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Abstract

We study the collider signals as well as Dark Matter candidates in supersymmetric models.
We show that the collider signatures from a supersymmetric Grand Unification model
based on the SO(10) gauge group can be distinguishable from those from the (constrained)
minimal supersymmetric Standard Model, even though they share some common features.
The N = 2 supersymmetry has the charateristically distinct phenomenology, due to the
Dirac nature of gauginos, as well as the extra adjoint scalars. We compute the cold Dark
Matter relic density including a class of one-loop corrections. Finally, we discuss the
detectability of neutralino Dark Matter candidate of the SO(10) model by the direct and

indirect Dark Matter search experiments.
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1 Introduction

The Standard Model (SM) of particle physics, which is a renormalizable quantum field
theory based on the gauge symmetry, has been highly successful in a sense that its pre-
dictions agree very well with the experimental data of, My, the 7 lifetime, and the muon
anomalous magnetic moment, to name but a few [5].

Nevertheless, there are reasons to expect that the Standard Model is not the final
theory of Nature from the theoretical point of view: First, there is no room for gravity in
Standard Model [1]. Also, the choice of the gauge groups and the particle representations
are ad hoc. Finally, the Higgs sector, a crucial ingredient for the Standard Model to work,
is not very well understood.

Let us discuss the final point a bit more in detail. The Higgs, introduced to break
the Electroweak symmetry through the nonvanishing vacuum expectation value, as the
Universe gets cooled down, is a fundamental scalar field, which receives quadratically
divergent radiative corrections in the Quantum Field Theory. Since we need Higgs not
heavier than a few hundred GeV for the perturbativity of the model, if we assume the
Standard Model to be valid up to the Planck scale (Mp ~ 10'8GeV), we must cancel
the bare and renormalized mass by fine tunning of O(1073"). This, often called “Gauge
heirarchy problem”, can be solved, if some New Physics appears at TeV scale, for the
cut-off scale in the radiative corrections now is a (few) TeV instead of 108GeV.

On the other hand, perhaps more importantly, there are experimental evidences for the
physics beyond the Standard Model: The neutrino oscialltion has been reported since the
first discovery by SuperKamiokande [6], which can be explained by nonvanishing (albeit
very tiny) neutrino masses. Also, the existence of non-baryonic cold Dark Matter (DM),
which does not exist in the SM, is by now well established [7].

Amongst various candidates for the New Physics, supersymmetry (SUSY) is partic-
ularly interesting. First of all, it is a natural generalization of space-time symmetries
of Quantum Field Theory. It has been shown that [8], under the basic assumptions of
Field Theory, the most general continuous symmetry of the S-matrix is a direct prod-
uct of the super-Poincaré group (supersymmetry, tanslations, rotations, boosts) and the
internal symmetry group. Another important property is stability under the radiative
corrections. One can show that there are no perturbative loop corrections to the superpo-
tential, for instance, by using the fact that the superpotentials are holomorphic [9]. From
the practical point of view, the standard concepts of Quantum Field Theory are valid in
supersymmetry, together with its calculability, which is essential in doing physics.

The weakest point of supersymmetry is, however, that it must be broken to be the
theory describing our world, where we have not yet observed any of the supersymmetric

partners of the Standard Model particles. Even though there is not yet a model which



convinced the community, the suggested models share a common feature of assuming
a “hidden sector” whose dynamics breaks supersymmetry. The SUSY breaking is then
transmitted to the observable sector by a messenger sector. Here we list two most studied

supersymmetry breaking mediation mechanisms:

o Gravity-mediated supersymmetry breaking The effect of SUSY breaking is mediated
by gravitational interactions. The models are based on the local supersymmetry,
where the parameters are space-time dependent. The SUSY algebra shows that
an invariance under local SUSY transformation implies an invariance under a local
coordinate shift. Hence, the local supersymmetry is called supergravity (SUGRA).
When SUSY is broken spontaneously in the hidden sector, the goldstino degrees of
freedom are absorbed by the gravitino which obtains a mass, m3/,. The energy scale
in the SUSY breaking in the hidden sector can be written in terms of gravitino mass
and the Planck scale (albeit model dependent), and the SUSY breaking masses and

the couplings are generally set by mg/s.

o Gauge-mediated supersymmetry breaking The effect of SUSY breaking is mediated
by gauge interactions. SUSY is broken when a SM singlet superfield obtains the
vacuum expectation value, and the (s)particles in the observable sector “feel” the
SUSY breaking via their couplings to the messenger particles in loops. The sparticle
masses are (loop-) suppressed by the messenger sector mass scale, while the gravitino
mass, determined by the fundamental SUSY breaking, is suppressed by the Planck
scale. Therefore, in this scenario, the gravitino may be the lightest supersymmetric
particle (LSP).

Field SU@3)c, SU((2)r,U(1)y
L:<V6L> (1, 2,-1)
er
E (1,1,2)
_ [ v 1
o ()] way
U (3,1,-3)
D (3,1, 3)
Hy (17 27 _1)
H, (1, 2, 1)

Table 1: The matter and Higgs superfield content of the MSSM.



Minimal Supersymmetric Standard Model

Now let us turn to the model realizing the idea of supersymmetry. The simplest in this
species is the Minimal Supersymmetric Standard Model (MSSM) [2, 3]. It is minimal, in

a sense that,
e The gauge group is SU(3)c x SU(2), x U(1)y.

e Only one fermionic generator (N = 1) for the supersymmetry transformation is
assumed. This implies that the gauginos are, in general, Majorana fields, for they

are Weyl spinors that belong to the vector supermultiplet.!

e The matter, gauge, and Higgs contents are inherited from the Standard Model,
together with one additional Higgs, which is required to give masses to the up-type
quarks as well as to cancel the gauge anomaly. The fields must be supersymmetrized,
such that the matter/Higgs superfields (Table 1) include their scalar partners, and

the gauge superfields their fermionic partners.

e R-parity conservation is assumed. This prevents the unwanted renormalizable in-
teraction mediating proton decay. Furthermore, it has important phenomenological
implications; only the pairwise productions of superparticles as well as the stability
of the LSP.

In MSSM, the SUSY breaking mechanism is not specified; rather, it is parametrized,
admitting our ignorance. It is done by writing down all possible SUSY breaking terms,

only requiring that it must not receive quadratic divergences. This is called soft SUSY

breaking:
—Lsopr = (Q;rszlJ Qj + Cﬁl’?ﬂlrn]%ijde + ﬂ?{im%u uR; + ijm%u f’j + éJI[%im%ij €Rj

+ miy, [Hul® +miy, | Hal?)
1 — — 1 —A o

+ 5 (MXoPLo + M Ao Pro) + 5 (M) P + MEXAPrA4)
1 = ~ * = ~
§(M39aPLga + M55 Prj®)
[(quu)ijEABQ?HEﬂJ]r%j + (fdAd)ijQ?Hfo]fgj + (feAe)ij[N/?HdBéJ]r%j + h.c.

+ (BuH; Hya + h.c.), (1)

where i, j denotes the generation indices, A, B, SU(2) indices, respectively.
One interesting feature of the MSSM is that the Higgs sector is not arbitrary any

longer. The spontaneous electroweak symmetry breaking (EWSB) occurs for the negative

!Charged winos in SU(2) sector, however, generate Dirac charginos in combination with the higgsinos

through the electroweak symmetry breaking.
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Figure 1: The running of inverse squared gauge coupling strengths in (a) SM, (b) MSSM.

eigenvalue in the Higgs mass matrix, which can be written in terms of soft breaking

parameters and the Higgs(-ino) mass parameter in the superpotential at the tree-level.
Constrained Minimal Supersymmetric Standard Model

Even though it is “minimal”, the MSSM has a huge number of free parameters, O(100).
However, this is merely a consequence of parameterizing the SUSY breaking sector, mean-
ing that once we understand it, the number of parameters will shrink sharply. In the mean-
while, we can make (well-motivated) assumptions on the soft breaking parameters to study
the phenomenology. The models with these assumptions are called Constrained Minimal
Supersymmetric Standard Model (CMSSM), and amongst them, the most-studied is the
minimal supergravity (mSUGRA). It is summarized by the following universal conditions

for the soft breaking terms in Eq. (1) at the Grand Unification scale (Maur) [2, 3]:

Ma = M1/27 VOZ,

mgj = m%éij,
Aijk: = AO) Viajaka
Bl] = BU? Viaj> (2)

where o denotes the gauge group index and the i, j, the particle representations. The
motivation comes from two directions. First, the gauge coupling unification at the high
energy scale. In Fig. 1, we show the running of gauge couplings described by Renormal-
ization Group Equations (RGEs) in the Standard Model and in the MSSM. Clearly, in the
latter, they seem to “unify” at the scale, Mgyr ~ 2 x 1016GeV. On the other hand, one
can show that the gaugino masses run in the same way as the squared gauge couplings

do to the one loop order. This is because, in the language of the Feynmann diagrams,



the one loop self energy diagrams for the gaugino masses can be obtained by supersym-
metrizing the vacuum polarization diagrams for the gauge coupling strengths. To this
end, it is reasonable to expect that the gaugino masses also meet at the Mgyr: The first
of Egs. (2). The rest of the Egs. (2) come directly from assuming the gravity-mediated
SUSY breaking mechanism, where all scalar fields obtain the same soft breaking masses
at the tree level in the scalar potential derived from the supergravity Lagrangian.

As mentioned above, the EWSB is achieved by the interplay with the SUSY breaking.
In mSUGRA, the quu becomes negative because of the large logarithmic loop corrections
of the top Yukawa coupling from the GUT scale to the electroweak scale. Requiring that
the My receives the experimentally measured value determines the |u| at the weak scale, as
a function of the soft breaking parameters. Furthermore, using the consistency conditions
for the Higgs potential to have a minimum, the parameters By can be translated to the
tang, the ratio between vacuum expectation values of the two Higgs fields in the MSSM.
The mass spectra of sparticles in mSUGRA thus can be determined only with the following

four continuous and one discrete parameters,

sign(p), mo, My, Ao, tang. (3)

The SUSY breaking (together with the EWSB) causes the mixing between gauginos and
the higgsinos, such that they form charginos and neutralinos.

On the other hand, for the universal mg, the (running) masses of sleptons and squarks
at the weak scale differ due to the radiative corrections.? Since their masses obtain positive
corrections from the gaugino loop contribution, in the large regions of parameter space,

the lightest neutralino is often the LSP, which can be a good candidate for the DM.
Beyond the MSSM

The MSSM, or mSUGRA, which is the minimal constrained MSSM, is a simple framework
wherein supersymmetry is realized. However, we are still left with the problems of the
Standard Model we have addressed at the beginning: Absense of gravity and arbitrary
choice of gauge group.

In fact, gravity plays a crucial role in mSUGRA (as its name implies), but how it
works is still very different from the other interactions do. In order to achieve the true
unification, we need to appeal to the Physics at the Planck scale (which is yet poorly
understood), where the extended supersymmetry with N > 1 seems to be commonplace.

Phenomenologically, the N = 2 supersymmetry is interesting in several aspects: First,
if we assume the D-term (of a hidden sector U(1)) SUSY breaking, then the radiative
corrections to the SUSY breaking parameters are finite [10]. (Recall that they are loga-
rithmically divergent in the MSSM, “softbreaking”.) Second, the gauge supermultiplets

2The D-term contributions must be also included, but they are mostly subdominent.
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are extended to the gauge hypermultiplet including a gaugino which, together with the
original Majorana gaugino field, can form a Dirac field. Finally, there are several new
fields which provides a rich phenomenology at the colliders, as we will see.

On the other hand, in the Grand Unified Theories (GUT) based on the SO(10) gauge
group [32], all known matter fields, together with the right-handed neutrino which is
needed to give neutrinos a mass (within R-parity conservation), reside in the 16 di-
mensional irreducible spinor representation. Furthermore, SO(10) contains the “Pati-
Salam”[11] group SU(4)c x SU(2)r, x SU(2)r as a subgroup, meaning that the parity is

preserved at high energy and broken spontaneously.
How to Test the Models

Among others, we will focus on collider signals as well as informations on the Dark Matter
to test the models.

Since the sparticles are expected to be not heavier than a few TeV, there is a good
chance that we can test various supersymmetric models by examining their production
and decay processes at the LHC, once it operates with its full center of mass energy.

The existence of Dark Matter is well established by direct and indirect astronomical
observations. The recently released, best evidence comes from the studies of bullet cluster
[12]: When the cluster collided with another cluster, the dissipationless stellar component,
measured by gravitational lensing maps, passed through, while the plasma, measured from
its X-ray emission, was decelerated.

Within a minimal ACDM model, and combining data on the cosmic microwave back-
ground (CMB) anisotropies with observations of supernovae of type la and with analyses

of baryon acoustic oscillations, one finds [13]:
Qcpmh? = 0.1131 +0.0034 . (4)

Here Qcpw is the energy density of cold Dark Matter in units of the critical density, and
h is the scaled Hubble parameter such that Hy = 100 hkmsec™! Mpc~! where Hj is the
current Hubble parameter. This is the tightest constraint we currently have for the New
Physics. Moreover, quite soon data from the Planck satellite are expected to reduce the
error on Qcpymh? to the level of 1.5% using CMB measurements alone [15].

From the particle physics point of view, Weakly Interacting Massive Particles (WIMPs)
are among the most attractive Dark Matter candidates. In standard cosmology their
thermal relic density is naturally of the right order of magnitude. Owing to their weak
interactions, they can be probed through both direct and indirect detection experiments
[16]. Stating it in another way, the negative events in these experiments can also set

constraints for the particle physics model which provides the WIMP, as we will see.
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1.1 Outline

In chapter 2, we study the collider signals from supersymmetric models. In Sec. 2.1, we
summarize the existing accelerator constraints that all New Physics candidates should
satisfy. Then we begin with reviewing the phenomenology of the MSSM. We will explain
the production and decay channels of the sparticles in generic, and show how they actually
manifest at the LHC by choosing two (representing) parameter sets in mSUGRA. In
Sec. 2.3, we will briefly discuss the general phenomenological aspects of supersymmetric
grand unified theories, which is followed by a detailed study on an SO(10) model with
two step intermediate symmetry breaking. In particular, we compare its signatures at the
LHC with those of mSUGRA. In the last section, we will study the N = 2 supersymmetry
at some length.

In chapter 3, we turn our attention to Dark Matter. Sec. 3.1 is devoted to the relic
density calculation. We firstly review the standard computation, and then show a simple
way to include a certain class of one-loop corrections, with technical details and applica-
tions. In Sec. 3.2, we will focus on the direct and indirect Dark Matter search experiments.
First, we will briefly explain the underlying theory. Then we will discuss the detectabil-
ity of Dark Matter candidates in the mSUGRA and in the SO(10) model we studied in
Sec. 2.3.

Finally, in chapter 4, we will summarize and conclude.

1.2 Publication

Parts of this thesis have been published (or submitted for the publication) in scientific

journals:

e Color-Octet Scalars of N=2 Supersymmetry at the LHC,
S. Y. Choi, M. Drees, J. Kalinowski, J. M. Kim, E. Popenda and P. M. Zerwas,
Phys. Lett. B672:246-252, 2009, arXiv:0812.3586

e Potentially Large One-loop Corrections to WIMP Annihilation,
M. Drees, J. M. Kim and K. I. Nagao, Phys. Rev. D 81, 105004, 2010, arXiv:0911.3795

e Dirac Neutralinos and Electroweak Scalar Bosons of N=1/N=2 Hybrid Supersym-
metry at Colliders,
S. Y. Choi, D. Choudhury, A. Freitas, J. Kalinowski, J. M. Kim, and P. M. Zerwas,
arXiv:1005.0818

Parts of this thesis are in preparation for the publication:

e Direct and Indirect Detection of Neutralino Dark Matter and Collider Signatures in
an SO(10) Model with Two Intermediate Scales,
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M. Drees, J. M. Kim, and E. -K. Park,

In preparation
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2 Collider Signals from Supersymmetric Models

2.1 Current Accelerator Constraints
2.1.1 Electroweak precision experiments

1. Electroweak symmetry breaking and tachyons

As mentioned earlier, the condition for the EWSB is written in terms of soft breaking and
superpotential mass parameters at the weak scale. Technically, one solves equations that
allow to express p? and the bilinear Higgs soft mass parameter By in terms of My and
the tan . However, these equations sometimes formally lead to u? < 0, which indicates

that EWSB is not possible for the given set of input parameters.

2. Branching ratio of b — sy
In the SM, flavor changing neutral currents (FCNC) are absent at tree level. Thus, the
radiative B — Xy decay is mediated by loops containing up—type quarks and W bosons.
As well known [21], SUSY loop contributions can be comparable to those from the SM.
Therefore, the measurement of the branching ratio for this decay, performed by CLEO,
Belle and BaBar [22],

B(b— sv) = (352+£23+£9) x 1076 (5)

can be used to constrain the parameter space of our model. The first error in (5) includes
statistical, systematic, extrapolation and b — dy contamination errors, while the second
one is estimated to be the difference of the average after varying the central value of each
experimental result by +10. To be conservative, we take the linear sum of the errors in
Fig. 6, since the calculation strongly depends on the assumptions of the boundary con-
ditions. Even minor deviations from strict universality, for example due to the running

between My and Mp; [23, 24], can have very large effects [25] .

3. The anomalous magnetic moment of the muon

The anomalous magnetic moment of the muon is one of the most precisely calculated
and measured quantities. There is an about 3o discrepancy between the SM prediction
based on data from e*e™ annihilation into hadrons and the experimental value. While
this is still somewhat controversial — an SM prediction which instead makes use of 7 decay
data plus some assumptions is in fair agreement with the data — we here constrain the
parameter space of models that allows to explain this discrepancy.

The world average, dominated by data from the E821 collaboration at BNL, is [5]

exp _ 9p —

" 2 (11659208.0(5.4)(3.3)) x 10710 (6)

a

The theoretical value [26] is calculated as the sum of (i) pure QED contributions including

14



the diagrams of virtual photon, vacuum polarization (VP) from e, 4 and 7, and leptonic
light-by-light scattering, (ii) hadronic contributions including VP from quarks, most
reliably estimated using eTe~ — hadrons data, and hadronic light-by-light scattering,

and (iii) electroweak contributions. The resulting SM prediction is [5]
all*°™y = (116591788(2)(46)(35)) x 1071 (7)

Demanding that supersymmetric loops, involving smuons and neutralinos or smuon neu-
trinos and charginos, lead to agreement between theory and experiment at the 2¢ level
thus implies

5.2 x 1071% < §a, gusy < 34.6 x 10710, (8)

2.1.2 Constraints from direct searches

The most important constraints are those on the masses of the lightest Higgs boson
and the lightest chargino. In combination, they imply that constraints on the masses of
strongly interacting sparticles [5] are automatically satisfied.

We interpret the limit My, > 114.4 GeV, which comes from searches for ete™ —
ZH°, as imposing a lower mass on the mass of the lighter CP—even Higgs boson of the
MSSM,

My, > 111 GeV, (9)

where we allowed for a ~ 3 GeV theoretical uncertainty [27] in the calculation of my,. We

also require

Mg > 104 GeV, (10)

since scenarios allowing chargino masses significantly below the highest LEP beam energy
cannot be realized in our scenario: These scenarios all require the presence of sneutrinos
with mass near or slightly below that of the chargino, and scenarios where both the

sneutrino and ﬁc have mass below the limit (10) violate the Higgs constraint (9).

2.2 Minimal Supergravity
2.2.1 Production and decays of the Supersymmetric particles

We review the production and decays of the supersymmetric particles. The discussions
in this subsection are based on [2, 3]. Although the discussion is on general ground, i.e.

not assuming any specific model, the examples are more focused on the mSUGRA scenario.

1. Sparticle production at lepton collider

Even though the superparticles have not been discovered at LEP 2 eTe™ collider (/s ~

15



Figure 2: Tree-level diagram for the (a) ete™ — )2?)2]-_, (b) eTe™ — )2?)2?.

209GeV), it has set the most stringent constraints (together with Tevatron) so far. Fur-
thermore, another e*e™ collider called International Linear Collider (ILC) with the /s ~
(0.5 — 1)TeV is under the serious planning. The lepton colliders have the following ad-

vantages compared to the hadron collider:

o All the center of mass energy can, in principle, be used for the new particle produc-

tion.?

e Detailed kinematic reconstruction of events is possible.
e The background is well-understood and calculable.
e The polarized beam is available.
Therefore, precision studies are in general possible.
Charginos and neutralinos

Charginos (neutralinos) are pairwisely produced via s-channel 7, Z boson (Z boson) ex-
change and t-channel (t-, u-) sneutrinos (sleptons) exchange. See Fig. 2. If the |u| > M 2,
then )2(1)72, )Zf are gaugino-like. For the wino-like )Zf, the cross section can be large because
of the enhanced isotriplet coupling to the Z boson, but it depends on the sneutrino mass,
due to the interference between the s- and the t-channel. For the bino (neutral wino)-
like )Z?@), the Z )2(1)(2)5((1)(2) coupling is suppressed, yet the eer, R>2(1] coupling is the gauge
coupling with the large hypercharge for the ég. If |u| < M; 2, the )2(1),+ is higgsino-like,

3Complications arise due to the bremsstrahlung, and the beamstrahlung (The real photons emitted by

the e interact cause energy loss).
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Figure 3: Tree-level diagram for the slepton pair production.

and the couplings to the sneutrino and slepton become negligible. The production cross
section, in this case, for the )Zf)zl_ and Y)x9 are comparable, yet YIx{ and ¥9x9 are very

small due to the cancellations between two contributions in the coupling.
Sleptons

The Feynmann diagrams are shown in Fig. 3. Note that the t-channel neutralino exchange
takes place only for the selectron final states, with two features: First, since the electron
Yukawa coupling is negligible, only the gaugino component contributes. Second, this is
the S-wave amplitude possible for the slepton pair production, meaning that this channel
is much less suppressed near the threshold.* At a /s = 500GeV ete™ collider, the typical
size of a stau or smuon pair production cross section (away from the threshold) is ~ 50fb,
and that of selectron is about an order of magnitude larger, depending on the neutralino

mixing and the masses.

2. Sparticle production at hadron collider
The biggest physical advantage of hadron colliders is the high beam energy. Currently
there are two working machines: 1) Fermilab Tevatron pp collider at /s ~ 2TeV, and 2)
CERN LHC pp collider at /s up to ~ 14TeV.

The sparticle production occurs via presumably hard scattering between quarks, an-
tiquarks, and gluons. Therefore, we can use the perturbative QCD within the framework
of parton model to compute the cross section. The hadronic cross section is obtained

through convolution with the parton distribution function (PDF), f;,(z1, Q"):
1 1
oo P ) = X¥) = [ din [ dmadiy (1, @)y (a2 @0 — X). (1)
T1,min To,min

where 6 describes the subprocess, and Y represents the beam remnants and the initial

state radiation (ISR). The total energy of the parton subsystem is not known exactly,

4Recall that the P(S)-wave has the 3° (3) dependence, with 3 = 4/1 — 27:2.
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but the total transverse momentum is zero for the initial system. Therefore, the presence
of the neutral and stable object will be signalled by an imbalance in the transeverse
momentum (energy), called 'missing transverse energy’ (E7). Even though the neutrinos
also contribute to the Fp, the amount of Fp in supersymmetric processes in general is
significantly greater, and applying the lower cut on Fp can increase the ratio of signal to

the background.
Charginos and neutralinos

The Feynmann diagrams for the chargino and the neutralino pair production is the same
as Fig. 2, with ete™ — ¢, and [ — §. If the | M| ~ 3.5|M>| as in mSUGRA, the first two
generation squarks are significantly heavier than the light charginos and neutralinos. For
the gaugino-like charginos, the s-channel photon and the Z boson exchange contributions
dominate, while for the gaugino-like neutralinos the couplings to the Z boson are sup-
pressed, as pointed out previously. The higgsino-like neutralinos would be pair-produced,
in particular as Yx3y, with comparable rates as charginos.

A novel subprocess at the hadron collider is, ¢¢’,q¢'q — )Z?)Zf (¢ =d,s; ¢ = u,c;
l=1,...,4; k= 1,2), via s-channel W boson exchange as well as via t-, u-channel squark
exchange. This is the most prominent of all sparticle production processes at the Tevatron,
assuming the gaugino mass unification condition [2]. If || > | M 2], the wino-like ¥ and
ﬁc have large gauge coupling to the W boson, while the coupling of bino-like x| to the W
boson is suppressed by the electroweak symmetry. When |u| < | M 2, the Y7 X7, )Z?’Q)Z{E,
and V¥ are pair-produced through smaller isodoublet gauge couplings to the W boson,

compared to the isotriplet one for the wino-like states.
Sleptons

The charged sleptons may be produced in pairs via s-channel 7, Z boson exchange. (Cor-
responding to the first diagram in Fig. 3, with e — ¢.) In addition, the ¢§7 — W* — 7
may take place. Note that the channel to the [zD; is forbidden, for the W boson couples
only to the left-handed sleptons and their superpartners.

Squarks and gluinos

Although gluinos and (the first and second generation) squarks are expected to be the
heaviest among the sparticles, their production rate at the hadron colliders may be much
larger than those of sleptons and neutralinos due to the strong interaction.

For the gluino pair production from the quark pair, we can take Fig. 2, with e — ¢,
Z—g, ¢ — ¢. In Fig. 4, we list the relevant Feynmann diagrams for the gluino pair
production from the gluon pair. For the squark pair production, there are three classes of

subprocesses: ¢;q; — GiGj, ¢iqi — 4;qj; 49 — Gid;, and gg — §ig;- (4,7 are flavor indices.)
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Figure 5: Tree-level diagram for the squark production.

For first two processes, we can take the Fig. 3 withe — ¢, v,Z — g, X — g, and f — q.
We list the diagrams for the other two ones in Fig. 5.

Since the gluon PDF dominates for the small partonic center of mass energy, the gluino
production from the gg initial state is dominant for the lower mg (< 1TeV) and the large
beam center of mass energy (e.g. LHC), while (valence) ¢¢ dominates for the large mj at

the Tevatron.

3. Sparticle decays
The produced sparticles would decay into other sparticles and SM particles, until they
decayed down to the LSP.

Gluinos and squarks

Let us first consider the first two generation squarks, assuming that they have the com-
mon mass, mg. In mSUGRA, their mass differences are indeed very small due to the
negligible Yukawa contribution and the common strong gauge interaction contribution.
In the following, ¢ = d,s; ¢ = u,c, |l = 1,...,4; k = 1,2, and the charge-conjugated
processes should be added.

1) mg < my
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® §— qqLR-
5 >0. 5 1ot
® JrL.R — 4X;; 9L — 9 Xk -

— The §g with large hypercharge decays preferably to the bino-like gaugino (y?

in most of mSUGRA parameter space).

— The ¢r, with larger SU(2);, gauge coupling decays preferably to a charged or

neutral gaugino.

o §— gbby, qblz)l, if mg > (myp + mgl).

— Gluino-mediated, large if )2972 and Y] are higgsino-like.
2) mg < mg
® qr,r — 49

~ -0. -~ ot

® JL.R — 4X;; 4L — 4@ Xk -

— Subdominant contribution, ¢y, to the charged or neutral SU(2); gauginos.

~ 0 et
° §—qqx), 97Xy

§—>ft~1,ifm§>(mt—|—mt~1); Egl,ifm§>(mb+ml~)1)

— Since the gluino has only strong interaction, the three-body decays are medi-

ated by squarks.
e g— g)N(?
— Via ¢-¢-G or g-g-q triangle loop diagrams. Significant if LSP is higgsino-like, or
it mg < myg.

For the third generation squarks, firstly, due to the large m; one needs to include the top
mass in the final states when considering the kinematics, while we may neglect the other
quark masses. Secondly, both the light and heavy stop/sbottoms can decay to charginos
and W bosons, since they are mixture of left- and right-squarks:
to —tx7,  bx,
bra — bxi,  txj,-

Thirdly, the large expected mass splitting between the stop and sbottom mass eigenstates

enables the stop/sbottom final states for the stop/sbottom decay. Furthermore, because
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of the large stop (and sbottom, for large tan() Yukawa couplings, the decays involving
Higgs final states are possible:
bio — hoW™, foH™,
by — b1Z, bhh, bH, bhA,
tie — 51,2W+7 51,2H+,
ty — tZ, th, tH, #HA.

If all two body decays of ; are forbidden at the tree-level, the loop-induced decay,

t; — C)Z(l), (12)
the three-body decays,
0 —byl, bl bW, bVHT, (13)
or the four-body decays,
t = bXIf T, (14)

take place. (f,f’ are SM fermions.) The Eq. (12) occurs via mixing between ¢ and &
flavor eigenstates. Although the tree-level flavor-violating interactions are absent in the
Lagrangian at high energy scales, radiative corrections can induce them at the weak scale.
In mSUGRA, the first two of Eq. (13) are favored (especially at low mg) due to the light
sleptons. If the ¢ is so light that even the three-body decays are kinematically forbidden,
then Eq. (14) can occur.

Sleptons

The decay modes for the first two generation sleptons are:

e — I 1L — v,
o= uxy I
The [ can decay only to neutralinos via U(1)y interaction, while the I decays preferably
to both of the charginos and neutralinos via larger SU(2) gauge coupling.

The decay modes of third generation sleptons are similar to that of third generation
squarks, due to the mixing effect and the Yukawa coupling (especially for the large tans),
i.e. including the Higgs and Z boson final states.

In gauge mediated supersymmetry breaking models where 7; is the Next Lightest
Supersymmetric Particle (NLSP), 7 decays to the 7G, where G is the gravitino. Here,

the ¥{ may be heavier than some of the sleptons, then the following decay mode of first

two generation Ir dominates:
Ip — 771, L (15)
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In mSUGRA, there is co-annihilation region in the parameter space which is important
on the cosmological ground. The 7 is almost degenerate with the LSP, ¥, and the co—
annihilation of the NLSP 7; and the Y may effectively take place in the early Universe.

Hence the neutralino Dark Matter relic density is consistent with the WMAP observation.
Neutralinos and charginos

The charginos and neutralinos decay dominantly via tree-level two-body channels, as long

as allowed kinematically:

U

)22; — l;"ﬂj, I/jli, Cziﬁj, Uiy,
Xio— WL, HYRY,
X5 — Zxf, hxi, HXD, AXT (16)

XP — i, li[ja Uty szjy
Xt — W'k, HYxp,
Xy — ZX%, hxh, HXD, AXD. (17)

The wino-like gauginos decay to the SU(2), doublet sfermions with the full gauge strength.
As noted previously, since the neutralinos couple to the Z boson only via the higgsino,
the decays of neutralinos involving Z boson final states can occur only when neutralinos
in the process include large higgsino components. This is also true for the three-body de-
cay of neutralino to another neutralino and a fermion pair via virtual Z boson exchange.
On the other hand, the wino-like as well as the higgsino-like charginos have large gauge
coupling to the W boson, and the corresponding decay channels can be dominant. The
coupling of Higgs boson to the neutralinos and charginos originate from the product of
Higgs chiral superfild, its hermitian conjugate and a vector superfield with gauge strength
coupling. Therefore, decays with Higgs bosons in the final state will have large coupling
only when one of the chargino/neutralinos in the decay channel is higgsino-like and the

other is gaugino-like.

2.2.2 Signatures at the LHC: Benchmark points

In this subsection we focus on the collider signals from the mSUGRA. In mSUGRA, the
LSP can be the lighter stop, lighter stau, or the lightest neutralino, depending on the
parameters. In order for the stable LSP to be the Dark Matter candidate, however, it has
to be electrically neutral. Hence, it is often taken as a part of mSUGRA that the lightest
neutralino be the LSP.

1. Identification of the SUSY events
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In a large part of parameter space, the gluino and the squarks are expected to be dom-
inant among the SUSY production modes. Their cascade decay signatures will be in
general very complicated, and the identification of SUSY events depends on the final

states. Nevertheless, there are general features we might exploit:

e Missing transverse energy (Fr): At the end of each sparticle decay chain, there
must be an LSP in the R-parity conserving SUSY. Being unobservable, the LSP
leaves its footprint as the (large) Fr.

e Multiple jets: If the gluino and/or the squark decays into some other (s)particle
and a quark, generally a high pr jet is produced from the latter, which can be
distinguished from the softer QCD jets.

e Transverse sphericity (S7): The transverse sphericity is defined as

29

St =",
T (A + A2)

where A; and Ay are the eigenvaluesof the 2 x 2 sphericity tensor, S;; = >, prip™
[29], where the k runs over the particles. For the SUSY events St tends to be larger,
for the heavier sparticles are rather at rest compared to the lighter Standard model

particles. QCD events are dominated by back-to-back process (St < 1).

o Effective mass (Mcsr): The effective mass is defined to estimate the mass scale

associated with the SUSY production [28§]

4
Mepp =Y P 4+ " ppPt + B, (18)
i=1 i=1
where the sums run over the four highest pr jets, and over all the identified leptons.

We will see shortly how we apply them to suppress the background.

2. Benchmark points

Even though the number of parameters is reduced down to five by imposing boundary con-
ditions, the signals still depend strongly on the parameter set. Hence, seven benchmark
points have been chosen by ATLAS Collaboration to do the detailed analysis [29].

Here we briefly review the signatures at the LHC from two of them, applying the
discussions in the previous subsection. Extensive studies including the systematic uncer-
tainties can be found in [29].

In Fig. 6, we show them (SU1, SU2) in the (M /5, mo) plane of mSUGRA. The SU1
represents the co-annihilation region, where the co-annihilation of the NLSP 7; and the

%Y in the early Universe occurs effectively, as mentioned in the previous subsection. The
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Figure 6: Regions in the (M /5, mo) plane of mSUGRA. The grey areas are those excluded
by the EWSB condition or by tachyonic or too light sfermions. The region excluded by
the Higgs and chargino mass constraints is shown in yellow and the one excluded by the
b — s7v constraint (5) in pink. The blue area satisfies the g, — 2 constraint (8), while
green regions satisfy the Dark Matter constraint (4). Finally, black regions satisfy all
constraints. The benchmark points are denoted with red dots. The figure is generated

using SOFTSUSY2.0 [30] and micrOMEGAs 1.3.7 [31].

SU2 lies in the focus-point region, where the Y has the significant higgsino component,
so that the ) pairs can annihilate to the weak gauge bosons. In both cases, therefore, the
Dark Matter relic denisty is consistent with the WMAP observation. The mass spectra
are listed in Table 3.

parameter || SU1 | SU2

M, [GeV] || 350 | 300

mo [GeV] 70 | 3550
Ag 0 0
tan( 10 10

Table 2: The proposed benchmark points.

In SU1, the squarks and gluino masses are comparable, much heavier than the gauginos
and sleptons. Nevertheless, their masses are below 1TeV, and the dominant sparticle
production process is qg — gqr,gr- The gluinos mainly decay to the third generation
squarks (plus quarks), followed by squarks mainly decaying to )2972 and )Zfz (plus quarks).
The p is large enough that the Y3 is mostly wino-like, which prefers decaying to the SU(2),
doublet sfermions; to the 7; (plus tau) is dominant (by an order of magnitude), due to

the large left-right mixing, while to the é, fi is suppressed by phase space.
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spectra [GeV] || SUL | SU2 || spectra [GeV] || SUL | SU2
m 463 | 463 ur,cr 754 | 3547
) 139 | 126 UR,CR 731 | 3559
x5 262 | 242 dr,sr, 761 | 3547
X 466 | 470 dR, SR 730 | 3560
XY 483 | 485 t 567 | 2074
X 262 | 242 to 753 | 2893
X 485 | 490 by 695 | 2890

g 824 | 810 by 729 | 3531
ho 113 | 121 er, jtL, 251 | 3544
HOY AY 517 | 3532 €R, LR 156 | 3548
H* 523 | 3534 1 147 | 3519
T 254 | 3529

Table 3: Mass spectra are calculated using SOFTSUSY 2.0 [30]. All spectra are on-shell

masses except the u(Mgsysy).

Nevertheless, tau identification is much more challenging than that of electron or of
muon. When it decays leptonically, due to the presence of the neutrino, the kinematic
reconstruction is impossible. For the hadronic decays, the resultant jets need to be dis-
tinguished from the QCD backgrounds. Thereby, we only quote the mass reconstruction
from the dilepton (i.e. electron or muon) invariant mass here. The interested readers can
find the studies on the tau final state in [29].

For the decay chain ¢, — gx3 — l% rlTqa— It~ g, the distribution of the invariant

mass of the two final leptons ends at

5 2 m. o 2
me9 — g 1 (L) 1o (221 (19)
u X2 mxo my
2

The main background comes from t£, where the top decays to the blTv. For the optimized

event selection, the following cuts are applied [29]:
o pr(j1) > 200GeV, pr(j2) > 150GeV.
e Missing Fr > 120GeV.

Since the lepton pairs from the signal are of the opposite sign and the same flavor (OSSF),
only OSSF lepton pairs are selected. Furthermore, since the lepton pairs from the back-
ground can be either of the different flavor or the same flavor with the same probability,

the events with opposite sign opposite flavor (OSOF) lepton pairs are subtracted.
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Figure 7: (a) Dilepton invariant mass distribution of (OSSF-OSOF) after cuts for SU1,
taking into account the correction factor for the electron and the muon recontruction
efficiencies. The points with error bars show SUSY plus Standard Model background,
and the solid histogram shows Standard Model contribution alone. (b) Dilepton invariant

mass distribution of (OSSF-OSSF) after cuts for SU2. Adopted from [29].

The resulting dilepton invariant mass for the integrated luminosity of 18 fb~! is shown
in Fig. 7 (a). The endpoint computed from the Eq. (19) (verticle lines) can be clearly
seen.

In SU2, the squarks are significantly heavier than not only the gluino but also all of
the neutralinos and charginos. As a consequence, the main SUSY production channels
are the gg — gg as well as qqg — )2(2)5({5. The X (ﬁc) is wino-like, and it decays mainly
to the Y{ plus sleptons via virtual Z (W) boson exchange. The gluino decays to the >~(1i,2>
)@t plus quark pairs via virtual squark exchange.

All Zb, diboson, and the ¢t contribute to the Standard Model background. In case of
direct gaugino production, from the above decay channel only the small Fr and the soft
jets are produced, which makes it challenging to suppress the background. In the ATLAS

study, the following cuts are applied [29], with a certain lepton isolation criteria:
e At least one pair of OSSF leptons.
° Nl > 3.

e No OSSF dilepton pair with 81.2GeV < M < 102.2GeV, to prevent those from Z

boson.
e Missing Fp > 30GeV.

Furthermore, the number of events with three leptons (OSSF), which does not include an

OSSF pair, is subtracted, considering that the backgrounds do not necessarily produce
the OSSF pairs.
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Note that once the sufficient integrated luminosity is collected, it will be relatively easy
to distinguish the SUSY process coming from the gluino decay from the SM processes, by
the additional cuts on the high pp.

In Fig. 7 (b), the dilepton ivariant mass spectrum is shown for the integrated lumi-
nosity 10fb~1. We see the peak around 50GeV for the inclusive SUSY.

2.3 Supergravity Grand Unified Theory

In the previous section, we worked mainly under the universality conditions for the gaug-
ino masses, scalar masses, and the trilinear parameters at the scale Mgyr ~ 10%GeV.
In this section, we discuss a well-motivated extension of the mSUGRA, the supersym-
metric Grand Unified Theories (SUSY-GUTs). In the next subsection, we begin with the
discussions on the general features of the SUSY-GUTs by examining the minimal model

2, 3].

2.3.1 General Aspects

The simplest model of GUT is based on the SU(5) gauge group. The SU(5) unification
extends to, at highest, the Planck scale, and is broken down to the MSSM at the GUT
scale, when the 24 dimensional Higgs () obtains a vacuum expectation value. The
symmetry breaking occurs via the super-Higgs mechanism, where the supersymmetry is
preserved. The vacuum expectation value is determined by the F- as well as the D-flatness

conditions.

The quark doublets, the u-type antiquark singlets and the antilepton singlets form
a 10- (T), and the d-type antiquark singlets and the lepton doublets are in a 5 (F)
dimensional representation. The 5-, 5- dimensional Higgs (H;, Hs) contain the MSSM
Higgs doublet Hy, H,, respectively.

The superpotential is given by

W = AT + MTr? + Hy(NS + M'YH, + T, THy + Tf,FH; . (20)

A, M are the GUT Higgs self coupling, and the superpotential mass parameter, respec-
tively. The M must be of order Mgyr, while M’ is the generalization of the mSUGRA

higgsino mass parameter. The corresponding soft supersymmetry breaking terms are
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parametrized as follows:
Loope = —miy |Hi|* —myy, |Ho> — m3TrElS — m2|F|> — mi TrT'T
_ %ME,X/\
+ | BupsTrY? + ANNTrY? + ByugHiHy + Ay N H X Hy
+ AufuCijramTITMHY + AgfsTY FiHyj + hec.|, (21)

As in mSUGRA, once we impose boundary conditions for the parameters at some high
scale, we can obtain the low energy spectra via RGEs. Let us assume the following

universality at Mp:

mio = ms = myg, = My, = My = My,

Au:Ad:A)\:A)\/ EA(]. (22)

First, the gaugino loop contribution in the soft mass differs for the fields in different
representation of SU(5) gauge group, which leads only the partial universality for the

MSSM soft breaking parameters at Mqgyr:

mQ:mU:mEEmlo, mp =mjyp = MmMms;,

Mg, = Mg, My, = MH,. (23)

Second, the novel coupling A" in the Eq. (20) contributes to the mpg,, mg,, such that
they get more reduced at the weak scale. As a result, electroweak symmetry breaking
requires larger values |u| than in mSUGRA, which means that the lighter charginos and
neutralinos are more gaugino-like.

Even though we discussed a specific model — the minimal SU(5) —, the nonuniversality
in the scalar sector at the GUT scale as well as the modification on the low energy spectra
due to the interplay between MSSM and the novel parameters are the generic features
in the SUSY-GUT models. In the next subsection, we will adopt an SO(10) model, and

perform an analysis at some length.

2.3.2 A Detailed Study: An SO(10) Model

1. Introduction to the Model

As mentioned in the Introduction, Grand Unified Theories (GUTSs) based on the gauge
group SO(10) have been considered good candidates for the unification of electroweak
and strong interactions [32]. All matter fields of one generation are incorporated in a
single irreducible representation, the spinor 16. Moreover, the “seesaw” mechanism [33],
which can explain small neutrino masses as indicated by neutrino oscillations, is naturally

embedded.
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In [18], we in particular chose a model by Aulakh et al. [34], a supersymmetric SO(10)
model with two intermediate scales: SO(10) is firstly broken to SU(4)c x SU(2)r X
SU(2)r by a 54 dimensional Higgs at the GUT scale Mx; then to SU(3)c x U(1)p—_1, X
SU(2)p x SU(2)r by 45 at scale M¢; finally to the Standard Model gauge group by
126 + 126 at scale M. Imposing the unification condition for the gauge couplings fixes
the intermediate scales M and Mg for given Mx; i.e. Mx is a free parameter. However,
its lower bound is set by the lower bound on the lifetime of the proton [5]. We took
Myx = 3-10'GeV as default value. In addition, a second pair of Higgs doublets was
introduced, in order to modify the minimal SO(10) predictions for the masses of quarks
and leptons, which are not consistent with experiments. In order to compare the low
energy phenomenology of the model with that of mSUGRA [2], we assumed universal soft
breaking parameters (mg, M; /2 Ap) as boundary condition at the GUT scale.

The 126-dimensional Higgs whose vacuum expectation value breaks SU(2)pxU(1)p_r,
to U(1)y also gives Majorana masses to the right-handed neutrinos. The resulting masses

for the light neutrinos are schematically written as

_mp _ (M(H)?
m, = Mi = yy(26) (24)

The Yukawa coupling Yy, and to a lesser extent Y,,, gives new contributions to the Renor-
malization Group Equations (RGEs) of the MSSM Yukawa couplings and soft breaking
parameters. Therefore the weak—scale masses, and thus the radiative electroweak sym-
metry breaking and the relic density of Dark Matter, depend on Yy, and hence on the
light neutrino masses for fixed Mp. This remains qualitatively true for other SO(10)
GUTs with a “type—-I” seesaw mechanism at an intermediate scale. Note that Y, unifies
with the up—type quark Yukawa couplings, and is hence fixed. For given Mg, and hence
given (126), the absolute scale of the light neutrino masses is thus determined by Yy,
with larger Yy yielding lighter neutrinos. For our minimal choice Mx = 3-10'5 GeV, the
requirement that Yy remains perturbative at least up to scale Mx therefore leads to the
lower bound m, 2 0.15 eV on the mass of the heaviest light neutrino.

For our current study the most important modification of the weak—scale spectrum
is the reduction of the higgsino mass parameter |u|, which comes about as follows. The
weak—scale stop masses are reduced compared to the mSUGRA prediction, due to the

Yukawa coupling given by
1 _ _
WYukAQQ = §YN (FCZRFC + FELF> . (25)

Here Wy 422 is the superpotential valid between the scales M¢c and Mx, Y i and ¥, are
in the (10,1, 3) and (10, 3, 1) representation, respectively, of the gauge group SU(4)¢ x
SU(2)p x SU(2)g, and F and F*° denote quark and lepton superfields in the (4,2,1) and
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(4,1, 2) representation. This reduces the term o Y;? in the RGE for m%u, leading to an
increase of m%{u at the weak scale. As a result, electroweak symmetry breaking requires

smaller values of || than in mSUGRA does.

Another distinctive feature of the model is the rapid increase of the gauge couplings
at high energies. This is due to the introduction of large additional Higgs representations,
needed in order to break the gauge symmetry. As a result, relations between weak—scale
and the GUT-scale soft breaking parameters are modified. In particular, for a given uni-
versal gaugino mass M/, at the GUT scale, the SO(10) model predicts much smaller

gaugino masses at the weak scale than mSUGRA does.

2. Benchmark points

We performed detailed analyses of collider signals for two distinct benchmark points. The
input parameters and superparticle and Higgs spectra are listed in Table 4. We chose
points that satisfy all constraints, including the Dark Matter relic density constraint (but
ignoring the indication of a deviation of the magnetic dipole moment of the muon from
the Standard Model prediction [35]). We chose Mx at its lower bound of 3 - 10! GeV,
and small m, = 0.2 eV, in order to maximize the differences between our model and
mSUGRA. On the other hand, we chose the parameters of the mSUGRA points such that
the sparticle spectra are as similar as possible to that of the corresponding SO(10) bench-
mark points. In particular, we adjust the values of M 5 such that the gluino masses are
essentially the same in both models. In contrast, we chose the same mg in both models,
since this gives similar first and second generation squark masses. In this way we hope to

isolate the non—trivial effects of the additional couplings via the RGE.

Point 1 is chosen such that, at least in the SO(10) model, the lightest neutralino has
a significant higgsino component. This requires mg > M/, even in this model. However,
for the same gluino mass, one would need much larger mg to achieve a similarly small p
in mSUGRA. This would put squarks out of the reach of the LHC, making the scenario
easily distinguishable from our SO(10) point. We instead chose to increase tan 3 from 40
to 52, and also took a nonvanishing (but fairly small) Ag. This leads to greatly reduced
mass of the CP-odd Higgs boson, i.e. we are now close to the “A—pole” region [36]
where X annihilation is enhanced since A—exchange in the s—channel becomes (nearly)
resonant. These changes do not affect 1 very much, i.e. in our mSUGRA point 1 the LSP

remains a nearly pure bino.

Benchmark point 2 lies in the co—annihilation region. Recall that the new coupling
YN reduces mz, below its mSUGRA prediction. Chosing M/, such that one gets the
same § (or X)) mass, while keeping all other input parameters the same, would thus lead

to an mSUGRA point with too high a relic density. We consider two different methods
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parameter || SO(10) 1 | mSUGRA 1 || SO(10) 2 | mSUGRA 2a | mSUGRA 2b
M; 1100 600 1000 550 550
mo 1400 1400 280 280 280
Ag 0 300 0 -120 0
tan3 40 52 40 40 41.5
L 307 587 607 682 663
) 243 253 229 227 227
3 313 468 430 431 430
x5 317 597 615 690 671
x4 519 618 628 698 680
Xi 298 470 434 434 433
X3 517 615 625 694 676
g 1423 1427 1246 1258 1258
ur,cr, 1865 1862 1168 1178 1177
UR, CR 1842 1836 1140 1140 1140
dr, s, 1870 1868 1175 1185 1184
dR, SR 1843 1831 1138 1135 1134
t 1205 1311 874 886 897
to 1409 1495 1062 1086 1088
by 1418 1463 998 1016 1017
by 1529 1532 1056 1074 1076
er, jir, 1490 1461 544 473 473
€R, IR 1466 1421 472 354 354
I 900 960 238 237 238
D 1230 1259 488 464 465
RO 116 116 115 115 115
HO, A° 1018 588 580 615 593
H* 1021 594 586 621 598
Qh? 0.09 0.09 0.11 0.11 0.12
P, 0.72 0.96 0.92 0.89 0.89

Table 4: Proposed benchmark points. Mass spectra are calculated using SOFTSUSY 2.0.
All spectra from row 6 through 28 are on-shell masses except the u(Msysy). Rows
2 through 5 give the input parameters. We indicate also the LSP relic density and the
longitudinal polarization of the 7 lepton in 7, — 77X} decays. All dimensionful quantities

are in GeV.
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to correct for this. In mSUGRA point 2a we take non-vanishing Ay, such that msz, is
reduced and p is increased; the latter also decreases ms,, helping to get a sufficiently large
%) — 71 co—annihilation cross section. In mSUGRA point 2b, this is instead achieved by
increasing tan 3, which again reduces mz, and increases 77, — Tp mixing. Notice that in

either case the change of these input parameters is not very dramatic.

At the SO(10) point 1, all of the squarks as well as the gluino are significantly heavier
than all of the neutralinos and charginos. Furthermore, due to the low value of |y,
the heaviest neutralino Y has the largest SU(2) gaugino component. Due to the small
higgsino mass, the dominant SUSY production channel is qg — ngdc Mostly due to
this process, the total inclusive SUSY production cross section at /s = 14TeV is nearly
three times larger than that of the mSUGRA point 1. However, )28’3 and )Zf decay
predominantly into ¥} and a quark-antiquark pair, which carries relatively little energy
due to the small mass splitting. Direct 328735({5 production therefore predominantly gives
rise to events with four relatively soft jets, and correspondingly only a small amount of
missing Ep. This signal will be completely swamped by backgrounds, e.g. from W, Z
plus multi—jet production. The inclusive cross section for squark and gluino production,
which should be detectable in this scenario (see below), is quite similar in the SO(10) and

mSUGRA versions of point 1.

Another distinctive feature of SO(10) point 1 is the much smaller polarization P, of
7 leptons produced in 7, — 7~ 92(1) decays. P depends [37] both on 77, — 7g mixing and
on gaugino—higgsino mixing. In the case at hand, 7, is dominated by the 7 component
in both the SO(10) model and in mSUGRA; the 77, component is slightly smaller in the
SO(10) case due to the reduced value of ptan 3. However, the SO(10) model features
much stronger bino-higgsino mixing in this case. Note that the bino couples 7 to 7g,
while the (down-type) higgsino couples 7 to 77,. As a result, P; is significantly smaller
in the SO(10) case.

P; can be measured via the energies of hadronic 7 decay products [38]. Of course,
this requires a copious source of 7; particles. At an ete™ collider this measurement
can therefore only be performed if the beam energy is well above msz, i.e. /s 2 2TeV
in our case. Monte Carlo simulations indicate [39] that P; could then be determined
with sufficient accuracy to distinguish these scenarios. At the LHC this measurement
is probably only possible if 7| particles are produced copiously in the decays of gluinos

and/or squarks [40]; this is not the case in our benchmark point 1.

For the SO(10) point 2, since the gluinos and squarks are relatively lighter, the dom-
inant sparticle production process is q¢ — gqr,r. Our choices of M/ and mg ensure
that the corresponding cross section is very similar in the SO(10) and both mSUGRA

scenarios.
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Recall that we adjusted the mSUGRA parameters such that we get very similar msz,,
and hence similar LSP relic density, as in the SO(10) scenario. These adjustments also
imply that the masses of third generation squarks are only slightly smaller in the SO(10)
scenario than in both mSUGRA scenarios, i.e. the effect of the new Yukawa couplings
on sfermion masses has been partly compensated by adjusting soft breaking parameters.
However, the effect of the new couplings is still visible in |u|, which is significantly smaller
in the SO(10) benchmark point than in both mSUGRA variants.

Moreover, having adjusted parameters such that we obtain similar gaugino and first
generation squark masses, we get significantly heavier first generation sleptons in SO(10)
than in mSUGRA [18]. This can be tested trivially at ete™ colliders operating at
Vs > 2mg,. However, even in the mSUGRA versions of our point 2, sleptons are too

heavy for direct slepton pair production to yield a viable signal at the LHC [41].

3. Measurements using di—lepton events at the LHC
In order to analyze the gaugino—higgsino sector of the theory, we have to rely on neu-
tralinos and charginos produced in the decays of squarks and gluinos. Direct production
of charginos and neutralinos is only detectable in purely leptonic final states [42]. In the
case at hand the relevant neutralino and chargino states are quite massive, and have small
leptonic branching ratios, leading to very small signal rates.

We therefore look for events with several energetic jets in addition to two or more
leptons. To that end, we simulate proton—proton collisions at the LHC (y/s = 14TeV)
using PYTHIA 6.4 [43] and the toy detector PYCELL. The detector is assumed to cover
pseudorapidity |n| < 5 with a uniform segmentation An = A¢ = 0.1. We ignore energy
smearing, which should not be important for our analyses. We use a cone jet algorithm,
requiring the total transverse energy Er summed over cells within R = 0.4 to exceed 10
GeV; here R = \/W , where dn and d¢ measure the deviation in pseudorapidity
and azimuthal angle from the jet axis. ¢¢ and diboson production are assumed to be the
main Standard Model backgrounds in the di-lepton channels we are interested in.

We require electrons and muons to be isolated, i.e. to have less than 10 GeV of
additional E7 in a cone with R = 0.2 around them. Also, leptons within R < 0.4 of a jet
are not counted. These requirements essentially remove leptons from the decay of ¢ and
b quarks. Finally, we require the invariant mass of opposite—sign, like-flavor lepton pairs

to exceed 20 GeV, in order to suppress contributions involving virtual photons.
Point 1

In this case the difference in p between the SO(10) and mSUGRA scenarios is quite
drastic: in the SO(10) case, u is only slightly above M; and well below Ms, leading to

Mgy & Mgo = My only about 70 GeV above the LSP mass, and well below the masses of
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the wino-like >~<2i and Y states. In contrast, in the mSUGRA scenario we have p slightly
above Mp, leading to wino-like Y3 and )ﬁc well above the LSP.

In order to understand what this means for multi—jet plus di-lepton signatures, we
have to analyze the most important sparticle production and decay channels. In the
case at hand, the most important production channels (after cuts) are squark pair and
associated squark plus gluino production, where the squarks are in the first generation.
Most squarks will decay into a gluino and a quark here, so that most events start out as
gluino pairs with one or two additional jets.

In the SO(10) version of point 1, nearly all gluinos decay into #; plus top, since this
is the only allowed two-body decay of the gluino. In turn, ¢; decays mostly into )Zfb and
)2(1)’27315. These decays are preferred by phase space, and because here the lighter neutralinos
and lighter chargino are dominantly higgsino-like, and hence couple more strongly to
(s)top (since the top Yukawa coupling is larger than the electroweak gauge couplings).
Leptons can then originate from semi—leptonic decays of top quarks, from leptonic decays
of ﬁc states, and from leptonic decays of )2(2),3. Note that the latter decays, which have
branching ratios near 3%, can only produce di-lepton pairs with invariant mass below 70
GeV.

In contrast, in the mSUGRA version of point 1, gluinos can only undergo three-body
decays. Nevertheless decays involving third generation quarks are strongly preferred, since
the by and # exchanged in g decay can be nearly on—shell. The dominant decay modes
again involve higgsino-like states, i.e. § — )Z; bt or )Z%Atf; due to the larger phase space,
the branching ratio for § — )Zfbf is also significant. The higgsino—like states decay into
lighter gaugino—like states plus a real gauge or Higgs boson. Leptons can then originate
from semi-leptonic top decays, and from the decays of the W* and Z° decays produced
in the decays of the heavier neutralinos and both charginos. Note that we do not expect
any structure in the di-lepton invariant mass below My in this case.

We apply the following cuts to suppress the Standard Model background [29]:

o At least four jets with Fp > 150 GeV each, at least one of which satisfies Er > 300
GeV.

e Missing Ep > 200 GeV.
e Transverse sphericity S > 0.2.

e Two charged leptons with opposite sign and same flavor (OSSF).

No SM diboson event passed these cuts. One tt event passed, for a simulated integrated
luminosity of 1 fb~!. Note that our cuts are quite generic, not optimized for our scenario.

In our case, the background can be further suppressed by requiring at least three tagged
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Figure 8: (a) The dilepton invariant mass distribution of opposite sign, same flavor dilep-
ton events after cuts for point 1, corresponding to an integrated luminosity of 300 fb~!; the
black and red (grey) histograms are for the mSUGRA and SO(10) versions of this point,
respectively. (b) The subtracted (OSSF—OSOF) dilepton invariant mass distribution af-
ter cuts for point 2; the solid black and dashed blue histograms are for the mSUGRA
points 2a and 2b, while the solid red (grey) histogram is for the SO(10) version.

b quarks in the event (all the final states we discussed above have at least four b quarks);
by requiring the presence of additional jets (most events will have at least one hard jet
in addition to the gluino pair, which by itself already produces at least four jets); and/or
by optimizing the numerical values of the cuts employed. This should allow to extract an
almost pure SUSY sample, without significant loss of signal.

The results of our simulations for point 1 are shown in the left frame of Fig. 8. We
see that the di-lepton invariant mass distributions peaks near 50 GeV in the SO(10)
scenario, whereas it peaks at Mz in the mSUGRA scenario. mSUGRA also predicts a
somewhat larger number of events at large di-lepton invariant mass; we saw above that
only in this scenario we expect significant numbers of on-shell W# bosons from chargino
and neutralino decay. The two distributions should be easily distinguishable, with high

statistical significance, once several hundred fb~! of data will have been collected.
Point 2

We now turn to the benchmark point 2. We saw in Table 4 that now Y3 — éﬁejF are
allowed in the mSUGRA scenarios, but not in SO(10). Unfortunately, the branching
ratios for these decays remain at the permille level even in the mSUGRA scenarios. This
is partly due to the small phase space available for these decays, but mostly due to the fact
that X3 is dominantly a neutral wino in the co-annihilation region, and thus has only small

couplings to SU(2) singlet sleptons; recall that 71 also has a significant SU(2) doublet, 7,
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component. As a result, we do not see any evidence for Y3 — g§£¢ — X LT (U =e, u)
in the mSUGRA scenarios; in particular, no kinematic edge at my+,—~ = 189 GeV, the
nominal endpoint for this decay chain, is visible.

We instead first try to find evidence for increased gaugino-higgsino mixing in the
SO(10) scenario, due to the lower value of p, by analyzing the decays of the heavier
charginos and neutralinos. In the case at hand the dominant production channel is asso-
ciate production of a first generation squark with a gluino. The decays of first and second
generation squarks will predominantly produce )2(1)72 and ﬁt states. On the other hand,
here in the co—annihilation region gluinos are heavier than all squarks, but — as usual in
scenarios where squark masses unify at some high scale [44] — gluino decays into third
generation quarks and squarks are preferred. We saw in the discussion of benchmark point
1 that third generation squarks in turn frequently decay into higgsino—like charginos and

neutralinos. We look for these heavier states through their decays into real Z° bosons.

Modes SO(10) 2 | mSUGRA 2a | mSUGRA 2b
G — bib 12.3 % 11.8 % 12.0 %
G — bab 7.0 % 6.2 % 6.2 %
g— it 12.3 % 12.5 % 11.8 %
g — tof 2.9 % - -
t — X9t 18.1 % 5.2 % 13.6 %
t1 — Xab 21.9 % 21.3 % 22.5 %
ty — X5t 10.4 % 8.0 % 8.9 %
ty — Xa b 24.8 % 20.4 % 22.6 %
to — 7%, 7.4 % 9.3 % 7.5 %
by — X9b 14.6 % 10.7 % 12.2 %
by — Xt 14.5 % 8.7 % 9.8 %
by — X9b 14.6 % 11.9 % 12.9 %
by — Xot | 46.1% 39.0 % 40.9 %
X3 —x1,2% | 293 % 28.0 % 28.0 %
X4 —=x72°% | 238% 22.8 % 22.4 %
A, 7.6% 4.3% 5.0 %

Table 5: Branching ratios for important modes in benchmark point 2, as calculated with
ISAJET 7.78 [45]; note that charge conjugate gluino decay modes have to be added. The
last line denotes the sum of the branching ratios of all gluino decay chains which give us

a Z boson in the final state.

The relevant branching ratios are summarized in Table 5. We see that the slightly
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reduced third generation squark masses of the SO(10) scenario increase the branching
ratio for gluino decays into the third generation to 69% in the SO(10) case, compared
to 61% (60%) in mSUGRA point 2a (2b). Moreover, the decays of third generation
squarks into )Zg and )@t are enhanced in the SO(10) case. This is also predominantly
a phase space effect; the slightly reduced squark masses in the SO(10) case are over—
compensated by the reduced masses of the higgsino—like states. This effect is especially
drastic for #; — Y5t, where the available phase space volume is very small in the mSUGRA
scenarios. However, the strong phase space dependence of the relevant partial widths®
[2, 3] leads to quite significant differences also in many other modes.® Finally, the smaller
value of p in the SO(10) scenario also leads to more higgsino—gaugino mixing, and hence
to slightly larger branching ratios for decays of the heavier neutralinos and charginos into
real ZY bosons. The combination of these three effects leads to a substantially larger Z°
production rate in gluino cascade decays in the SO(10) scenario than in mSUGRA.

In order to suppress backgrounds, we first make use of the fact that most signal events
will have (at least) one very energetic jet from the decay of a first generation squark into
a light gaugino-like state. Moreover, the above discussion shows that many events with
real Z" bosons in the final state also will have a top quark in the final state, and/or a
real W¥ boson from ﬁc decay; the branching ratio for this latter decay amounts to 12.6%
in the SO(10) scenario. The decays of these particles can lead to additional, somewhat
softer, jets and/or additional leptons. On the other hand, since the dominant production
channel only contains a single gluino, we only expect two b (anti—)quarks in the final state;
b—tagging will therefore not be of much help to suppress the ¢t background, which we
again expect to be the most dangerous one.

This leads us to use two complementary sets of cuts; at the end we simply add both

event samples in order to increase the statistics:
1) Set 1

e Er(j1) > 600 GeV, Er(j2) > 200 GeV, Er(j3) > 100 GeV.
L] Ng = 2.

2) Set 2

o Er(j1) > 300 GeV, Er(j2) > 150 GeV, Er(js) > 75 GeV.

°If my, is negligible, the partial width for § — ¥ + ¢ is oc (1 — m%/m%)?

5This also holds for decays into X5. However, Br(¥3 — )2(1)72Z0) only amounts to ~ 3%. This large
difference between the decay modes of the higgsino-like states %3 and X3 can be traced back to the fact
that %3 is a very pure symmetric higgsino, i.e. the higgsino components of this eigenvector are nearly
equal in both magnitude and sign, whereas %3 is mostly an antisymmetric higgsino. As a result, the
)22)2(1),2 Z° couplings are suppressed, and the )Zg)z(fgh couplings are enhanced, where h is the light neutral

Higgs boson.
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e Ny >3.

Note that we do not apply any cut on missing Ep, since this wasn’t necessary to
suppress the backgrounds we studied. In Set 1, a modest missing Ep cut will be needed
to suppress the Z%+jets background, but this can be done without any significant loss of
signal.

For set 1, we require both charged leptons to be of opposite charge. In set 2, we chose
the opposite-sign lepton pair whose invariant mass is closer to My as “Z% candidate”.
We found that the background from ¢¢ is almost entirely removed by either set of cuts.
Furthermore, in order to extract the lepton pairs from the decays of Z° bosons, we subtract
the events with opposite sign opposite flavor (OSOF) lepton pairs. This removes SUSY
backgrounds where the two leptons originate from independent (semi—)leptonic decays; in
benchmark point 2, these come primarily from the decays of W bosons.

The resulting di-lepton invariant mass spectrum is shown in Fig. 8 (b), for an inte-
grated luminosity of 300 fb~!. We see that the Z° peak is indeed much more pronounced
in the SO(10) scenario than in the two mSUGRA scenarios. This allows to distinguish
between SO(10) and mSUGRA at about 3o statistical significance in this case.

As noted above, in the SO(10) point 2, we find a branching ratio for )Zli — WELY of
about 12.6%. In the mSUGRA points 2a and 2b, this branching ratio is only 6.1% and
6.6%, respectively. At an eTe™ linear collider with sufficient energy to produce ﬁ“)}l_
pairs this large difference in branching ratios should be straightforward to measure.

At the LHC we have to pursue a somewhat different strategy: Leptonic decays of
these W can give rise to events with two leptons of the same charge (like-sign di-lepton
events). These can originate from associate ¢rg production where g decay also produces
a lepton; the charge of this lepton from gluino decay is uncorrelated to that from squark
decay, i.e. half the time the two leptons will have the same charge. The results of Table 5
indicate that the inclusive branching ratio for § — ¢* is somewhat higher in the SO(10)
scenario than in both mSUGRA analogues. Other sources are @i, and dydy, production,
which give rise to £T¢* and ¢~ pairs, respectively, if both squarks decay into . Of
course, gluino pairs can also produce like-sign dileptons, but the gluino pair production
cross section is relatively small at this benchmark point. Note also that the physics
background for like—sign dileptons events is very small.

We applied the following cuts to isolate a clean sample of SUSY events:

o At least two jets, with E7(j1) > 500 GeV, Er(j2) > 200 GeV. These cuts are quite
asymmetric, since we expect at least one very energetic jet from ¢y decay in the

event.
e Exactly two equally charged isolated leptons, with py(¢) > 10 GeV as before.
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With these cuts, we find 492 events in 300 fb~! for the SO(10) scenario, as compared to
422 and 434 events in mSUGRA 2a and 2b, respectively. This difference of ~ 3 statistical
standard deviations is much less than the above discussion would lead one to expect.
The reason is that there is another large source of ¢* from g decay: §; — Xy with
Y — T:t7~'1:F , and 7% — (*up.7 Unfortunately the branching ratios for these decays are
somewhat larger in mSUGRA than in the SO(10) scenario, because higgsino—gaugino
mixing tends to suppress the corresponding partial widths. This significantly reduces the

difference between the predictions for the total like—sign dilepton event rate.

One can imagine two strategies to enhance the difference between the predictions. One
possibility is to veto leptons from {9 — Ti%f decays by vetoing against the secondary
7T from 77 decay. However, this 7 will be quite soft, so it is not clear how efficient
such a 7 veto would be. Another possibility is to subtract this source of hard leptons, by
using events with an identified 7 jet and the known 7 decay branching ratios. Again, the
feasibility of this method depends on 7 tagging efficiencies and their uncertainties. We do

therefore not pursue this strategy any further.

4. Measurements involving Higgs bosons at the LHC

Our benchmark points have quite large values of tan 3. This increases the cross sections
for inclusive gg — A, H production, and for associate gg — bb(A, H) production. The
heavy Higgs bosons can be searched for using their decays into 777~. According to sim-
ulations by the CMS collaboration [46], for tan 5 = 40 this would allow discovery of the
heavy Higgs bosons out to my ~ 650 GeV with 60 fb~! of data. In particular, we ex-
pect a robust signal for H, A production in the mSUGRA version of benchmark point 1,
but not in the SO(10) version. In benchmark point 2, we expect signals of comparable
size in all three cases. The 717~ invariant mass resolution should suffice to distinguish
between the SO(10) and mSUGRA 2a scenarios, but distinguishing the SO(10) scenario
from mSUGRA 2b might be challenging.

In benchmark point 2, Y3 — X7 + h decays might also allow to discriminate between
SO(10) and the two mSUGRA analogues. The branching ratio for this decay is 11.5% in
the SO(10) case, but only 5.3% (5.7%) for mSUGRA 2a (2b). About 90% of the light
Higgs bosons will decay into bb pairs. Recall, however, that in this scenario gluino decays
frequently lead to bb pairs in the final state, giving rise to a large SUSY background. We

have therefore not pursued this avenue further.

"The decay of the 71 produced in this chain, or via the dominant decay )Zf — %lj[u, only produces very
soft T leptons, and hence even softer £*, since we are in the co—annihilation region where the %lj: -

mass difference is small.
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2.4 N =2 Supersymmetry

In this section, we investigate another possibility as an extension of the MSSM, the N = 2
supersymmetry [4].

In N = 2 supersymmetry, however, the standard left(L)/right(R)-handed matter su-
permultiplets are complemented with new R/L-handed matter multiplets. To keep the
theory chiral, in agreement with experimental observations,® the masses of the new multi-
plets must be chosen to be very large so that N = 2 supersymmetry is effectively reduced
to N = 1 supersymmetry in this sector. Exceptions are the two Higgs doublets which
can be associated with the two supermultiplets within a Higgs hypermultiplet. Since the
gauge and Higgs sectors are framed in the N = 2 formalism, but the matter sector in
N =1 is not, the theory is conventionally termed N = 1/N = 2 hybrid theory.

We begin with reviewing the theoretical basis. In the following subsections, we will

perform detailed studies in the color sector, and in the electroweak sector, respectively.

2.4.1 Theoretical basis

The N = 2 gauge hypermultiplets G = {G’ , f]} can be decomposed into the usual N =1
vector supermultiplets of gauge and gaugino fields G= {G,, G’}, complemented by chiral
supermultiplets of novel gaugino and scalar fields 3= {@’ ,0}. The new gauge/gaugino
fields, together with the MSSM fields, are shown explicitly for the color SU(3)c and the
electroweak isospin SU(2); and hypercharge U(1)y gauge groups in Table 6.°

In parallel to the gauge fields, the neutral gaugino fields G are self-conjugate Majorana
fields with two helicity components, analogously the novel gaugino fields G'. 1° To match
the two gaugino degrees of freedom in the new chiral supermultiplet, the components
of the scalar fields o are complex. Suitable mass matrices provided, the two gaugino
Majorana fields G and G’ can be combined to a Dirac field Gp.

In a similar way, the two Higgs-doublet superfields H, and H of the MSSM can be
united to an N = 2 hyperfield H = {Hy, ]ﬂ} [10]. It may be noted that, after diagonal-
izing the off-diagonal 2x2 mass matrix, the two neutral higgsinos can be interpreted as a
Dirac field.

Corresponding to the complex spectrum of fields, a set of actions with different bases

and characteristics describes the N = 1/N = 2 hybrid theory. The N = 2 action of

8Including such a large number of new matter fields would also make the entire theory asymptotically

non-free.[56]
9Note that in this section we use the subscript “I” for the SU(2) gauge group to emphasize the elec-

troweak isospin, while in the Introduction and in the previous section we have used “L” in contradistinction

to the SU(2)r in Pati-Salam group.
%The notation G, G,G', o is used generically for gauge, gaugino and sigma fields; when specific gauge

groups are referred to, the notation follows Table 6.

40



superfields SU3)¢,SU(2)7,U(1)y || Spin 1 | Spin 1/2 | Spin 0
Gc / color 8,1,0 g* g°

G / isospin 1,3,0 wt Wi

Gy / hypercharge 1,1,0 B B

Yo / color 8,1,0 g o
) / isospin 1,3,0 W at
Sy / hypercharge 1,1,0 B’ o)

Table 6: The N = 2 gauge hyper-multiplets for the color SU(3)¢, isospin SU(2); and
hypercharge U(1)y groups. Here, the superscripts a = 1-8 and i = 1-3 denote the SU(3)¢

color and SU(2); isospin indices, respectively.

the gauge hypermultiplet G = {G’, f)} consists of the usual N = 1 action of the gauge
supermultiplet G plus the action of the chiral supermultiplet 3 which couples the new

gaugino and scalar fields to the gauge superfield:

1 AA
Ag = ng% / dz d?0 tr GG, (26)
Ay = Z/d4xd26d20 StexplG] 32, (27)

the sums running over the gauge groups SU(3)c, SU(2); and U(1l)y. g are the gauge
couplings (denoted by gs, g and ¢ for color, isospin and hypercharge) and k are the cor-
responding quadratic Casimir invariants Cy(G). Go = QgégT @ are the gauge superfield-
strengths, T the generators in the adjoint representation; the traces run over gauge-
algebra indices, which are not shown explicitly. To this class of actions belongs also the

standard (s)lepton/(s)quark gauge action

Ag = Y / diz d*0d?0 Q' exp|G] Q, (28)

A~

summed over the standard matter chiral superfields (denoted generically as Q).
These actions are complemented by gauge-invariant N = 1 supersymmetric Majorana
mass terms M’ for the new gauge superfields and Dirac mass terms M coupling the

original and new gauge superfields:
Ay = / dre d?0 M'tr 333, (29)
Ap = / dia d?0 MP tr0°G,% . (30)

A, bilinear in the ¥ fields, is part of the superpotential of the theory. The Dirac mass
term can be generated, e.g., by the interaction \/if(a@afl/Mx when a hidden-sector
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U(1)’ spurion superfield acquires a D-component vacuum expectation value X®=¢°D X,
giving rise to the Dirac mass MP = Dy /Mx [47].

According to the general rules, this set of actions generates D-terms bilinear in the
usual slepton and squark fields and linear in the new scalar sigma field with a coefficient
given by the Dirac mass M. When the auxiliary fields D are eliminated through their
equations of motion, the sigma fields get coupled to bilinears of the slepton and squark
fields with strength M.

The Higgs sector is extended by the interactions with the non-colored scalar sigma
fields. The N = 2 Higgs supermultiplets Hy and H, are coupled to the SU(2)rxU(1)y

supergauge fields in the usual way,

A = Z d*x d*0d* éﬁj exp|Gy + Gy H; . (31)

i=u,d

The part of the superpotential which includes Higgs fields, consists of the standard N =1
bilinear p-term,
A, = /d4:n d*0 puH, - Hy (32)

and the trilinear Higgs Yukawa terms involving the matter fields, which can be adopted

from the N =1 theory:

o= /d4a:d29 > 90d°Q - Hy, (33)

the dots denote the asymmetric contraction of the multiplet components. New trilinear
interactions are predicted in N = 2 supersymmetry [4] which couple the two supercom-

ponents of the Higgs hypermultiplet with the new chiral superfields in the superpotential:

1 . . .
Ay = /d4x d*0 ﬁHu S(ArXr+ Ay Xy )Hy . (34)

In N = 2 supersymmetry the couplings A;, \y are identified with the SU(2); and U(1)y

gauge couplings,
Ar=g/vV2, Ay =—4/V2. (35)

In our numerical analyses we will treat them as independent couplings.

It may be noticed that the Majorana action Ay, the pu-term A, and the trilinear

Higgs-sigma term A’ are manifestly not R-invariant.

Finally the bilinear and trilinear soft supersymmetry breaking terms must be added
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to the gauge, Higgs and matter Lagrangians:
—~Lyaugesoft = sMzBB+ 1M (W* W+ W Wt 4+ wo WO) + 1Mz " + hee.
+ my oV + 5 (myoy? + he) +m7 |of]” + 5 (mPof +he.)
+ mZ o] + 3 (Mm@ +he.) , (36)
2 +12 02 2 —12 02
Lnignort = i, (HEP+ 1) + iy, (1H7 7+ |HP)
+ [B. (Hf Hy — HYHY) +h.c
+ [Av Ay oY (Hf Hy —HYHY) + ArMro (H, - 7' Hy) +he], (37)
with i and a being the SU(2); and SU(3)¢ indices, 7% being the Pauli matrices and, finally,
_Lmatter,soft = (m%>” (ﬂ;'kLajL + J:LJjL> + (m%)m afRajR + <m§> ij JIRJjR
+(m}), @i+ e + (m2), Enéin (38)

with 4, j now denoting the matter generations. Here, the convention is adopted to use
subscripts C, I, Y for parameters corresponding to color, isospin and hypercharge gauge
groups, respectively. Capitalized mass parameters M are the Majorana gaugino masses
(MP for Dirac), while lower-case m denotes soft scalar masses. Note that, unlike for
chiral matter fermions, the soft mass terms M ;;, Mtlfv’ M é for gauge adjoint fermions are
allowed since the Majorana mass terms already present in Eq. (29) are supersymmetric.!!

From this set of actions and Lagrangians, and after eliminating the auxiliary D fields
through their equations of motion, the masses and mixings of the Higgs and gauge-adjoint
scalar particles and their interactions can be read off, and correspondingly those of their

superpartners as will be detailed below. The final form of the Lagrangians are collected

in the following list which, in general, includes only interactions of the new fields.

1. SU(3)¢xSU(2);xU(1)y gauge boson/sigma sector:

The gauge interactions of the adjoint sigma fields are determined from the scalar kinetic
term (D,0)(D"o) with the covariant derivative D, = Ou+igsT*gl+igT'W,. In addition
to their kinetic terms, the term generates the Lagrangian for the derivative three-point

and seagull four-point interaction terms:

L _ abc a b*b_;f c 2 pace pbde a pub_xc __d 39

oc,gauge  — _gsf guUC oc + gsf f g,ug Ococ, ( )

r _ i j*‘a_ﬁ k 2 ivirpg xk 1 4
or,gauge  — *geijkW‘uo’I oy +g eikmejlquW oy or, ( O)

")\ any of the mass parameters and couplings defining the N = 1/N = 2 hybrid model can be in general
complex. Nevertheless, for the sake of discussion all the parameters are assumed to be real through this

section.
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where f¢ and €k are the SU(3)c and SU(2); structure constants, respectively, and
A8, B = Ad,B — (0,A)B.

2. SU(3)¢ sfermion/gaugino/sigma sector:
The interaction Lagrangian of the sigma field o with the squarks is given by
e AT A®

* * ~s ~ . * S+ AC
Loo(oeyis = —V29s M3’ (04 + o) (qL S dh QR> +igl [ oo 5 d, (41)

where A* (a = 1, ..., 8) are the Gell-Mann matrices. Therefore, the L- and R-chiral squarks
contribute with opposite signs as demanded by the general form of the super-QCD D-
terms. On the other hand, the interactions of the two gluino fields, § and §’, with the
SU(3)¢ sigma field o and to the squark and quark fields are described by the interaction

Lagrangians:
Ligo, = —V2igs [ G2 GRot +he., (42)
)\a )\a
Ligg = —V20s (qL 5 9k L —drR 5 91 qR> +he., (43)

where f2%¢ are the SU(3)¢ structure constants. Note that only the standard gluino cou-
ples to squark fields since, as required by N = 2 supersymmetry, the new gluino §’ couples

only to mirror matter fields, which in the hybrid model are assumed to be very heavy.

3. SU(2);xU(1)y sfermion/gaugino/sigma sector:
In the weak basis, the R-chiral sfermions fR are SU(2); singlets so that only the L-chiral

sfermions f;, interact with the SU(2); sigma field o; through the interaction Lagrangians:
D i iy AT o ok T 7
Loonii = —V29MP (0r+07) f1 5 futigeeoror fr 5 fr. o (44)

where fr, is any matter SU(2);-doublet field. On the other hand, the Lagrangians gov-
erning the interactions of the winos, W and W’, with the SU(2); sigma field o7 and the

(s)fermion fields are given by

L, = —V2igemWiW)oh +he., (45)
7’7'2 ~0, ~
Ly = —\/igfLEWRfL—i-h.C.. (46)

Only the L-chiral sfermions f7, couple to the standard wino W.

The U(1)y sigma field oy is essentially a SM singlet state with no tree—level gauge
interaction to any of the gauge bosons, gauginos and higgsinos. The singlet scalar field
couples only to the Higgs bosons and the (s)fermion fields, with the latter being given by
the Lagrangian:

L, i7=—V29 MP(0y +0V) (Vi |fLl® = Vil fr?) (47)
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and the standard bino B (but not the new bino B’) couples to the (s)fermion fields through

the interaction Lagrangian:

EBff =—V2g (YfLEBRfL - YfREBLfR> +h.c., (48)

where Yy, and Y}, are the hypercharges of the L-chiral and R-chiral fermions, f7, and fg,

respectively.

4. SU(2);xU(1)y higgsino/sigma sector:
The superpotential (34) coupling the new SU(2);xU(1)y chiral superfields with the Higgs
hypermultiplets leads to the Yukawa-type interactions of the electroweak sigma fields with

the higgsino fields. In the weak basis, the interactions are described by the Lagrangian

Loqpg = —Mvoy(HIpHy; — HORHY ) + Mo (H R Hy, + HORHY) + hec.

—V2)\; (al_finffgL — U;ggRﬁd_L) +h.c., (49)

where we have introduced two charged scalars and one neutral scalar defined as

1
o1 =5 (o +io}) . of = (o} —io}): of =of. (50)

Here, it is noteworthy that the o fields are complex.

Combining the above Lagrangian (49) with the Lagrangian (45) for the interactions
of the sigma fields with gauginos enables us to derive the vertices for the interactions of

the sigma fields with charginos and neutralinos in the mass eigenstate basis.

5. SU(2);xU(1)y Higgs/sigma sector :
The potential for the neutral and charged electroweak Higgs and scalar fields receives
contributions from three different sources: The gauge kinetic terms, the superpotential,

and the soft-breaking terms. The potential Vg for the charged and neutral electroweak
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Higgs and adjoint scalars can be written as a sum over four characteristic contributions:

Vorp = miy, ([HS PP+ HP) +miy, ((HY)? + |Hy [°) + [Bu(H Hy — HUHY) +heel, (51)
Ve = S IVAMP(o} +o%) + 5o/ (HFT? — [Hy P+ [P — |HYP)?

+SRMP(t +0F) + Vgt o) — o3 o)) + g HY + HIH)P

+ %[ﬁMzD(U? +07) +g(log | = oy [*) + %Q(IHJI2 — [Hy |2 = [HP + Hg ), (52)
Voris = |+ Avoy — o) Hy + V2 107 HY|* + (i + Avoy, — i) H,F — V2108 Hy|?

+ [+ Ayvod Mo HS + V2 rod H P+ [(u + Ay oy + \od)HO — V2 oy Hf |

+ |MyoY + Ay (HHy — HJHQ)[? + |[Mro} — \i(H Hy + H)H)[”

+ Moy — V2AHQH P + [Mrod + V2A\ H HYP?, (53)
Vorra - = myloy[* +mi(oq]* + o [* + [0 [*) + %(m@a?f +he)+ %[m’?(a?z +20507) +hel

+ AyAyoSV(HIH; — HUHY) — Ah o) (HHy + HOHY) + hec.

+ V2A (o7 HYHY — oy Hy HO) + h.c.

After shifting the neutral fields by their vacuum expectation values, the physical scalar

masses and the tri- and quattro-linear interaction vertices can be read off.

2.4.2 QCD Sector: Color-Octet Scalar

In this subsection, we study the phenomenology in the SU(3)¢ sector, in particular, the
production and decay of the color-octet scalar, oo. We use o for the o¢ in this subsection,
in order to avoid too many subscripts.

For simplicity, we will set m’c% = 0in Eq. (36), so that the physical mass of the complex

M, = \/|M4|* +m . (55)

For given mean mass, a nonzero m’c2 generating a mass splitting of the scalar fields would

scalar octet is

increase the total cross section for the production of the new scalars.

In the simplest realization the two gluinos, g and ¢, are not endowed with individual
masses (i.e. M4 = 0) but they are coupled by the mass parameter M?)D in a purely off-
diagonal mass matrix.'? In this configuration the two Majorana gluinos can be combined

to a 4-component Dirac gluino field gp as

gp =3Jr+ 47, (56)

12Note that this Dirac mass term must be nonzero, since otherwise the lightest member of the superfield
9’ would be stable. In contrast, scenarios where the diagonal Majorana entries of the gluino mass matrix

vanish are perfectly acceptable.
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Figure 9: Diagrams for (a) the effective ogg vertex built up by squark loops; (b) the
effective oqq vertex with L squarks and gluinos — the coupling to R squarks being mediated

by the charge-conjugate Dirac gluinos.

with the mass eigenvalue given by |MZP|, cf. [48]. The couplings of this Dirac field

gp to the o-field and to the squark and quark fields are summarized in the interaction

Lagrangians
Longor = —V2igs [ G Gpro® +hec., (57)
2\ aT o
Lopgg = V295 <qL2§%R GL+Tr—-0h1 QR> T he. (58)
q
where §§T = — (g% + g1 is the charge-conjugate 4-component Dirac gluino [48], ¢ are

the SU(3)¢ structure constants and A* are the Gell-Mann matrices. In addition, the sgluon
fields couple to gluons in tri-and quattro-linear vertices as prescribed by gauge theories
for scalar octet fields, i.e. proportional to the octet self-adjoint SU(3)c representation
F. As a result, at tree level o pairs can be produced in gluon collisions as well as in ¢g
annihilation, but single production of ¢’s is not possible.

Even at the one-loop level, gluino loops do not contribute to the ogg coupling, due
to the Bose symmetry of the gluons. The coupling is even in the 4-momenta under
gluon exchange but it is odd, on the other hand, due to the antisymmetric octet matrix
elements £ in color space. (Note that SU(3)¢ singlet particles, like Higgs bosons, couple
symmetrically to gluons, by contrast.) Actually, the coupling of the octet sgluon to any
number of gluons is forbidden in the general softly broken N=2 pure gauge theory with two
Majorana gluinos (which may or may not be combined to a single Dirac gluino) because
the totally antisymmetric factor fo%¢ forces the sgluon to couple only to two different
Majorana gluinos, while gluons always couple to diagonal Majorana gluino pairs.

However, o can couple non-trivially to gluon pairs and quark-antiquark pairs through
triangle diagrams involving squark lines. Characteristic examples are depicted in Fig. 9.
In parallel to the interaction Lagrangian it turns out that all L- and R-squark contribu-
tions to the couplings come with opposite signs so that they cancel each other for mass

degenerate squarks. In addition, the quark-antiquark coupling is suppressed by the quark
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Figure 10: Feynman diagrams for sigma-pair production in quark annihilation (a) and

gluon fusion (b).

mass as evident from general chirality rules.

1. 0 Production
As mentioned in the beginning of this subsection, the phenomenological analysis will be
carried out for a complex color-octet o fields without mass splitting between the real and

imaginary components.
Pair production

The Feynman diagrams for the two parton processes gg, qq — oo™ are displayed in Fig. 10.
They are identical (modulo color factors) to squark-pair production [49, 50] if initial and
final-state flavors are different.

The total cross sections for the two oo™ parton processes are easy to calculate:

_ " Ao’
olgg— o0’ = — =5, (59)
157023, 34 M2 24 M2\ M2 1 1+ G,
* 1+ —"<9¢_“"|1—=9) 2 __] 60
olgg = oo’] 8s +5 s 5 s s By & 1- 0, (60)

The standard notation has been adopted for the parameters: /s is the invariant parton-
parton energy, and M, and B, = (1 — 4M2/s)"/? the mass and center-of-mass ve-
locity of the o particle. The QCD coupling is inserted to leading order, a4(Q?) =
ozgs)(QQ)[l —|—ozg5)(Q2)/(67r) log M2/Q?~!, where ozg5)(Q2) evolves from ags)(M%) ~ 0.120
with Ng = 5 flavors by definition, while the top-quark threshold is accounted for explicitly
and supersymmetric particles do not affect the running in practice; the renormalization
scale for the parton subprocesses is set to Q = M,.

While the quark-annihilation cross section increases near threshold with the third
power 32 of the sgluon velocity, as characteristic for P-wave production, the cross section
for equal-helicity gluon-fusion increases steeply ~ [, with the velocity, as predicted for
S-waves by the available phase space. Asymptotically the two parton cross sections scale

X 871.
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Figure 11: Parton cross sections for oo™ production in the ¢g (left) and gg (right) channel.
For comparison, the production of 3rd generation squark pairs is shown by the dotted lines

for the same masses.

The oo™ cross sections are compared in Fig. 11 with the production of squark pairs
(of the 3rd generation to match the dynamical production mechanisms): gg,qq — ¢34;.
As expected, the oo™ cross sections exceed the ¢3g3 cross sections by a large factor, i.e.
~ 20 for gg collisions and 6 for ¢q collisions. This can be exemplified by considering the
evolution of ratios for the cross sections from small to maximum velocity, 8 being again
the center-of-mass velocity of the sgluon or squark in the final state:

( t Fa,Fb Fa,Fb 21
PP EHEN TN 216 gy g,

ienes) iy

olgg — 00|

771 = (61)
7199 = B:35] tr (2FCFPFYFO 4 Fapbpapby 180
AT Ab AP A@ | @ Ab Aa zb :TOZIS for §—1,
tr (277?7 + 7777)
—~ * tT (& Lb) t?" (Fan) 12
2 [qc_] - Cj{*] = 22 =—=6 forany 3. (62)
o [qq — 3343 o (% %") o (% %b) 2

The ratio (61) decreases monotonically as [ increases but by no more than 20%. Most
important is the ratio at the maximum of the gg cross sections where it is still close the
initial maximal value; this can easily be explained by observing that, in Feynman gauge,
the leading contribution is generated by the quartic coupling. The differences in the color
factors reflect the different strengths of the couplings in the fractional triplet A\/2 and the
integer octet F' couplings of SU(3)¢ with (F'%),. = —if°. The cross sections are shown
in Fig. 11 for M, = 1TeV across the invariant energy range relevant for the LHC. The

values of the maxima in the gg and qg channels are about 1 pb and 0.2 pb, respectively,
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a typical size for such processes.

2. 0 Decays
At tree level the o particles can decay to a pair of Dirac gluinos gp or into a pair of squarks,
with one or both of these sparticles being potentially virtual when M, < 2Mjz,,2mg. For

on-shell decays and assuming pure Dirac gluinos the partial widths are

- = Sas M
Llo — gpgp] = 54 285 (14 B2),
. a MD2
Tlo—qq"] = 45‘]\/3[‘66’ (63)
(e

where (335 are the velocities of g,¢q. In the presence of non-trivial ¢r-gr mixing the
subscripts L, R in the second Eq. (63) have to be replaced by 1,2 labeling the mass
eigenstates, and the contribution from this flavor is suppressed by a factor c052(20[1~); the
mixing angle is defined via the decomposition of the lighter mass eigenstate g; = cos 65 g1+
sin 07 gr. In addition, decays into ¢1¢5 and ¢} g2 are possible, with the coefficient Sin2(20q~)
and with the velocity 3; replaced by the phase-space function A'/2(1, mgl /M2, mé /M?2).
The gluinos subsequently decay to quarks and squarks, again either real or virtual, and
the squarks to quarks and charginos/neutralinos tumbling eventually down to the LSP.
On the other hand, the trilinear interaction in Eq. (41) gives rise to an effective ogg
coupling via squark loops, Fig. 9(a), leading to the partial decay width
2

5 3 MD 2

T 384n2 M,

> I f(ran) — Tanf (7a5)]

q

['(o — gg)

with 74, , =4mZ /M?2 and [51]

qL,R

sin™! (L ’ fort>1,
o-{ @ (65)

2
—% [lni\/—vi::—iw] forT <1.

In the presence of nontrivial ¢;—Gr mixing, the subscripts L, R in Eq. (64) again have to
be replaced by 1,2 labeling the mass eigenstates, and the contribution from this flavor
is suppressed by a factor cos(26;) multiplying the term in square parentheses. Note that
the ogg coupling vanishes in the limit of degenerate L and R squarks.

Furthermore, the o field couples to quark-antiquark pairs — in principle. By standard
helicity arguments, this chirality-flip coupling is suppressed however by the quark mass.
For pure Dirac gluinos, the triangle diagrams, Fig. 9(b), either with two internal gluino
lines and one squark line or with two internal squark lines and one gluino line again vanish

for degenerate L and R squarks. The resulting partial width can be written as

- 9043 |MD‘2m2
o —qq) = ooy Oa (M — 4mg) |Zs[* + M7 |Zp[] . (66)
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Figure 12: Branching ratios for o decays, for mg, = 2mg = 1TeV (Left) and mz = 2mg, =
1TeV (Right). In both cases we assumed a neutralino mass my = 0.16mg, and moderate
squark mass splitting: mg, = 0.95mg, , m;, = 0.9mg,, m;, = 0.8mg, , with tr-tp mixing

determined by X; = myg, .

The loop integrals for the effective scalar (S) and pseudoscalar (P) couplings are given

by
I¢ = /Oldx/olxdy{(l—:v—y) (ci‘cl)*é(“y) (DlL_DlR>}’

1 11—z 1 1
Ip = / dx/ d < — ) , 67
P ) ) Y C. Cg (67)
where we have defined (a = L, R)

Co = @+y)|MPP+A—z—y)md, —ayM; — (z+y)(1 —z—y)m
D, = (1—z—y)|MPP+ (x+y)md, —ayM? — (z+y)(1 —z —y)m?.

)

RN QN

(68)

Zs p can also be expressed in terms of standard Passarino-Veltman functions [52], e.g.
Ip = Cor — Cor, with Cor.p = C0(|M3D],quYR,\M?P];mg,mg,Mg). In the presence
of nontrivial ¢;—¢r mixing, the subscripts L, R in Eq. (67) have to be replaced by 1,2
labeling the squark mass eigenstates, and the contribution from this flavor to the double
integrals is suppressed by a factor cos(26,). Note that Zg = Zp = 0 if mg, = mg,. In
the presence of ¢r-gr mixing this cancelation is no longer exact for two non-degenerate
Majorana gluinos. The corresponding 2-body branching ratios are compared to those
for tree—level decays in Fig.12. Here we assume moderate mass splitting between the L
and R squarks of the five light flavors, and somewhat greater for soft breaking ¢ masses:
mgp = 0.95mg, , m;, = 0.9mg, , m; = 0.8mg,. We parameterize the off-diagonal element
of the squared ¢ mass matrix as X;my, and take X; = mg, . We again assume the gluino

to be a pure Dirac state, i.e. mg = |[MP)|.
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Even for this small mass splitting, the loop decays into two gluons and, if kinematically
allowed, a tt pair always dominate over tree-level four-body decays o — gqgx (which is
part of the “gluino modes” in Fig. 12) and ¢ — ¢gxyx (which is part of the “squark
modes”). For simplicity we evaluated these higher order tree-level decays for a photino
LSP state, with mass 0.16mg. SU(2)r, gauginos have larger couplings to doublet squarks,
but are also expected to be heavier. Including them in the final state would at best
increase the partial widths for four-body final states by a factor of a few, which would
still leave them well below the widths for the loop induced decays. On the other hand,
the partial width for the tree-level three-body decays o — Ggx, ¢*qx can be comparable
to that for the loop-induced decays if M, is not too much smaller than 2mg.

Figure 12 also shows that the ordering between the two loop-induced decay modes
for M, > 2m; depends on the values of various soft breaking parameters. Increasing
the gluino mass increases the 0@¢* coupling and hence the partial width into two gluons
which is due to pure squark loops. On the other hand, the ¢t partial width, which is
due to mixed squark-gluino loops, decreases rapidly with increasing gluino mass. The
increase of the o0Gq couplings is over—compensated by the gluino mass dependence of the
propagators. For |M3D | > mg the loop functions Zg p are additionally suppressed since
then Cr, ~ Cr, D1 ~ Dpg up to corrections of (’)(mg/]M3D|2). (A similar cancelation also
occurs for M2 > mg, for both the ogg and ott couplings.) In total, the tf final state will
dominate for small gluino mass and the gg final state for large gluino mass. Moreover, as
noted earlier, the partial width into both gluons and quarks vanishes for exact degeneracy
between L and R squarks.

Not surprisingly, the two—body final states of Eq. (63) that are accessible at tree level
will dominate if they are kinematically allowed. Note that well above all thresholds the
partial width into gluinos always dominates, since it grows o< M, while the partial width
into squarks asymptotically scales like 1/M,. This is a result of the fact that the super-
symmetry breaking o§¢* coupling has mass dimension 1, while the supersymmetric o§g

coupling is dimensionless.

3. Signatures at the LHC
Pair production and decays at the LHC

The cross section for o-pair production at LHC, pp — oo™, is shown by the solid red curve
in Fig. 13 for the o-mass range between 500 GeV and 2TeV (adopting the LO CTEQ6L
parton densities [53]). The cross section exceeds stop or sbottom-pair production (red
dashed line), mediated by a set of topologically equivalent Feynman diagrams, by more
than an order of magnitude, as anticipated at the parton level. With values from several

picobarn downwards, a sizable oo* event rate can be generated.
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Figure 13: Cross sections for o-pair (and ¢3-pair) production (red lines), as well as for
single o production (blue lines), at the LHC. In the latter case the solid blue curve has
been obtained using the same mass parameters as in Fig. 12 (Right), while the dashed
blue curve adopts the mSUGRA benchmark point SPS1a’.

With the exception of 0 — gg decays, all the modes shown in Fig. 12 give rise to
signatures that should be easily detectable if ¢ is not too heavy. The most spectacular
signature results from o — gg decay, each o decaying into at least four hard jets and
two invisible neutralinos as LSP’s. o-pair production then generates final states with a
minimum of eight jets and four LSP’s.

The transverse momenta of the hard jets produced in the simplest case Y = X} can
easily be estimated by analyzing productions and decays near the mass thresholds, i.e.
My ~2mg ~ 2mg > mg. In this kinematic configuration the total jet transverse energy

and the average jet transverse energy amount to
oo* <Eﬁt> ~2mg and (E1;) ~mg/4. (69)

The total transverse energy Er carried by the LSPs and the vector sum of the momenta
of the four x¥ in the final state, which determines the measured missing transverse mo-

mentum pr, are predicted to be

*

oo* : (ET)~2mg and (piy) ~my (70)

in the random-walk approximation for the y momenta in the transverse plane. This
is to be contrasted to gluino-pair production near threshold, where the corresponding

observables are for the same mass configuration:

9g <Etf;)~mq and (E|;) ~mg/4, (71)
(L) ~mg and (p1y) ~mg/V2. (72)
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Thus, the total jet transverse energies and the missing transverse momenta are markedly

different in the N = 1 and N = 2 theories for the same mass configurations.

M,; 2% 25 % 25
(B (Eij) [ (B (Eij) | (piy) (piy)
1.50 TeV  [tot] 1.67 0.21 1.67 0.42 0.45 0.65
[high] 0.27 0.53
low] 0.15 0.31
0.75 TeV  [tot] 0.91 0.11 0.93 0.23 0.22 0.31
[high] 0.14 0.29
llow] 0.08 0.17
M, =2 M; = 8/3 M; = 15 M,

Table 7: Transverse jet energies and vector sum of the LSP transverse momenta for final
states in 20 and 2¢ production, with primary o/g-masses of 1.5 and 0.75TeV; the mass
hierarchy in the cascade decays is noted in the bottom line. Below the transverse energy
per jet of the total jet ensemble [tot], the transverse energies in the high and the low

jet-energy groups |high/low| are displayed. All units in TeV.

These simple estimates are backed up by a Monte-Carlo simulation of o-pair produc-
tion at the LHC, followed by the decay into four on—shell gluinos. The total transverse jet
energy and the vector sum of the LSP transverse momenta are summarized in Tab.2.4.2
for a spectrum of o-masses, and fixed ratios of gluino, squark and LSP neutralino masses.
The squark and gluino masses are again chosen at about half a TeV. The values of the
transverse momenta match the earlier estimates quite well. It should be noted however
that the jet transverse momenta fall into two groups. The transverse momenta of jets
in gluino to squark decays are generally small while the transverse momenta of the jets
generated in squark decays are large. Both groups are populated equally so that the av-
erage transverse momenta of the jets are reduced by an approximate factor two compared
with the MSSM gluino pair production (setting mg|mssm = Mo |hybrid model for the proper
comparison).

Other interesting final states resulting from o-pair production are four-top states
t1t165t;, which can be the dominant mode if m; < my and L-R mixing is significant
in the stop sector, and ¢G*gg, which can be a prominent mode if M, > 2mgz 2 2myg.
These channels also lead to four LSPs in the final state, plus a large number of hard
jets. On the other hand, the tttt final state, which can be the dominant mode if the
two—body decays into squarks and gluinos are kinematically excluded, might allow the

direct kinematic reconstruction of M, .
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Single o Channel

As noted earlier, sgluons can be generated singly in gluon-gluon collisions via squark
loops. The partonic cross section, with the Breit-Wigner function factorized off, is given
by
2
lgg — o] = ﬁgf(ff —99), (73)
where the partial width for 0 — gg decays has been given in Eq. (64).

The resulting cross section for single o production at the LHC is shown by the blue
curves in Fig. 13 (based on the LO CTEQ6L parton densities [53]). The solid curve has
been calculated for the parameter set of the right frame of Fig. 12, while the dashed curve
has been determined by taking the soft breaking parameters in the gluino and squark
sector from the widely used benchmark point SPS1a’ [54]. In the former case the single o
cross section can exceed the o-pair production cross section for M, ~ 1TeV. Since SPS1a’
has a somewhat smaller gluino mass (which we again interpret as a Dirac mass here) it
generally leads to smaller cross sections for single o production. Taking mg ~ 2]M3D |, as
in the left frame of Fig. 12, would lead to a very small single ¢ production cross section.
Recall that mg > |MZP| is required if o — ## decays are to dominate. We thus conclude
that one cannot simultaneously have a large o(pp — o) and a large Br(o — tt).

The signatures for single o production, which is an O(a3) process, are potentially ex-
citing as well. However, since all final states resulting from ¢ decay can also be produced
directly in tree-level O(a?) processes at the LHC, it is a problem to be solved by exper-
imental simulations whether single o production is detectable as a resonance above the
SM plus MSSM backgrounds, given that in most cases, with the exception of the 2-gluon

channel, the direct kinematic reconstruction of M, is not possible.

2.4.3 Electroweak Sector

In this subsection, we analyze the electroweak sector, which includes the Dirac neutralinos
and the electroweak scalar bosons.

Introducing the vacuum expectation values of the scalar/Higgs fields in the Lagrangians
of the Sec. 2.4.1, their values are determined by the absence of terms linear in the fields,
while from the terms bilinear in the fields the mass matrices for the scalars/Higgs, the
charginos and neutralinos can be read off. The vacuum expectation values (vevs) of the

neutral Higgs and the sigma fields are defined as

1

<H3/d> = Evu/da (74)
(00 = jﬁvw. (75)

95



As usual, the vevs of the Higgs sector can be rewritten as

v=4/vZ+v3 and tanﬁ:Z—u. (76)
d

The masses of the electroweak vector bosons W, Z are generated by the interactions of
the fields with the ground states of the neutral Higgs H,, H; and the scalar iso-triplet
field o7 (the hypercharge-neutral field oy does not couple)

1 1
my = (g% + "), miy = g% + g0} (77)

The iso-triplet vev shifts the tree-level p-parameter away from unity by the amount
Ap=p—1=4v3/0* (78)

Allowing a maximum value Ap < 1073 for the shift, it turns out that the vacuum expecta-
tion value must be very small, v; < 3 GeV. We will assume that the soft supersymmetry
breaking scalar o7 mass parameter mj; of order TeV drives v; to a small value. As a
result, the Higgs value v is close to the standard value v = 246 GeV, and tan § may be
identified approximately with the corresponding MSSM parameter. And while almost any
value for vy is phenomenologically quite consistent, a large my would typically drive vy

to relatively smaller values.
1. Charginos and Neutralinos

Masses and mizing

1) Charginos
Defining the current basis {W'~, W~, ﬁ;} for the two charged winos and the higgsino,

the chargino mass matrix can be written as

M, MP —gu;  —Ajv,

Mo = | MP + gu; M, %gvd , (79)
A\1vg %gvu Lhe

where
My = My, Mj= M +M;, My =MpP and pe=p+ (Ayvy — Aor)/v2. (80)

Three charginos, i.e. one degree of freedom more than in MSSM and related iso-singlet
extensions like Next-to-minimal supersymmetric Standard Model or U(1)-extended su-
persymmetric Standard Model, are predicted in the general N = 1/N = 2 hybrid model,
labeled ﬁ[, )ZQi, )@f (ultimately for ascending mass values). The MSSM case is reached in

the limit M} — —oo which corresponds to infinitely heavy W, By raising the magnitude
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of the W’ gaugino mass parameter M, from —oo to 0 and lowering at the same time Mo
to 0 the Dirac limit is obtained. Although the 3 x 3 mass matrix can be diagonalized
analytically for arbitrary parameters, we study instead the evolution of the eigenvalues
numerically by varying —oo < M} < 0 from MSSM to the Dirac limit below.

Note that for small gaugino/higgsino mixings in the area where the supersymmetry
mass parameters My, Mo, MP | 11 (and the size of their mutual differences) are much larger
than the electroweak parameter v and the vevs of the sigma fields (vy and wvy), the
eigenvalues and mixing parameters can be calculated analytically. This approximation

leaves us with one higgsino mass eigenvalue
my A, (81)

and a 2 X 2 gaugino mass submatrix with two eigenvalues

1
iy~ s |IMg+ M| 565 | where 5, = V(M — Mp)? + 4(MP)?, (82)

and the mixing angle

/ J—
o8 92/5111 92 _ \/1 + (M2 5 MZ)/52 ’ (83)

under the assumption that M) + My < 0 and MQ(D) > 0. With M}, = —oco in the MSSM

limit we get cosfy = 0 and sinfy = 1, while cosfy = sinfy = 1/ v/2 in the Dirac limit
(M} = M = 0). Switching on the weak couplings among the gaugino sectors and higgsino

sector, the chargino mass eigenvalues and mixing parameters derived from
di
MG =UT" McV (84)

can be calculated analytically in simple form.
We study the evolution of the eigenvalues in Fig. 14 numerically by varying the mass

parameters along the path

Po i My=my/(1+y),
My = —my,
MP =m,
p=2m, (85)

for a fixed value of m = 200 GeV with the control parameter —1 < y < 0 running from
the MSSM (y = —1) to the Dirac limit (y = 0). This set corresponds to mass parameters
in the decoupled wino/higgsino sectors of Mmee = m (fixed), Mok = mly + 1/(1 + y)],
moving from oo to m, and Mg = pu (fixed). Other parameters in the chargino mass

matrix (79) are chosen as tan/3 = 5, and the N = 2 values for the couplings \y; are
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Chargino masses |
[MSSM = Dirac]

10°.

Figure 14: Evolution of the chargino masses as a function of the control parameter y from
the MSSM doublet (y = —1) to the Dirac (y = 0) triplet along the path P in Eq. (85)
for m = 200 GeV and tan 3 = 5.

adopted; with parameters as specified in the scalar sector the very small vevs v; and vy

can be neglected.

For the parameters chosen, the descending order of the physical masses in the figure
reflects, in obvious notation, the pattern w’ > h > w in the MSSM limit. At medium y,
the states w’ and h cross over to h > w’, keeping the ordering h > w’ > w until the Dirac
limit is reached. The mixing of masses in the cross-over zone, in which they mutually
approach each other, cannot be described by the standard analytical expansion applied
above. They must either be obtained numerically or by analytical expansions tailored

specifically for cross-over phenomena, see [55].

2) Neutralinos

Six neutral Majorana fields are incorporated in the N = 1/N = 2 hybrid model. The
mass matrix can be extracted from the bilinear terms of the gaugino, gaugino’ and hig-
gsino fields in the Lagrangian of the preceding subsection, written in the current basis
{B/,B,W/O,Wo,ﬁg,ﬁg} as

M MP 0 0 f%)\yvd *%Ay’uu
MP M, 0 0 tq'v, —1g'v4
Mo — 0 0 Mi MP —j?md —{gmu o s6)
0 0 M, Mo —59Vy 594
_%/\Yvd 390y —%/\I’Ud —3gUy 0 —fin
_%AYvu —39'v4 _%Alvu 390 —in 0
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where
My = Mg, M{=Ms+My, MP=M? p=p+Avoy+Awy)/vV2. (87)
This 6 x 6 mass matrix is diagonalized by the unitary transformation
MSE — Ul My Uy (88)

Six neutralinos, i.e. two degrees of freedom more than in MSSM, are predicted in the
general N = 1/N = 2 hybrid model, labeled YV 4 (ultimately ordered according to
ascending mass values). They evolve from the MSSM by raising the magnitude of the
gaugino mass parameters Mj , from —oco to finally 0 in the Dirac limit.

In general the diagonalization of the 6 x 6 neutralino mass matrix cannot be carried
out in analytic form. However, in the limit in which the supersymmetry masses are much
larger than the electroweak scale, approximate solutions can be found analytically. First
switching off the electroweak mixings among the bino, wino and higgsino sectors leaves

us with two bino mass eigenvalues, two wino mass eigenvalues and two higgsino mass

eigenvalues:
—0 1 /
myo = §HM1+M1’$51\,
0 1 /
m34 = §’|M2+M2!3F52 ,
mgG = WM, (89)

with 012 = \/(M{Q — M 2)% +4(M[%)? , and the block-diagonal mixing matrix

Uy = diag(U1,U2,Up),

— —1 — /2 —1/v/2
with ULQ = €12 118172 and Up = Z/\[ /\[ ) (90)
51,2 1C1,2 Z/\/i 1/\/5

with the mixing angles ¢j2/s12 = \/[1 + (M{2 — M 2)/01,2]/2. Switching on the weak
couplings among the bino and wino gaugino sectors and higgsino sector, the mass eigen-
values and mixing parameters can be calculated using the block-diagonalization method
[55].

The numerical evolution of the neutralinos in the hybrid model is displayed in Fig. 15
as a function of the control parameter y for the same path and parameter set as in the
chargino sector, Eq. (85), and supplemented by the bino/wino mass relations Ml(D) =
MQ(D)/Q, and setting vy = vy = 3 GeV.

The evolution of the neutralino masses follows the same pattern as the charginos,

though being more complex due to the increased number of states. Starting from the

mass pattern w’ > b’ > hy = hy > w > b of the neutral states in the MSSM limit for the
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Figure 15: Evolution of the neutralino masses as a function of the control parameter y
from the MSSM (y = —1) quartet to the Majorana sextet, merging to the Dirac triplet
in the (y = 0) limit, for the same path (85) as in the chargino sector with bino/wino
relations chosen as MI(D)/MQ(D) =1/2.

parameters chosen above, the first cross-over is observed for b’ < h1, followed by w’ < ho
and 0’ < w at roughly the same position. The mass system moves to the final pattern
h1 = hy >w' =w >V = b in the Dirac limit.

The transition from the Majorana to the Dirac theory in the limits M, My and
M{,M; — 0 can easily be studied by analyzing the mass matrix My for vanishing
gaugino/higgsino mixing. The eigenvalues of the matrix come in pairs of opposite signs:
+m; for j = 1,2,3. The Majorana fields in each pair, denoted by x+ according to the

sign of the eigenvalue, can be combined to one Dirac field,
Xp = (X+ +iX-) /V2, (91)

the superposition giving rise to vanishing contractions (xpxp) = 0, as required for Dirac
fields.

The =+ pairing of the eigenstates is not restricted to the hybrid neutralino mass matrix
with vanishing gaugino/higgsino mixing but it is also realized if the gaugino/higgsino
mixing is switched on and the couplings Ay,; are given by the N = 2 relations, \y =
—¢'/v/2 and A; = g/+/2. The key is the vanishing of the coefficients of odd powers of the

eigenvalues in the characteristic eigenvalue equation:

det(Mpy —m) =19 + rom? + rym* + remb =0 (92)
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with the coefficients given by

Te = 1,
1 2
T4 = —§tr(MN)
—  —[(MP)? + (MP)? + p +m7],
1 1
ro = g[tr(M?v)]Q - Etf(/\/ﬁv)
—  (MPMP)? + [(MP)? + (MP )l + 2mZ (MY )iy + 2(MP) sy ]
— 2my (MY siy + MP 6y ) pincag + miy |
1 1 1 1
rg = —@[‘UT(M?\/)]?’ + E[U(M?V)P + gtr(Mjlv) tr(My) — gtr(M?v)

= —(MP M pn)? + 2mZ My MP (M3 €y + M7 sy )eap — miz(My iy + M7 593)

The odd coefficients rg;41 are linear in traces of odd powers of My which vanish. While
this is obvious for tr(My), it can easily be proven also for odd powers of the mass matrix
if the submatrix that mixes the mass submatrix of the gauginos with the mass submatrix
of the higgsinos is orthogonal. This is satisfied in Eq. (86), a sufficient (but not necessary)
condition for orthogonality being the N = 2 symmetry of the basic Lagrangian.

In the limit of large supersymmetry scales (in relation to the electroweak scale), the

Dirac chargino fields and their charge conjugates are given by

Xp1 = Wi_ + ng 5(251 = —WJ - W}/;" (94)
Xp2 = WL_ + W'_, >~<1J52 = _VNVEL - WE? (95)
Xps = Hy, + Hy g Xbs = Hyp + Hip, (96)

whereas the Dirac neutralino fields and their charge conjugates are

XDy = by, + b, X% = —br — g, (97)
>~(0D2 = Wio + W]%v )2%:2 = _Wg - W]/ga (98)
XDs = i(Hy, — Hp), X053 = i(HY, — HR), (99)

up to terms of order v/Mgysy. Expressed in terms of these fields, the Lagrangians for
matter-chargino/neutralino interactions in the MSSM Majorana limit and in the Dirac

theory can be written as

Litajo = 9ur X{dr + g X urdj, — gdp Xy i — g Xy dp i}, (100)
Elc)irac = QE)NCE2CZL + QXEQ urL Ciz - g@i;}lﬁ[/ - g;CBl dL a*L ’ (101)

and
LNtajo = —91i L X0 fr. — 95 X0 fr i+ ari fR XD fr+ 93 X0 fR i (102)
Lirac = —9Li fL XDi fr — 95 Xi f1 F1 + 9ri TR XT: Fr+ 95 X% fR [hr (103)
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where

gri = V2 [d'Yy, 00 + 91?5@] , and  gpi = V2¢'Y,00. (104)

Here u /7 correspond to up-type (s)quarks or (s)neutrinos, whereas d/d denote down-type
(s)quarks or charged (s)leptons. The mixings from electroweak symmetry breaking as well
as from the CKM matrix have been neglected.

In the approximation described by the Dirac Lagrangians a Dirac charge D [48] can

be defined which is conserved in all processes:

D[g? D[] = D[7"?] = DIX%] = DIx},] = DIXpy) = —1, (105)

D[Gs’] = DIig = D[¥}] = D[Xpy] = DIXhy) = +1. (106)

Antiparticles carry the corresponding opposite Dirac charges —D. The Dirac charges of
all SM particles vanish. The squarks ¢2, sleptons /%2 and sneutrinos 2 belong to the
first and second generation. L, R mixing and large couplings to higgsinos preclude the
extension of this approximate scheme to the third generation. Nevertheless, the scheme
proves useful for a quick overview of allowed and forbidden processes in the first two
generations. For example, the production processes e;e; — €;é; and epep — €pép
with equal helicities are forbidden while the opposite-helicity process e;ep — éyép is

allowed.

Chargino production

Te~ annihilation will be taken as an example to illustrate

Chargino pair production in e
the characteristic features, common, mutatis mutandis, also to neutralino production.
The chargino reaction proceeds through s-channel v, Z and t-channel 7, exchanges. The

cross sections in the general hybrid theory are given by

do et - 042/\}{2 [s2 — 4sZym%s + 8sfym%][2 + A1 (cos? 0 — 1)]
efe” = X{X1] = 1 ESURY)
dcosf 16575 (s —m7)
5 8[s — 2sZm2][1 — A1 + (1 — )\1/2 cos0)? 831 - )\1{2 cos 0)?
~c + o1, or)
(s —m%)(t —m2) 2(t —m2)
do e — 1 75] = 7roz2>\§é2 [s2 — 4sfym%s + 8sfym%][2 + Aoz (cos? 0 — 1)]
X2 X2 1= 1 — 22
dcos @ 165y, 5 (s —m3)
5 8[s — 2s2,m2][1 — Mg + (1 — AL? cos 6)?] s2(1 — A% cos )2
—s3 + s |, (108)
(s —=mZ)(t —m3) 2(t = mg)
1/2 2(1 =\ 02 — (m2. —m2.)2
do [eTe” = X7 X3] = m)ﬂ/\lé 353 o 120%0) (mﬁ[ mxgt) (109)
dcosf 1Az 16skys 22 (t —m2)? ’

where \;; = A\Y2(1,m? i/s m* i/s) and we ignore the Z boson width. As before, elec-

troweak symmetry breaklng effects in the chargino mixing matrix have been neglected.
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The mixing angles co and sg, defined in Eq. 83, only modify the t-channel sneutrino am-
plitude, so that they can be determined from the angular distribution of XT X7 production
in a straightforward manner. The MSSM limit corresponds to Eq. 107 with co = 1 and
s9 = 0. In the Dirac limit, using the basis Eq. 108, Eq. 109 for the two degenerate Dirac

charginos, one finds

do lete — 75 7] = 770(2)\1{2 (8% — 4sZ,m%s + 8sgym%][2 + A1 (cos? 6 — 1)]

dcosf DiADl 165}y s (s —m%)?
— 942 2111 — /2 2 201 _ \/2 2
_sls = 2syymy)[1 = A+ (1= AT cos6)7]  s*(1— Ayy” cos) (110)
(s —m2)(t— D) A—m2p |
1/2

do letem — 7 70 = 7ra2)\2£ [s% — 4s,m%s + 8sfym%][2 + A (cos? 0 —/11)L1)
dcos @ p2AD2 16sfys (s —m?%)? \

do _ T
d0089[€+e — Xp1Xhal = 0. (112)

It is noteworthy that the cross sections for )fo(f production in the MSSM limit and
for )2751)251 production in the Dirac limit are identical. This is in obvious contrast to
neutralino and gluino production, which are Majorana particles in one limit and Dirac

particles in the other.
Signatures at the LHC: Squark cascade decays

Cascade decays are crucial for the analysis of the non-colored supersymmetry sector at
LHC. Following the rules discussed earlier, we will study invariant masses of quark-jets

with charged leptons in squark cascade decays:

Charginos: ~ MSSM: ar — dX{,— dyl}, diT o — dituy
dr, — ux; — uDZZNE, wl™ of = ul” o xy,
Dirac: ﬂLHd)ZEI —dlTy —>dl+yl)~<0Dcl,
JL — UXpy — uﬁlfz —ul” le(%:l,
Neutralinos: MSSM: ¢, — ¢ X3 — qIFIF — qI*I7 XY,
Dirac: G — qX$ — qlTl; — qlt 17 XY,
Due to the CP invariance, the charge conjugated versions of these processes are simply
obtained by flipping the gauge/Dirac charges and chiralities at each step.

As evident from the list above, the decay chains differ in their chirality structure
between the MSSM and the Dirac theory, which will leave a characteristic imprint on the
angular distributions of visible decay jets and leptons. For the squark-chargino cascades
this is illustrated by the quark-lepton invariant mass distributions shown in Fig. 16.

Also shown in the figure is an example of the general 2-Majorana hyper-system away

from the Dirac limit. In this case one obtains two wino-like charginos ng with distinct
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Figure 16: Quark-lepton invariant mass distributions for squark decay chains with in-

termediate charginos, comparing the N = 1 MSSM (solid lines) with the N = 2 Dirac

gaugino theory (dashed lines) and the intermediate hybrid theory (dotted lines). Nu-

merical inputs for the plots are mz = 565 GeV, m_+ = m_+ = m_x = 184 GeV,
X1 XD1 XD2

m; = my = 125.3 GeV, and Mmgo = Mg = 97.7 GeV. For the case of the hybrid model,

the second chargino mass is Myx = 199 GeV, corresponding to a mixing angle cos 3 = 0.6.

Electroweak symmetry breaking effects on the chargino and neutralino mixing matrices

have been neglected.

64



masses. The dotted lines in the plots corresponds to a scenario with relatively small
departure from the Dirac limit, so that the two chargino masses are of the same order
and the W / W' mixing angle is close to maximal mixing.

Nevertheless, the distributions of the 2-Majorana hyper-system are closer to the MSSM
in the plots, while the Dirac limit leads to drastically different distributions. This can be
understood from the fact that the two independent charginos ﬁ[ and )ZQi in the hybrid
model become degenerate in the exact Dirac limit. Interference effects lead to large mixing
between the two states in this limit. However, a slight deviation from the Dirac limit is
already sufficient to effectively turn off these interference contributions, since the widths
of both charginos is relatively small.

The squark-neutralino cascades have been worked out in [48], and are reproduced in
Fig.16. Again, the plots show distinct differences between the MSSM and Dirac limits,
which can be exploited to experimentally distinguish the two cases at the LHC.

Signatures at ILC: Selectron pair-production

Conservation of the Dirac charge D in the first generation forbids the production of
selectrons in equal-helicity e”e™ collisions but allows the production in opposite-helicity
collisions in the Dirac theory while all three helicity combinations are non-trivially realized

in Majorana theories:
eje; — €€, €pep — ERep, (113)
e e — €.€n. (114)
Three other independent processes are possible in e~ e™ collisions:

eref — é&.éh, (115)

ereh — E.Ef, epef — Epél. (116)
Noting that (v1/r)¢ = (¥°)r/L, the additional process ege;g — éﬁéz in the second group
is the CP-conjugate of the first process and needs not be analyzed separately. Since non-
zero s-channel 7, Z exchange requires opposite lepton helicities, the first electron/positron
process is driven only by neutralino exchanges while the other two processes are mediated
by both t-channel neutralino and s-channel vector-boson exchanges. Moreover, the first

process violates conservation of the D charge and thus is forbidden in the Dirac theory.

1) e”e™ collisions
In the general hybrid hyper-system on which we have based for the detailed analyses, the
e~ e~ scattering amplitudes for selectron pair production can be written as
Aleper —éper] = =22 [Myr(s,t) + Mrr(s,u)] (117)
Aleger — €gepl = 262 [Miug(s,t) + Mip(s, )] , (118)
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for the same helicities and

Alejep — € ép] = €2A2/525 sinf@ Drr(s,t), (119)
Alege; — € ép] = —62)\%; sin @ Drr(s,u), (120)

for the opposite helicities, with the two-body final state kinematic factor Ay, = A(1, m%a /s, m%b /5),
with a,b = L, R, and

AL z,y) =142° +y° = 2(x +y + zy). (121)

Here 6 is the scattering angle, and the dimensionless neutralino functions Mg, and Dy,
(a,b = L, R) are defined by

6
Map(s,t/u) = %Vakvbk Dyt (122)
k=1
6
Das(s,t/1) = > Var Vi Dityu - (123)

T
I

They are determined by the neutralino propagators Dy = s/(t — m?{o), and similar for
k

Dy, and the effective mixing coefficients

Vik = Unak/Qew) + Unar/(2sw ) , Vri = Unak/cw . (124)

The neutralino mixing matrix elements Upy.k, introduced in Eq. 88, have a very simple
structure if effects from electroweak symmetry breaking are neglected, see Eq. (90)
After calculating the polarization averaged squared matrix elements and including the

phase space factor, the differential cross sections are

dory, Ta? 19

deos  ds A/ I M (s,t) + Mpp(s,u) 2 (125)
dorr Ta? 1/2

dcosf  4s At | M5, 8) + Man(s,u) |, (126)
dorr Ta? 3/2 .

deosf — ds )‘L/R sin?@ [|DLr(s,t)|* + |Pre(s, u)|?] - (127)

Finally, the unpolarized total cross sections can be obtained by performing the remaining
integration over the scattering angle 6. Note that orr and ory, are not physically distin-
guishable in the e~e™ case, unlike for ete™ annihilation. The cross sections reduce, on
the one side, to the familiar MSSM form, see [59], while in the Dirac theory, on the other
side, they simplify considerably to

oleTe” —é é] = ole e — ey =0, (128)
o ma?
oleTe” — e én] = 2 [(1+2m§%l/s—m§L/s—m§R/5)LlDl—26/ . (129)
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Figure 17: Dependence of the cross sections for same-sign (left) and opposite-sign (right)

selectron production on the Dirac/Majorana control parameter y, for /s = 500 GeV

and SPS1a’ parameters [54]. Not shown are the cross sections for e"e* — éﬁéﬁ, which,

apart from the different normalization, shows a similar behavior as the cross section for

e e — ézéf.
with 3/ = AlL/}% and the logarithmic function defined by

/ 2 2 o2
L = log L By e, )/ . (130)
1—ﬁ’+(2m§0—m2 —m? )/s

e e
i L R

The vanishing of the LL and RR cross sections is obvious from D-charge conservation.

In the absence of higgsino exchanges only the bino-exchange can drive the LR process.

The evolution of the total cross section from the MSSM to the Dirac limit is illustrated
for the two characteristic processes e"e™ — €,€; and e"e” — €} € in the left panel of
Fig. 17, which demonstrates how the first process is switched off when the Dirac limit is

approached.

2) eTe™ collisions
The analysis of the e~ e™ processes follows the same path. By introducing a dimensionless

s-channel Z boson propagator Dz = s/(s — m% + imzI'z) and four bilinear charges

2 2 2
sy — 1/2 - (siy = 1/2)
ZZ_L::[—’—TDZ, ZLL:1+TDZ’ (131)
w wew
2 2
v Sty _ sjy —1/2
Zgp =1+ 3"Dz, Zpp =1+ 5—"=Dg, (132)
w w
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we obtain six non-vanishing helicity amplitudes

Alepef; — éét] = =\ sin6 [Dpp(s,t) + Z;,] (133)
Aleqef —éréf] = _62/\1L/L2 sin0Z;, (134)
Alepef; — epét] = M\ psin 025, (135)
Aleqef — épét] = —62)\}%/1% sinf [Drr(s,t) + Z4g] (136)
Alefef — érek] = 2e> Mrr(s,t), (137)
Alepel — épél] = —2e* My (s,1). (138)

By squaring the helicity amplitudes, the differential cross sections can easily be derived.
The squares are summed incoherently if the initial lepton helicities are not specified ex-

perimentally.

As before, the cross sections reduce to the familiar MSSM limit on one side, while
in the Dirac limit, on the other side, the processes with LR/RL initial state helicities
remain allowed, but the LL and RR processes are excluded by D-charge conservation.
The D-charge of the pair €, €5 vanishes, thus allowing production in e"e™ collisions, but
the pair ézé; carries the charge D = 2 so that production of this pair in e~e™ collisions
is forbidden.

The continuous transition from the MSSM to the Dirac limit is illustrated in the right
panel of Fig. 17, for the two representative total cross sections of e"e™ — éZéE and

—et et
€ e —>€L€L.

2. Electroweak scalar bosons

Masses and mizing

The scalar/Higgs sector involves various components in the basic Lagrangian, terms de-
rived from the N = 2 Higgs-Higgs-scalar interactions, the superpotential, the D-terms
and the soft breaking terms. Expanding the scalar/Higgs potential about the vacuum
expectation values of the neutral fields, v, /4, vy/r, linear and bilinear terms of the phys-
ical fields associated with the masses are generated, while tri- and quadri-linear terms

describe the self-interactions of the physical scalar/Higgs fields.

To stabilize the system, the coefficients of the linear terms must vanish; this condition
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connects the vacuum expectation values with the basic parameters of the Lagrangian:

2

v
oy 4m§,m§_)\%>\§v4{ my g My Cap V2 v+ (My + Ay) ysgﬂ/\f
Ay Ao’ [QMIDC% + V2 — (Mg - AI))\]SQQ/\/ﬂ }
2
~ 2:%2 g’M{?cz@ —V2\yp+ (My + Ay))\ysgﬁ/\@] for 7y > Ay, v(139)
Yy
02
= 2”[— MPeys — V2 M — A 2]
v 477%%/771%—/\%,/\%1)4{ My | —gMy Cog V2 i+ (M ) 132[5/\[

—)\y)\ﬂ)2 [g/M)l/)CQ,B - \/5)\Y,u + (My + AY)AYSZ@'/\/ﬂ }

1)2

~ —W |:gMID02[8 + \/5/\[,11, — (MI — AI))\]SQﬁ/ﬂ for ﬁlyj] > /\yJ’U , (140)
I

with the abbreviations
my = mi +m+ My +4(MP)? + L1307, (141)
mi = mi+mi+ M;+4MP)? + I, (142)

The Higgs vevs v, 4 are determined by substituting for the vevs vy ; in Eq. (140), viz.

1 1
0 = (m%]u + u2)vu — Byvg + g(gl2 + 92)(115 — U?I)Uu + 5()\%/ + )\%)vuvg
+(V2Ay i+ ¢ MEPYoyv, + (V210 — gMP)vrv,
1 1 1
——(My + Ay) A \yoyvg — —=(M;+ A )\vv+f)\v—|—)\0211,143
\/§(Y v ) Ay Uy Ug \/i(] 1)AIVIVg 2(YY V1) vy, (143)
1 1
0 = (miy, +1")va = Buvu = (g% + ¢°) (v — vi)va + 5 (A + AD)vgua

+(V2Ayp — ¢ MP Yoy vg + (V21 4 gMP Yvrvg

1 1 1
V2 E(MI +ADAvrou + 5 (Avoy + Arvr)*vg,(144)

The values of v, 4 and v; can be determined phenomenologically in terms of the observ-
ables tan 3 and m,, m% vide Egs. (76) and (77).
The terms in the Lagrangian which are bilinear in the fields build-up the scalar/Higgs

(My + Ay))\yvyvu —

mass matrices. Decomposing the neutral fields into ground-state values, real and imagi-

nary parts,
1
H, = \ﬁ[Sﬁ(v+h)+CﬂH+i(CﬁA—8ﬁa)] . Hy=cgH" —sga’, (145)
1
Hg = \ﬁ [cg(v+ h) — sgH + i(spA + cpa)] , H; =sgH +cga, (146)
and
1 .
oy = ﬁ(vy—l—&/—l—my), (147)
1 . 1 _ 1 _
oy = E(UI+SI+ZQI)7 o1 = E(U;‘F%)a of = E(U;_Ul)’ (148)
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it can be ascertained that the matrix of the imaginary fields involves a massless Goldstone
field a, and likewise the charged fields involve a%; = [va™ + v2ur (o5 + 0)]//v2 + 402
These are absorbed to provide masses to the neutral and charged gauge bosons. The
remaining elements describe the pseudoscalar 3 X 3 mass matrix, the scalar 4 x 4 mass

matrix and the charged 3 x 3 mass matrix:

1) Pseudoscalars

In the {A,ay,ar} basis, the 3 x 3 real and symmetric pseudoscalar mass matrix squared

is given by
Mi f%(MY*Ay)AyU *%(MI*AI))\IU
_/\/l%g = —%(My — Ay))\y’l) Th'@ %/\YA]'U2 ) (149)
—J5(M; = ApAp Dy Ar? m?
where
my = my —m§ + Mg+ IaFe?, (150)
mP = mj—mf+ Mj+ 3A07. (151)

The above can easily be diagonalized in approximate form in the limit of the gen-
uine supersymmetry parameters, my,; being much larger than the electroweak scale v,

i.e. v/my; < 1. This leaves us with an approximately unmixed state of mass
M~ M2 (152)

and a 2 X 2 mass matrix in the {ay,as} basis with two eigenvalues and the mixing angle

given approximately by

-2 I ~ /2 ~ 12 ~12\2 212,,4 712 )‘%)‘%#
M, = 5|+ — SR — )2 + NN ~ Y e — ey 159)
—2 Tl p - - o 12 A AR
5= 5 [m/y i 4\ (R — )2+ A?M?v‘*] RomT 17—y 15
2 (M,, —mf)
tanea = W 5 (155)

where the approximate relations hold whenever the off-diagonal terms are smaller than

the difference of the diagonal ones.

2) Scalar

In the {h, H, sy, s;} basis, the real and symmetric 4 x 4 scalar mass matrix squared M%
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is given by

m3, + 052 dmeas =0 (2m5 — Apv?) = (2m] — A?)
M2 = Orcap M3 —dusap Ay A;
T -emd - a3 A 73 Dy Aro? ’
v Y Y Y my ZAY ATV
—5H(2m] = Ajo?) Ar v A’ 2
(156)
where
op = (A} +A)v? —2m%, (157)
Ay = gMPvsys— %M(My + Ay )vcag, (158)
Ar = —gMPvsyg— %)\I(MI + Ar)vegg. (159)

Note that dy vanishes in the N = 2 SUSY limit. Thus, in this limit, the eigenvalues
of the Higgs submatrix {h, H} are just m% and M3 [58], with no dependence on tan 3,
a feature markedly different from the MSSM. This submatrix receives several radiative
corrections, the most important one accruing from stop/top loops, a result of their large
Yukawa couplings. The sigma couplings, on the other hand, remain of the order of the

electroweak couplings. As a result, the Higgs submatrix is modified to

mQZ + (5H82g (5ch5 . m2Z + 5H825 + €y 5H02ﬁ + EH/tg (160)
5HCQB Mi — 51-]825 ’

5HCQB+GH/1% Mi—(SHSQﬂ—i-EH/tg
where
3Gpmy | ™M, my,
€g =~
V2n? m}

The transition from the current basis to the diagonal 2 x 2 Higgs matrix with eigenvalues

(161)

(Orcap + en/tp)?

M3 —m?, ’

(5H62@ + EH/tg)Q
M3 —my

Ma ~ my+0mwsap+ e — (162)

M§v2 ~ ME}—(SHSQ/@’-FEH/t%-f— (163)

is carried out by the orthogonal transformation Oy with the mixing element given by

—2
My, — mQZ —0psa — €n
5H02ﬁ + GH/tg

tan o, = (164)

Equally straightforward is the diagonalization of the {sy, sy} submatrix leading to the

two eigenvalues

21424
=2 ~ A v
m2 Y

T <) (165)
3 v 4(m%—m§/)
)\2 )\2 4
My, ~ i+ 2210 (166)

A(mf —mi)’
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the diagonalization carried out by an orthogonal transformation with the mixing element

—2
2(Mg, —m3y)

tan ag = Ny A 02

(167)

3) Charged scalars:

After the charged Goldstone bosons ag are absorbed into the charged gauge bosons, there
remain three physical charged scalar states { H* 31 , 85 } with the second and third states
defined by

v(of +05)/V2 — 2ura*

\/02—1—41)%

The real symmetric 3 x 3 charged scalar mass matrix squared M? 47+ 1s then given in the
{H*, 55,535} basis by

st =(0F —03)/V2 and s§ = (168)

M? ., Ay —/pAr
Mipe = | As W A (Vi) es | (169)
VAL 3E (8- 3e) e pin3
where
M?%. = M%+mby+ - ()\2 A2 )v? —43 v Lind + 430} — 4V2pu A por,  (170)
Ar = (9°/2-X]) U1U32ﬁ_(MI_AI))\IU/\/§, (171)

the rho parameter p = 1+ 4v?/v? and Ay in Eq. (159).

Assuming that m? > m’? > M?{i and My, A; ~ M4, and observing that, again, the
charged Higgs and scalar states are weakly coupled at the order of v/m; or v/m/, the
block-diagonalization procedure provides approximate solutions.

The extension of the Higgs sector by the novel SU(2);xU(1)y adjoint sigma fields has

two important consequences:

e Each of the pseudoscalar, scalar and charged sectors are extended by two new states
with masses of the order of the characteristic scalar parameters My and M;. As a
result, one of the new pseudoscalar/scalar states may acquire mass between a few
hundred GeV up to a TeV, while the other will be heavy, i.e., O(TeV); both the

new charged states will be heavy likewise.

e The mass matrix of the Higgs system is modified compared to the MSSM. As pointed
out before, the tree-level Higgs masses are independent of the mixing parameter
tan 3, and the lower bound on the (lightest) charged Higgs mass is not guaranteed

to exceed the W mass anymore.
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Figure 18: (a) The lightest neutral scalar boson including one-loop top/stop radiative
corrections. The blue line indicates the present experimental lower bound (with the
theoretical errors) on the mass Mg, 2 111 GeV; (b) the neutral scalar masses; (c) the
pseudoscalar masses; (d) the charged scalar masses, as a function of the hyper-charge
soft scalar mass my; the isospin soft scalar mass is set to m; = 6v to accommodate the
small p-parameter. The other parameters are fixed to tan 8 =5, my = 1TeV, pu = 3v,

mg,:Mgzv/Zm’I:MID:v,Ay:A[:%andMy:M]:mHu:mH = .

d
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The Fig. 18 illustrates the evolution of the three pseudoscalar, four scalar, and three
charged masses with the hyper-singlet mass parameter my introduced on the third line
of Eq. (36) while all other parameters are kept fixed. These parameters have been chosen

as indicated in the figure caption.
o production

1) Neutral adjoint scalar

(i) Stop decays

Sigma fields carry positive R-parity, but they couple preferentially to gaugino and squark/slepton
pairs. Assuming, as before, that they are heavier than charginos and neutralinos, this

leaves us with stop decays as a possible source for neutral sigma particles:

52 — 7?1 + sy, (172)
while the s; channel is likely too heavy to be open. The partial width for this decay mode
is given by

g2

o9 a2 2 2 2
Iy, TGy, AL, ms /m MSY/mEQ), (173)

with A denoting the usual phase space function defined in (121) and the coupling

- 'MP sin 20;. 174
gt 6\/>g Y ( )

I'; is typically of order GeV.

If the on-shell decay is not allowed kinematically, the next possible mode is the decay

to to a top quark, a lightest neutralino )2[1) and sy, mediated by a virtual f’{:

ty — T+sy — t+xI+sy. (175)

Denoting the chiral #1tx? couplings by gz, gr, i.e.,

1, 1 N my
g, = —\/§g[(§UN4j + gtanewUsz)COSQt"-l- smﬁUNﬁJ sin€;],  (176)
2 . my
gr = \/gg [ g tan GWUNQJ. S 9{ — mUNﬁj COS 9{] s (177)

the partial width of the three-body decay (175) given by

= dM
2 256m3my, ’

2 /<mt~2—MsY>2 KM2AQL M2 /m? M2 /mg JA(L m3 M2, mZ, /M?)
( tl tl

(178)

with K[M?] = (g7 + g%)(M? —m7 — m?z?) — 4grgrmymygo becomes rapidly much smaller

than the standard Z, decay width when M;, exceeds the mass difference mg, —mg, by an

amount of a few times the total fo width. The branching ratio then becomes too small
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for t5 decays to become a source of sy particles.

(i) Gluon fusion
The neutral hyper-singlet and iso-triplet scalar particles sy and sy can be generated singly

in gluon fusion processes at the LHC:

pp — 99 — Sy[I- (179)

The adjoint scalar coupling to the gluons are mediated by squark triangles, the D-terms
providing the interactions of the squarks with the sigma fields. The partonic fusion cross

section of sy production, with the Breit-Wigner function in units of 1/M, S2y factored off,

2
599 = sv) = gy Ty = 99). (180)
can be expressed by the partial width for sy — gg,
2 D)2
ayai (MF) 2
Plsy —99) = sz ’Z[YLTLf(TL) — Yr7rf(TR)]| - (181)

with ay = ¢’2/4w. The standard triangular function is denoted by f(7) defined in
Eq. (65), with 77 p = 4M§L’R/M52Y and Y7, g being the hyper-charges of the L and R-
squarks. It should be noted that the hyper-charges add up to zero for complete genera-
tions, but not individually for up- and down-type states for which the L/R hyper-charge
difference amounts to F1. While for mass-degenerate complete generations the sum of
the form factors in the partial width vanishes, the cancelation is lifted for stop states, in
particular, with the non-zero difference enhanced by the different L/R hyper-charges.
The pp cross section is finally found by convoluting the parton cross section with the

gg luminosity,

72 T(sy — gg) [!dx
olpp — sy) = = L 99)

35 M.y ?g(ﬂMsQY)Q(T/ﬂU;MsZY)a (182)
S

in the usual notation. The cross section for sy production is shown in Fig. 19 as a function
of the sy mass; similar results are obtained for s; production. As expected, the size of

the fusion cross section is small.

2) Charged adjoint scalar

(i) e~ e~ collisions

Single production of sigma particles in eTe™ collisions is strongly suppressed as the pro-
duction amplitude scales with the electron mass. Since the quantum numbers @, I3,Y of
the neutral sigma states a(l)y all vanish, these particles cannot be pair-produced in ete™
collisions. However, production channels open up for diagonal charged scalar pairs sfz
defined in Eq. (168),

efe” — sts, n=1,2, (183)
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Figure 19: Cross sections for single sy production through gg fusion in pp collisions at
LHC (y/s = 14TeV). The MSSM benchmark point SPS1a’ is adopted for the numerical

analysis.

through s-channel ~, Z exchanges. With effective charges

_s%,v—l/2 s s

+ +
* =1 ~ 2, ” =1- ~0, 184
grx[sy] SIZ/V S_m2Z IR<[Sy] S_m2Z (184)
s2,—1/2)2 s 4 s, —1/2 s
gual) =14 O/ ;~a anl =1 Y 2 <=1§5,)
Gy Sy S—my 3 iy s —m7

with n = 1,2 for L and R-chiral electron pairs coupled to the sz pairs and equivalently

to the H* pair, the cross section reads:

mo? g}, + 9%, I
3s 2 ’

o =

(186)

where s is the total c.m. energy squared and (3 the velocity of the particles sli’2 and H;
8‘24, = sin? Ay denotes the electroweak mixing parameter. The size of the three production
cross sections, identical in form, is illustrated in Fig. 20 for the two different mass values
Msf,Hi = 0.5TeV and Msg[ = 1TeV.

(ii) v~y collisions
Excellent instruments for searching for heavy scalar/pseudoscalar particles and studying
their properties are v colliders [60]. About 80% of the incoming electron energy can be
converted to a high-energy photon by Compton back-scattering of laser light, with the
spectrum peaking at the maximal energy by choosing proper helicities.

Depending on the nature of the scalars/pseudoscalars their couplings to the two pho-
tons is mediated by charged W-bosons, charginos, and charged scalars and Higgs bosons.

As before, the formation cross sections can be expressed by the v widths of the particles
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Production Cross Section [fb]

Figure 20: The cross sections for charged sfz pair production in eTe™ collisions at TeV
energies. The charged scalar masses are assumed to be Mgic = 0.5TeV and Mggc = 1TeV.
For comparison, the cross section for charged Higgs pair production is shown with its
mass Mg+ = 0.5TeV.

and the v+ luminosity:

[(¢p—nyy) dL dr
R _ o2 = _ 7Y 1
(o(yy — ¢)) = 8« A7 o - oo(yy — @) 74 o (187)

with 74 = M; /s. For qualitative estimates the luminosity function 7dL/dr can be ap-
proximated by unity after splitting off the overall e*e™ luminosity[61].

The partial v+ widths are parameterized by couplings and loop functions,
2

2
«
F(S/a - ’77) = @ Ms/a (188)

Z ch'@zzgf/aAf/a
i

The factor N, denotes the color factor of the loop line; the couplings gf /% are expressed

by the quantum numbers,
D
g%% = )\y/\/i, gjz;R =+Yy, oMy /My
o = (\/iAyMC — ¢ MPeas + Ay (My + Ay)s%/\/i) /M, | (189)
G = 29701/ My, , gz = Ar/V2, e, =F9. 95 = +gI{ M /M,
g3t = = (V2A1pe = gMPess + N (M; — Af)sas/V2) /My, (190)

for the hyper-singlet scalar sy, and

9% = —\y/V2, (191)
HD
gi}% = )\I/\/§> g%ﬁﬁ = tg, (192)
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Figure 21: The reduced production cross sections oo(yy — ¢) for ¢ = sy;; and ay,;. The
SPS1a’ parameter set [54] for the (s)particle masses, couplings and mixing parameters are

adopted for the numerical analysis.

for the hyper-singlet pseudoscalar ay, while the loop functions Af/ “ identical in form for

the particles of a given spin, include the standard triangular function f(7) in Eq. (65) as:

0=1-7f(r), Aljp=-2vT[1+(1-7)f(7)], (193)
Al =2/14+34+312—1)f(7); 12 = —2\Tf(7). (194)

where the subscripts 0,1/2 and 1 stand for spin-0, spin-1/2 and spin-1 intermediate par-
ticles.

Adopting the SPS1a’ parameters in the SUSY sector [54], the reduced 77y cross section
oo(yy — ¢) for ¢ = sy; and ay,r, defined in Eq. (187), amounts to about 1 fb as shown in
Fig. 21 so that for an overall luminosity of several hundred fb~! a large sample of neutral

scalars sy,; and pseudoscalars ay,; can be generated in ~y7y collisions.
o decays

Expressed by the couplings gp  in the Lagrangians £ = ggs B*B and £ = gps/a Flivs|F,

the partial decay widths can be derived generically for bosons B and fermions F' as

2
T[s — BB] = 165:;/5 (195)
2
T[s/a — FF] = gFénTs/“ﬁ?’/ﬂ, (196)

with g denoting the velocity of the final state particles. The two standard coefficients

and 33 correspond to S and P-wave decays.
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For unspecified masses and couplings the following decays are the leading modes of

the particles sy and ay:

sy — hh, hH, HH, AA, H'H; ff5 'y, %%, (197)

ay — X, 20X%C. (198)

The pseudoscalar particle ay decays only to (higgsino-type) neutralino or chargino pairs,
with equal probability sufficiently above the threshold region. If 2-body decays are kine-
matically forbidden, 3-body decays to a (higgsino-type) neutralino, (bino-type) neutralino
and Higgs boson, as well as loop-decays to tt pairs and photons are predicted. It should
also be noted that the mass eigenstate, As, may decay through channels opened by the
mixing with the pseudoscalar A Higgs boson. As the couplings are of size O(g’ M}Q ) and /or
O(Ay p, Ay My, Ay Ay ), the ensuing partial widths are typically of electroweak size above
the 2-body threshold regions.

A detailed set of leading decay branching ratios is shown for the hyper-singlet scalar

particle sy in Fig. 22. The relevant couplings gg and gr for the scalar sy to Higgs bosons

are:
gBlsyhh] = —V2Aypn + g MP ey + (My + AY)AY525/\/53 (199)
gplsyhH] = —g'MPsa5+ (My + Ay)Ayeas/V2, (200)
gB[SyHH] = gB[SyAA] = _\@)\Y/an — g/M%/)cQB — (My + Ay)Ay825/\/§(201)
gB[SyHJrH ] = _\@)\Y,U«c + g’M5025 — (My + AY))\YSQﬂ/ﬁ, (202)

and those to supersymmetric particles are:

gBlsy frfi] = —2¢'MPYy, (203)
gBlsy frff) = 20/ MPYy,, (204)
grlsy HFH] = grlsyXpsXpsl = —Av/V2, (205)
grlsy HUHJ] = —grlsyXpsXpsl = Av/V2, (206)
and the relevant couplings for the pseudoscalar ay are:
grlavHi Hy] = grlayXpaXpsl = Av/V2, (207)
grlay Hy Hi] = —grlayXpsXpssl = =y /V2. (208)

The Dirac chargino and neutralino, 2353 and XOD?’, are defined in terms of higgsinos in
Egs. (96) and (99), respectively. For the specific set of parameters the hyper-singlet scalar
sy decays dominantly to Higgs bosons and sleptons. The decays to gaugino-like neutrali-
nos are forbidden due to gauge symmetry and the decays to higgsino-like neutralinos and

charginos are kinematically allowed only when the particle is very heavy.
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Figure 22: Dependence of the decay ranching ratios for the sy state on its mass M, .
The values of the relevant SUSY parameters are taken to be tanf=5, u = 400GeV,
miy, = MP =v/2, m; = MP = v, Ay = A = 2v, together with mj = v, Mg, = 0.95m;,
mg = 2v, mg, = 0.95mg, mg, = 0.8mg, mi, = Xy = 09mg, mpg = my = mﬁ = 2v,
)
2

)

my, = 114GeV. For the charginos and neutralinos the Dirac limit with M 1( = 0 is assumed.

The iso-triplet scalar states, s;,a; and sz, have been assumed very heavy. Several
features of the iso-triplet scalar interactions determine the potential of their decay modes.
In parallel to the hyper-charge states, they do not couple to quarks and leptons, but
they couple to higgsinos, gauginos and scalar pairs, sfermions as well as Higgs bosons
and/or gauge bosons. Thus, if kinematically allowed, the gauge/Higgs bosons, sfermions,
charginos and neutralinos constitute the dominant decay channels for the sy, a; and sz

states:

s; — W*YW™; hh, hH, HH, AA, H"H™; ff5 vty °%°9, (209)
ar — xTx7, °x°¢, (210)

ste — HTh, HTH, H*A; [ "%/ %", (211)

with partial widths of the electroweak scale. Furthermore, if all these decays were kine-
matically forbidden, the iso-triplet scalar states may still decay to gluons, photons, quarks

and leptons mediated by sfermion and chargino/neutralino loops.
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3 Dark Matter

As already mentioned in the Introduction, the lightest neutalino is often the LSP in the
MSSM, a good candidate for the Dark Matter. It is electrically neutral, stable (protected
from decays to the SM particles by the R-parity), and weakly interacting. Note that the
last property is crucial for it to be produced in the thermal bath in the early Universe.
Thus, we can compute its relic density as a function of its mass and couplings to the other
particles, and compare it with the observation. Actually, even though the LSP is the best
candidate for the Dark Matter, this is true for all weakly interacting massive particles
(WIMPs).

In the first subsection, we show how to perform this calculation for the general WIMPs,
firstly to the tree-level, and then including the one-loop corrections. The latter is required,
as the precision of present cosmological data soon improves to a percent level, and in order
to exploit it, the theoretical error on the prediction for the WIMP relic density should
not exceed the error inferred from observations.

On the other hand, since the LSP is weakly interacting with the SM particles, using
the specialized detectors, we might hope to obtain signals coming from them. This will
be our topic in the Sec. 3.2. We will begin with the brief reviews on the general aspects
of direct and indirect Dark Matter search experiments. Then we discuss the detectability
of the neutralino Dark matter candidate by the near-future as well as current direct and

indirect searches.

3.1 Dark Matter Relic Density
3.1.1 Standard Computation

In the early Universe, most of the particles had been in thermal equilibrium. Were they
so to the present, there would be essentially no relics. Fortunately, the particle species
decoupled from the thermal plasma at some point, i.e. the process that keeps the species
in the thermal equilibrium started not to be frequent enough to overcome the expansion

of the Universe (“freeze out”):
r<H, (212)

where T' is the interaction rate, and H is the Hubble parameter. In order to calculate
the relic density of the LSP, we will use the Boltzmann equation with the Friedmann-

Robertson-Walker metric:

dn R g d?
3 = (%)S/C[f]pE, (213)

where n is the number density of the relic, C is the collision operator and g is the degrees

of freedom. With the assumption of CP invariance and Maxwell-Boltzmann statistics
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instead of Fermi-Dirac or Bose-Einstein, as well as of no asymmetry on charge conjugation,
and the thermal distribution with zero chemical potential, the Boltzmann equation gets
simplified as follows:

dn eq
¥ +3Hn = —(ov)[n?® — (n°9)?], (214)

Here H is the Hubble parameter describing the expansion of the Universe, o is the total
WIMP annihilation cross section, v is again the relative velocity between the annihilating
WIMPs in their center of mass frame, n, ¢q is the WIMP number density in thermal
equilibrium, and (---) denotes thermal averaging. The second term in the left hand side
in the Eq. (214) comes from the dilution of the number density due to the expansion of
the Universe.

For non-relativistic kinematics, the latter is given by

9p3/2 oo 02 )
— (ov)—e ™" Ady (215)
VT Jo 4

where = m, /T, T being the temperature of the thermal bath.

(ov) =

As long as the WIMP annihilation (or creation) rate is larger than the Hubble expan-
sion rate, the WIMPs are (almost) in thermal equilibrium. However, once the annihilation
rate falls below the expansion rate, WIMPs nearly decouple. Their present relic density

is then to very good approximation given by [67]

~ 85x 107" zp GeV 2
Vos(ep)J(zp)

Here xp = my/Tr, where Tp is the freeze-out temperature of the WIMPs, g, is the

Q. h? (216)

number of relativistic degrees of freedom, and the annihilation integral J(x ) is defined
as [67]

J(zF) = /Oodx <Z;’> . (217)

F

The freeze-out temperature of typical WIMPs is rather small, Tr ~ m, /20, hence
WIMPs are non—relativistic when they freeze out. This suggests an expansion of ogv in
powers v [67]:

o0v ~ of + Bv® 4, (218)

where o/ and A are independent of v. Note that </ contains only S—wave contributions,
while # contains both S— and P—wave contributions.
The thermal average over the tree-level cross section, expanded according to Eq. (218),
can be computed easily [67]:
(ogv)(x) ~ o + 6% . (219)

T

When there is a particle whose mass is almost degenerate with that of the Dark

matter, for instance, the NLSP in SUSY, then the annihilations with which that particle
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participate play an important role in calculating the relic density of Dark Matter.[62] With
the constaints by some assumed symmetry such as the R-parity, the types of reactions

which determine the abundances are as follows:

xixj < ff (220)
xif < xif (221)
xj < xiff, (222)

where x;’s are the relics, with m; < m;, when i < j, and f, f’ denote the SM particles.
Summing over reactions of all particles to obtain the abundance of Dark Matter, and
assuming that the ratio of the x; density to that of total y maintains its equilibrium
value,'® the Eq. (214) becomes,

dn
i —3Hn — (Ueffv)(n2 — nzq), (223)
with the effective cross section,
N eq, eq
n; n;
Z’Mj

Often the significant modification occurs as long as the mass of the NLSP is within
around 10% of that of LSP.

3.1.2 One-loop Corrections

In this subsection, we compute the relic density of cold Dark Matter including the one-
loop corrections due to the exchange of a boson in the initial state. First we introduce
the formalism, followed by the thermal averaging of the corrected cross section. Then we

will show the examples.

1. Correction to the annihilation amplitudes

Consider the annihilation of two WIMPs y into two SM particles:

x(p1) + x(p2) — X1(p}) + Xa(p5) - (225)

Generic tree-level diagrams contributing to this process have the form shown in Fig. 23(a).
We want to compute one-loop corrections of the kind shown in Fig. 23(b), where a boson
 is exchanged between the WIMPs before they annihilate, by adapting the formalism of
Iengo [63, 64]. We assume that y is a Majorana fermion; however, in the non-relativistic
limit this will be relevant only for the case where the exchanged boson has axial vector

couplings (see below).

13This is true when the first equation of the Eq. (220), which determines the freeze-out, is the slowest.
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Figure 23: (a) Tree-level WIMP annihilation, (b) The one-loop corrections we consider.

The grey blob represents the exchange of some particle in the s—, t— or u—channel.

In this formalism ¢ exchange and y annihilation are factorized; the former can then
also be understood as re—scattering of the incoming WIMPs prior to their annihilation.
This factorization (¢ exchange before x annihilation) is only expected to work in the non—
relativistic limit. Moreover, it requires the virtuality of the ¢ propagator to be (much)
smaller than that of the particle exchanged in y annihilation. The latter can always be
satisfied for y < m,, where p is the mass of the exchanged boson, but it can also be
satisfied for u ~ m, if the WIMPs annihilate through the exchange of a particle Y with
mass My > m,. However, we will see that the corrections become small if 1 2 m,.
Note also that these corrections do not capture UV effects like the renormalization of the

tree-level couplings of y.

Let P = (p1+p2)/2 = (Py +15)/2, p= (p1 — p2)/2 and p’ = (p} — p})/2; recall that
p1, p2 and p), p, are the four-momenta in the initial and final state, respectively. In the
cms we have Py = /p? +m2, P =0and py = 0. The initial state kinematics is thus fixed
by p. We write the one—loop corrected amplitude for annihilation from the partial wave

denoted by L as

AL(p1,p) = Ao, (1P, ) + SAL(IP, '), (226)

where Ao 1, and 0A, denote the tree-level amplitude and the one-loop correction term,
respectively. We are only interested in the cases L = S and L = P. The contribution of

higher partial waves is strongly suppressed during WIMP freeze—out.

The corrections can be calculated starting from the observation that annihilation from
an S — (P—)wave initial state can be described by a pseudoscalar (scalar) x current [36].

This allows to write the correction as a standard vertex (three—point function) correction.
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Let us begin with the simple case of scalar boson exchange:

d'q g — P +my (5)"E d+ P+ my
2m)4 (¢ — P)? —m2 +ie (q+ P)? —m2 +ie
1

“—af— 2+ —Ao.(|dl, ) u(pr) - (227)

sALALY) = i) | :

Here g is the strength of the coupling between the boson and the WIMP, n;, =1 (0) for
annihilation from an S — (P—)wave initial state, and the reduced tree-level amplitude
12107 1, describes the blob in Fig.23 (except for the factor 75 in case of S—wave annihilation,
which appears explicitly in Eq. (227)) as well as the final state.!* We will later show how
to treat the exchange of spin—1 bosons.

As a first simplification, one then uses the fact that the full relativistic boson prop-
agator satisfies 1/(k2 — p2) = —1/(k2 + u2) [1—k3/(k* — 1?)]; the second term can be
omitted in the non-relativistic limit, where the energy exchange is much smaller than the
three—-momentum exchange. Moreover, to leading order in the non-relativistic expansion,
the g—dependence of the reduced amplitude can be neglected, i.e. the factor AQ L can
be pulled out of the integral.!> We then perform the integrals in Eq. (227) starting from
the qp integration. We are looking for poles in the lower half-plane, with residues that

diverge in the limit ¢, p’— 0 [63]. This gives

g (g~ P+my) (05)" (d+ P +my)
Cm* Sopy (@ - R) [(7- @7+ 2

SAL(I5),p) = g0 (ps) / Aop () ulpr), (228)

where w = /¢ + mi; in the numerator one should take gy = w — Fy. For small 3-

momenta, we have
2 _ =
7 —p

w— Py~ ; (229)

2my
note that this vanishes for p, 7 — 0, as advertised.
To zeroth order in the non—relativistic expansion we can set ¢ — 0 in the numerator of
Eq. (228). We see that this gives a non—vanishing result only if n;, = 1, i.e. if a 75 matrix
is present; recall that this corresponds to annihilation from an S—wave. To this order we

can replace P = Pyy° acting to the right (on the u—spinor) by m,. The numerator of

Note that Eq. (227) is one-loop exact, if the ¢ dependence of Ao, L is kept. For a full non—perturbative
treatment the complete reduced amplitude Ay, should appear again in the integral on the right—hand side
[63]. Recall, however, that we are only interested in one—loop corrections, in which case we may use Ao, L

in the integrand.
15Tn the P—wave case, the nontrivial dependence on the initial state three-momentum stems from

the spinors describing the initial state and the Dirac structures shown explicitly in Eq. (227), not from
the reduced amplitude. flo, r in fact does not depend on |q] if xx annihilation proceeds through an
s—channel diagram. For t— or u—channel annihilation we have to assume that the particle exchanged in

the annihilation process is significantly more off-shell than |g] ~ |p].

85



Eq. (228) then reduces to 475m§<. Note that the factor of s is required in order to be able

to access the large component of ©(p2); this is most easily seen in the Dirac representation.

2

Moreover, the factor wF in the denominator of Eq. (228) can be replaced by my,

up to
corrections which are of second order in three-momenta.

To summarize, we have made three approximations:
e We ingored the energy dependence of the ¢ propagator.

e In the gy integral we only kept the pole with the leading residue (in the non—

relativistic limit).
e We ignore all ¢ dependence in the numerator (for annihilation from the S—wave).

Note that these approximations have to be taken simultaneously in order to get a UV—
finite result. One may worry that this gives a rather poor approximation of the exact
vertex correction even in cases where the latter are finite, as in a purely scalar theory.
In Appendix B we show that this approximation can indeed differ substantially from
the exact vertex correction if y < m,. Note that the exact vertex correction by itself
becomes IR—-divergent for u = 0. This leads to terms o log(m,/p) which appear in the
exact vertex correction, but not in our approximation. However, these terms are canceled
by real emission diagrams and wave function corrections, which have to be included in
order to obtain an IR—finite result for 4 = 0. In Appendix B we show that, at least for
a simple scalar model, our approximation does accurately reproduce the exact radiative
correction associated with the initial state, whenever these corrections are large.

Let us therefore proceed with our calculation, which does not require additional ap-
proximations. The angular integrations are straightforward. One is then left with a single

integral to describe the correction to S—wave annihilation:

Py [ g T () e
2?17 AO’S/O M e e

Note that we have absorbed the spinors into the full tree-level amplitude Ay 5. The one—

0 As(|pl,p") = (230)

loop correction to the cross section emerges from the interference between the correction

0Ag and the tree-level term Ay g. We can thus write

2
g- 1
5AS(|]517p,)|1_100p = ) ;A0(|p_1,p/)15(7”) ) (231)

where v is the relative velocity between the two annihilating WIMPs in their center of

mass frame (i.e., |p] = myv/2), and we have defined the function

ee x )’ +r
Ig(r):%e[/o dme_llngjxgzir . (232)

Here z = |q]/|p] and r = p?/p.
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So far we have assumed that a spin—0 boson with scalar coupling is exchanged between
the annihilating WIMPs. In order to treat more general cases, we rewrite the numerator
of Eq. (228) as

N=T(¢g—P+my) ()" (d+P+my )T, (233)

where T' describes the Dirac structure of the ¢yy coupling and T' = ~°T'T~0 its Dirac
conjugate. Scalar exchange corresponds to ' =T = 1.

It is easy to see that pseudoscalar exchange, I' = —I' = 5, does not lead to enhanced
contributions. For example, for n;, = 1 and ¢ — 0 one finds a result oc 5 (m, — ,P)Q,
which is O(p?).

Vector exchange corresponds to I' = 4¥, T’ = «,, where the Lorentz index v has to be

summed. For ny =1 and ¢ — 0 this gives

Nyector = _2mxr75’7y (mX + ,P) Yo = —4mX75 (2mX — P) .

Again replacing P by m, this leads to the same result as for scalar exchange, except for
an overall sign. However, this sign is compensated by the extra minus sign in the vector
boson propagator. We thus reproduce the well-known result that in the non-relativistic
limit, the exchange of a vector boson has the same effect as that of a scalar boson.
Finally, axial vector exchange is described by setting I' = +*vs5, T' = 7,75, where
summation over v is again implied. In the S—wave case, where ny, = 1 and ¢ — 0 in the

numerator, this gives

Naxial vector — '757,/ (7P - mx)2 T = 4mx75 (2mx + 7P> .

Again replacing P by m,, and accounting for the minus sign in the spin—1 propagator, we
find that axial vector exchange differs from scalar or vector exchange by a factor of —3.
This does not seem to have been noticed in the recent literature. We therefore checked
it in the limit where ¢ exchange can be treated as re—scattering of the incoming WIMPs,
leading again to two on—shell WIMPs. To leading order in velocity expansion we are
interested in the limit of vanishing momentum exchange. However, we have to keep in
mind that the two WIMPs will have to annihilate through a ~5 vertex (for the S—wave
case). This requires that the non-relativistic v and v spinors have the same spin. The
rescattering process is then described by the quantity (we omit the bosonic propagator

and all couplings)

Apes = Zz_)(pg, s)Tv(pa, s")ii(p1, s ) Tu(py, s) , (234)

S/

where s, s’ describe the spin. Scalar boson exchange again corresponds to I' =T' = 1. In

this case only s’ = s contributes in the non-relativistic limit, where (in the cms) p; =
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P2~ (my, 6), and one has Aeg, scalar = —4mi. One immediately sees that pseudoscalar
exchange only contributes at O(p?).

In case of vector exchange, only I' = 4% contributes to O(p°) [63]. This then again
requires s = s in Eq. (234), giving Ayes, vector = 4mi. Remembering the additional
minus sign in the spin—1 propagator we therefore again find that vector boson exchange
contributes the same way as scalar exchange.

Finally, for axial vector exchange, only I' = ~;75 (i = 1,2,3) contribute to O(p"). In
this case A,es receives non—vanishing contributions both from s = s’ and from s = —¢/,
so that Ares, axial vector = —12mi. Again including the minus sign from the propagator,
we reproduce our earlier result that axial vector exchange differs from scalar or vector
exchange by a factor of —3. Note also that axial vector exchange describes an interac-
tion between the spins of the two WIMPs. Such interactions are not suppressed at low
velocities.

Now let us discuss P—wave annihilation, which corresponds to ny = 0 in Eq. (228).
In this case setting ¢ = 0 would lead to a result which is of O(p?), i.e. of second order
in the non-relativistic expansion. The leading term is the one linear in ¢} the numerator
of Eq. (228) then becomes —4m,q - 7. Note that the 7; again allow to access the large
component of ¥(pz). The proper form of the correction term can then most easily be
obtained using trace techniques, by dividing the 1-loop correction term 6APA(T)7 p by
the tree-level result |Ao, p|>. We find that the P—wave correction term differs from the
S—wave term by a factor - §/p? inside the momentum integral. Performing the angular
integrals, we can write this in the form of Eq. (231), with a new function describing the
correction for annihilation from a P—wave initial state:

o0 222 2+1+r, (x+1)2+r
Ip = —1 1 2
P %e{/o dmaﬂ—l[ * 4z n(x—l)Q—i-r}}’ (235)

where r = u2/p? as above.

In order to treat the exchange of other bosons, non-trivial Dirac structures I', ' again
have to be introduced in Eq. (228), now for the case n;, = 0. Proceeding as above, we
find that pseudoscalar exchange does not lead to a large correction, while vector and
axial vector exchange give the same correction as the exchange of a scalar boson. At first
glance it may seem surprising that now axial vector exchange gives the same, positive,
contribution; recall that in case of annihilation from an S—wave, axial vector exchange
differed by a factor of —3. The difference can be understood from the observation that
axial vector exchange leads to a spin—spin interaction of the form 457 - 55, where 57 5 are
the spins of the two WIMPs. This can be evaluated using 25 - 52 = S? — s? — s3, where
S = 3 + 5 is the total spin. In case of Majorana WIMPs, annihilation from an S—wave
requires [36] S = 0, leading to 45 - 5 = —3. For P—wave annihilation, we need [36]

S =1, giving 45} - 55 = 1. Note the relative factor of —3 between these two results.
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At this point a comment on other WIMPs (than Majorana fermions) is in order. For
a Dirac fermion—antifermion pair, there is no strict correspondence between the total
spin and the orbital angular momentum. There will also be S—wave states with S =1
(as the J/v¢ family of quarkonia), as well as P—wave states with S = 0. In this case
the proper factor in front of the axial vector correction will depend on the spin state,
i.e. it will no longer be completely process independent in this case. However, results for
scalar, pseudoscalar and vector exchange are the same as for Majorana WIMPs.'¢ Finally,
there is no such thing as an axial vector coupling to scalars, but our results for vector
exchange apply to scalar WIMPs as well.!” Scalar exchange now involves a trilinear scalar
interaction f, which has dimension of mass. Our results can describe this situation as
well, with g = f/(2m,).

The integrals in Eqgs. (232) and (235) should be understood as principal value integrals,
in order to treat the pole at * = 1. In case r > 1 the integrals can be computed
analytically, by expanding the logarithms in inverse powers of r. Moreover, in the limit
r — 0 both I and Ip approach 72/2, thereby reproducing the well-known result [65] that
the one-loop “Sommerfeld factor” for massless boson exchange is the same for S— and
P—partial waves. We also found accurate numerical expressions for small and moderate

r. Altogether, the correction factors can be described by

\/% (1 - %) (large 1)
Isr)=q _=p (small r)
1404
3\/2;171 (1 + %) (large r)
IP(T) = w2 /2
14+3 4 2

(small r) (236)

The approximations for large and small r intersect at r ~ 5.6 (4.2) for Is (Ip); the two
approximations for Ip intersect a second time at r ~ 6.3.

In Fig. 24, the exact function Ig and its approximations are shown. By switching
from the low—r to the high—r expression at the intersection point one reproduces the
exact numerical result to better than 4% for all values of . In case of Ip (not shown) the
large—r approximation overshoots rather than undershoots the exact result for 1073 <
r < 1. This leads to slightly larger discrepancies, of up to 6%, between the exact Ip and
its approximations at » ~ 5 where the two approximations intersect. For the purpose
of calculating the WIMP relic density a relative error on the correction of 6% is quite

acceptable.

16Strictly speaking, Majorana fermions do not have diagonal vector couplings. They can, however, have
vector couplings to other Majorana states. Our result is applicable to this situation in the limit where the

mass of the second Majorana fermion approaches that of the annihilating WIMP.
17 A vector coupling exists only for a complex scalar, which can carry a charge.
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Figure 24: Comparison between the exact Is (solid, black) and its approximations for

large r (dotted, green) and small r (dashed, red).

In Fig. 25 we show Ig(r) and Ip(r) as black and red (grey) lines, respectively. As noted
earlier, the two functions coincide for massless exchange bosons, 7 = 0. For nonvanishing
boson mass, r > 0, the S—wave contribution is larger than the P—wave one, by up to
a factor of 3 at large r; see Egs. (236). Note that for any finite mass of the exchanged
boson, u # 0, the zero—velocity limit |p] — 0 corresponds to r — co. Egs. (236) show that
asymptotically Ig p(r — 00) o< 1/y/r = |p]/p. Eq. (231) then shows that the corrections
approach constant values of order g>m, /(4wp) for |p| — 0, if u # 0. Such corrections
will threaten the convergence of perturbation theory only if the WIMP and boson masses
differ by a loop factor; in the technically more natural case where the boson mass lies a
factor of a few below that of the WIMP, we still find a significant enhancement relative
to the naive expectation that corrections should be of order ¢g?/(1672). We finally note

that our numerical results are consistent with those in [66].

2. Dark Matter relic density
Let us describe how to calculate the loop—corrected WIMP relic density from the loop—
corrected WIMP annihilation cross section.

The one-loop corrected WIMP annihilation cross section for partial wave labeled by

L can be written as

or, :UO,L+5UL- (237)

Eq. (231) and the analogous expression for annihilation from the P—wave imply that

g
dog = —271_20[5(7’)0075;
92
dop = QWZUIP(T)JO’P' (238)
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Figure 25: Comparison between Ig describing the correction for annihilation from an

S—wave (black) and Ip describing the correction for annihilation from a P—wave (red).

Recall that the thermally averaged cross section times relative velocity can be written as

follows:
23;3/2 00

VT s

In order to calculate the thermal averages over the correction terms, we rewrite the integral

2
(Jv)vze_xvz/4dv , (239)

(ov) =

in Eq. (239) in terms of the integration variable t = v/z:
1 o
(i) = 5= /0 dt 2 (50 pv)e—/ (240)

Egs. (238) imply that the t—dependence of do v takes the form v" I (r) = (t/\/z)" I, (%) ,
X

with n = —1 (41) for annihilation from an S — (P—)wave initial state. This implies that

the thermal average over the correction terms to the WIMP annihilation cross section can

be written as z~"/2

times a function of z = 2p\/x/m,.

While the expansion of opv in powers v in Eq. (218) works rather well for the tree—
level cross section o, the loop corrections we computed in the previous Section cannot be
parameterized in this way. We saw in Fig. 25 that the correction factors Ig and Ip depend
strongly on v via the quantity /r = u/|p] = 2u/(m,v). We thus have to re-compute
(ov), which can then be used in Eq. (217) to derive the Dark Matter relic density using
Eq. (216).

In Appendix A we describe how we parameterize the resulting functions for S— and
P—wave annihilation. The one-loop corrections to the “annihilation integrals” can then

be written as

2 00

g o i dz 1
(5 = —_— —_ d
Js(zy) w2 my ), 22 <a522+b52+05 + S) ’

649°% [ 310 dz 1
5JP($f) = 71'5/2<7nx> /ZF ; eXp(—CLPZ—f‘bP)—Fm . (241)
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Figure 26: Corrections to the annihilation integrals for annihilation from the S— wave
(solid, black) and P—wave (dashed, red or grey), normalized to the tree-level results,
and divided by the square of the WIMP coupling to the exchanged boson g. The upper

(lower) curves are for inverse scaled freeze-out temperature zp = m, /Tp = 25 (20).

Here zp = (21/my)\/TF, and the coefficients ag, bs, cg, ds and ap, bp, cp, dp are given
in Egs. (A.4) and (A.8), respectively. We have made the simplifying assumption that 2 is
dominated by P—wave contributions. This is true whenever the contribution o< 4 to the
annihilation integral is comparable to, or dominates over, the one 7. In the opposite
case the correction to the —term will in any case be insignificant.!®

Not surprisingly, the corrections are quadratic in the coupling of the exchanged boson
to the WIMP. Moreover, they depend on the boson mass only through the ratio p/m,.
Recall finally that Is has to be multiplied with —3 if the exchanged boson has axial vector
couplings; the same factor has to be included in dJg(zp).

In Fig. 26 we show the relative size of the loop corrections to the annihilation integrals
for S— and P—wave annihilation, divided by the square of the WIMP-boson coupling
g. Eq. (216) shows that this also gives the relative change of the relic density due to
our loop corrections, as long as the corrections are small, in which case xr remains
essentially unchanged by these corrections; note that xr depends only logarithmically
on the annihilation cross section. This is the main model-independent result in this
subsection. The size of the corrections to the relic density can be read off directly, by
simply inserting the values of masses ;. and m, and coupling g given in a concrete model.

We see that the corrections are less important for P—wave annihilation. This is
true even for p < m,, where the loop functions Is and Ip become equal. In this limit
vdog o 1/v while véop ox v. Performing the integrals for the thermal averaging, Eq. (239),

and inserting the results into the definition of the annihilation integral, Eq. (217), one

'8 The one-loop correction to the O (v?) contribution to the S—wave annihilation cross section involves
the sum of two terms: the product of the O(v®) one-loop correction and the O(v?) tree-level amplitude,
and the product of the O(v?) one-loop correction and the O(v°) tree-level amplitude. Only the first of

these terms can be computed using the results in this subsection.
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finds
dJp/Jp 4

5Js)ds 9 for 4 — 0. (242)
The ratio becomes even smaller for nonvanishing u, because then Jp < Jg.

Fig. 26 shows the results for zp = 25 (upper curves) and xp = 20 (lower curves);
this spans the range of decoupling temperatures in usual WIMP models. One can easily
show analytically that in the limit y — 0, 6J1,/Jr o \/xF for both L = 0 (S—wave) [69]
and L = 1 (P—wave). On the other hand, Fig. 26 shows that the relative correction to
the annihilation integral becomes independent of xr once pu 2 0.3m,. This figure also
shows that for the most plausible scenarios with electroweak strength couplings, possibly
suppressed by mixing effects, where g2 < 0.5, the loop corrections are significant only for
i S my, as stated in the beginning of this subsection.

Two comments are in order before concluding this Section. First, Fig. 26 seems to
imply that, especially for P—wave annihilation, the corrections are never very large. This
is misleading. A simple one—loop calculation can be trusted only if o < o for all relevant
velocities v. This requires g?Igp/(vr?) < 1. For u — 0 this will always be violated
at sufficiently small v, requiring summation of higher orders. In the standard treatment
[70, 63, 66] this leads to do o< 1/v even for annihilation from a P—wave initial state. We
saw at the end of Sec. 3.1.2. that for finite p the maximal size of the correction to the
cross section is of relative size g>m,/(4mp). Our one-loop calculation can be trusted as
long as this quantity is well below 1.

Secondly, it has very recently been pointed out [71] that Eq. (217) becomes inadequate
for very small y. In this case the annihilation integral receives sizable contributions from
quite large z, i.e. from low temperatures. Eq. (217) assumes that the WIMPs are in
kinetic equilibrium while they are annihilating. It has to be modified for temperatures
below the kinetic decoupling temperature, which is typically a few (tens of) MeV [72].
This modification can have sizable effects for very small p [71]. However, we just saw
that our strictly perturbative treatment is not reliable in this case anyway. Recall that
vdo becomes constant, rather than scaling like 1/v, for velocities below veriy = p/m,.
Our perturbative treatment will be reliable only if 1/m, > ¢g?/(4r) ~ 0.01. This implies
that WIMP annihilation will quickly become irrelevant for x > 1/ vfrit ~ 10%, well before

kinetic decoupling occurs.

3. Applications
In the following, we apply our results to existing WIMP models. We start with two simple
models with scalar or fermionic SM singlets. Finally, we discuss the more widely studied

case of the MSSM neutralino.

Scalar singlet WIMP
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This is the simplest WIMP model [73]. One only needs to introduce a single real scalar
field x to describe Dark Matter. If one forbids terms linear in x by some (possibly
discrete) symmetry in order to prevent x decays, the only renormalizable coupling to SM
fields allowed by all symmetries is of the form y2|h|?, where h is the scalar Higgs doublet.
Upon weak symmetry breaking this gives rise to a trilinear scalar interaction of the form
Vx2¢, where ¢ is the physical Higgs scalar of the SM and V = 246 GeV the vacuum
expectation value (vev) of the Higgs.

These interactions allow x to annihilate via ¢ exchange in the s—channel; annihilation
into two ¢ bosons is also allowed for m, > mg. An accurate tree-level calculation of the
resulting relic density has been performed in [74]. Writing the coefficient of the x?2|h|?
term in the Lagrangian as —k/2, they find that the correct relic density (4) is obtained
for k ~ 0.28m, /(1 TeV), unless m, ~ mg/2, in which case an even smaller k is required.
We can use our formalism to compute corrections to this result from ¢ exchange prior to
annihilation, i.e. ¢ = ¢ in this case. This gives a coupling factor'? k2V?/ (4mi) ~ 0.0012,
(almost) independent of m,. Fig. 26 shows that the corrections due to ¢ exchange in the
initial state will then at best be at the permille level. In this model we therefore do not
find any significant radiative corrections involving the initial state only. This should also
hold for the inert doublet model [75], since the coupling between the inert WIMP doublet

and the SM Higgs boson will have to satisfy a similar relation.
Fermionic singlet WIMP

The next simplest WIMP model [76] contains a Dirac fermion SM singlet y as well as a
real scalar singlet ¢, with couplings gxx@ + Ap|h|?, where h is again the Higgs doublet of
the SM. The latter term induces mixing between the singlet ¢ and the SM Higgs boson,
allowing ¢ to decay. If this mixing is small and m, < m,, the dominant yx annihilation
channel is into two ¢ bosons, via t— and u—channel diagrams. In the non-relativistic

limit this is a pure P—wave process, with tree—level cross section

g 33 mi (9m§1< - 8m§<m§, + 2m$)

va (XX — ) = +0(Y), (243)
2 o)’
where § = /1 —m2/m2. In the limit m? > m?, this simplifies to
- 3941)2
vo(Xx — ¢p) = 1987m2
X

The tree-level calculation therefore predicts the correct relic density (4) for coupling

My

2
~02— T
9= 02000 Gev

9Recall from our discussion near the end of Sec. 3.1.2. that the relevant quantity for a purely scalar

theory is the trilinear scalar coupling divided by 2m,, i.e. in the case at hand, g = kV/(2m,).
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Figure 27: Strength of the yx¢ coupling g (black), as well as the resulting one—loop
correction to the annihilation integral (red), in a model with Dirac fermion singlet DM.
g has been computed from the requirement that yxy — ¢ annihilation produces the
correct x relic density at tree level. The solid (dashed, dotted) curves are for p/m, =
0.5 (0.2, 0.1), where p = m,.

This can then be used to read off the correction due to ¢ exchange in the initial state
from Fig. 26, with u = m. The result is shown in Fig. 27, where we have used the exact
(tree-level) result Eq. (243) to derive the required coupling strength. The black curves
show that this coupling strength depends only very weakly on the mass of the scalar for
u = my S 0.5m,. Note that the cross section slightly increases with increasing m, as
long as m, < 0.85m,. The reason is that increasing m, allows the t— and u—channel
propagators to be less off-shell, as shown by the denominator in Eq. (243). As a result,
the required coupling strength slightly decreases with increasing m.,.

However, the red curves show that this effect is much smaller than the strong de-
pendence of 6Jp/Jp on p/m, illustrated in Fig. 26. More importantly, we see that the
corrections due to ¢ exchange in the initial state can easily exceed the uncertainty of the
observational determination of the DM relic density; for ;1/m, = 0.5 (0.2, 0.1) they even
reach the 10% level for m, > 450 (210, 130) GeV. Since the correction is positive, one
would have to reduce the coupling in order to obtain the correct relic density after inclu-
sion of one-loop corrections. This would correspondingly reduce all interactions between

the WIMP x and the SM particles, all of which are mediated by ¢ exchange.
The lightest neutralino in the MSSM

We finally want to apply our formalism to the lightest neutralino in the minimal supersym-
metric extension of the Standard Model (MSSM), which is the probably best motivated
WIMP, and certainly the most widely studied [16, 77] one. For simplicity we will assume
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that sfermions are heavy. Given experimental lower bounds on the masses of sfermions
and Higgs bosons, relatively light sfermions by themselves typically only lead to an ac-
ceptable neutralino relic density in the presence of significant co—annihilation [78]. This
involves several particles, with mass splittings of order of the absolute value of the 3-
momentum in the initial state. These more complicated scenarios cannot be treated with
the formalism presented in this thesis.??

Recall that in the MSSM the neutralinos are mixtures of the U(1)y gaugino B, the

neutral SU(2) gaugino Wg, and of the two neutral higgsinos ﬁ?, ﬁg:
K0 = Ny B + NioWs + Nigh + Nyh (i =1,--- ,4). (244)

The coefficients N;i satisfy the sum rule Zi:l ]Nik\Q = 1 Vi. Most phenomenological
analyses of the MSSM assume that the soft SUSY breaking gaugino masses unify at or near
the scale of Grand Unification [77]. This implies that the U(1)y gaugino mass is about
half the SU(2) gaugino mass near the TeV scale. As a result, the wino component of our
candidate WIMP, the lightest neutralino (x = x9), is subdominant, i.e. |N1;|> > |Ny2|?.
If sfermions are heavy, x annihilation involves couplings of the lightest neutralino to gauge
or Higgs bosons, which vanish in the pure Bino limit (|N11| — 1). In models with gaugino
mass unification and heavy sfermions, the annihilation cross section can thus only be
sufficiently large if x has significant higgsino components.

On the other hand, for a nearly pure higgsino, where |N11\2 + |N12\2 < 1, the cross
section for annihilation into WTW ™~ and Z°ZY pairs is so large that a mass m, ~ 1TeV is
required to obtain the correct relic density Eq. (4) [80]. Such a large mass for the lightest
superparticle is at odds with the primary motivation for postulating the existence of
superparticles, which is the stabilization of the weak scale against quadratically divergent
quantum corrections.

Assuming gaugino mass unification, the most natural neutralino satisfying the con-
straint Eq. (4) is therefore a bino—higgsino mixture, dubbed a “well-tempered neutralino”
in [81]. Note that the neutralino couplings to Higgs bosons involves products of a combi-
nation of gaugino components (N;2 —tan Oy N;1, where Oy is the weak mixing angle) with
one of the higgsino components (N;3, N;s). These couplings are maximal in the region
of strong gaugino-higgsino mixing, and should thus be sizable for the “well-tempered”
neutralino. Moreover, as well known, at least one of the neutral MSSM Higgs bosons is
rather light, with mass below 130 GeV. This leads one to expect potentially sizable 1-loop
corrections due to the exchange of a Higgs boson prior to WIMP annihilation.

We checked this with the help of the the code micrOMEGAs 2.2 [31]. Among other

things, this program computes the complete tree-level neutralino annihilation cross sec-

20Very recently the summation of “Sommerfeld corrections” for the case of nearly degenerate states was
discussed in [79].
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Figure 28: The relative size of one-loop correction to the relic density of a “well-tempered”
neutralino. The ratio between M; and p is fixed such that the relic density satisfies the
constraint (4) within two standard deviations. We take My = 2M;, consistent with
gaugino mass unification, tan § = 2.5, and assume sfermions and most Higgs bosons to

be very heavy. Scenarios with m, < 200 GeV are excluded by Higgs boson searches.

tions for all two—body final states. It does not resort to the non-relativistic expansion
Eq. (218), but one can easily determine the coefficients &7 and % by calculating the an-
nihilation cross section at two different values of v, i.e. for two (slightly) different cms
energies y/s. These coefficients are then used in Egs. (241) to compute the corrections to
the annihilation integral; we emphasize that we continue to use the full cross sections, not
their non—relativistic expansions, for the calculation of the tree-level contribution to the
annihilation integral. We also take xzp from the program. The one-loop corrected x relic
density can then be expressed as
Jo(zF)

Jo(zr) +0J(xr)

where §J = §Jg + dJp, and the tree-level value Jy(zp) can be calculated from the

(245)

O, h% = Q oh?

program’s tree-level prediction €2, oh? using Eq. (216).

The result is shown in Fig. 28. It has been generated using micrOMEGAs [31], us-
ing SOFTSUSY [30] to calculate the superparticle and Higgs boson spectrum; we specify
the input directly at the weak scale. All points satisfy the relic density constraint (4)
within two standard deviations. For simplicity we take (unnaturally) large values for the
masses of all sfermions and of the CP—odd Higgs boson A, but the results would not
change significantly as long as mg 2 2m, and my4 2 3m,. We include loop corrections
due to exchange of the Z—boson as well as both CP—even neutral Higgs boson, but the
contribution from the heavier Higgs boson is totally negligible due to its large mass.

We see that the corrections are most important for m, near 350 GeV. For smaller
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WIMP mass the corrections are reduced because the higgsino component of y becomes
smaller, and because the ratio of light Higgs and WIMP masses becomes smaller, which
reduces the loop functions. The latter effect would tend to increase the correction for
heavier WIMPs. However, for m, > 350 GeV the gaugino components of x decrease
quickly; this reduces its coupling to the light Higgs boson, which is most important here.
Moreover, for m, 2 900 GeV, co-annihilation with Xli and ¥J become important [36, 82,
80]. The effect of light boson exchange corrections to co—annihilation is beyond the scope
of this thesis, and has not been included in Fig. 28. As a result, the correction becomes
comparable to the anticipated post—-PLANCK precision of the observational determination
of Qh? only for a rather narrow range of m, ~ 350 GeV. This is consistent with the
results of Fig. 26, given the fact that the coupling of our “well-tempered” neutralino to
the lightest Higgs boson does not exceed 0.2.

The small size of the corrections due to boson exchange in the initial state indicate
that these may well not be the leading radiative corrections in the MSSM. In fact, full
electroweak one-loop calculations [69, 83] found much larger corrections in some cases.
These are presumably due to UV-sensitive effects, which cannot be treated using our for-
malism. Moreover, QCD corrections can significantly affect the annihilation cross section
into quarks [69, 85].

3.2 Direct and Indirect Dark Matter Detection
3.2.1 Theoretical Basis

The discussions in this subsection are based on [5, 77], and the references therein.

1. Direct WIMP search

As the Earth moves inside our Galaxy, the WIMPs pass through the Earth. The direct
detection of WIMPs is based on the nuclear recoil from the elasitic scattering of WIMP
and the nucleus.

The interaction rate can be qualitatively written as,
R = no(v)/my, (246)

where n(= pg/my) is the local WIMP number density (po, m, are the local energy density
and the mass of WIMP, respectively.), o is the WIMP-nucleus interaction cross section,
(v) is the averaged speed of WIMP to the target, and my is the mass of nucleus. Since
the local energy density (~ 0.3GeV) and the velocity (~ 220km/s) can be estimated from
the astrophysical observations, the experimental constraints on the cross section are given

for the corresponding mass of the WIMP. For the WIMP with cross section and the mass
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typical in MSSM, the interaction rate is roughly 1 event per day and per kg of detector
mass, much lower than the radioactive background.

The o depends on the WIMP-quark interaction strength. Once the cross section
is computed, it must be convoluted to the WIMP-nucleon interactions. To the non-—
relativistic limit (valid for the cold Dark Matter), the spin-independent and spin—dependent
interactions are distinguished, and the target nuclei should be chosen accordingly.

For the low mass WIMP, the detection sensitivity is constrained by the dectector
energy threshold, for the mean value in the nuclear recoil spectrum is higher for the higer
WIMP mass. On the other hand, the local WIMP flux, hence the interaction rate, is
inversely proportional to the WIMP mass.

The signals from WIMPs have two distinct features:

o Annual modulation The velocity of WIMP in the earth frame is obtained by sub-
tracting the earth velocity from the WIMP velocity in the galactic frame. Therefore,
the interaction rate varies as Earth moves around Sun. The effect causes only a few

percent difference in the interaction rates.

e Diurnal variation As Earth spins, the average direction of WIMP wind with respect
to a Dark Matter detector changes. Detectors by which the nuclear recoil direction

can be measured to the angular resolution of 20-30 degrees are required.

2. Indirect WIMP search

The most reliable way to detect the WIMPs indirectly is to observe energetic neutrinos
from the annihilation of WIMPs accumulated in the Sun or Earth by gravitational inter-
action. Eventually capture and annihilation of WIMPs in the Sun reach equilibrium. The
only annihilation products that can escape the Sun are neutrinos. In particular, muon
neutrinos produce muons via charged current interactions; these muons can be searched
for by “neutrino telescopes”.

The WIMPs in the Galactic halo annihilates into ordinary matters, which hadronize
and produce antiprotons. The low energy (< 1GeV) antiprotons can be produced, in
contrast to the cosmic ray antiprotons with a high energy, produced by spallation of
primary cosmic rays.

If the WIMPs can annihilate directly into electron—positron pairs, or into the W boson
pairs, the observed positron energy spectrum will have a distinct peak, while it is expected
to decrease with increasing energies in the standard cosmic rays propagation model.

WIMP annihilation in the halo may give a continuous and monochromatic gamma
rays. Although the WIMPs have no tree—level coupling to the photon, they can annihilate

to photons via loop diagrams. The photons produced will be monochromatic at an energy
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equal to the WIMP mass. On the ther hand, the intensity of gamma ray depends on the
angle between the Galactic center and the line of sight; from the gamma ray excess with
respect to the background in the various directions in the sky, we can obtain the halo
profile [84].

There are many direct and indirect WIMP search experiments on-going or prospected.

A overview on the current experimenatal status can be found in [5].

3.2.2 An Example: Neutralino Dark Matter in an SO(10) Model

All results presented in this subsection are obtained using a modified version [18] of
SOFTSUSY 2.0 [30] to evaluate the mass spectra at the weak scale. These are then fed
into micrOMEGAs 2.2 [31] to calculate the LSP relic density. If this is found acceptable,
we feed the same low—energy spectrum into DarkSUSY 5.0.2 [87] for the calculation of
various Dark Matter detection rates [77].

Specifically, we compute: elastic LSP—proton scattering cross sections due to spin—
independent as well as spin-dependent interactions; the muon flux resulting from LSP
annihilation in the Sun; and the antiproton flux from LSP annihilation in the halo of our
galaxy. In all cases we compare with the sensitivities of the best current and/or near—
future experiments listed in the previous subsection. In most cases, we only consider
parameter sets leading to a relic density within two standard deviations of the value

found by combining WMAP data with other cosmological observations. Recall Eq. (4):
Qcparh? = 0.1131 £ 0.0068. (247)

We begin our discussion by analyzing the impact of reducing Mx, i.e. “switching
on” the intermediate scales, on the elastic LSP—proton scattering cross section. Figure
29 shows the spin—independent (SI; left frame) and spin—dependent (SDj; right frame)
contributions to this cross sections as we vary Mx while most soft breaking parameters
as well as the light neutrino masses are kept fixed. The scalar mass mg is varied along with
Mx such that the relic density lies in the range of Eq. (247). Note that m3 > M12/2 in
this plot, i.e. we are in the region of significant higgsino—neutralino mixing, which is most
favorable for direct neutralino Dark Matter searches. As a result, the spin-independent
cross section is always well above the projected sensitivity of the XENON100 experiment
[88], while the spin—dependent cross section lies above the projected sensitivity of the
DMTPC experiment [88].

While these gross features remain unchanged, we see that, as Mx decreases, i.e. as the
deviation from mSUGRA becomes larger, the cross section is enhanced, so that for the
lowest My, the spin-independent cross section slightly exceeds the limit set by the CDMS
IT experiment [17]. This is mostly due to the reduction of the LSP mass for fixed M /o
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Figure 29: The Mx dependence of the SI (a) and SD (b) neutralino—proton scattering
cross section. myg is varied such that the relic density satisfies the 247. The neutralino
mass m, = 124 GeV, for Mx = 10'%® GeV, increases to 235 GeV for My = 10166 GeV.

The experimental constraints are taken for the m, = 120 GeV.

in the model with intermediate scales. In particular, for Mx < 8- 10'° GeV, mgo < My,
so that x{x{ — tt annihilation is forbidden. The loss of this important annihilation
channel has to be compensated by increasing bino—higgsino mixing, i.e. by decreasing
1, which in turn is accomplished by increasing mg. This leads to increased couplings of
the lightest neutralino to neutral Higgs bosons as well as to the Z° boson. Note that in
scenarios with gaugino mass unification, first generation squarks are always much heavier
than the lightest neutralino, suppressing their contributions to LSP—nucleon scattering.
Chosing m3 > M12 /29 @S done here, further strengthens this hierarchy, so that Higgs and
79 exchange contributions largely determine the SI and SD cross sections, respectively.

The curves in Figs. 29 show a noticeable negative slope even away from this threshold.
In case of the SI cross section, this is due to the reduction of the mass of the heavier neutral
CP-even Higgs boson with decreasing My, which goes along with the reduction of the
weak-scale gaugino masses (although for fixed mg the ratio m4 /m>~<(1) slightly increases
with decreasing Mx [18]). Note also that decreasing mgo requires a simultaneous, if
slower, decrease of i, since otherwise the higgsino-component of ¥{ would become too
small, yielding too small an annihilation cross section. This decrease of both weak—scale
gaugino masses and of p with decreasing Myx implies that the higgsino components of
the LSP become more different in magnitude; note that they become identical in size
for |u] > Mz. This in turn enhances the )Z?)Z?Z 0 coupling, which is proportional to the
difference of the squares of these components [2, 3].

Figs. 30 show results analogous to those in Fig. 29, except that now the gaugino

mass parameter M, has been varied along with Mx such that the LSP mass is kept
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Figure 30: As Fig. 29, except that M/, has also been varied along with Mx, such that
the mass of the lightest neutralino is kept fixed at 140 GeV.

fixed. This required taking larger values of M/, for smaller Mx. As expected from our
previous discussion, the effect of reducing Mx is now quite small. The spin—independent
cross section (left frame) increases by ~ 20% as My is reduced to its minimal value. This
can be explained as follows. Since now mgo is kept fixed, we also have to keep u essentially
fixed in order to maintain the correct relic density. This requires reducing mg when My is
reduced. This in turn leads to a reduction of m 4, which over—compensates the increase of
m 4 that would result if Mx were reduced for fixed mg and fixed LSP mass. This implies a
similar reduction for the mass of the heavier CP—even neutral Higgs boson whose exchange
plays a prominent role in this cross section. However, it is not clear whether this variation
is significant given astrophysical and likely experimental uncertainties. The variation of
the spin—dependent cross section is even smaller.

Fig. 31 shows the same cross sections for smaller (heaviest) neutrino mass, m, = 0.2
eV, as well as larger gaugino mass, M;/, = 1TeV. Recall that the smaller m, requires a
larger Yukawa coupling Yy, which, among other things, reduces the weak—scale 7 masses.
This allows to satisfy the relic density constraint (247) for two distinct choices of mg. We
continue to call the choice with mg > M12 /25 and resulting sizable higgsino component of
the LSP, the “focus point” [89], even though the SO(10) model does not show “focusing”
behavior of any Higgs soft breaking mass [18]. In the “co-annihilation” region the relic
density is largely determined by ) — 71 co—annihilation [78] in both mSUGRA and the
SO(10) model.

For the focus point, we find the SI cross section to be almost independent of My . Note
that mgo is now well above m; in the entire range of Mx shown. Moreover, m4 increases
with decreasing m,, [18]; the decrease of m4 with decreasing My is therefore less pro-

nounced than in Fig. 29. Finally, reducing the LSP mass increases the annihilation cross
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Figure 31: Dependence of the SI (a) and SD (b) neutralino—proton scattering cross sec-
tion on My, for m, = 0.2 eV. We chose two points that represent the “focus point”
(“FP”) region (black) and the “co—annihilation” (“CO”) (red) region. The neutralino
mass varies between 220 GeV and 390 GeV at the smallest and largest Mx, respectively.

The experimental constrains are taken for m, = 220 GeV, and scale essentially like mgo.

section, which scales like m;((l)z away from thresholds. In compensation, gaugino—higgsino
mixing has to be reduced. This reduces the LSP couplings to neutral Higgs bosons, off-
setting the effect of the reduction of my4 as far as the SI cross section is concerned. In the
SD case, we again observe a slight increase of the cross section with decreasing Mx, as in
Fig. 29 away from the ¢f threshold. Note also that, in spite of the increased LSP mass, the
“focus point” scenario remains easily testable by near—future direct search experiments,
at least via the SI cross section.

On the other hand, for the co—annihilation point, both the SI and SD cross sections
increase by one order of magnitude when My is reduced to its smallest allowed value.
Here the Dark Matter relic density is mainly determined by the mass difference between
the LSP and the lightest stau, which does not strongly depend on p. Instead, the correct
relic density is obtained through the direct effect of my on mz,. Due to the strong (expo-
nential) dependence of the relic density on the Y{ — 7 mass splitting, only relatively minor
adjustments of mg are required, which do not lead to significant changes of y. In contrast,
the additional Yukawa couplings in the SO(10) model reduce |u| all over the parameter
space. Therefore, in the co-annihilation region the larger higgsino component of ! gives
rise to larger scattering amplitudes, in particular via the Higgs— and Z°—exchange dia-
grams that dominate the SI and SD cross sections, respectively. The SI cross section is
enhanced in addition by the decreasing m 4. As a result, at the smallest value of Mx this
cross section even approaches the XENON100 sensitivity.

In order to understand the strong dependence of these cross sections on My, one has
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Figure 32: Neutrino—induced muon flux from neutralino annihilation in the Sun as a
function of My for (a) m, = 0.4 eV; (b) m, = 0.2 eV. The IceCUBE sensitivity limits
are for the smallest LSP mass in the respective frames; in the relevant range of masses,

the sensitivity limit scales roughly o 1/ mgo.

to keep in mind that reducing Mx increases the effect of the new Yukawa coupling Yy in
two ways. First, reducing Mx reduces the intermediate scales Mz and Mg even more, i.e.
In(Mx /M¢) and In(Mx /Mg) increase when Mx is decreased. This increases the energy
range where this coupling is effective in the RGE. Secondly, the reduction in Mg has to
be compensated by an increase of Yy in order to keep the very large Majorana neutrino
mass in the seesaw expression (24) constant.

In Fig. 32 we plot the resulting muon flux as function of Mx, and compare it to the
“best case” sensitivity of IceCUBE [90], using the input parameters of Fig. 29 (left frame)
and Fig. 31 (right). Note that the overall neutrino flux is essentially fixed by the capture
rate. The neutralinos interact with nuclei in the Sun mostly via Higgs and Z° exchange.
The capture rate is thus again sensitive to the higgsino components of the mostly bino—
like neutralinos. It also depends on the mass of the neutralinos: the heavier the LSP, the
less likely it is to lose enough energy in the interaction to become gravitationally bound
to the Sun. The predicted muon flux therefore increases faster with decreasing Mx than
the cross sections shown in Figs. 29 and 31 do.

The muon flux also depends on the (mean) neutrino energy, since the neutrino charged
current cross section increases with energy. Annihilation into pairs of W+ or Z° bosons
leads to the hardest neutrino spectra, and hence to the largest signals. Annihilation
into tt gives a somewhat softer spectrum, since some of the energy is taken away by the
b—quarks. This enhances the effect of the ¢t threshold visible in the left frame: to the
left of this threshold, neutralinos predominantly annihilate directly into massive gauge

bosons, while to the right of the threshold, annihilation into ¢f dominates.
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Figure 33: (a) SI neutralino—proton scattering cross section and (b) neutrino-induced

muon flux from neutralino annihilation in the Sun, as function of m,,.

Of course, the neutrino energy also scales with the mass of the annihilating neutrali-
nos. Indeed, the sensitivity limit on the muon flux decreases with increasing LSP mass
for mgo < 500 GeV [90]. However, in the muon flux itself this effect is compensated
by the reduction of the neutralino flux impinging on the Sun, which scales like 1/ mgo.
Nevertheless, this effect keeps the expected flux in the “focus point” region well above
the sensitivity limit even for the larger value of M; /5 chosen in the right frame. However,
the flux in the co—annihilation region remains well below the IceCUBE sensitivity even
for the smallest possible value of Mx.

In Fig. 33, we show the SI proton—meutralino cross section as well as the neutrino—
induced muon flux as function of m,,, for Mx = 105 GeV. We see that in the FP region,
the cross section slightly increases with decreasing m,. Recall that decreasing m,, i.e.
increasing the coupling Yy, reduces p. In order to keep the relic density fixed one has to
increase p again by decreasing mg, which in turn leads to a decrease of the Higgs boson
masses; this overcompensates the increase of m 4 with decreasing m, if all soft breaking
parameters are kept fixed. The reduced Higgs boson masses increase the scattering cross
section. However, it also increases the importance of the A—exchange contribution to
the X annihilation cross section at rest. For tan 3 > 1, A—exchange mostly leads to bb
final states, which produce very soft neutrinos. This effect over—compensates the (small)
increase in the neutralino capture cross section, leading to a (very slight) decrease of the
muon flux with decreasing m, in the FP region.

In the co—annihilation region, increasing the Yukawa coupling Yy reduces mz, as well
as p. The two effects tend to cancel, but a net reduction of mz results. This has to be
compensated by increasing myg in order to keep the relic density in the desired range. This,

as well as the effect of Yy in the RGE, increases m 4. The increase of m 4 and the decrease
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Figure 34: Antiproton differential flux for different halo models for (a) m, = 0.4 eV

(“focus-point”) and (b) m, = 0.2 eV (“co-annihilation”).

of u essentially cancel in the SI cross section. However, increasing m4 also reduces the
importance of neutralino annihilation to bb. This increases the average neutrino energy,
which explains the slight increase of the muon flux with decreasing m,,.

We have also computed the near—Earth flux of antiprotons due to the annihilation of
relic neutralinos in the halo of our galaxy. As well known, the flux depends sensitively
on several poorly known astrophysical quantities. One of these is the density of Dark
Matter, which is reasonably well known “locally”, but not near the center of the galaxy,
where it is largest. Note that, unlike positrons, antiprotons can diffuse from the galactic
center to Earth. We illustrate this uncertainty by comparing three different halo models.
The “N03” profile has been derived [91] starting from a profile extrapolated from N —body
simulations [92], assuming that baryon infall compresses the Dark Matter distribution near
the galactic center adiabatically. In the opposite extreme, one can assume that baryon
infall heats the dark halo, leading [91] to a profile similar to the (phenomenologically
apparently quite successful) “Burkert” profile [93]. Finally, the “NFW” profile [94] lies
between these extremes.

Fig. 34 shows the dependence of the antiproton flux on Mx. Antiprotons are produced
in the Galactic halo due to the hadronization of antiquarks produced in neutralino Dark
Matter annihilation. As a result, the typical p energy is well below mgo. We show
their differential flux at a kinetic energy 20 GeV, where the signal-to—background ratio
is expected to be optimal [95]. We illustrate the dependence on the halo model using the
three profiles discussed above.

The left frame of Fig. 34 is for the “focus point” region, with small Yy and relatively
small Mj /. In this case the relic density is determined by %Y annihilation with itself, and

is dominated by annihilation from the S—wave, which is the only contribution relevant
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for the p flux. As a result, the ) annihilation cross section remains essentially constant
in the left frame. However, we saw in Fig. 29, where the same parameters were used,
that mgo decreases by nearly a factor of two as My is decreased. This increases the X!
annihilation rate, computed as the product of flux and cross section, by almost a factor
of four. However, decreasing mgo also makes it increasingly more difficult to produce
antiprotons at 20 GeV. As a result, the p flux near Earth only increases very slightly as

M is decreased.

The right frame shows results for a point in the co—annihilation region, with larger
M o and smaller m,,. Here the relic density is essentially determined by 71 — )2(1] co—
annihilation. The annihilation cross section increases significantly with decreasing My,
due to the decrease of (almost) all weak—scale sparticle and Higgs boson masses. Moreover,
Mg0 NOW remains so high that getting 20 GeV antiprotons is not difficult. As a result,
the rate increases by about an order of magnitude as Mx is reduced to its lower bound.

This seems impressive, but is still smaller than the difference in the predictions based
on the NO3 and Burkert profiles. Additional systematic uncertainties come from the
propagation of the antiprotons; here we have used DarkSUSY default parameters. Note
finally that the p flux that can be inferred from the p/p ratio measured by the PAMELA
satellite [96] and the well-known [5] proton flux is about 2 - 10~7 GeV lem2s~lsr~!,
well above even the most optimistic prediction in Fig. 34. Given that the prediction for
the background also has sizable uncertainties, we conclude that the observation of cosmic

antiprotons is not a very promising test of the models discussed here.

Prospects for direct and indirect DM search in the SO(10) model with the smallest
allowed Mx are summarized in Fig. 35, for two different values of m,. The regions of
parameter space that give a neutrino—-induced muon flux from )2(1) annihilation in the Sun
above the IceCUBE sensitivity limit are depicted as light blue. The regions where the
spin-independent neutralino—proton cross section exceeds the CDMS-II bound are shown
in magenta. Note that we always assume fixed local neutralino density when deriving these
bounds, independent of the predicted value of Q)Z‘f h?. We also show the region excluded
by the electroweak symmetry breaking (EWSB) condition or by too light sfermions (grey)
as well as that excluded by the LEP limits [5] on the masses of Higgs bosons and charginos
(scarlet). The black points are where the Dark Matter relic density satisfies Eq. (247).

We find that, as in mSUGRA [97], the region of high mg, where Y} has a sizable
higgsino component, will soon be covered by direct searches and also by the neutrino
indirect search. Recall from Figs. 33 that the region of parameter space to be probed by
XENON100 is much larger than that probed by IceCUBE. Compared to mSUGRA, for
given M /5, Ag and tan 3 this region occurs at significantly lower values of my; this is true

in particular for small m,, i.e. sizable Yukawa coupling Yy (right frame). Moreover, in
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Figure 35: Regions in the (M /5, mo) plane for (a) m, = 0.4 eV; (b) m, = 0.2 eV. The
grey area is excluded by the EWSB condition or by too light sfermions, and the scarlet
area is excluded by the LEP limits on Higgs and chargino masses. The black points give
us the correct Dark Matter relic density. The light blue region can be tested by searching
for muon neutrinos originating from x{ annihilation in the Sun, while in the magenta
region, the ¥{p scattering cross section exceeds the CDMS-II bound. The dependence of
the detectability on the WIMP mass is taken into account, but we assume a fixed local
WIMP density.

this region neutralino Dark Matter remains detectable out to much larger values of My,
than in mSUGRA, since the ratio mgo /M 3 is nearly two times smaller in our scenario
than in mSUGRA.

The co—annihilation region is difficult to see in Figs. 35, since it is very narrow. It
extends to M/, ~ 750 (1400) GeV for m, = 0.4 (0.2) eV. Unfortunately this region
will not be tested by near—future Dark Matter search experiments. However, we saw in
Fig. 31 that the x{p scattering cross section exceeds that in mSUGRA by about an order
of magnitude. Much of this region will therefore be testable by ton—scale direct Dark

Matter detection experiments.
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4 Summary and Conclusion

In this thesis, we have studied the collider signatures as well as the relic density and de-
tectability of Dark Matter in well-motivated models beyond the minimal supersymmetric
Standard Model.

In Chap. 2, we first discussed the collider signals from SUGRA-GUT model, by in-
vestigating an SUSY-SO(10) model with two intermediate scales in detail, in comparison
to those from the mSUGRA. The model remains sufficiently similar to mSUGRA that
the overall search prospects were essentially the same, so we focused on ways to distin-
guish the model from mSUGRA. We chose two benchmark points, and showed that events
containing hard jets and two (or more) charged leptons can be used to discriminate the
mSUGRA and the SO(10) model.

On the other hand, the phenomenology of N = 1/N = 2 hybrid model was charateris-
tically distinct. In Sec. 2.4.2, we analyzed the production and the decay of the color—octet
scalar, a component of the N = 2 gauge hypermultiplet. It led to spectacular signatures
such as multi—jet final states with high sphericity and large missing transverse momen-
tum, or four top quarks at the LHC. The novel gauginos in N = 2 hypermultiplets were
combined with the MSSM gauginos and formed Dirac gauginos. In electroweak sector,
as a consequence, three charginos and three (Dirac) neutralinos appeared in the Dirac
limit. In Sec. 2.4.3, we have shown that the Majorana or Dirac nature of neutralinos can
be distinguished in the sfermion pair production and/or the charginos/neutralinos pair
production in the hadron collider as well as in the linear collider. The electroweak adjoint
scalars mix with the Higgs fields, and gave us three neutral pseudoscalar, four neutral
scalar, and three pairly-charged states. The U(1)y scalar state can be produced in pp

collisions, and the charged isovector states in ete™ collisions. Also, the yvy collision offer
production channels for all neutral adjoint states.

In Sec. 3.1, we calcuated the Dark Matter relic density. We considered the one-loop
corrections to the WIMP annihilation cross section, due to the exchange of a relatively
light boson between WIMPs. Then in Sec. 3.2, we discussed the direct and indirect Dark
Matter search experiments, taking the neutralino Dark Matter in the SO(10) model in
Sec. 2.3.2 as an example. We have shown that in the cosmologically allowed region with
large scalar mass parameter mg in the model, the direct detection as well as the indirect
detection of Dark Matter through neutrinos should be possible for the next generation of
detectors.

The LHC finally has begun to operate, albeit yet with the smaller center of mass
energy than planned. The PLANCK satellite [15] will image the Cosmic Background

Radiation anisotrpies with a very high sensitivity and angular resolution. Furthermore,

there are a number of astrophysical experiments under the ground (e.g. IceCUBE [90],

109



DAMA/LIBRA [99], CDMS [17], EDELWEISS [14], KIMS [98], and many others) and
in the sky (e.g. PAMELA [96], Fermi-LAT satellites [100], ATIC Balloon [101]). By

combining all the information, we will hopefully be able to pin down the physics at the
Grand Unified scale and higher.
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A Parametrizations of the thermal averages

The thermal average of the correction to the S—wave annihilation cross section is given
by

271.1/2

2,,3/2 ,
= o7 - - / ( ) e/ (A.1)
A

</ has been defined via the non-relativistic expansion of ov in Eq. (218). The v—dependence
of I can be read off in Eq. (236):

3/2 00 2
pose) = T / o (s Is(w) o) ) e

2mvvu?+v?

u
2192 o U <357

Is(v) ~ uﬂ_2/§ 2 — (A.2)
O R el 2.4

Here we have introduced the quantity u = 2u/m,. We showed in Sec. 3.1.2 that the
integral in Eq. (A.1) is a function of the variable z = u\/x. We find the following fitting
function for the “thermally averaged” (Is/v), defined as the integral in the last line of
Eq. (A.1):

sy~ % ( ! + ds) , (A.3)

v asz? +bgz + cg

with
ag = 0.000593; bg = 0.03417; ¢g = 0.1015; dg = 0.1182. (A4)

For the P—wave,

73/2 9] ) 2 24
<(50’pv> = / v <27[_2 Ip(v )(UO7PU)>6 v

o2rl/2
3/2 [e's) I
_ ix5/2 . B / 02 <'U2 . P(U)) e*I’U2/4, (A5)
s 0 v
with
27rv(u2+2.3v2) v < L
3w e?)32 0 =21
Ip(w) = 2 - (A.6)
ey U7l
As above, we find a fitting function for the “thermally averaged” (vIp):
16 [ ..., 1
apz—bp
(oI = 35 (0700 4 ). (A7)
with
ap = 0.318; bp = 0.1226; cp = 0.3309; dp = 0.6306. (A.8)

111



AS
[ ]
o
[

) b) Ty

Figure 36: Feynman diagrams describing full initial state radiative corrections: vertex
correction (a), wave function renormalization (b) and real emission (c¢); wave function
renormalization of, and emission off, the upper leg also has to be included. The WIMP y
and the exchanged boson ¢ are denoted by black and red dashed lines, respectively, while

the blob denotes the xx annihilation vertex, which is independent of the xy momenta.

B Comparison to a full one-loop calculation

In this Appendix we compare our approximate treatment of corrections due to  exchange
with a full one-loop calculation. We do this in the framework of a purely scalar theory,
where the exact vertex correction is UV finite. As we remarked in Sec. 3.1.2, our formalism
will not capture corrections associated with the renormalization of the coupling(s) relevant
for WIMP annihilation, so chosing an example with UV-finite vertex correction greatly
simplifies the comparison to the full one—loop calculation.

The Feynman diagrams describing exact one—loop corrections associated with the
initial state are shown in Fig. 36. Here the blob describes the (tree—level) x annihilation
process; this could e.g. be a quartic vertex involving two lighter scalars, or a trilinear
vertex coupling to the s—channel propagator of another scalar particle. For the purpose
of our calculation we only need to know that the rest of the diagram described by the blob
is independent of the loop momentum. We describe the ¢y x vertex by the (dimensionful)
coupling k.

Let us begin by computing the vertex correction; recall that this is the only diagram

that contributes in the approximate treatment of Sec. 3.1.2. It gives:

Avertex o 2/ d4q 1 1 1
= 1K (

Ag 2m)* (P +q)> —m3 (P —q)? —m3 (p—q)? —p*

(B.9)
X

Here Ay is the tree—level matrix element described by the blob in Fig. 36. Recall that
P = (p1+p2)/2, p= (p1 —p2)/2, where p; 2 are the 4-momenta of the incoming WIMPs,
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1 is the mass of ¢, and & is the yx coupling.
The loop integral in Eq. (B.9) can be computed straightforwardly using Feynman

parameters, giving
2
Avertex . K

Ay 1672
Here Cp is the scalar Passarino—Veltman three—point function in the convention of [86].

Colis,m2,m, o, 12). (B.10)

The loop integral in Eq. (B.9) can also be evaluated directly, following the steps of
Sec. 3.1.2 but without making any approximations in the propagators. We first perform
the energy (qo) integrals by contour integration, by summing over the residues of all poles

in the lower half plane. In general, there are three such poles:

pole 1 .
40 - w_P07

q([])ole 2 = w+ PO;
1 =
@ ? = V- D2+ 2, (B.11)

where w = /g% +m2 as in Eq. (228). Only the first pole has a residue that diverges in
the limit p, ¢ — 0. The third pole comes from the energy dependence of the ¢ propagator,
which has been ignored in the approximate treatment of Sec. 3.1.2. The angular integrals

can also be performed straightforwardly. After some algebra, we arrive at:

Avertex _ > n (‘ﬂ + |(ﬂ)2 + N2 — (w — P0)2

ol =2 AL e o o e s
L (R ) Y CR )

W@+ R0) (I~ a4 2 — (@ + Po)?

b (w22, AT 2
" 2= 20plldl = 2P, 2 = 20plld] + 2o,

In the last line, we have introduced w, = NG

It is easy to see that the first term reduces to our expression (230) if we use the
non-relativistic expansion for w, which includes dropping the terms (w — Pp)? in the
argument of the logarithm. However, for large |¢] these latter terms are important. They
imply that the logarithm approaches the constant value 2|p]/FPy in the limit |¢g] — oo,
rather than vanishing as in Eq. (230). As a result, the first line of the right-hand side
of Eq. (B.12) by itself is logarithmically UV—divergent. The second line contributes the
same UV divergence again; only after adding the contribution in the third line we obtain a
UV-finite result. This third line comes from the third pole in Eq. (B.11), which does not
exist if one drops the energy dependence of the ¢ propagator, as in Sec. 3.1.2.. This proves
our statement in Sec. 3.1.2. that omission of the energy dependence of the ¢ propagator
necessitates the use of a non-relativistic expansion in the argument of the loop integral.

While the third line in Eq. (B.12) is necessary to obtain a UV-finite result, it introduces
a new problem: for y — 0 it becomes IR-divergent! In the limit x> < m2, [p] < Py the
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last line of Eq. (B.12) simplifies to

16 Py |pl|q] 1
@+ p2 pt = ARG (3 + p?)

The d|q] integration will then lead to a negative term o In “ﬂm" . As noted earlier, the UV
divergence for |q]max — 00 precisely cancels those from the ﬁrst two terms in Eq. (B.12).
The resulting term oc In = u in the exact vertex correction is IR-divergent for u — 0. This
term becomes significant for small p, especially if the velocity v is not too small. This
explains our statement in Sec. 3.1.2. that our approximation does not describe the exact
vertex correction very well for small u.

However, the IR divergence does not exist in the full one—loop calculation. We have to
add wave function renormalization (Fig. 36b) as well as real emission diagrams (Fig. 36¢)
in order to obtain an IR—finite result for ;4 — 0. This implies that adding these additional
contributions should also remove all terms o< In “X in the complete one-loop corrected
cross section. Using on-shell renormalization for y, the wave function renormalization

constant Z, is finite:2!
(2
Ix= 1672

where B, is the derivative of the scalar Passarino—Veltman two—point function with respect

Bo(m2 My, 1) (B.13)

to its first argument. Adding this negative contribution doubles the IR—divergence for
w— 0.

Finally, we have to treat the real ¢ emission diagram of Fig. 36¢, plus the contribution
where ¢ is emitted off the other x line. Writing the 4-momentum of the emitted ¢ as
k = (ko, k), we have

2
’Areal em.‘2 2 2 (/1’2 - 2]{:OPO) (B 14)
Aol 2 4 (%.p) |
0 (12 — 2koPy)? — 4 (k: -p)
Performing the angular integrations of the ¢ phase space, this gives
Oreal em. _ ﬁ /ko’max dk ‘E|
g0 22 m (2P0k20 — MQ)Q — 4%2}52
1 2ko Py — u? + 2|k
+ 5 n 040 iu + |_‘”p1 (B15)
4|p1 (2Poko — p1%)  2kg Py — 12 — 2|k||p]

where ]E\ = Kk — p? and komax = Po + p?/(4F). In the limit g — 0 this also pro-
duces a logarithmic IR divergence, this time with positive sign, which (not surprisingly)
cancels the sum of the IR divergent terms from the vertex correction and wave function

renormalization.

?IDiagram 36b also gives a logarithmically divergent contribution to m,. This is simply removed by

the mass counterterm in on—shell renormalization.
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Figure 37: Normalized higher order contributions to the y annihilation cross section for
relative initial state velocity v = 0.1. The solid (black) curve shows our approximation
of Sec. 3.1.2, given by Is/v. The dashed (blue), dotted (red) and dot-dashed (green)
curves show exact contributions from vertex corrections, real emission diagrams, and
wave function renormalization, respectively; the latter has to be multiplied with —1. The
dash—doubledotted (magenta) curve shows the sum of these three contribution, i.e. the

exact one-loop correction; it nearly coincides with the black curve for p/m, <0.2.

Fig. 37 shows that the sum of the vertex correction, wave function renormalization and
real emission contributions very closely matches our approximate result of Sec. 3.1.2 for
p < 0.5m,. In fact, the difference is always of order 2/ (87r2mi), without any potentially
large factors like 1/v or In(m,/u). We checked that this remains true at least for all
v < 0.5 relevant for the calculation of the relic density.?? It is not surprising that our
approximate treatment does not treat such “generic” higher order contributions correctly.
However, our approximation does closely resemble the exact result whenever the latter
is large. This is all we aspired to, and in most cases all we need when calculating DM
relic densities, even if PLANCK data reduce the uncertainty of the observed value to the

percent level.

22Qur approximation might fail badly when the annihilating WIMPs become ultra-relativistic, but this

is of no concern in the present context.
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