’ charges of
¥y, and Yg respectively. Vc;e is a sum of constituent charges, so it is of order the
atomic weight A = 72.6. Ag. (the “Gamow-Teller strength”) is a sum of spins, so it
is of order the nuclear spin, which is only non-zero for Ge with natural abundance

of 7.8%. Thus we can ignore Ag, in our calculations.
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Figure 1: Interaction with Germanium

The Standard-Model neutrino interaction (via the Z°) can be recovered from

(I1.C.2) by:
$p—=v, (‘=G Sp=13% Sp=0, Vg =(}-2sin0y)Z-IN (I1.C3)
while in our prototype U(1)’ model we have:

=S(N) =%, Sgp=-S(N)=0, vGe \/72+\/_N-716 (I1.C.4)

In the non-relauvistic limit, o, is(*8):
) . . ‘

where J\IGC‘-— 68 GeV.

A Lee-Weinberg analysis!'® gives the relic abundance of 1 particles from their
annihilation cross-section o,. We assume no particle-antiparticle asymmetry for
1.12% Define

45
zZ= 4m3g mwMP(aAv) (aAv> =a+ bXF, Xp = Tp/f‘l‘l,,J (H.C.ﬁ)

where ¢* is the effective number of relativistic particle degrees of freedom at the

freezeout tempera.ture‘ Tr. Above .2GeV, g* approximately obeys!?!]

9" (Tr) = 90 — \/(225GeV) /Ty (I1.C.7)
We set
InZ 1
Q,= (7) ( T3 75) Tl,m,,,/p0 =1 (11.C.8)
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The numerical factors in the second term arise from a depletion in g*, and a con-
sequent rise in temperature, associated with the QCD phase transition and the
electron freezeout. This gives‘ |

| : ‘ 25 90 /InZ
a+ 30 Xp = (9.28 x 10 GeV ) (th) ‘/g‘ ( N ) (I1.C.9)

 Uncertainty in the r ormalized Hubble parameter hy allows 0.16 < QhY < 1. (If we
only require %’s to constitute the halo, then 0.016 < QA2 < 0.1) The value A2 = 1
is preferred §n theoretical grounds tc close the universe and give it a sufficient age
for stellar evolution. |

The annihilation diagram of Fig, 2 in the non-relativistic limit(18:22 gives

(040) = %(G’mwv‘b)’[l +2R X7 (S, 57) (11.C.10)
where
- VE+ A2
R= S (ILC.11)

R = 1in all the models we are considering, and in any case since Xp = (In Z)~! ~
0.04, R is unimportant here. The last term in (II.C.10) is 2 sum of U(1)’ charges over
all kinematiéally allowed final states, three generations of Standard-Model particles

except possibly the top quark. In our prototype model, for m, > m,, we have

(£, 57) =4125.

Figure 2: Annihilation Diagram
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We put (11.C.10) into (II.C.9), to find that (G'md,V,p) is a constant:

7.0 % 10-19GeV~2 / 25 ' 90 /InZ 1.04
/ 2 _ Y . :
Gyt = =) <9h8> Vo ( 20 ) <1+RXF) (11C.12)

Hereafter we will drop the last term, since it differs negligibly from 1. But now

(II.C.5)‘gives our final result for the germanium cross-section:

T, | M, 2725\ [0 /mzZ\ [/ A\
— -10 5 —S = = == —_—
Oq = (215 x 10 barn )¢d <mw+MGe> (Qh%) g. ( 24 ) (72.6>
- : ‘ (I1.C.13)
®, is a numerical factor which depends on the U(1)’ symmetry, and on whether m,

lies above or below the top mass; it is normalized to unity for our prototype S in

the region m, > m,:

(Vee/A)?
®, = 4.24 9L (11.C.14)
T ()

Values of @, for our candidate symmetries appear in Table 3 (for other U(1)'s see

the Appendix).

S ak.a, g™ @Pmd |, PYCIY I B
S B, x, Y” 1.0378 1.0000 | 1.0000 | 1.0378 1.0000 11.0000
) cI,Y’ 0.1228 0,1146 | 0.0964 | 4.4198 4.1250 2.3151

SG | A, n,Y" Yg 0.8362 0.6875 | 0.6547 | 0.3716 0.3056 0.2528
§@ | 1-Flip, 27,27 0.5858 0.4882 | 0.5696 | 0.0000 0.0000 0.0000

5 1-Flip, 78 0.6590 0.5858 | 0.7459 | 1.3751 1.2222 | 11.3403
5 2-Flip 0.0034 0.0029 | 0.0034 | 2.2918 1.9643 5.5061
sM B-L | 1.3744 1.3038 | 1.4668 | 0.0000 0.0000 [ 0.0000

Table 3: Multiplicative Factors for Candidate U(1)’ Symmetries

Note our result (II.C.13) depends only on m, (and the U(1)’ factor &,), not
on My, gi, or even V. A plot of o4 vs. m,, appears in Fig. 3, for symmetry S(!) |
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and various values of Q2h3. A discontinuity appears at our postulated top quark
mass of 100 GeV; we have chosen not to smooth this out so as to show the effect
is small. The experimental limits shown are from a germaniura detector(®, under
the assu‘mpfion that ¢’s have the galactic ha.lo‘density and velocity distribution.
In Fig. 4 we have fixed Qh} = 1, and plctted ‘o'dy for the seven candidate U(1)

symmetries listed in Table 2.

o0q Vs m,: Dirac, U(1) = s, Various‘ Qhoz‘

-a L) LERBLE ] T
10 AN
-- ' (kcludc.d) :
- hvwirn \
) -~
10™ 10 ‘
10"‘ 1 1

Tq (b )

10712 -1 _ _ onl = 018
- == flhg = 0.1
10=13 p=|w—— b} = .16
——— (hg = 1.0

10—1‘ ‘Illlll! A 2 L1111|l
10 100 1000

m, (GeV)

Figure 3: o4 vs. m: Dirac, SO, Varicus Qh?

For my &« 1Mj, 04 is independent of My, ¢f, and V.

Eq. (II.C.12) can be re-written, using prototype values for V|, and (2_, S}),

as:
(g1)’my -5 -1y, [228
N7 (9.3 x 107° GeV~') an2 (I1.C.15)

To keep our U(1)’ in the perturbative regime, we take g; < v/4r. For a given My,

this places a lower limit on m,; for example, if Mz = 350 GeV then m,, > 1 G:V.

N
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Oa Vs my: Dirac, QhZ =Y, Various U(1)'s

10-8 [ | A 3
10-9 -
10-10 ~
10-11
~ 3
e -
3 10712 o= "
L T < S,
a3 D07 N
10 D
........ S(S) N\ N ‘ :
10—14 n llllll PR S LJIAI! | A ‘|‘~jlllll —_—
10 100 1000
m, (GQV)

Figure 4: o, vs. my: Dirac, Qh3 = 1, Various U(1)'s

o depends on the U(1)'only through &,, from Table 3.

2. A Heavy Dirac Fermioun

Heavier dark matter candidates, with m¢ > %Mz,, requir= modification of the
above calculations, resulting in a germanium cross-section which now depends on
M3z and V. Eq. (11.C.10) is modified by the pole factor(1®l;

Mj3,

Py = (4m2 = MZ,)? + T2, M2,

(IL.C.16)

For m,, > M3 a new annihilation channel opens, Y — 2’2/, from Fig. 5.* In the
non-relativistic limit, this contribution is(*)

R? (g\V,)* [mw(ma—M;)w]

(OaV) 1z = 64 mi, (m‘zb _ %M’,)Q

(I1.C.17)

where R was defined in (I.C.11). Note the last term goes to unity for my, > Mj,.

*We assumé the U(1)’ Higgs is sufficiently massive to avoid ¥y — ¢¢.
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Figure 5: Y — 2’z

We combine egs. (I1.C.10), (I1.C.16), and (II.C.17) to get the total annihilation

cross-section (o,v), then put this in (I1.C.9) to get

729 x 10°°GeV=? (m,\* .25\ [0 /InZ\ |
’ 2 Y — —
(G'my V)" = fa(my) (Mz') (th) g° ( 24 ) (IL.C.18)

‘where

iy 2 8 (5 57) Q4 RXE) | RVE mymd = 37
STT (4m? - MZ,)? + TL, M3, 8  (m?-1iMz2)2

(I1.C.19)

The last term of (I1.C.19) vanishes for my, < M. Note f;(m, > M) — 0.346
(for S™)), and (I1.C.18) reduces to

m,, = (3. x 10° GeV)(g})? ~ (I11.C.20)

The requirement g} < /4~ restricts m, < 40TeV.
We combine egs. (11.C.18) and (I1.C.5) to get o

2 2 |
o, = (1.24 x 107! barns) (E:') (1;:'\/) U; T, ﬁ"((:;)) (n.c.21)

where U, consists of some factors of unity,

2 4
= v 25 [Nz (A -
Ua= (m,,,+MG,) (th) e ( 24 ) (72.6) \ (I.c.22)

T, is a factor which depends on the U(1)’ symmetry, normalized to unity for S,

and listed for other symmetries in Table 3,

(VGe/A)2

T, =0.356
¢ fa(o0)

(11.C.23)
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Thus, the 1ast three terms of (II.C.21“) are approximately unity for m,, > M.
Note that we do not include the coherence loss factor nc'?, since the experi-
mental limits we quotel®! have already accounted for it. | |
04 from (I1.C.21) is plotted against mw for various values of M in Flg 6. We
‘have used the prototype symmetry s, and taken QhZ = 1.

0q Vs my: Dirac, S, ang = Y,, Various My

n”‘f“" LA ) vvrrvvl v rryry ﬁvmv'l T
10~6 = \\ Mg = 200 , O 'ﬁ
L LN\ - u‘- = 380 ' o
10~7 =N Mg = 500 N .
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108 |- - == Mgy =2000 | =
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o /‘ o" ’
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i v i ’ 1
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- . K Id Id
10 10 :"' ) -\.. '/ o gt 7/ b
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10! 102 103 104

Figure 6: o4 vs. my: Dirac, S, QA3 = 1, Various M,

In this range o, depends on M.

3. A Light Majorana Fermion

'Suppose our prototype model does not contain an N; then in place of eq. (I1.B.2)

o B
Y = ( ) (11.C.24)
Ne |
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Then [see (I1.C.2)] V,, =0, Ay = 2Sy..* In fact, the calculations of this subsection
are valid for any fermion with no vector coupling, siich as a ¥ of the form (II.B.2)
under symmetries S® or S,

The germanium cross-section is greatly reduced. Eq. (I1.C.5) is replaced by[*®! -

6 My, \? \
| We take |
A2, = (.078)(.37) (Sg + Spe)?  (ILC.26)

where the first numerical term is the relative abundance of "*Ge, and the second is
from Table III of Goodman and Wittenl??), Note the axial véctor strength does not
scale as the atomic weight. Thus the Majorana cross-sect;ion is over five orders of
magnitude smaller than the Dirac case.

Th1e annihilation cross-section [compare to (11.C.10)] is{*®]
(0,40) - 2 (G'myA,)x (,53) (IL.C.27)
A - m vy F F<f ‘ e
Combining this with egs. (I1.C.9) and (I1.C.25) gives o, [compare to (I1.C.13)]:
- M, 2725\ [90 (InZ\?
— -~14 Ge it Biieliond!
o, = (1.8 x 107" barns) ®,, <m¢ +MGe) (th> \/g‘ ( 51 ) (I1.C.28)

| (Sg + Spe)?
¢, =413 —/—-—
(=53)

‘Again, @, is normalized to unity for (), and listed for other symmetries in Table

(11.C.29)

3. Eq. (I1.C.28) is plotted for our prototype symmetry, with various values of A2,

in Fig. 7. Fig. 8 shows o for our various U(1)’ symmetries, with QhZ = 1 fixed.

*This factor of 2 replaces in a natural way the factor of 4 often put by hand into the cross-sections,
e.g. in Griest and Sadoulet’s Appendix A (ref. [18]).
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O, VS my: Majorana, U(1)' = s, Various 0Ohe
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Figure 7: o4 vs. m;,: Majorana, §®, Various QA3

These o, ’s are experimentally inaccessible.

4. A Heavy Majorana Fermion

If ¢ is Majorana and m,, > 1M, the annihilation cross-section is23]

(040) = %(G’mwAw)’ (Miy x

my _

J1.C.30
(Z, f> Xpm;, .\ AL my(m3 — M3,)32 ( )

(4m? - M%)2+T%, M2, 32 (m3, - 1M§,)2 ‘ '

Then egs. (I1.C.9) and (I1.C.25) give [compare to (II.C.21)]
2 2
- 1 TeV Jm(o0)
oy = (8.8 x 10~17 barns ('—”—“’-) (—-——) U, T,, 1m0 11.C.31
el ( ) MZ' MZ’ f (mw) ( )

~ Now f,,(m,) is

1 (Z%) Xermd ¢ Ay mulme - MEPR o
2(4m3,-—M2:)2+F2,A4%, 32 (mw le/) ( e )

fm(m\b)
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O, VS my: Majorana, Qhl = Y., Various U(1)'s
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Figure 8: o, vs. m,: Majorana, k3 = }, Various U(1)'s

o, depends on Qm., from Table 3.

(again the last term vanishes for m,, < Mj/), and U,, consists of some factors of

2 ‘ 2
my 25\ [90 (InZ\ [ A
<m¢'+MGe) (ﬂhI‘S) g° ( 24 ) (72.6) (I1.C.33)

Y, is a factor which dependé on the U(1)’ symmetry, normalized to unity for S,

unity,

i

U

and listed for other symmetries in Table 3,

»

e 2
T, =0.833 M

Jm(o0)

The last three terms of (II.C.31) are approximately unity for my > My.

(I1.C.34)

0y from (I1.C.31) is plotted against m,, for various values of My, in Fig. 9. We
have used the prototype symmetry SM, and taken Qhr} = 1.
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Oq VS my: Majorana, s, th =Y. Various My
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Figure 9:

Wavefunction and mass mixing between the Z and the Z’ have been studied
extensively in the literature,[®16.2%] especially for our first three candidate symme-
tries [note, however, that mixing does not occur in all models, e.g. S, pure B-L].
Wavefunction mixing, from Fig. 10(a), changes the current to which the Z’ couples,
slightly altering the ® and T values given in Table 3. Mass mixing, from Fig. 10(b),
introduces a small coupling of ¥ to the 91 GeV gauge boson mass eigenstate. Mea-

surements of Standard Model parameters (such as p = 1) place limits on the Z’ mass
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oy vs. m,: Majorana, S0, QR3 = i, Various M,

D. QUANTUM COMPLICATIONS

and the mixing angle.

Before wavefunction renormalization, let the field Ay couples to Jy (hyper-

charge current) and the field Ay couples to Jy. Mixing will cause Ay to couple to
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Figure 10: a) Wavefunction Mixing, b) Mass Mixing
| (H, is the doublet Higgs) |

Jy + eJx and Ay to couple to Jy + eJy, where ¢ = 1_2??7 ln(MG;/MzJ ~ 1/20. The
Standard Meodel B field, which couples to Jy only, must then be:

B = Ay — €Ay (I1.D.1)

and the orthogonal combination, the Z/, couples to J x + 2¢Jy. This changes the
ratios A/B and \/k by 0(26) for the candidate symmetries we listed in Table 2.

Mass mixing of the Z and Z’ is usually studied under the GUT assumﬁtion

ro é ¢ |
h=6= \/—; cos Oy —- 0.46 (I1.D.2)

which is true if g = g, at the GUT scale and none of the particles in the 27
are heavy. Under these assumptions, and leaving the mixing angle unconstrained,
neutral current data and measurements of the Z and W masses (giving p ~ 1) piace
lower limits on M. We quote the 90%lconﬁdence level limits from Costa et al.?),

using only the constraint p = 1, for our first three candidate symmetries:
Mz >352GeV (), Mz >180GeV (5@), My >129GeV (§@) (I1.D.3)
From the same source, we find limits on the mass mixing angle 6, (in radians),
8mix| < 0.05(SM), 6] < 0.05(S@), | |Oemix | < 0.20 (S@) (11.D.4)

As pointed out by Engqvist et al.l*%], even these small angles can significantly increase

(0 4v) when m, = M,/2, from the Z° resonance. This translates for us into a dip
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in our plots of o, near my, = 45GeV. In Fig. 11 we show how Fig. 6 is modified for

en.dx = 0¢03¢

oq VS my: Dirac, s, Nh¢ = ‘/4, Omix = +.03
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Figure 11: Fig. 6 Modified for 6, = 0.03

E. FIXED COUPLING g

In Section C.2 we plotted o of a Dirac fermion for several fixed values of -
Mz.. Now we will ﬁx the coupling g;, and let M, adjust to‘satisfy eq. (II.C.18).
In particular, we wiﬂ pay homage to the GUT’s by taking g} = 0.46, as well as
exploring a range around that value. We can also use the M limits of eq. (I1.D.3),
along with eq. (II.C.iS), to put lower limits on m,[#;

my > 55GeV (SM), m, >20GeV (@), m,, > 13GeV (§@) (ILE.1)

where each value should be multiplied by 1/.25/Qh2.
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At fixed g7 and My, eq. (II. C 18) has two solulions for m,, one below 1My,
and one above. So as we let M, vary, we get two branches (the “low” and “high”
branches) in our plot of o vs. m,, Fig. 12. The low branch looks similar to Fig. 4
[but with eq. (II.E.l) imposed), since o, is nearly independent of M, for m, <« M.
The nearly vertical nature of the high branch can be understood from eq. (II.C.20),
. which shows that for low Z’ masses, m,, = 650 GeV, while from (I1.C.21) we know

oq ~ 1/M3,. Lower limits un My in this case translate to upper limits on 0.

Tq VS My Dirac, U(1)'=S™, an2 =Y, Various g’

N

(Excluded)

L

10-8 —

1079 -
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Senerhendanduled

10 J 100
m, (GeV)

10-14 deadend

Figure 12: o4 vs. my: Dirac, S, Qh} = 1, Various g

GU'T’s which £x gjrestrict o4 and m, to these 2 branches.
In Fig. 13 we have superimposed the GUT-constrained cross-sections (g} =

0.46) from all seven of our candidate symmetries. We have arbitrarily taken M, >
180 GeV for symmetries 4-7.
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T4 VS m,:' Dirac, g,'=g,, th& = '/4. Various U(1)'s
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Figure 13: o, vs. m,: Dirac, ¢ = g, = 0.46, k3 = 1, Various U(1)’s,

from GUT'’s with no intermediate mass scale.

F. CONCLUSIONS

As long as m, &« M, we can predict o vs. my lor a dark-matter U(1)"-

~ coupled Dirac fermion, without knowing any details about the Z’ mass, the coupling.
91, or even the fermion charge Vy- Uncertainty in the Hubble parameter and in the
form of the lqw-energy U(1)’ introduce smali uncertainties in 0. In this regimé,
the predicted germanium cross-section is Elose to experimental limits for 10 GeV <

my < 100GeV. Predicted cross-sections for Majorana fermions are much lower.

Another window of experimental detection opens for my, > 1M, anywhere in

the range 400 GeV < m,, < 40 TeV, but now the predicted cross-section depends on

M3z (or, equivalently, on g{). In Fig. 6 we chose to fix M3, while in Figs. 12 and
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13 we ﬁed g; to be the value predicted by cert?in GUT’s. In the latter case, loWer
limits on M3 @ra.nslate to lower linlnits‘ on m,, and upper limits on 0.

Under the fairly general assumptions that the dark matter is a U(1)’-coupled
fermion, with no pa,rticle-antipa.rtiicle_ asymmetry, and with the local denéity and
velocity distribution of the galactic; halo, we have shown that dark matter detectors

can powerfully probe the U(1)/ sec;tor.

' |
G. APPENDIX: FORMULAS FOR &,, T,, ®,,, AND T,,
Egs. (I1.C.14), (11.0.23), (I1.C.29), and (I1.C.34) can be calculated for any U(1)’
symmetry from its 3, A, and « valﬂJes using
(S53) (my <my) = £67+ 123 + €3 4 952~ g~ L

(,5%) (my > m,) = 136° + 10X + 165 + 168 — 160x —8An

(I1.G.1)
Vae/A =28 + 94\ — & |
So+Spe = 1A+ x
The terms V,, and A,, depend on }the form of ¢ [see eq. (I1.C.1)},

N | N
'w: NC :V¢=,3—-2K:, tp: P :Vw="'2'€

Ne | & | (I1.G.2)
Y = Ne ;A¢=2ﬂ, Y= N :A,‘b=4l¢,
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III. FLIPPED SU(5) WITH R, VIOLATION

There are more things in heaven and earth, Horatio, than are
dreamt of in your philosophy. ) )
: : - “Hamlet” (W. Shakespeare)

¥ " A. INTRODUCTION AND MOTIVATION

1t is often sa.id‘that the most important experimental signature of supersyﬁx-
metry is missihg energy. In fact, this signatui'e only occurs in those supersymmetric
models which- are also Rp invariant and have a neutral lightest superpartner (LSP).
It has recently been stressed that it is worthwhile searching for supefsyrhfnetric sig-
natures in models without Rp in\.za.i'ia.nce[m; such signatures are exotic and typicaﬂly
easily identified?™-34], It is trivial to write down Rp-violating SU(3) ® SU(2) ®U(1)
models, even with the minimal field content of Q, U°, D, L, E°, h and h. The
“AL # 07 modei contains LLE¢, QLD®, and uLh, while ‘the “AB # 0" model
contains U°D°D° in the superpotential. At the SU(3) ® SU(2) ® U(1) level there is
little reason to choose the usual Rp invariant model (conserving both B and L) ov'ef
models which violatg-. either B' or L. In each model the effective theory at the TeV
scale contains a global U(1) symmetry (Rp, B, or L). Clearly, experimental searches
should be made for all three. Hdwever, this leaves open an important theoretical
question: which version is most likely to be the remnant of symmetry breaking at a
higher energy scale?

The very simplest unified schemes do tend to give the standard Rp conserving‘
model. For example, Rp can resplt in SO(10) models from the requirement that
all interactions have an even number of spinor representations. In SU(5) theories,
LLE®, QLD¢, and ‘U ¢D°D¢ all come from the same operator, which must therefdre
be absent to avoid proton decay (see Fig. 14). On the other hand, there is absolutely

no reason that these‘simplest of all GUT's are the ones chosen by nature. We find it
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interesting that only mild additions are required to obtain an Rpviolating low-energy
‘theory. Even in SU(5), lepton number ;riolation can occur at the renormalizable level
in the low energy effective theory!®), This is because Higgs and lépton doublets
have the same gauge quantum numbers and can have mass mixing. This case is
particularly interesting because the flavor dependence of the lepton number violation
is highly constrained. Another unusual possibility is thaﬁ the extra low-energy global
symrnétry is a djscfete Zy symmetry (N > 2), as might arise from compactification
in s;Jperstrifng: inspired modelsi®!, In this case the L or B violation which causes

LSP decay occurs via higher dimension operators.

u“ ,
,‘ — >._..,..-§:--o
p _— d° ..‘0 U (..)
u / Y
- “WAnn

Figure 14: Proton decay from U°D°D¢ and QLD*

In this chapter we consider a new way of obtaining the Rpviolating “AL ## 0"
model. Our model is based on the Flipped SU(5) ® U(1) gauge group!11? (SU(5)
for short), where electric charge is embedded partly in each simple factof. Unlike
conventional SU(5)[1%), this group allows simple operators which yield LLE*®, without
giving U°D°D¢. In subsequent sections we describe the model and its experimental
consequences in some detail. Certainly the model is not perfect: it loses the two
good predictions of conventional SU(5), namely sin? 8,,[*! and m,/m_B87; i.t is not
even a true GUT in that the group is not semi-simple. Nevertheless, we find some
elegant and unusual features, together with some constrained predictions, which we

list here:
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e This model has the fewest superfields of any supersymmetric SU(5) model
kriown to us, all in low-dimension representations (5’s and 10's).

e Decuplets (10, 10) of SU(5) break SU(5) ® U(1) to SU(3) ® SU(2) ® U(1) and
leave light Higgs éloublets in a very elegant missing ‘pa,rtners mechanism(12:38],

e The grand unified scale is generated dynamically by renormalization groﬁp
scaling of supersymmetry breaking scalar masses. |

e The Higgs mixing term mhh, with m at the weak scale, is generated by the |
same symmetry that suppresses low-energy B violation.

e The incorrect mass relation of conventional SU(5), my/m, = me/m“‘, is absent.

e The charged lepton masses do not arise from Yukawa couplings of the unified
thépfy. The y and T masses arise from the same higher-dimension operators
which are responsiblé for the L violation, which is therefore highly constrained.

¢ The electron mass occurs at even higher dimension and is consequently small.

e A seesaw mechanism makes neutrinos light, with i/, a candidate for dark matter.

® Thé electron neutrino has a Majorana mass close to its present limit from
neutrinoless double beta decay.

® 7° — e~u*e*u~, where each (e, y) pair has invariant mass equal to m(2,),
occurs with a large branching ratio if m;, < M;/2. If sneutrinos are heavier,

Z° — e~r*etr~ is the dominant signal, but is too rare to be seen at LEP.

To avoid processes like 4 — ey and K — pe, we cannot allow strong violation of
several lepton family numbers!?”). Of the nine terms 3CYkL,L.Eg (by antisymmetry
of the generation indices i and j), each of which violates exactly one or three‘fa.mily
numbers, our theory must allow only those that violate a single family number. Our
model primarily violates electron number. The strictest limits on our coefficients

C#2 and C®' then come from the electron neutrino Majorana mass.

W
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B. A SU(5) MODEL WITH ELECTRON-NUMBER VIOLATION

Our model employs a discrete symmetry called np (replacing Rp or the H —
—H symmetry of [12]), which has been chosen to allow the operator which contains

LLE* but forbid B violation. Our left-handed chiral superfields have the following
SU(5) structure, U(1) charge, and np charge:*
'Fi=(l.Qa1a—1)1 ﬁ=(59_3’1), E::= (1»57"'1)7

H=(0,1,3), H=(10,-1,4), h=(5,-2-2), h=(5,24)

(II1.B.1)
Here 1, j, k are generation indices (1 to 3). The matter multiplets contain:
| (0 & —di dow)  (uf |
0 d dy u, | ug
F= 0 dy ug f=1u (II1.B.2)

0 v

\ 0/ _ \e.)

H and H take GUT-scale vev's (H,) = (H,s) = V (we will explore the dy-

namicaJ generation of the GUT scale irlxl Section III), while the remaining fields in H
and H acquire GUT-scale masses from the missing partners mechanism!(!2:3] (aloﬁg
with the triplet parts of h and k) and the Super-Higgs effect. The doublet parts of
h and h are the low-energy Higgses, taking ve\)’s in the hg and hg directions; these
become the isospin +3 piece of the h doublet (hypercharge —3) and the isospin —1
piece of the h doublet (hypercharge +31).

Under np, 8 — 10 and superfields transform as >/ so for a superpotential

term to be invariant the sum of the np charges must equal 4 (mod 8). To zeroth

*The np charges are just one of a family of equivalent assignments, differing by a multiple of the
U(1) charge: F(z —1), f(=3z +1), ES(5z — 1), H(z + 3), H(~z + 4), h(-2z — 2), h(2z + 4),
all mod(8).

(J4]
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order in 1/Mp our superpotential is simply:

WO = N FFh+ M F.f;h+ \HHh + N\ HHR (I11.B.3)
This generates down quark masses, up quark ma.s'ses, and the missing partners
" mechanism.
The leptoﬁ-number violating term arises at first order in € = (Mg/Mp) (where

Mg is the GUT scale):
W =\ Mz 'HffE® — 10 L, L. E¢ (IIL.B.4)

as H takes its vev, so we expect C* < e. In formulating ﬁp, we saw imxhediately
that no symmetry could allow dov;fn masses (F'Fh), charged lepton masses (hfE°),
and the L-violating term of (I11.B.4) (Hf fEc), without also allowing the B- and
L-violating term HFF f. We could have chosen to retain hAfE° but not H ffE°,
violating L ‘through aterm (HH)"Hfh — uLh. Then a rotafion of L and A would
generate 1C* LLE° with C313 énd/or 323 domvina.nt;, as in Hall and Suz‘uki’s SU(5)

model(33],

Instead, we chose (by our choice of np) to disallow the A fE° term and
generate lepton masses (for 4 and 7 only!) from H ffE*, by the rotation of L, and
h.

This rotation is due to the superpotential terms

W@ = \gMz8(HHY Hfh + Ao Mp" (HH)®hA
| (I11.B.5)
— u'L;h + mhh (4 =eEAgMp, m =2\ Mp)

The combination of fields which couples to h will be the one we call the low-energy
Higgs; this coupling is responsible for breaking PQ-symmetry and a!lowihg both
Higgses to take vev’st®), so that our theory correctly breaks SU(2), ® U(1)y —
U(1)gm. Let us first rotate the L; ‘(whjch are still degeneraté, being massless) so

that the linear combination of these which couples to h is now called L,, then rotate
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this L, with h such that the linear combination which couples with % is now called
h': | |

The rotation angle is given by “sl /¢y = u/m.

The lepton mass matfix is now generated {rom equation (III.B.4):
WO s G LR ES 4+ ¢, O LI LY ES + OB L LLES ~ (1B.7)

Since C'/* is antisymmetric in (¢, j), the first term gives masses to the muon and tau
~only, smaller than the quark masses by O(e), while the electron remains massless.

A term

WO = A\ Mz (HA)?FEh (I11.B.8)
gives a small electron mass of ¢*(h'); we will find from My, /Mp that € = .04 in
our model, so m, &~ MeV. The electron is light because it is the combination of L;

that rotated with h! The second and third terms of W violate lepton number as

desired. The rotation also affects the down quark mass term,
A Q:hDS — ¢, AV Q' DS — s, QL1 DS (I11.B.9)

The second term is electron-number violating, diagonal in the quark flavors and

dominated by the third quark géneration: D3BQ,L, D5. From (I11.B.7) and (I11.B.9)

“we see:
o212 amy oMo cm, ’
s;(h') | s;(h")
DM = —slmd_’ D2 = —s,m,, 1B_ T5HM B.
o (R a7 am) (111.8.10)

With the diagonalization of the lepton and quark mass matrices, all other lepton-
number violating coefficients vanish except for the three terms C?3, which must be

taken small by fiat. Our theory violates only electron number.
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The electron neutrino Majorana mass diagrams of Fig. 15 constrain the rotation
angle. Too much rotation (4 3> m) makes D' large and Figure 15a dominates,

with

aM
my(v,) = 1“6’7‘; (—‘-) ZZf) 3’: <2eV (I11.B.11a)

- where the limit is obtained from neutrinoless double-beta decay experiments. Too

little rotation (4 < m) makes O large and Figure 15b dominates, with

| A, [c,\*miM o
mM(ue) = 167 ('s—:) -<-}7>—-§-/'22 < 2eV ‘ | _(IH.B.llb)

'Reconciling (111.B.11a) and (II1.B.11b) forces us to make the rotation angle about
20° and the A parameters (renonﬁalized down to Mj/;) small, about 1 / 10. Small
values for the A’s are plausible from f.he renormalization equations if A ~ ‘-—4M0
at the Planck scale; equation .(A.11) of reference [39] predicts Ap A (M) = A4+
4Mo‘ (another possibility is to take A, and A, of opposite sign, so (III.B.11a) and
(II1.B.11b) tend to cancel). Withl®) | |

My =1TeV, (h) 130 GeV, m}, = 7.6 M3, m3 =15M2,  (lIL.B.12)

we calculate a barely acceptable mass for A ~ .1 and 5, ~ .38. This allows us to

predict (in the sense that the given values require the least ﬁne.tumng of A) the
Cii%'s and D'/*'s from (I11.B.10).

\ / \

| ) ’ L)
\“ "0 g“
be 1 V. Ve ! L 4 |. Ve
H H H

——uﬂ-b)(fﬁt—-—ctq)eix—

Figure 15: Radiative Corrections to Electron Neutrino Mass
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To achieve this rotation angle, we must make Ag/Ac = 2 x 10~*. Then to get
the weak scale right in equation (III.B.5) (with A; &= O(1)), we find € = .04.

The neutrino seesaw mechanism is driven by the term

W@ = \GMpS(HH)(FH)? (I11.B.13)
v° gets a Majorana mass of order eMp =~ 4 x 10'° GeV; then the A, term couples

V¢ to v, giving v a seesaw mass:

mi - -6 | |
m, = m = 3x107°%eV (e),, JdeV (p), 100 eV (T) | (III.B.14)

with m, = 70 GeV. The v, is cosmologically stable and is a constituent of the dark
matter. |

Undesirable superpotential terms are neatly suppressed by np:

W = Ao Mz (HH) HFFf + A Mz (HH) FH + A\yMz5(HH)*  (I1L.B.15)

The first violates B and L, while the second and third threaten the flatness of
the H = H = V direction. Actually, we need A\ < 10~ to avoid this pitfall.

Other highly-suppressed or unirhportant terms are collected for completeness’s sake
in W),
WO = Mz*(HH)ARR] + Mz*(HAYHHF f + Mz®(HH)*HFh -
L+ ME(HAYPAAARE + MzP(HAYPHHH] (1510
We do not have exact mass relation predictions, but up to Yukawa couplings

we expect:

m(u)/m(c) = m(r)/m(t) = € = .04 (experimentally = .08, .03) (IIL.B.17)
m(s)/m(c) = m(b)/m(t) = ¢, = .9 (experimentally = .15, .07) (I11.B.18)

m(e) = €*(k') ~ MeV (experimentally = 511keV) (111.B.19)
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Other numerical predictions of our model are:

Mg/Mp = .04 | ~ (I11.B.20)
m(v) ~2eV (e), .leV (), 100eV (r) (II1.B.21)
C*? = 002, C°® =034, D*?=-0006 D°®°=—015 (I11.B.22)

with other C'%'s and-D*’s small or zero. Note the largest C/* is indeed O(¢), as

expected.

C. RENORMALIZATION SCALING BEHAVIOR

In this section we will find g, = gy at Mg; we will derive the gaugino mass
relation necessary for our model to break dow.n correctly to the Standard Model,
and we will explore the origin of the GUT Sca.le.

g, is the coupling constant associated with the normalized U(1) charge ¢ =
\f{—; Q, @ being the charge given in equation (IIL.B.1). From renormalization scaling
of known low-energy couplings,*% gs(Mg) = .724 (from ay aﬁd @) and g,(Mg) =
703 (y = \/EY and taking sin® 8, = .228). Since we know

y—\/ q+\/ T,y (II1.C.1)

we can define an angle 9\, analogous to the Weinberg angle:

\/ cosﬁx--,g5 V25sin 0y, ta.nex—\li—-—. (I11.C.2)

The known values give us sin2 Ox = .0377 and g,/gs = .97 at Mg. An SO(10)
embedding would predict sin?fy = .04 and g,/g; = 1. Without committing‘ to
SO(10), we will hereafter take g, = g5 = g.
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We must be sure the vacuum breaks correctly, since there are three flat direc-

Y

tions in our model: (H) = (H) =V, (F)) = (H) = V (for one value of i), and
(h) = (R) = v. The direc’ion chosen by the theory to break the SU(5) symmetry
and define the GUT scal¢: depends on the renor;nalizatibn behavior of the scalar

masses. The Supergfévity SUSY-breaking Lagrangian isl4:

Lsx = —m3|A® = [AW3(A) + BW,(A) + hee] = [MA*)* 4 he]  (IILC.3)

We take all scalar masses m 4 equa.l; all trilinear soft brealcing coeflicients A equal, all
bilinear coefficients B equal, and all gaugino masses M, equal, all O(M; /2)s at Mp.
- We must ask which sum goes negative first as we go down in enefgy: (m% + m%),
(mE+m}), or ’m3+m3). It is easy to make m% scale less quickly than m?, by making
- A; and A, small compared to A\,. Making the h masses scale more slowly than the H
masses is more difﬁcult. It turns out that the HHh term contributes equally to the
renormalization scaling of ‘m,z, and m, so the correct breaking depends on gaugino
masses only. We start with reference [42], equations (A.20-23), then elimiﬁate all

verms involving @, A, or Ag; set Ay = A; = A; and define h}; = (m} + m%)/2, etc.;

to get:
i(ﬁﬂ ) = ! 6A2 (2% + ™3 + A?) - 92(1441\42 + M}) (I11.C 4a)
dt' "7 1672 H Tk 5 5 ! -
d a2 1 2 A2 -~ h2 g2 2 2 | ‘
= (k) = 57 |6 (2} + mi + A?) - —5-(96Ms + 4M?) (I11.C.4b)

To have the right-hand side of (III.C.4a) greater than that of (III1.C.4b), we must

have at Mg:

M, (Mg) 2 4M5(M;) | (IIL.C.5)

discouraging any thoughts of a nearby superunification into SO(10). For a compa-

rable analysis in the SU(5) model of Antoniadis et al., see [40).
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Equation (II1.C.4a) determines the GUT scale, from

mEt=0=m, mi(t=Ine)=0 (I11.C.6)
Let
182 6A2A2 2992 M2 |
T e T T (IL.C.7)

Then with m? ~ m% and (from reference [42], (A.11-12)) A = 4e™!, but ignoring
scaling of g and A, the solution is

‘C";ng 1/ . ‘
€= <1 - "‘g"‘) . (II1.C.8)

For € = .04, one choice of parameters obeying (II1.C.8) is:
g=.T2, A=.86, myu=M, A=—4M, (111.C.9)

We have taken g = .724 as calculated at the béginning of this section, and A = —4 M,

(at Mp) as discussed following equation (III.B.11b). M, is undetermined.

-

D. SIGNATURES OF LEPTON VIOLATION IN RARE Z° DECAYS

The signatures of a model violating I. differ greatly from the missing-energy
signatures of Rp-invariant models. Superpartners can be pair-produced, as in the

ete” collisions of Fig. 16, and will decay into ordinary matter through processes
such as those in Fig. 17. 1-loop diagrams such as those in Fig. 18 show how a Z°
could produce a single superpartner and one ordinary pa.rticlé of fixed energy, a truly
spectacular decay which unfortunately has too small a branching ratio to be seen
at LEP. Prominent Bhabha scattering resonances oécur at the 7, and 7, masses,
as seen in Fig. 19; though note these interactions are absent in our model (They

do occur in the “4” version of our model; see the Appendix). These signatures are

discussed further in references [27-34).
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Figure 16: t-Channel Exchange Diagrams
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Figure 17: a) Sneutrino Decay, b) Photino Decay
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Figure 19: Sneutrino Resunance in the “u” Version
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We will concentrate on rare Z° decays which occur in our model W1th branchmg |

ratios of 10-% or larger, so as to be seen at LEP, From equation (I11.B.22), we see J

our largest L-violating coefficient is C’3‘3 = .034, which provides the interactions of

Fig. 20.
s ¢ j-
LTLY ----b-‘\
‘ Se
\2 V. e
c ® o,
v. i v‘ ," g
LYY --'--l-.‘\‘
1 T

Figure 20: Rp-violating Interactions from C313

Our model predicts the decay Z° — e~ rtetr-, timrough the three diagrams of
Fig. 21. If m(f/) < Mz/2, this process proceeds primarily through the production
of two on-shell v,'s (Figure 2la), and the branching ratio is large (> 10~4). In
this case, the (e”r*) pair a,nd the (e*r~) pair would each have an invariant mass
equal to the 7, mass. In fact, sneutrino pair production would lead to equally large

branching ratios for all three of these reactions:

Z° w e rretrT, \B,v = ool =m(D,)

Z° — e'u4e+y‘, Vet = foer = = m(D,) (1I1.D.1)

2 =Tttt AR = o =m(P,)

Ifm( ) 2 M/2, all three diagrams of Figure 21 contribute to Z° — e~r+e*r,

with 21b and 21c dominating at higher sneutrino masses. In this case only one (er)
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Figure 21: Z° — e~rtetr—

pair comes out with invariant mass equal to m(7,). Similar diagr‘ams lead to:
Z° - ertetrT o« (C%)?
2° — e~utety” o (CM?)?
Z° — ‘T'_T+T+T'-" o (C%13)2
; (I11.D.2)
20 = pmptrrt o (CM2)?
20— bhrrt o (D)
Z° —w e~ betd o (D)2
Figure 22 shows total calculated branching ratios for Z° — e~rtetr= (solid
line), plotted against m(#,), for C33 = 1. (a), and for C313 = .034 (b) as in our
model. The dashed line shows the contribution from F igure 2la; the dotdashed line
is from diagram‘s b é.nd c (and the in‘erference between them); and the dotted line
is from interference between a and (b and c). For C®'° = .034, we see that a signal
would only be seen at LEP if 1:(0) < Mz/2, but for C®'2 = 1. a signal would be

seen for sneutrinos as heavy as 70 GeV.

E. CONCLUSIONS

Our model shows how L-violation can occur in a supersymmetric GUT model,

and how rotation of one lepton family with the Higgs singles out that family to
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Branching Ratio 2° —> e"r*e*r (€ = 1.)  Branching Ratio 2° —> e"rte’ 7™ (C™ = .034)
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Figure 22: Branching ratios for a) C%% =1, b) C*3 = ,034

be light and violated. Since the electron is light, we conclude electron number
is violated. The rotation angle is constrained from ’both sides by limits on the
electron neutrino Majorana mass, so from the lepton and quark masses we can
predict our largest L-violating terms are C®'*L,L, E5 (C3'® = .034), C*"2L,L, ES
(C"m = .002), and D**Q,L, D§ (D®** = —.015). We can then calculate branching
ratios for Z° decays which depend only on the unknown sneutrino masses. If m(P) <
M2/2, the clearest signal ‘would come from Z° — e~u*e*yu~, where each (e, p) pair
has‘inva.riant mass equal to m(,). If m(¥) > Mz/2, then branching ratios are
proportional to (C*)? (or (Di*)?), so for our model Z° — e~r+etr= dominates,
though with C°'3 = 034 this branching ratio is still rather small. These rare z°

decays replace the usual missing-energy signatures, since the LSP is unstable.

F. APPENDIX: A “u” VERSION OF OUR MODEL

To avoid the neutrino mass constraint, a second version of our model makes

the rotated lepton be the muon instead. Now our left-handéd chiral superfields have
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the following SU(5) structure, U(1) charge, and (p charge:

F=(0,1,2), f=(,-3-2), E=(,52),
‘ (IIL.F.1)

H=(10,1,-7), H=(10,-1,0), h=(5,-2,5), h=(5,29)

Superfields transform as €*™¢P/18, 5o the sum of the (p charges in an allowed term
must equal 9 (mod 18). The same mechanisms occur as in the np model; only the
numbers are different, and the rotated lepton superfield is L,. Our superpotential

is:

WO = )\ FF;h + X F,f;h + A\ \HHh + \;HHR (IIL.F.2)
WO = A Mz HFFE — }C*L,L By (I1L.F.3)
w® '= Ag Mz (HH)®H fh ‘+ Ao Mp? (HH)"'hh (I11.F.4)
W® = A\ Mz4(HH)*fEh (IIL.F.5)

W@ = Ay MzY¥(HA) (FH)? (IILF.6)

WO = A MR (HHYCHFFf + A\MpB(HE) " FH + Ay M5 (HH)® (IILF.7)

WO = Mz3(HA)ARRf + M3 (HH)'HHF f + M5"8(HH)°HFh o
+ MR(HA°AHARE + Mz®(HH)HHH] R

By setting m = 50 GeV (with Az = .5) and u = 1 TeV (with Ag = .04), we get

e = .17 and ¢, = .05. The v° gets a Majorana mass of order €M, ~ 5 x 108 GeV,
so that neutrino masses become .02 eV (e), 700 eV (u), 500 keV (7). When L,

rotates with h, the muon neutrino picks up a mass from the diagrams of Figure 15,

but experimental limits on the v, mass are much more forgiving.
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‘Combining the lepton mass and LLE® terms (see egs. (I11.B.7) and (II1.B.8))

now givés (with ¢ # 2):

WO £ WO % (W) ELEf + (c;N* + 5,07) () E{E
‘ (IILF.9)
+C13kL,1L;,3E§ + (Czci’lk _ szz\“‘)LﬁL;Eﬁ

Here A = '), A fot#tion is assumed to diagoﬁa.lize the mass matrices. The muon
mass is €*(h’) ~ 100MeV. The tau (and electron!) masses are smaller than the
quark masses by O(e). Six of the lepton-number violating terms are suppressed
(since c, and A are both small). The Yukawa couplings must conspire to make only
one of the three remaining C'3* large, and only one of the two remaining charged
lepton masses (e, 7) large. From equation (II1.B.10), we see that in the quark sector
we have a large Q4L,Dj term, with D3 = —.72.

Up to Yukawa couplings we expect:

m(e)/m(u) = m(r)/m(t) = € = .17 (experimentally =~ .09, .03) (ITIL.F.10)
m{s)/m(c) = m(b)/m(t) = c; = .05 (experimentally ~ .15,.07)  (IILF.11)
m(u) = €(h') = 100MeV (experimentally = 106MeV)  (IILF.12)

m(v) = .02eV (e), T700eV (p), 500keV (1) (III.F.13)

This model has the advantage that it explains why down;type heavy guvarks are
lighter than their up-type partners (by c,), and it avoids the “trict mass limits on v,.
Muon number (rather than electron number) is violated. ©,’s would be produced
copiously at e*e™ colliders through the diagram of Figure 19. However, this model

fails to explain the lightness of the electron.
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IV. RARE Z° DECAYS FROM R, VIOLATION

All great truths begin as blasphemies.
- “Anajanska” (George Bernard Shaw)

A. INTRODUCTION

We showed in the previous chapter that viable models can be built which do
not conserve Rp, though one neéds_ some symmetry (such as L or B separately) to
avoid fast proton decay. Rp may be broken spontaneously or explicitly; in either
case a sneutrino vev often results.

A snéutrino vev causes mixing of the neutrino and zino, which gives neutrinos
a mass. Thus, the v, mass limit of 35 MeV restricts v, <5 GeV over most of SUSY :
parameter spacé. The sneutrino vev also mixes charged leptons with winos. Since
the gauge eigenstates being mixed have diffefent couplings to the Z°, the Z° couplings
fo the mass eigenstates are not diagonal, and decays such as Z° — 7, x° and Z° -+
7+ x~ occur. Here x%, x~ are the lightest neutralino and chargino, respectively.

Most models violating Rp explicitly start with the term Lh, (k, is the Higgs
responsible for up masses), and eliminate it by rotating the superfields L and ;.
The resulting superpotential term QD°L allows x° and x~ to decay to b-jets and
a lepton. Models with spontaneous Rp-breaking also allow x° and x~ to decay,
though with less distinctive signatures.

We calculate the branching ratios for these Z° decays to be as large as 3 x 105
if m,, is at its experimental limit, and supersymmetry parameters are favorable. If
x° and x~ are heavier than 45 GeV, this may be the best way to detect them at
LEP 1. |
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B. FERMION MASS MIXING

In the presence of a sneutrino vev, the neutral fermion mass matrix is:

(M0 g, iy, T30 (B
‘ 0 M 59”1 _%gvz %gvr we |
(B W3 R R w)| ~1gw, dgv, O - 0 [| B | avB1)
| v, Tigve - 0 0 R

\ng o, 0 0 0‘/\11/

Here (ho) = v,/V?2, (h°) = v,/V2, and (v,) = v,/v/2. We will assume gaugino
masses scale as gauge couplings, b=5a,/3ca, = 0.49.

For given (4, ‘M ) and v, /v, we ca.n‘diagona.lize (IV.B.1) to find thé masses m;

and eigenvectors q; for the five neutralinos x{ (with x2 = v,). We fix v, by setting

ms = 35 MeV (see the Appendix); in the regions of interest to us we find v, =5GeV

from

2 cos 0w

v, = V(M3 1) 57— BM (IV.B.2)

where we define
b

1+ (b—1) cos? 8y,

8=- = 0.81,

(IV.B.3)

tan 6y, = f—)—l-, ¢y = cosby, sy =sinby, cr = cos(28y), sy =sin(26,,)
2

Let A be a diagonal matrix with entries — o =2— (T3, — @sin® 6,,) for each of the

gauge eigenstates,

= -1 1
A pos ow diag(0, 0, 3, 31 2) (IV.B.4)
Then the effective coupling of Z° to 7, x? is
AT=qlAq (IV.B.5)

and the branching ratio is

BR, =0.71 (AF)2a2 (1 — &)
| 3 (IV.B.6)
C!" = 1 — (mi/ﬂlz)z ‘
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In terms of Feynman diagrams, Z° — 7, x° occurs through the diagrams of Fig. 23.

y G¢=(E’ WG’ 7’?’ I‘;gay)

Figure 23: 2° — 7, x°

"The charged fermion mass matrix is:

M V2My ey, 0 why.
(w= AT )| V2Mysy . -mu/u || R ] (VB
gv,/V2 0 m, T¢

In addition to the usual mixing of winos and higgsinos, diagonalization of this
matrix mixes 7~ with the negative charginos.* Regions of (4, M) space are ruled
out by requiring the charginos (except the 7) to be heavier than 40 GeV[#344: these

masses are

mi = 1(M? + % + 2M},) £ \/-} (M? + 2 + 2M3,)? — (MZs7 — Mu)? (IV.B.8)

with m; > m,. A for Z° — r+ x~ is calculated as for the neutralinos, though now

we can write it explicitly:

2 ‘ —Ccos ¢_
Aeﬂ' - -9 U, 4 IV.B.
M acosby My —Ma \ gng. ) VB
- wherel*! |
tan(2¢_) = 2v2My (pey + Msy)/(M? = 4® + 2MZ cp) (IV.B.10)

The branching ratio is again given by eq. (IV.B.6).

* Rotation of 7¢ is suppressed by m, /M, and the physical 7 mass differs from m, by O(m,v2/M?).
The effect on tau physics is negligible.
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" C. BRANCHING RATIOS

- We fix tan6,, = 1/4, and plot branching ratio contours in the (u, M) plane.
The reg'on ruled out by an excessively light chargino [see eq. (IV.B.8)] is shaded.

The region allowing observable cascade decays not involving the neutrino, e.g.

Z° = x3x3

_ IV.C.1
L XSS F ( )

is not shown, but can be found in refs. [44,46]. Branching ratios for Z° — i, x° are
shown in Fig. 24, while those for Z° — 7+ x~ are shown in Fig. 25. Where several

mass eigenstates are lighter than Mj, their branching ratios have been adcied.

BR(Z-vx°) Contours in the u-M Plane, va/v, = 4

| N S | T | B | A ) TreT ™y \J
9 . " | . . \\.. 1
L //\ | \\\ -~ - o
....... -7\ : ~ T
‘ t \‘/ \\‘s h
150 |- v - R
T ml

M (GeV)

100 | 3x10°*
———e=3x10"*
- = -3x1077

s (GeV)

Figure 24: Branching Ratio Z° — i, x°

We note that models with additional particle content could increase the size of

the mass matrix (IV.B.1), preserving the neutrino-neutralino mixing but leaving a
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BR(Z-+7'x”) Contours in the u~M Plane, vy/v, = 4
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Figure 25: Branching Ratio 2% — 7+ x~

massless eigenstate. Then v, would not be so tightly restricted, and the branching

ratios could be larger than we predict here.

D. SIGNATURES

Neutralinos and charginos may decay either through the QD¢L term or through

their mixing with leptons. We consider these two cases separately.

1. 2 b-Jet Decays

Models with explicit Rp violation and a fairly light squark predict the x° and
x~ will decay through the Q;D3L; term, w}xjéh arose from an L « h, rotation on
the b mass term. Assuming t’s are not kinematiéally allowed in the final state, xb
and x~ decay as in Fig. 26, x°— bbv, and x~ — bbr-.
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v —F ‘ ' = .z Fb
xO R b X S,

B\~.~ be ‘t:\’ . be
(a) A (b) .

2 T

Figure 26: a) x°— bby,, b) x~— bbr-

Thus the primary signatures are:

L LA (IV.D.1)
L by, o b

The first is characterized by thvo b-jets with a large amount of missing mass. The
average jet energy is larger than for the cascade decays of eq. (IV.C.1). Background
for this signature comes from Fig. 27, but this Standard-Model diagram produces
jets of other ﬂavorsvequally often. Thus, a predominance of b-jefs signals neutralino

production.

u,dec,sb

u,d,c,s8b

Figure 27: Background for 2-Jet Decays with Miséing Mass

The second has two b-jets and two r’s. This signature is more challenging than
the previous one, since it has little missing energy and momentum, and has four

secondary vertices.
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2. Decays From X-L Mixing

In models without a QD°L term, or in which squarks are very heavy, x° and

x~ decay through their mixing with L, as in Fig. 28,

> — T » i v,
vV B A
w v o z v
(a) ‘ 3 .
e — Vq 3¢ NS <
x T ‘ x t
w d z u
®) : ;

Figure 28: a) x° Decays, b) x~ Decays

Thus the primary signatures are:

Z° = . x° AR A N A Y
s udr~ - dav,  utv

70 — x~
b uiir™
(IV.D.2)
where (u,d) can be replaced by other flavors or by leptons.
The first two are characterized by two jets and a 7, with a missing enérgy
but low missing mass. The third and fourth are similar to the signatures of the
previous subsection (and subject to the same background, Figure 27), but without

the characteristic b-jet dominance.

. E. CONCLUSIONS

If R-parity is violated and ¥, takes a vev, Z° decays involving a single neutralino
or chargino can occur with branching ratios large enough to be seen at LEP 1. x° and

X"~ subsequently decay to either b-jets and leptons, or jets and leptons, depending
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on the model. The décay Z° — 2 b-jets + missing mass, is particularly distinctive. If
My < m, < My, these rare Z° decays may be the best way to observe neutralinos

and charginos.

F. APPENDIX: v MASS LIMITS

Standard cosmology rules out a stable 35 MeV v, which annihilates predom-
inantly through the Z°. However, unstable 35 MeV' v,’s produced in superﬁovas
would decay and flood the galaxy with characteristic photons (511 keV from v, —
ete~v,, or 17.5 MeV from v, — v,7). ‘BCIOW we givé a few ways to circumvent these

arguments and allow a 35 MeV neutrino:

1. Make the decay v, — e*e~v, occur very rapidly, wifh lifetime less than 1000 s.
Then the deéays occur within the supernova, and the photons are not detected
frbm‘Earth‘ This increases the predicted supernova luminosity; however, since
few 35 MeV v, ’s a.re‘produced in the 3.5 MeV neutrinosphere, a small window
may exist here. This idea also requires large violation of both 7- and g-number:

the coefficients of C**L,L;E§ would need to satisfy C3' x C12! > 4 x 105,

2. Make v, stable, and alter the standard cosmological picture. For example, let
the universe reheat after inflation to only a few MeV. Then v_’s do not overclose
the universe; they could even be the cold dark matter. This idea requires low-

temperature baryogenecisi47.

3. Make v, stable, and enhance the v, — i, annihilation rate by introducing a
singlet Majoron M, the Goldstone bosons of broken ]eptori number.8 Then
v,b, — MM prevents overclosure, as noticed by Carlson and Hall*9 and
makes v, a dark matter candidate. We will present a supersymmetric singlet

Majoron model which links Rp and L-breaking in a future paper,?34
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V. RULING OUT LARGE SNEUTRINO VEVS

Suddenly, as rare things will, it vanished.
- “One Word More” (Robert Browning)

A. INTRODUCTION

In supersymmetric models with minimal field content, it is quiﬁe likely that the
tau sneutrino acquire a large vacuum expectaﬁion value.l®®31 This occurs because
the radiative mechanism which gives vevs to the Higgs doublets* causes v, > v,.
This triggers a negative mass-squared for the sneutriﬁos via the D? term in the
potential ‘o (vjv, — vjv, — ¥*¥)?. Smaller radiative corrections further depress the
mass-§qua.red of the tau sneutrino, ehsufing that it is the only sneutrino with a vev.
This is fortunate, since tau sneutrino vevs are the least constrained.

We showed in eq. (IV.B.2) that for most values of M (the supersymmetry-
breaking wino mass) and ,u (the supersymmetric hlﬁz coupling), (#,) is constrained
to be small because it mixes the tau neutrino with the zino, giving the tau neutrino

a mass. For small (7.) this mass is

NWAIATAS u
m“~(¢§cosew> Ve R (VA1)

where

S5 =sin(20), tanfB =vy/vy, vy = \/v]+ (7,)? (V.A.2)
Limits on the tau neutrino mass (m, < 35MeV) constrain (7,)<10GeV unless
Mz1TeV or |u|<10GeV.**

The above mechanism for the generation of a tau sneutrino vev suggests either

(7,) = 0 or () ~ v;,v,; there is no reason for it to be small. Furthermore, making

*h; couples to down quarks, and h, to up quarks. In this chapter, v; = (h{) and v, = (h}).

"‘*chioné of small u and large M are disallowed, since they have a light chargino.

59



M > 1TeV also requires a fine tuning. The last possibility is that u is much less
than the other mass parameters in the low-energy theory. This is an attractive
possibility: p is the only supersymmetric mass term in jthe model, and has no
fundamental reason to be linked to the scale of supersymmetry b;ea.kirig. Models
wiﬁh small u and large (7.) have been cénstmcted[zsl. It is quite remarkable that
tbhey can be made realistic: in the limit 4 — 0 not only is there a light state to be
identified as the tau neutrino vPb* = cu+s7;‘1’, but its SU(2) partner 7P = cr 4-shT
is also light. These models are of considerable interest as an example of how the
minimal low-energy supersymmetric model can lead to the unusual phenomenology
of broken R-parity(27-34],

There are many variant médels with small 4 and large (7,), dealing in various
ways with such questions as axions, Majorons, and cos‘mologi;:al domain walls. As
we saw in Chapter III, models with explicit Rp violation can also generate a large
snéutrino vev, from the rotation L « h, needed to eliminate LA, from the super-
potential.*®) Since we consider only the higgsino/gaugino sector, we will show that |
all such models with the usual neutralino and chargino mass matrices (in the small

u limit) are excluded by LEP data and gluino searches.

B. THE ;=0 MODEL

When ¢ = 0, we can roﬁate the lepton and Higgs superfields so that in the
rotated bésis (7,) = 0; the Rp violation then shows up in terms like QD°L and
- LLE*. The chargino and néutra.lino mass matrices are the usual ones with u = 0
(and v; — v1). One massless neutralino (ul. = ssh$ + c5h2) occurs, while the

remaining neutralino mass matrix is:
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(bcky + s¥ )M (1 = b)syewM 0 ¥
(% 2 n)| Q=b)swewM (bsfy + )M My
| 0 M, 0/ \n

™

(V.B.1)

. wheren = cgﬁ?‘— s5h3. We will assume gaugino masses scale roughly as couplings,

‘so‘ the gluino mass M; = 3.65M, and the bino mass My = bM where b = 0.49. For
M = M5 the lighfest eigenstate x° is mostly photino, and has mass m, ~ (sf, +
bc%)v)A’I = O.GIM.

We use the following constraints, shown in Fig. 29:

e Z° width. v, 's contribution to the Z° width depends on tan 3. LEP data giving
N, < 3.25 at the 95% confidence limit(*] restricts s,5 = 0.87, or 0.58 < tan 3 <

1.73, 'as shown.

Excluded Regions & BR Contours in the (tang-M) Plane
mo‘_ 1’ |l.| l”“UJ I I

80

- = Z~y,v, Width
== m = 45 GeV
=== Gluino mass
2xBR (Z-v, x")

~
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lllllllllll’lllilll’l

e
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L
E [ Z .
- 2 2BR = 10"
=40 - é ‘ '\'
! g | X
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tan £
Figure 29: Excluded Regions & BR Contours in the (tan 8 — M) Plane
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e Chargino mass limits. LEP datal®® shows the lightest chargino must be heavier

than M;/2, giving

IM® + My = \[(1M2 + MR)? = (535M3)? > (3M)? (V.B.2)

This elimina.teé large M.

e Gluino mass limits. Gluinos producea in hadrqn colliders can decay via the dia-
gra.mé ‘of Fig. 30; the radiative diagram (b) has a significant branching ratiol®!:52
for 4 ~ 0 and M =15GeV. While Tevatron’s published Limitls] M, > 73 GeV'
(M > 20GeV) assumes o.nly decay (a) with a stable x° (photino), we must
account both for the subsequent decay[ssl of the x° (Fig. 31), and for the ra-
diative decay of Fig. 30(b). To calculate the relative rates of decays (a) and -
(b), we used the formulas of ref. [51], with conservative values m, = 89 GeV4]

and In(m,/m;) = 0. A Monte Carlo simulation*!l gave M >16 GeV at the 90%

confidence level, assuming M; = 3.65)M.

g 3 )
L 2Qvmmn 2200
® '

L)

Vi
L) l‘ - 0'
(@ a"\<q ® N ?’"d?ra”-
. xo Supwe?®

q, I+

Figure 31: x° Decay
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e Rare Z° decays:
0,5 40
=i (V.B.3)
bviqg
and its CP conjugate. The branching ratio can be calculated from eq. (IV.B.6),

giving roughly

| | M \? /33512
~ ~4 e —— __,zﬁ
2xBR ~ 1.4 x 10 (16GeV) (_87) (V.B.4)

This decay is distinguished by two jets (or sometimes {*[~) with fnissing energy
and missing mass. Higgs searches at LEP(? have looked for a similar signal from

Z° — h% . Applying their cuts to our process, we find the remaining region

of Fig. 29 ruled out at the 90% confidence level.

C. MODELS WITH u =0

When p # 0 the analysis is qualitatively similar, but more complicated in detail. |
Rotating away the sneutrino vev now introduces an Lh, coupling, with coefficient
wu(,)/vy. The neuﬁralino/neutrino and chargino/tau mass matrices are 5 x 5 and
3 x 3, respectively, with the additional parameters y and (7,.). The physical tau
and tau neutrino contain small admixtures of SU(2) triplets and singlets. The v
is no longer massless, and will decay through the QD°L or LLE® operators. These

additional considerations made a numerical analysis necessary.

We performed a computer scan of (tan3, M, u, (P,)) space near u = 0, re-
quiring a tau neutrino mass under 35MeV [eq. (V.A.1)], and applying the same
constraints as in the previous section. We found that all points with (#.) > 10GeV

could be eliminated, again at the 90% confidence level.
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D. CONCLUSIONS

We have considered models with the minimal higgsino/gaugino sector, and the
usual gaugino Imass ratios. Current LEP data, combined with gluino mass limits,
rules out any such model with 4 ~ 0 and a large sneutrino vev ((7,) > 10 GeV),
at the 90% confidence level. Neutrino mass limits disallow large sneutrino vevs

‘everywhere else except for unnaturally large M, for which

M
1 TgV

(5,) = (10GeV) (V.D.1)

Therefore, unless the supersymmetry scale is unnaturally high, large sneutrino vevs

are experimentally ruled out for these models.
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VI. SUMMARY: TODAY’S CHALLENGE

These are the days of miracle and wonder.
- Paul Simon, “The Boy in the Bubble”

In this dissertation we have explored several models of new physics, involving
a new U(1)’ gauge group, and supersymmetry without R-parity (Rp)." |

All modéls with an extrﬁ U(1) gauge group, including most Grand Uniﬁed} |
Theories, present an appealing dark matter candidate, a fermion which couples to
matter only through the exchange of a heavy Z'. Here cosmology allows us to com-
pute a relation between the particle’s mass and its cross-section with a germaniﬁm
detector. If a dark matter candi.date is detected, and it satisfies that relation, we

will have learned a great deal about the U(1)’ sector.

Supersymmetric models usually impose a discrete symmetry, Rp, to conserve
lepton- and baryon-number. The phenomenology of such models has been well
studied, largely making use of a stable lightest superpartner (LSP) Viable models
without Rp can be built, and it is worthwhile understanding their signatures, notably
rare Z° decays. On the other hand, many constraints exist on these models; we have

shown how one class of models with a large sneutrino vev is already ruled out.

There are many theoretical reasons to believe in physics beyond the Standard
Model, and a wealth of data discouraging that belief. While we can almost cer-
tainly expect to find interesting new physics at the SSC, our present cha.llengé is to
understand what models are allowed by the available data, and to be prepared to

recognize the signatures of those models.
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