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ABSTRACT: In the N=1 supersymmetric extension of the Standard Model, neutralinos
associated in supermultiplets with the neutral electroweak gauge and Higgs bosons are,
as well as gluinos, Majorana fermions. They can be paired with the Majorana fermions
of novel gaugino/scalar supermultiplets, as suggested by extended N=2 supersymmetry,
to Dirac particles. Matter fields are not extended beyond the standard N=1 supermulti-
plets in N=1/N=2 hybrid supersymmetry to preserve the chiral character of the theory.
Complementing earlier analyses in the color sector, central elements of such an electroweak
scenario are analyzed in the present study. The decay properties of the Dirac fermions yp
and of the scalar bosons o are worked out, and the single and pair production-channels
of the new particles are described for proton collisions at the LHC, and electron/positron
and ~~ collisions at linear colliders. Special attention is paid to modifications of the Higgs
sector, identified with an N=2 hypermultiplet, by the mixing with the novel electroweak

scalar sector.
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1 Introduction

Neutral electroweak gauge bosons are described by self-conjugate fields with two degrees
of freedom before symmetry breaking. In N=1 supersymmetry [1-7] the gaugino partners
G of the gauge bosons G, in the supermultiplets G = {G, G‘} are correspondingly self-
conjugate Majorana fields with two independent components for the two helicities. They
mix with neutral higgsinos to form the neutralino fields x°. However, in N=2 extended
supersymmetric scenarios, cf. ref. [8-20], gauginos G’ with scalar partners o are introduced
in novel N=1 chiral supermultiplets S = {é’,a}, which together with the original N=1
gauge supermultiplets constitute the N=2 gauge hypermultiplets G = {G, i]} For suitable



mass matrices, the new gauginos can be combined with the original ones to form Dirac
fields Gp = G @ G'. Including the higgsinos, the neutralino fields can thus be identified
with Dirac fields )ZOD.

The transition from Majorana to Dirac fields renders the theory [partially] R-
symmetric [21, 22]. R-symmetry, a continuous extension of the R-parity concept, is asso-
ciated with global transformations of the fermionic coordinates, § — €'*6 and 6 — e~**f.
All Standard Model (SM) fields carry vanishing R-charge. Assigning the R-charge +1 to 6,
the gauge superfields and the matter chiral superfields carry R-charges 0 and +1, respec-
tively. As a result, the kinetic part of the action is R-symmetric. In gauge superfields the
R-charges of the gaugino components G are +1, and equally for the scalar components of
the matter lepton and quark superfields. Higgs superfields are assigned R-charges 0, giving
rise to {0, —1} for the R-charges of the Higgs fields themselves and the higgsino fields. Thus
the tri-linear Yukawa terms in the superpotential carry R-charge 42 and the corresponding
action is R-invariant, unlike the p-term for which the associated action, with R = —2, is
not R-invariant. Soft Majorana mass terms of gauginos and the tri-linear scalar coupling
terms, which break supersymmetry, carry R = +2 so that the corresponding Lagrangians
are not R-invariant. However, assigning R = 0 to the chiral superfields 3, the new gaugino
G’ fields carry R-charge —1. Thus, Dirac mass terms, combining the old and the new
gaugino fields, are R-invariant.

The conservation of R-charges, initially motivated by the transition from Majorana
to Dirac gauginos, has important physical implications. The theory naturally suppresses
the baryon and lepton number violating operators and the p term in the superpotential.
Since it also forbids soft SUSY breaking gaugino Majorana masses in the Lagrangian and
Higgs couplings to sfermion pairs, SUSY flavor-changing and CP-violating contributions,
for instance, are reduced significantly, widening the potential parameter space for super-
symmetric theories [23-25]. The more restrictive Dirac gaugino masses, on the other hand,
are allowed. Moreover, since the scalar components o of the chiral superfields 3 have
R-charge 0, they can couple to SM particles so that o particles can be produced singly
in standard particle collisions. In addition, they can decay to pairs of SM particles [and,
similarly, to pairs of supersymmetric particles].

The N=1 chiral supermultiplets within the N=2 gauge hypermultiplets contain scalar
sigma fields o in the adjoint representations of the gauge groups SU(1)c, SU(2); and
U(1)y. In the electroweak SU(2); and U(1)y sectors the scalar fields can acquire non-zero
vacuum expectation values and they can mix with the original Higgs fields. As a result,
the properties of the Higgs particles are modified in this scenario.

In N=2 supersymmetric theories the standard N=1 L/R matter supermultiplets are
complemented with new L/R matter multiplets [26]. To keep the theory chiral, in agree-
ment with experimental observations, the masses of the new multiplets must be chosen 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 super-
multiplets 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.



The transition from the Majorana-type Minimal Supersymmetric Standard Model
(MSSM) to a Dirac theory by expanding the gauge sector can be formulated in a smooth
way by suitable transitions of the parameters in the {é, é’} mass matrix. We start with
an infinitely large G’ Majorana mass at the beginning of the path, which is congruent with
the original MSSM. Lowering the Majorana masses to zero and generating non-diagonal
entries in the mass matrix at the end of the path, the two Majorana fields can be com-
bined to a Dirac field if the two mass eigenvalues have equal moduli but opposite signs. In
this way, the characteristics of the Majorana theory can systematically be tagged in the
evolution to the Dirac theory, and implications of the Dirac theory can be connected with
experimental analyses.

The Dirac theory, including the scalar sigma fields, has been analyzed in two earlier
studies [14-17] primarily in the colored sector, and experimental consequences have been
discussed for the proton collider LHC. Basic elements of the electroweak sector, including
the interaction of the Higgs field with the novel scalar fields, have been presented in ref. [27],
and implications for the relic density in the Universe have been discussed for such a Dirac
theory [see also [28-30]]. In the present study we will focus on collider signatures of the
electroweak chargino/neutralino and the novel sigma sectors at LHC and ete™ colliders.
In addition, modifications of the properties of the Higgs particles by interactions with the
novel scalars will be discussed. While the theoretical basis of the N=1/N=2 hybrid theory
is summarized in the next section, phenomenological consequences are worked out for the
chargino/neutralino and scalar/Higgs sectors thereafter.

2 Theoretical basis: N=1/N=2 hybrid theory

2.1 Hyper/superfields and interactions

The N=1/N=2 hybrid model, which can be evolved from the MSSM continuously to a
Dirac gaugino theory, includes a large spectrum of fields. The N=2 gauge hypermultiplets
g = {G’, i]} can be decomposed into the usual N=1 vector supermultiplets of gauge and
gaugino fields G= {G,, é}, complemented by chiral supermultiplets of novel gaugino and
scalar fields 3 = {G',0}. The new gauge/gaugino/scalar 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 1.

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. [The notation
Gy, G, , o is used generically for gauge, gaugino and o fields; when specific gauge groups
are referred to, the notation follows table 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 G D

In a similar way, the two Higgs-doublet superfields Hy and H{ of the MSSM can be
united to an N=2 hyperfield H = {]:Id, }AIJ:} [31, 32]. 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.



superfields SU@B3)¢,SU(2)7,U(1)y  Spinl Spin1/2 Spin 0

Ge / color 8,1,0 g® g*
Gr / isospin 1,3,0 wt W
Gy / hypercharge 1,1,0 B B
S¢ / color 8,1,0 J° o
337 / isospin 1,3,0 W ot
Sy / hypercharge 1,1,0 B’ oy

Table 1. The N=2 gauge hypermultiplets for the color SU(3)¢, isospin SU(2); and hypercharge
U(1)y groups. The superscripts ¢ = 1-8 and ¢ = 1-3 denote the SU(3)¢x color and SU(2); isospin
indices, respectively.

In contrast, the observed chiral character of the Standard Model precludes the ex-
tension of the usual (s)lepton and (s)quark supermultiplets Q to hypermultiplets of L/R
symmetric particles and mirror-particles. Moreover, including such a large number of new
matter fields would make the entire theory asymptotically non-free. Equivalent to introduc-
ing very heavy masses, the mirror fields can just be eliminated from the system of matter
fields ad hoc. This supposition generates the N=1/N=2 hybrid character of the theory.

Corresponding to the complex spectrum of fields, the sum of a set of actions with
different bases and characteristics describes the N=1/N=2 hybrid theory. The N=2 action
of 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 > which couples the new
gaugino and scalar fields to the gauge superfield:

1 4, 72 S Ta
AG:ZlﬁgWs /d xd“0 tr GGy, (2.1)

Ay = Z/d4xd20d29 Stexp[G) S, (2.2)

with the sums running over the gauge groups SU(3)¢, SU(2); and U(l)y. ¢ are the
gauge couplings (denoted by gs, g and ¢ for color, isospin and hypercharge) and k are
the corresponding quadratic Casimir invariants Cy(G). Gy = QgGgT“ are the gauge
superfield-strengths, T% the generators in the adjoint representation; the traces run over the
gauge-algebra indices. To this class of actions belongs also the standard (s)lepton/(s)quark
gauge action

Ag = Z/d4md29d29 QT exp[G] Q, (2.3)
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 P coupling the original



and new gauge superfields:
Ay = /d4xd20Mtrﬁ)i, (2.4)
Ap = /d4xd20MD 0% tr Go> . (2.5)

Apr, which is bi-linear in the X fields, is part of the superpotential of the theory and
contributes to the masses of the chiral supermultiplets. The Dirac mass term can be
generated, e.g., by the interaction \/QXaéaii/MX when a hidden-sector U(1)" spurion
superfield acquires a D-component vacuum expectation value X® =0*Dy, giving rise to
the Dirac mass MP = Dy /My [33].

According to the general rules, this set of actions generates D-terms bi-linear 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 bi-linears of the slepton and squark
fields with strength MP.

The Higgs sector is rendered more complicated by the interactions with the non-colored
scalar sigma fields. The Higgs supermultiplets H, and Hj are coupled to the SU(2);xU(1)y
supergauge fields in the usual way,

Ay = Z /d4xd29d2§ﬁj exp|Gr + Gy H; . (2.6)

i=u,d
The part of the superpotential which includes Higgs fields, consists of the standard N=1
bi-linear p-term,
A, = / dzd*0 uH, - Hy, (2.7)

and the tri-linear Higgs Yukawa terms involving the matter fields, which can be adopted
from the N=1 theory:

Ap = /d% 0 > g90d°Q- Hy, (2.8)

the dots denoting the asymmetric contraction of the SU(2); doublet components. New
tri-linear interactions are predicted in N=2 supersymmetry [12] which couple the
two supercomponents of the Higgs hypermultiplet with the new chiral superfields in
the superpotential:

1
V2

In N=2 supersymmetry the couplings A7, \y are identified with the SU(2); and U(1)y

Ay = /d4xd29 Hy - M2+ Ay Sy)Hy (2.9)

gauge couplings,
Ar=g/V2 and Ay = —g¢'/V2. (2.10)

In our phenomenological analyses we will treat them generally as independent couplings.



It may be noticed that the Majorana action Ay, the p-term A, and the tri-linear
Higgs-sigma term A’; are manifestly not R-invariant.

Finally, the bi-linear and tri-linear soft supersymmetry breaking terms must be added
to the gauge, Higgs and matter Lagrangians:

1. - 1 S S - 1.
£gauge,soft = _2M]_E;BB - 2MW (WJFW? + VVﬁVVJr + WOWO> - 2M§g“g“ + h.c.

1 I DD/ 1 / 11— Y71— 117+ 57/0777/0 1 ! ~1a ~/
— MpB'B' — My (WHW'™ + W'+ WOW™) —  Mig g + hic.
1 . 1 .
—m¥|o¥|? — 0 (m(o))? + h.c.) —m} |UH2 — (mf(c})? + h.c.)
1
—mZ |o&|* — ) (m@(cl)? +h.c.), (2.11)

2 2 2 2
Litgassore = —miy, ([HE [P+ [HO) = mdy, (107 + B
— B, (HyH; — HJHY) + h.c.]
—[Ay Moy (HFH; — HIHY) + Ao} (H, - 7' Hy) +hee], (2.12)
with i and a being the SU(2); and SU(3)¢ indices, ¢ the Pauli matrices, and moreover,
‘Cmatter,soft = - <mé>w (a;'kLajL + J:LJjL) - (m%)l] Z2;'k}%aj'1*3 - <m3~) i CFi;'deij
- <mi>m (Zirin + E1éin) — (mé),; Enéin
— (Aufu)ijGr(ds Hy — a0 HY) — (Aafa)idip(@ Hy — djpHY) + hec.
— (Aefe)ijéfR(ﬂjLH; — éjLHg) + h.c., (213)

with 4,7 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. The Majorana mass terms,
M ]’9, MI//T/ and Mg, for the new gauge adjoint fermions are soft N=1 SUSY breaking param-
eters and add to the Majorana mass parameters, My, M; and M¢, introduced in eq. (2.4)
as part of the N=1 supersymmetric superpotential.

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:!

(i) SUB)e x SU(2); x U(l)y gauge boson/sigma sector.

"Many of the mass parameters and couplings defining the N=1/N=2 hybrid model can be complex in
general. Nevertheless, for the sake of simplicity all the parameters are assumed to be real throughout this
paper.



(iii)

The gauge interactions of the adjoint sigma fields are determined from the scalar
kinetic term (D,0)7(D#o) with the covariant derivative D, = au—l—igsT“gZ—l—igTiWﬁ.
In addition to their kinetic terms, the term generates the Lagrangian for the derivative

three-point and seagull four-point interaction terms:

L _ fabc a b*b_u) c 2 pace pbde ca ub __xc __d 214
oc,gauge — —Ys) Gy (o¢0toc) +gs f*°f 9,9 0c o (2.14)
Ea;,gauge = —gﬁijkW; (0}*8“011“) + gQGikmejlmW;iWM]U;kalla (215)

where f%¢ and €k are the SU(3)c and SU(2)r structure constants, respectively, and
AR B = A9"B — (9" A)B.

SU(3)¢ sfermion/gaugino/sigma sector.
The interaction Lagrangian of the sigma field o¢ with the squarks is given by

a a

['ac(ac)cjcj = _\/2 Js MCD (U%’ + U%’*) <<§Z 2 (jL - (ﬁ% 2

[

2(17

(2.16)

. . Y.\
qR> +iglfol gt

where \* (@ = 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, g and ¢,
with the SU(3)¢ sigma field o, and with the squark and quark fields are described
by the Lagrangians:

Ligro, = —V2igs [*° G G ot +hec., (2.17)
AT L X
Ligq = —V2gs <QL 9 gk 4L — 4R 9 g1 QR> +h.c., (2.18)

Only the standard gluino couples to squark fields since, as required by N=2 super-
symmetry, the new gluino ¢’ couples only to mirror matter fields, which in the hybrid
model are assumed to be absent.

SU(2)r x U(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 o7 through the interaction
Lagrangians:

L

or(or

A T R
V= —V2gMP (ot + o) f} o frt ig” eijpol ok 1 2 (2.19)

where f; is any matter SU(2)7-doublet field. On the other hand, the Lagrangians
governing the interactions of the winos, W and W', with the SU(2); sigma field o7
and the (s)fermion fields are given by

[’UIVVW/ = —/2i g ik W}J’ VNVIJ% alf +h.c., (2.20)
7o
Lypp = —V29fu o Wi fu+he.. (2.21)



(iv)

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

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= V24 M0V + V) (Y, |frl? = Yyl frl?), (2.22)

and the standard bino B (but not the new bino B’) couples to the (s)fermion fields
through the interaction Lagrangian:

[’]_;’ff = —\/29’ (YfoLBRfNL — YfRfRBLfNR) + h.c. s (223)

where Yy, and Yy, are the hypercharges of the L-chiral and R-chiral fermions, fy,
and fg, respectively.

SU(2)r x U(1)y higgsino/sigma sector.

The superpotential (2.9) coupling the new SU(2);xU(1)y chiral superfields with the
Higgs hypermultiplets leads to Yukawa-type interactions of the electroweak sigma
fields with the higgsino fields. In the weak basis, the interactions are described by
the Lagrangian

Loii = ~Moy (HypHy, — HORAG ) + Mo (Hypy, + HY Y, ) + hie.
VoA (o7 Hiply, — oF A0y, ) +hec., (2.24)
where we have introduced two charged scalars and one neutral scalar defined as

, 1 ,
(0} —|—w%) , oy = /2 (J} —m?) , o) =0}, (2.25)

_ 1
o =

1 \/2
with each of J} being complex.
Combining the above Lagrangian (2.24) with the Lagrangian (2.20) for the interac-
tions of the sigma fields with gauginos will enable us to derive the vertices for the
interactions of the sigma fields with charginos and neutralinos in the mass eigen-

state basis.

SU(2); x U(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 superpoten-
tial, and the soft-breaking terms. Complementing the neutral field interactions noted
in ref. [27] by the charged fields, the potential V,p for the charged and neutral elec-
troweak Higgs and adjoint scalars can be written as a sum over four characteristic
contributions:

Vorp = mig, (|Hy [ + [HL?) +miy, ([Hg? + |Hy |?)+[Bu(Hf Hy — HyHg) +h.cl,
(2.26)



1 1 B ?
Ve = [VEMP (oY +08) + o (AL = 115 P+ [H? ~ | H3P)

1 * *
+, [2MP (o +03) + V2g(0 o — o3 o) + g(H Hy" + HyH )

1
+, [V2MP(0f +01) + 9o P~ o7 )
1 B 2
Jng(Il‘Lfl2 —|Hy |* = |H,* + [Hg[)| (2.27)

Vorps = (1 + Aol — \o9)Hy +V2\ 07 HY|?

H(p+ Avoy — Ao H = V2A 108 H

(1 + Avoy + Aoy Hy + V208 Hy

H(1+ Avoy + Ao Hy — V2X107 Hif |?

+|My oy + Ay (HfHy — HIH))|? + |Mo? — M\(HH; + HJHY)|?

+| Moy — V2A HOH P + |Mrog +V2A Hy HI? (2.28)
mg(o9)? +h.c.)

_ 1
Vot = myloy [ + mi(lo7* + oy " + |03 1) +

1
+,[mP((69)* + 205 07) + h.c/]

2
+Ay AyoS-(HHy — HOHY) — Ao (HH; + HOHY) + hec.
+V2A (o7 HEHY — of Hy HY) + hec.. (2.29)

After shifting the neutral fields by their vacuum expectation values, the physical scalar
masses and the tri- and quadri-linear interaction vertices can be read off.

2.2 Masses, mixings and Dirac fields

Introducing the vacuum expectation values of the scalar/Higgs fields in the Lagrangians of
the previous subsection, their values are determined by the absence of terms linear in the
fields, while from the terms bi-linear 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 neutral sigma fields® are defined as

1
<H2/d> = \/2 Vu/d s (230)
(0%,) = \}QUY/I. (2.31)

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

Uy,

v= \/vg +v? and tanf = (2.32)

Vd

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?, Hg and the neutral scalar iso-triplet

2Throughout the paper, we restrict ourselves to the case of a CP preserving and neutral vacuum with
real vacuum expectation values.



field o9 (while the hyper-singlet field 9. does not couple)

1 1
4(9'2 +gH)v?, miy = 492v2 + g% . (2.33)

The iso-triplet vev shifts the tree-level p-parameter away from unity by the amount

m =

Ap=p—1=4v7/v>. (2.34)

Allowing a maximum value Ap < 1073 for the shift [34], it turns out that the vacuum
expectation value of the iso-triplet field must be very small, v; < 3GeV, cf. [27]. We will
assume that the soft supersymmetry breaking scalar oy mass parameter mj of order TeV
drives vy to the small value. As a result, the Higgs vev 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 drive vy to small values.

2.2.1 Charginos
Defining the current bases, {WQ,WE ,FIIR} and {Wf,WL_ ,ﬁd_L} for the two charged
winos and the charged higgsino, the chargino mass matrix can be written as
M, MP — gur —Arv,
Me=|MP+gur My Jgua|, (2.35)
A4 \}2 gy He
where

My = My,, Mj= M, +M;, My =MpP and pe=p+ (Ayvvy — Arvr)/v2. (2.36)

Three charginos, 7.e. one degree of freedom more than in MSSM and related iso-singlet
extensions like NMSSM or USSM, are predicted in the general N=1/N=2 hybrid model,
labeled )Zli, )ZQi, )23i (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 of
the W/ gaugino mass parameter M) from —oo to 0 and lowering at the same time My to 0
the Dirac limit is obtained. Though the 3 x 3 mass matrix can be diagonalized analytically
for arbitrary parameters, we study instead the evolution of the eigenvalues analytically in
the limit of small couplings, and numerically by varying —oo < M} < 0 from the MSSM
to the Dirac limit.

For small gaugino/higgsino mixings in the area where the supersymmetry mass pa-
rameters M5, Mo, M ID , i [and the size of their mutual differences| are much larger than the
electroweak parameter v, the eigenvalues and mixing parameters can be calculated easily.
This approximation leaves us with one higgsino mass eigenvalue

mi = fie, (2.37)

and a 2 X 2 gaugino mass submatrix with two eigenvalues
1
me = 9 |72 F 02| where o = \/(Mé + M>)? + 4g*v?  and

2 = /(Mg — M) + 4 (M2, (239)

,10,



10 o T T T T T
LY ]
Fiw’ 7]
- _
- _
- ‘\ -
\

— N 7

> \

>~ 3 N, _|

2 10°F N ]

S .

= [ n ~ h -

() b T e -

£ =~

&b - ~~_ ;T

‘a _______ w

= e e ey

®) w w

102 — < MSSM Dirac = —
i 1 I 1 I 1 I 1 I 1 |
-1.0 -0.8 -0.6 -04 -0.2 0.0

y

Figure 1. 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 Pc in eq. (2.42) for m = 200 GeV,
tan 8 =5, vy = vy = 3GeV and the N=2 values for the couplings Ay ; in eq. (2.10).

and the two mixing angles for the positive and negative states
1
cosfi = o= V1= (M = M3 F dgo; MP) /552 (2.39)

1
nfy=si= 1+ (M2 = M3 F dgo; MP) /552, (2.40)

With M} = —oco in the MSSM limit we get ¢ = 0 and sy = 1, while ¢, = s_ =1 and
c_ = s, = 0 in the Dirac limit with M} = My = 0 and MP v; > 0.

Switching on the weak couplings among the gaugino and higgsino sectors, the chargino
mass eigenvalues and the mixing parameters derived from

M — T MoU_, (2.41)

can be calculated analytically in simple form.? The results are presented in appendix C.
In analogy to the color sector in ref. [14, 15] we study the evolution of the eigenvalues in
figure 1 numerically by varying the mass parameters along the path

Po @ My =my/(1+y),

My = -my,
M2D =m,
w=2m, (2.42)

3In appendix A we provide an analytic prescription for the singular value decomposition of a general
2 X 2 matrix and in appendix B the small-mixing approximation.
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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 giving
rise to mex A~ m (fixed), Mt & m[y+1/(1+y)], moving from oo to m, and Mt & (fixed)
in the decoupled wino and higgsino sectors and for very small v;. The other parameters in
the chargino mass matrix (2.35) are chosen as tan 3 = 5, vy = vy = 3GeV and the N=2
values for the couplings Ay, are adopted.

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 some
medium g, the states w’ and h cross over to h > w’, keeping the ordering h > w' > w
until the Dirac limit is reached. The physical masses in the cross-over zone of the states
w’ and h 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 ref. [35].

2.2.2 Neutralinos

Six neutral electroweak Majorana fields are incorporated in the N=1/N=2 hybrid model.
The mass matrix can be extracted from the bi-linear terms of the gaugino, gaugino’ and

higgsino fields in the Lagrangian of the preceding subsection, written in the current basis
~ ~ ~ 0 ~ ~ ~
{B'",B,W" , W% HY HOY} as

M| mP 0 0 = J,Avta = j, Ay vy
MP My 0 0 59y — 294
My = 0 0 MZQ; MP —\}12)\11)65 —\1}2)\1% 7 (2.43)
0 0 M, Mo — 59Uy 29vd
_\%Qiyvd élglll)u _\%2)\17% —légvu 0 —Hn
= YV =30 Va = ATV 59Vd —Hn 0

where
My =Mpg, M]=Ms+My, MP =M, p,=p+Ayoy+Awr)/vV2. (2.44)

and Moy, M), are defined in eq. (2.36). This 6 x 6 mass matrix is diagonalized by the
unitary transformation

MG = UL My Uy . (2.45)

Six neutralinos, i. e. two degrees of freedom more than in MSSM, are predicted in the gen-
eral N=1/N=2 hybrid model, labeled 32(1)---6 (ordered according to ascending mass values).
They evolve from the MSSM by raising the magnitude of the gaugino mass parameters
Mj 5 from —oo 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, as before, 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
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leaves us with two bino mass eigenvalues, two wino mass eigenvalues and two higgsino
mass eigenvalues:

1

mg{2 =, || My + M| F 6] , (2.46)
1

mg4 =, || My + Mj| F 62| , (2.47)

mgﬁ =K, (248)

with 019 = \/(ML2 — M 2)% +4(M%,)? , and the block-diagonal mixing matrix

Uy = diag (U1,Us,Up)  with Ujo = (CLQ _?81’2> and
S1,2 €12

(V2 -1/V2
Up = (2/\/2 1/\/2> , (2.49)

with the mixing angles ¢ 2/s12 = \/[1 + (ZML2 — M 2)/01,2]/2.

Switching on the weak couplings among the bino, wino gaugino sectors and the hig-
gsino sector, the mass eigenvalues and mixing parameters are calculated using the block-
diagonalization method described in appendix B. The results of this procedure are relegated
to appendix C.

The numerical evolution of the neutralinos in the hybrid model is displayed in figure 2 as
a function of the control parameter y for the same path and parameter set as in the chargino
sector, eq. (2.42), and supplemented by the bino/wino mass relations MI(D) ~ MQ(D)/Q, and
setting tan 8 = 5 and vy = vy = 3GeV.

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 ~ hg > w > b of the neutral states in the MSSM limit for the
parameters chosen above, the first cross-over is observed for ¢ < hy, followed by w’ < hs
and b’ < w at roughly the same position. The mass system moves to the final pattern
hi = hg > w' = w > b = b in the Dirac limit.

The transition from the Majorana to the Dirac theory in the limits MJj, My and
M, M; — 0 can easily be studied by analyzing the mass matrix My for vanishing gaug-
ino/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 y+ according to the sign of
the eigenvalue, can be combined to one Dirac field,

Xp = (X+ +ix=) /V2, (2.50)

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 mix-
ing is switched on and the couplings Ay ; are given by the N=2 relations, A\y = —¢'/ V2
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Figure 2. 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 (2.42) as in the chargino sector with bino/wino relations chosen as Ml(D)/MQ(D) =1/2.

and A\; = g/v/2 [27]. The key is the vanishing of the coefficients of odd powers of the
eigenvalues in the characteristic eigenvalue equation:

det(Mpy —m) = ro + rom? + rym* + r¢m® =0, (2.51)
with the coefficients given by
re = 1, (2.52)

1
ry = —2tr(M?v) = —[(MY)? + (MP)? + iy +m3],

1 1
r = (MR — (M)
= (MPMP)? + [(MP)? + (MP)?|up, + 2mZ [(MY)?cy + 2(MP)?siy]
—2m%(MP sty + MP ) pincap +my,
1 1 1 1
ro = = I MEP + MR + (M) tr(M3) — (M)
= —(My MP u)? + 2m My M pn (My ¢y + MP sty )eap — mz(My iy + M sy ).
The odd coefficients ry; 1 are linear in traces of odd powers of My which vanish. While
this is obvious for tr(My) in the Dirac limit Ml,g,M{,Q — 0, 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
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in eq. (2.43), a sufficient [but not necessary| condition for orthogonality being the N=2
symmetry of the basic Lagrangian.

If the lightest neutralino is the lightest supersymmetric particle (LSP) and stable, its
Dirac or Majorana nature has important consequences for cold dark matter phenomenol-
ogy. This is most clearly seen by inspecting, for example, the neutralino annihilation
cross section into an electron-positron pair in the MSSM and Dirac limits. Assuming for
simplicity a pure bino-type MSSM neutralino state x| = B, we obtain

do 0% e et] = o Pt e+, — 4mp +2 — %) cos® 6 + 5% cos* 4
dcos M 16¢3, s (2, — 3% cos? 6)?
4
+16 n%R—i— (n%R —4mp+2— 3*)cos? 0+ B%cost (2.53)

(U%R — 32 cos? 0)? ’

due to the t- and u-channel L- and R-chiral selectron exchange where ¢y = cos Oy, 0 is the

c.m. scattering angle, § = (1—4771?(0/5)1/2 and i g = 1+2(m? —m?{o)/s. On the other
1 1

€L,R
hand, in the Dirac theory with the pure bino-type Dirac neutralino state )2%1 = B’L0 + B%

we obtain for the annihilation cross section

do o -0 _ 4 o’ (1 — Bcosh)? (14 Bcosh)?
5 = 1 . (2.54
dcosH[XDlXDl_>e '] 320%,Vsﬁ (nlL—Bcosﬁ)2+ 6(771R+ﬁc0s9)2 (2:54)

In other words, in the limit of 5 — 0, the annihilation cross section (2.53) in the MSSM
shows a P-wave suppression behavior ~ 33, while in the Dirac case, the cross section (2.54)
shows only a S-wave suppression behavior ~ 3. As a result, the P-wave suppression of the
MSSM LSP annihilation cross sections requires a significant fine-tuning of the spectra to
be consistent with the WMAP observations [36, 37]. In contrast, the annihilation of Dirac
gauginos into a fermion and anti-fermion pair has a non-vanishing S-wave contribution
even in the limit of vanishing fermion masses. Thus, the annihilation to fermions does not
require the chirality flip in the final state, giving rise to enhanced decay branching fractions
to leptons. This opens the parameter space that fits the WMAP measurements [27, 29].
Moreover, in contrast to the Majorana case, Dirac gauginos with non-vanishing higgsino
fraction can lead to spin-independent scattering cross sections off nuclei via the Z-boson ex-
change [30], thus significantly altering the prospects for dark matter detection experiments.

2.2.3 Scalar/Higgs particles

The scalar /Higgs sector involves various components in the basic Lagrangian: terms derived
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 bi-linear terms of the physical 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

oy 4m§,m§_)\%)\%v4{ml g MPeas — V2\ypu+ (My + Ay)Aysag/V'

—i—)\y)\[?}Q [gMIDCQﬁ + \/2)\]M — (M[ + A[))\]SQ[;/\/Q} }
2

[ ~
~ 2773%, [g,ngg — \/QAy,u + (My + Ay)AySgg/\/Q for my, 1 > Ay v, (2.55)
2
vr = v {Qm% [—gMIDQﬁ — \/2)\[,& + (M; + A[))\[SQﬁ/\/Q}
4mim¥ — A\ A3t
—)\y)\[v2 [glMé)CQg — \/2)\1/,& + (My + Ay)AySgﬁ/\/Q] }
2
v ~
N o |:gM[D025 + V2 — (Mg + AI))\ISZB/\/2] for my.r > Ay,rv, (2.56)
I

with the abbreviations cpg = cos 23 and spg = sin 23, and
My = my +m + M+ 4(MP)? + 10302, (2.57)
M3 = mj+mf + M} +4(MP)? + IA32. (2.58)

The Higgs vevs v, 4 are determined by

1 1
8(9I2 + 92)(7}3 - U?l)vu + 9 ()‘g/ + )‘%)qug

+(V2y i+ ¢ MP Yoy v, + (V21 — gMP)oru,

1 1 1
"2 (My + Ay)A\yvyvg — /2 (M7 + Ar)Arvrvg + 2(>\YUY + Arvp)?o,, (2.59)

1 1
0= (m%{d + M2)Ud — By, — 8(9/2 + 92)(02 - Ug)vd + 20‘% + )‘%)U?ﬂd
+(V2Ay i — ¢ MP Yoy vg + (V2 + gMP Yorvg

1 1 1
~ /o (My + Ay )A\yvyv, — /2 (M7 + Ar)Arvrv, + 5 (Ayvy + Arvor)?vg, (2.60)

after inserting the vevs vy from eq. (2.56). The values of v, 4 and vy can be deter-

0 = (mi, + p?)vu — Buvg +

mined phenomenologically in terms of the observables tan 5 and m%/v, m2Z, vide eqgs. (2.32)
and (2.33).

The terms in the Lagrangian which are bi-linear in the fields build up the scalar/Higgs
mass matrices. Decomposing the neutral fields into ground-state values, real and imagi-

nary parts,
H = \}2 [sg(v+h) +cgH +i(cgA — sga)] , Hf=cgH' —sga™, (2.61)
HY = \}2 lcg(v + h) — sgH +i(sgA + cga)] , H; =sgH +cga, (2.62)
with the abbreviations c¢g = cos 3 and sg = sin 3, and
oY = \}2 (vy + sy +iay), (2.63)
o= prtsitia). oh= L ef+ar). oi= | (of —or). (264
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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 aé = [va* + v2vur(of + 02i)]/\/U2 + 402
These are absorbed to provide masses to the neutral and charged gauge bosons. The neu-
tral fields h, H, sy, sy are parity-even scalars while A, ay,a; are parity-odd pseudoscalars;
the charged fields H* mix with the associated charged scalar fields sfz, defined later in
eq. (2.80). These elements build up the neutral pseudoscalar 3 x 3 mass matrix, the neutral
scalar 4 x 4 mass matrix and the charged scalar 3 x 3 mass matrix:

(i) Neutral pseudoscalars.

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

squared is given by

Mi —\}Q(My —Ay))\y?} _\}Z(MI —A[))\[U
M2 = —\}2(My — Ay) Ay mi SAY A v , (2.65)
_\}2 (Mp — Ap)Av ;)\y)\[UQ m'?

where

M2 = 2| B, + Ayvy (My + Ay)/V2 + Ajoy (M + A[)/\/Q] [s25.  (2.66)
mE = mi —miE + ME + %)\%zﬁ , (2.67)

M =mj—mP + M} + J\507. (2.68)

This matrix can easily be diagonalized in approximate form in the limit of the genuine
supersymmetry parameters, my,; being much larger than the electroweak scale v,
i.e. v/my; < 1. This leaves us with three approximately unmixed states with
their masses

My, =My, My, =@, M, =mf. (2.69)

The expressions for the mass eigenvalues and mixing elements, when the weak cou-

pling among the {A,ay,as} states is retained, are given in appendix C.

(ii) Neutral scalars.

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

m% + 0 sap dpeag =Y (2m3 — AJu?) = (2mF — Afo?)
dgc M?% —6ys A A
2 HC23 A — O0HS23 Y I
= 2.

Ms U @2md - A3?) Ay 3 A Ay Arv? » (270)

77‘;1 (2771% — )\%1}2) A[ é)\y>\]’v2 ﬁl?

where

o = [(AY + A)v? — 2m%] s05/2, (2.71)
Ay = glMﬁl/)v Sop — \}sz(My + Ay)v €28 » (2.72)
A = —gMIDU SoB — \}QA[(M[ + A[)U €28 - (2.73)
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(iii)

Note that dg vanishes in the N=2 SUSY limit. Thus, in this limit, the eigenvalues
of the Higgs submatrix {h, H} are just m% and M3 [32], 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, due to
their large Yukawa couplings. As a result, the Higgs submatrix is modified to

<m2Z+5HS2ﬁ 5H02ﬁ ) . <m22+5H825+6H 5H02ﬁ+6H/t5 )
5H02ﬁ Mi—(sHSgﬁ 5H02ﬁ+6H/t5 Mi—(SHSQg—i-GH/Z%
(2.74)
where
3GFmt In mg mg,
V2?2 mi

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

(2.75)

with eigenvalues

(Omcap + GH/tB)Q

M%—-m2 7

(Orcap + en /)’
M3 —my

%

M?gl mQZ + 5H82ﬁ +eg — (2.76)

2
MS ~ Mi — 5H825 +€H/t% +

2

(2.77)

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

mQZ —{—5[-]825 +eg — M;l

, 2.78
|0mcas + €m/tsl (2.78)

tan 6, =

with 0 < 6, ST(/Q.

In the limit of my,; being much larger than the electroweak scale v, the {sy,ss}
submatrix leads to the two approximate mass eigenvalues

My, = w3, Mg = m}. (2.79)

The {h, H} and {sy, s} systems are weakly coupled at the order v/M4,v/my,, and
the block diagonalization allows to derive the results given in appendix C.

Charged scalars.
After the charged Goldstone bosons aé 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

+ + +
2—-2
s =(0f —0F)/V2 and s3 = oot + o)V v (2.80)

\/v2 + 4@%

The real symmetrlc 3 x 3 charged scalar mass matrix squared M? 47+ 1s then given in
the {H*, 57,55} basis by

M2, Ay —/PAr
Mie = Ay ) (ﬁ“L;IQ + ¢? U)I 5/ (A7 — 5292) v2eag | (2.81)
VP AL 5v/p (A= 39%) vPeas pmy
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where

2
VT ~2

~ 1
MZe = M3 +mdy, + 2()\% —2A2)0% —4 T2 4 40202 — 4 2un Aoy

v2

Ay = (¢°/2 — A) vivsas — (Mg — ADAv/V2, (2.82)

and Ay is introduced in eq. (2.73). We note in passing that in the N = 2 SUSY
scenario with A\; = g/+/2 the charged states sz do not mix.

Assuming that fn% > fn’f > M?{i and My, A; ~ My, and observing that, again,

the charged Higgs/scalar states are weakly coupled at the order of v/m; or v/m/,
the block-diagonalization procedure provides approximate solutions as given in ap-
pendix C.

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 neutral pseudoscalar/scalar and charged sectors are extended by two new
states with masses of the order of the characteristic scalar parameters my and mj.
As a result, one of the new pseudoscalar/scalar states may acquire mass between a
few hundred GeV up to several 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.
In addition, the lower bound on the [lightest] charged Higgs mass is not guaranteed
to exceed the W mass any more [experimentally of course, any charged Higgs boson
with mass below ~ 100 GeV is excluded by direct searches [34].]

The tableau in figure 3 illustrates the evolution of the three neutral pseudoscalar,
four neutral scalar, and three charged masses with the hyper-singlet mass parameter my
introduced in the soft SUSY breaking Lagrangian while all other parameters are kept fixed.
These parameters have been chosen as indicated in the figure caption.

3 Characteristic physical processes

New colored particles like gluinos and squarks are expected to be generated, and detected,
at the LHC for masses up to 2-3 TeV, and the strikingly different phenomenology of novel
Dirac gluinos and colored adjoint scalars have been discussed in refs. [14-17]. In contrast,
the mass window for generating non-colored states like charginos/neutralinos directly in
quark-antiquark collisions is much smaller as a result of the small electroweak production
cross sections. Cascade decays of colored states, however, provide a copious source of non-
colored particles with large masses i.e. through the decay ¢ — ¢ + x. Pair production of
non-colored states at TeV ete™ and e"e™ lepton colliders ILC/CLIC, on the other hand,
gives access to the non-colored sector up to masses close to half the c.m. energy, i.e.
about 0.5 TeV and 1.5 TeV at the ILC and CLIC, respectively, while non-colored adjoint
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Figure 3. (a) The lightest neutral scalar boson including one-loop top/stop radiative corrections.
> 114 GeV;

~

The red dashed line indicates the present experimental lower bound on the mass Mg,
(b) the neutral scalar masses; (c) the neutral pseudoscalar masses; (d) the charged scalar masses,
as a function of the hypercharge soft scalar mass my; the isospin soft scalar mass is set to m; = 6v
to accommodate the small p-parameter and the N=2 values for the couplings Ay,; in eq. (2.10)
are adopted. The other parameters are fixed to tan8 = 5, my = mz, = 1TeV, My = 2v,
my = MP =v/2, mh = MP = p=v, Ay = A; =2v and My = M = 0 for Dirac gauginos.

scalars can be produced with high masses in v collisions. Without specifying the rel-
ative size of the masses of the new particles, a myriad of possible cascade decays would
be predicted, which can, nevertheless, be analyzed phenomenologically by applying quite
similar techniques. To present a transparent overview we, therefore, focus on represen-
tative chains in which sigma masses generally exceed the chargino/neutralino masses, as
motivated already earlier.

3.1 Charginos and neutralinos

Below, explicit formulae will be given for the N=1 MSSM and the N=2 Dirac limit,
while scenarios interpolating between the MSSM and the Dirac limit could be obtained
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by summing up the two individual chargino/Majorana neutralino contributions after the
proper diagonalization of the hyper-system.

In the hybrid theory, only the original N=1 chargino and neutralino fields couple
to the matter fields. The analysis is simplified considerably by restricting ourselves to
interactions with first and second generation (s)fermions. In this sector, which is most
relevant experimentally, only the gauge components of charginos and neutralinos couple to
the matter fields.

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 = Wf + Wy ) 5(31 = W+ Wg? (3-1)
56E)Z = WE + Wl/%i 9 XBQ - _W£+ — Wg,

_ - - g+ +
Xps = Hyp + Hyp, Xbs= Hl +Hjp, (3.3)

whereas the Dirac neutralino fields and their charge conjugates are

Xp1 = BL + Br, XB1 =—BL — Bg, (3.4)
Do =W+ Wh, Xy = WP —Wwp,
XD3 = Z(HdL HOR)7 X0 D3 = Z(H HdR) (3.6)

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

LSinio = gur Xidr, + g Xy urdj, — gdr Xy ar, — g Xy dr @}, (3.7)
Livac = 9L XbodL + 9 Xhour dj, — gdi Xpyr — g Xpy dr ], (3.8)
and
LNajo = —9Li fL X0 L — 95 X0 f1 f5+ gri fr XY Fr + 93 X0 fr TR (3.9)
LDirac = —9Li fL XDi fr. — 91 X% f1. F1 + gri FR X Fr + 95 X% fr fR (3.10)
where
) [g/YfL(Sﬂ + 911335,2] and ggr; = V2 g'YfR(Sil . (3.11)

Here u /7 correspond to up-type (s)quarks or (s)neutrinos, whereas d/d denote down-type
(s)quarks or charged (s)leptons. As mentioned above, 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 [14, 15]
can be defined which is conserved in all processes:

D[q;*) = DII}*] = D[7"? = DIx%] = DIXH] = D[Xpy) = — 1, (3.12)
Dlqy’] = DI’ = DIXD] = D[Xpy] = DIXhs] = +1. (3.13)

Antiparticles carry the corresponding opposite Dirac charges —D. The Dirac charges of all
SM particles vanish. The squarks G2, sleptons £%2, and sneutrinos 752 belong to the first
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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, in the Dirac limit, the production processes e; e; — €, €, and epep — €pép with
equal helicities are forbidden while the opposite-helicity process e; ep — €; €5 is allowed.

3.1.1 Squark cascade decays at LHC

Cascade decays, see e.g. ref. [38], are crucial for the analysis of the non-colored supersym-
metry 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:  ap —dx| —dylf, dit i —diTy X,
dr, —uxy —uply, ul™ i —ul” 3, (3.14)
Dirac: ﬂL—>d)ZJ151 —dlTy —dlt Vlf(%cl,
dr, — uXpy — ul; —ul” 7 X%, (3.15)
Neutralinos: MSSM: qr — qxX9 — qIEIF — q 1T, (3.16)
Dirac: qr — qX5s — gl — qlm 17 0. (3.17)

Due to CP invariance, the charge conjugated versions of these processes are obtained simply
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 figure 4.

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 sz with distinct
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 )N({E and )Zéc 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 width of
both charginos is relatively small.

The squark-neutralino cascades have been worked out in ref. [14, 15], and are repro-
duced in figure 5. 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.

3.1.2 Selectron pair-production in e~e¢~ and ete™ collisions

Conservation of the Dirac charge D in the first generation forbids the production of selec-
trons in equal-helicity e~ e collisions but allows the production in opposite-helicity colli-
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Figure 4. Quark-lepton invariant mass distributions for squark decay chains with intermediate
charginos, comparing the N=1 MSSM (solid lines) with the N=2 Dirac gaugino theory (dashed
lines) and the intermediate hybrid theory (dotted lines). Numerical inputs for the plots are mg =
565 GeV, Myt =Mex =M = =184 GeV, m; = my = 125.3 GeV, and my W =My = =97.7 GeV.
For the case of the hybrld model the second chargino mass is My = 199 GeV correspondmg to a
mixing angle cosfy = 0.6. Electroweak symmetry breaking effects on the chargino and neutralino

mixing matrices have been neglected.

sions in the Dirac theory, while all three helicity combinations are non-trivially realized in
Majorana theories:

eLer — ELEL . Chth = Erfn - (3.18)
erep — €€p. (3.19)

Three other independent processes are possible in e~e™ collisions:

—F _, zmat

e € — €€, (3.20)
—ot L amat e—et _ s=at

epep — €€, , epe; — Epép. (3.21)

Noting that (wL/R)C = (wC)R/L, the additional process eEeE — él_;,/é'LF 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 ¢-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.
Simulations of some processes have been presented in refs. [39-41].

(i) e~ e collisions.

Recalling the definitions introduced in ref. [14, 15], the e~ e~ scattering amplitudes
for selectron pair production in the general hybrid hyper-system on which we have

,23,



T T
> >
<5} o5}
o, O,
£ L
o o=
g g
~ =
~ ~
5 e
=l e
X X
S S
~ ~
— = — [y
Oiwv\\\\\\\\\\\\\\\\TT’\;; 07\\\\\\\\\\\\\\\\\.M}(
0 100 200 300 400 0 100 200 300 400
mg+ [GeV] mg- [GeV]
— = g% — alflE = alF IR - = a¥sy — aln [ — aln RSy - dg = axd, — dilly — a9,

Figure 5. ¢l invariant mass distributions for squark decay chains involving Majorana or Dirac
neutralinos. In the N=1 MSSM (solid lines) the squark and anti-squark decay chains lead to
identical distributions, in contrast to the N=2 Dirac gaugino theory (dashed and dotted lines).
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mixing matrices have been neglected.

based the detailed analyses, can be written as

Alefe; — €76 = —2e* [MpL(s,t) + Mpr(s,u)] , (3.22)

Aleper — Egépl = 262 [MEp(s,t) + Mig(s,u)], (3.23)

for same helicity-pairs and

Alejer — E1énl =  €A/2 sin0Drg(s, b)), (3.24)
Alepe; — é165] = —€*AV2 sin0Dpp(s,u), (3.25)

for opposite helicity-pairs, with the two-body final state kinematic factor A, =
A(l,m%a/s,mgb/s) [a,b = L, R] and

MlLz,y) =142 +y* -2z +y +ay). (3.26)

Here 0 is the scattering angle, and the dimensionless neutralino functions M, and

Dapy (a,b= L, R) [42, 43] are defined by

6 mco
Map(s,t/u) = fs Vo Vok Dt /u (3.27)
k=1
6
Dav(s,t/1) = > VarVix Ditju (3.28)
k=1
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They are determined by the normalized neutralino propagators Dy; = s/(t — m?{o),
k
and similarly for Dy, and the effective mixing coefficients

Vik = Unok/(2ew ) + Unar/(2sw) Vrr = Unak/cw - (3.29)

The neutralino mixing matrix elements Uy, introduced in (2.45), have a very simple
structure if effects from electroweak symmetry breaking are neglected, see eq. (2.49).

After calculating the polarization averaged squared matrix elements and including
the phase space factor the differential cross sections are

dop,  ma? 12 )

= t ‘
dcosf 4s ALL IMep(s,t) + Mrp(s,u) [ (3.30)
dO’RR 7'('042 1/2 9

- t 31
dcos  4s Arr | MER(8,t) + Mpr(s,u) |, (3.31)
do o .
dCOLSRg T 4 )‘i/}?z sin? 0 [|Drr(s, )] + [Drr(s,w)?] - (3.32)

Finally, the unpolarized total cross sections can be obtained by performing the re-
maining integration over the scattering angle 6. Note that orr and orp are not
physically distinguishable in the e~ e~ case, unlike for ete™ annihilation. The cross
sections reduce, on the one side, to the familiar MSSM form, see ref. [39, 40], while
in the Dirac theory, on the other side, they simplify considerably to
oleTe” —é e ] =olee” —épey =0, (3.33)
o ey = " (14 om? 2 2 Ty — 28 3.34
oleme” —épep] = 2k s (1+ mXODl/S_méL/S_méR/S) p1 =207, (3.34)

with ' = AlL/é and the logarithmic function defined by
1+ 8 + (2m§2? — m%L —m?2)/s

€R

L! =log .
i 1—g/+(2m§2? —mZ —mZ )/s

(3.35)
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 figure 6, which demonstrates how the first process is switched off when the Dirac
limit is approached.

+

eTe” collisions.

The analysis of the e~e™ processes follows the same path. By introducing a nor-
malized s-channel Z boson propagator Dy = s/(s — m% + imzI['z) and four bi-
linear charges

2 2 2
sy —1/2 _ (siy —1/2)
ZH =1+ Wc2 Dy, Z;, =1+ VZQ 2 Dz, (3.36)
w wWew
2 2
o Sw ~ L sw— 12
Zgp =1+ 5 Dz, Zpp=1+"" 5 "Dz, (3.37)
w w

,25,



500
ole et — &)
400+ ]
— 300} ]
= |
5 200f ]
1000 ]
i T olemet — é,67)
By Ty 0:\“‘\“‘\“‘\\\“TTT—‘““ﬁ*
-10 -08 -06 -04 -02 0.0 -10 -08 -06 -04 -02 00
Y Yy

Figure 6. 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 SPSla’ param-
eters [44]. Not shown are the cross sections for e"e®™ — égéﬁ, which, apart from the different
normalization, shows a similar behavior as the cross section for e”e™ — € éf

we obtain six non-vanishing helicity amplitudes

Alesef, — éréf] = eQAlL/LQ sinf [Drr(s,t)+ Z;,] , (3.38)
Aleqef —éréf] = eZAlL/LZ sin0Z;, , (3.39)
Alepef, — épéh] = —e*A /R sinfZppy (3.40)
Aleqef — épéhl = —62)\}%/; sing [Drr(s,t) + Z5g] (3.41)
Alefef — épéfl = 262Mpp(s,t), (3.42)
Alepel — épéf] = —2e* My (s,t). (3.43)

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

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 €, €, vanishes, thus allowing production in e”e™ collisions, but
the pair éZéE 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 figure 6, for the two representative total cross sections of e"e™ — éZéE and

—et =+
€ e —)6L€L
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3.1.3 Chargino and neutralino production in ete™ collisions

Direct production of chargino and neutralino pairs in e™e™ annihilation are ideal laborato-
ries to study the properties of these particles, see e.g. ref. [45, 46]. As will be shown here,
the characteristic differences between the Dirac theory and the MSSM also become evident
in these processes.

The chargino reactions proceed in general through s-channel v, 7 and ¢-channel 7,
exchanges. Focusing on the gaugino sector, doubled in the general hybrid theory compared
to the MSSM, the production cross sections for diagonal and non-diagonal charged gaugino
pairs are given by

do [e S X+X ] 2)\1/2 [32 — 4812,Vm2zs + 83%{/7”%”2 —\11 sin2 9]
dcos 0 1 X1 165, 5 (s — m2)?
1/2
g 5 2symElll = A+ (1 - A12 cos 0)?)
(s — mQZ)(Ull — )\}{2 cos 0)
(1-— )\1/2 cos 9)2
+ 253 T (3.44)
(7711 - )\11 COS 9)

do 4 4+ ~—
dcosﬂ[e ¢ o XeXel= (s —m%)?

o [s = 252,m2][1 — Ags + (1 — A3}% cos 0)?]

77042)\;42 [s2 — 4812,Vm2zs + 8sévm‘é] [2 — Ago sin? 6]
163%[,3

+2 02
(s —m%)(n2 — )\142 cos )
1— A2 cosd
pagg 172 cosO (3.45)
(122 — )‘22 cos 0)?
do 2)\1/2 (1 — A2 cos6)? — (m izi —méi)Q/sz
[efe” = XX = 2 353 12 ! 2 , (3.46)
dcos 6 4sy, s (ma — Ay~ cos 0)?
and the production cross section of a charged higgsino pair by
2 1/2 4 4.2 2 2 2(9 )
do [ere — 7H77] = TatAgs” (8syy 45W:— 14)(5W 1/2)% s%(2 )\332sm 6?)7 (3.47)
dcosf 16s Cv Sy (s —m%)?

with n;; = 1+ (2m2 — m;i - m;i)/s, where we ignore the Z boson width and introduce
i J

the usual Kallen functions \;; = A/2(1, m;i /s, m?(i/s). As before electroweak symmetry

breaking effects in the chargino mixing matrix havé been neglected. The mixing angles co
and sy, derived from eq. (2.40) by neglecting v; and explicitly given by

erfsy = \J[L% (Mg — M) /53] /2 with 6y = /(Mp — M) +4(MP)2 . (3.48)
under the assumption M} + My < 0 and M2(D) > 0, only modify the t-channel sneutrino

amplitude, so that they can be determined from the angular distribution of )fo(f produc-
tion in a straightforward manner. The MSSM limit corresponds to (3.44) with ¢ = 0 and
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s9 = 1. In the Dirac limit, using the basis (3.1), (3.2) for the two degenerate gauginos,

one finds
do et — 75 7] = 7ra2)\142 [s? — 4s¥,m%s + 8sfym%][2 — Ay sin? 6]
dcosf piADl 1653 s (s —m%)?
49 [s — 2sZ,m2][2 — 2)\}{2 cos ) — Apy sin? 0]
(s = m%)(m1 — My’ cos 0)
1/2
49 (1- )\1{ cos 0)? (3.49)
(m1 — )\}{2 cos 6)? 7 .
do et — 7h ] = 7ra2)\;é2 [s? — 4s?,m%s + 8sfym%][2 — Ao sin? 0] (3.50)
dcosf XD2Xp2) = 1653 s (s —m%)? o
do _ ot -
dCOSH[e+e - Xli)lx?:n] =0, (3.51)

while the higgsino production is identical to the MSSM case. It is noteworthy that unlike
the MSSM, three distinct pairs of charginos can be produced in the Dirac limit, but the
cross sections for Y7 ¥y ()N(;)Zg ) production, in the MSSM limit, are identical to those for
)2}51)251 ()233)253) production in the Dirac limit. The latter characteristic is in obvious
contrast to neutralino and gluino production, which are Majorana particles in one limit
and Dirac particles in the other.

As a characteristic example in the neutralino sector we will focus on the production of
wino pairs, ete™ — )22)2&0) in the MSSM and Dirac limits for the comparison of Majorana
and Dirac theories. Neglecting neutralino mixing from electroweak symmetry breaking,
the production mechanisms proceed via exchange of selectrons in the t-channel for Dirac
neutralinos, and both the ¢, u-channels for Majorana neutralinos. The differential cross
sections as a function of the production angle 6 read

MSSM: do [e+e_—>)~(g)~(g]: Ta? )\3/277§L+(77%L—4772L+2—)\22)C0829—|—>\22COS49

dcos @ 32sf,s %2 (n3; — Ao cos? 6)? ’
(3.52)
2 1/2 2
. o — 0c ~ ma® 172 (1 — A% cosf)
Dirac: [ete™ — ¥%,x%,] = . (3.53)
dcos 6 32sh,s % (a1, — ML? cos 0)?

As before, \go denotes the usual 2-body phase space function and 7y, = 1+2(m§L —még) /s.

Two characteristics distinguish the Dirac from the Majorana cross section, see figure 7.
Dirac particles are generated in S-waves near threshold, identical Majorana particles in P-
waves, giving rise to threshold onsets proportional to the y velocity and its third power,
respectively. In contrast to identical Majorana particle production, Dirac particle pro-
duction is not forward-backward symmetric in the production angle #. The integrated
2, = 200GeV, me, = 400 GeV
and /s = 500 GeV. In practice, the measurable asymmetry is somewhat reduced by ex-

asymmetry is substantial, for example Apg ~ —0.30 for m

perimental acceptances and cuts, and the fact that the neutralino cannot be reconstructed
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Figure 7. Left: the total cross sections for pair production of wino-like neutralinos near threshold
in the MSSM and the Dirac theory. Right: dependence of the cross sections on the production

angle 0 for /s = E¢y, = 500 GeV. The sparticle masses in both plots are mgo =m = 200 GeV

X XD
and mg, = 400GeV.
fully from its decay products, but it is nevertheless an important tool to discriminate the
Dirac theory from the MSSM. It should be noted finally that the cross section for Dirac pair
production is equal to the sum of the cross sections for the corresponding {kl} diagonal and
off-diagonal Majorana pairs as shown explicitly by meticulous accounting of interference
effects for gluino production in ref. [14, 15].

3.2 Scalar particles

At the Born level the iso-triplet and hyper-singlet sigma fields, a} and 09/, couple to
sfermions, charginos/neutralinos and Higgs bosons. The relevant couplings can be derived
from the Lagrangian terms and the scalar potential listed in subsection 2.1. The set of
new Born and effective loop couplings relevant for the phenomenological analyses of the
dominant ¢ production and decays is displayed in figure 8. Only the generic form of the

couplings are noted explicitly at the vertices.

3.2.1 Sigma decays

FExpressed by the effective couplings, gp and g, in the Lagrangians £ = gps B*B and
L = gr¢ Flivs|F, ¢ = s,a, the partial decay widths can be derived generically for bosons
B and fermions F' as

2
_ 95
I'ls — BB] = 3.54
s— BB = 7 5, (3.54)
2
s — FF) = 97" 3 (3.55)
8w
2
o — FF| = gl‘ém“ﬁ, (3.56)
Y5
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Figure 8. Diagrams relevant for (a) electroweak o decays and (b) electroweak o production. The
~~ couplings to o include also loops of charginos, W and charged Higgs bosons. [Values of the
couplings denoted at the vertices, are generic.]

with § denoting the velocity of the final state particles. The two standard coefficients 3
and 2 correspond to S- and P-wave decays.

In the following analyses we will focus on the gross features of production channels
and decay modes of the novel scalar states so that small block mixing can be neglected.
The mass eigenstates are therefore approximately identified with the unmixed states sy,
ay,; and 5%2, and the MSSM states h, H, A, H* correspondingly.

For unspecified masses and couplings the following decays are the leading modes of the

particles sy and ay:

sy — hh, hH, HH, AA, HYH™: ff x'x, x°x°@, (3.57)
ay — Py, X009, (3.58)

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 tf pairs and photons are predicted. It should
also be noted that the mass eigenstate proper, Ao, may decay through channels opened by
the mixing with the pseudoscalar A Higgs boson. As the couplings are of size O(g’M{? )
and/or O(Ay u, 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 figure 9. The relevant couplings gp and gg for the scalar sy to Higgs

bosons are:

gBlsyhh] = —V2X\y i, + ¢ MP cop + (My + Ay)Aysa5/V2,
gplsyhH] = =g MP 595 + (My + Ay)Aycop/V2,
]
]

gplsy HH] = gp[sy AAl = —V2\y i, — ¢ MP eap — (My + Ay)Aysas/ V2,
gBlsyHTH ] = —V2Avpie + ¢ MP cog — (My + Ay) Ay sa5/V'2, (3.59)
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Figure 9. Dependence of the branching ratios for sy decays on the mass M, . The values of the
relevant SUSY parameters are taken to be tan3="5, u = 400 GeV, m} = M =v/2, m}, = MP = v,
Ay = Ar = 2v, together with m; = v, me,, = 0.95m; , mg, = 2v, mg, = 0.95mg,, m;, = 0.8mg,,
my, = Xy =09mg,, mg =ma = mlj_EI = 2v, mp, = 114 GeV. For the charginos and neutralinos the

Dirac limit with M 1(/% = 0 is assumed. Only the leading 2-body decays are shown.

those to supersymmetric particles are:

gBlsy fLfi] = =29/ MYy,
9Blsy frIE) = 20/ MP Yy,
grlsyHy Hyl = grlsyXhsXps) = —Av/V2,
grlsy HYHJ = —grlsy XhsXtsl = Av/V2, (3.60)

and the relevant couplings for the pseudoscalar ay are:

grlayHYHy] = grlayXpsXpsl = v /V2,
grlay H) H)] = —grlay XDsXls] = —Av/V2. (3.61)

The Dirac chargino and neutralino, )2%)3 and )ZOD?’, are defined in terms of higgsinos in
egs. (3.3) and (3.6), respectively. For the specific set of parameters the hyper-singlet scalar
sy decays dominantly to Higgs bosons and sleptons. The decays to gaugino-like neutralinos
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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The iso-triplet scalar states, s;,a; and 5%2, have been assumed very heavy. Several
features of the iso-triplet scalar interactions determine their potential decay modes. In
parallel to the hypercharge states, they do not couple to quarks and leptons, but they
couple to gauginos, higgsinos 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; — hh, hH, HH, AA, H H™; ff* v™x, °x"9, (3.62)
ar — X% 1R, (3.63)
sty — HEh, HEH, H*A; [ 3%/ %%, (3.64)

with partial widths of the electroweak scale. In addition, the small couplings to elec-
troweak gauge bosons, developed by the small iso-triplet vev vy, lead to the two-boson
decay s; — WTW ™, albeit at reduced rate. Furthermore, the iso-triplet scalar states may
decay to gluons, photons, electroweak bosons, quarks and leptons through sfermion and

chargino/neutralino loops.

3.2.2 Stop and stau decays to sigma particles

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 heavy sfermion decays as a possible source for neutral
sigma particles:
fo = fitsy. (3.65)
While the s; channel is likely too heavy to be open, the pseudoscalars ay,; do not couple.
Since the mass splitting between the two stops is typically large, let us examine the
process ty — t1 + sy first. The partial width for this decay mode is given by
g?
R f 1/2 2 2 2 2
t2 = 161 m£2>‘ (15m{1/m£27M3y/m£2)7 (3.66)
with X denoting the usual phase space function defined in (3.26) and the coupling
5
gt 6\/2

Even for large values of the stop mixing angle 0;, I'; is typically less than 1 GeV for sparticle

g M sin 26; . (3.67)

masses of a few 100 GeV, compared to a typical 5 total width of a few tens of GeV. Thus the
branching ratio for 5 — ¢; +sy can amount to a few per-cent at most, so that experimental
discovery of this decay channel will be very challenging.

In the stau system, the decay mode 75 — 71+ sy only becomes viable for large values of
the mass splitting msz, —m# and of tan 3. In such a scenario, however, one typically obtains
sizable branching ratios of order 10%. This can be explained by the larger hypercharges
of the staus compared to the stops, leading to a similar expression for the partial width as
above but with g; replaced by

3

- = 'MPE sin 20- . 3.68
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While heavy staus will be swamped by background at hadron colliders, the process 7o —
71+ sy could be a possible discovery mode for the sy scalar at high-energy lepton colliders.

3.2.3 Production of sigma particles at LHC

The neutral hyper-singlet and iso-triplet scalar particles sy and sy can, in principle, be
generated singly in gluon fusion processes at the LHC, analogous to Higgs bosons:

pp — 99 — SyrI- (3.69)

Since the pseudoscalar states ay,; do not couple to gluons through squark loops, their single
formation channel is shut. The adjoint sy,; 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 for sy production, with the Breit-Wigner function in
units of 1/M?2, factored off,

7.(.2

r 3.70
SM,, (sy — g9), (3.70)

6[99 - SY] =

can be expressed in terms of the partial width for sy — gg,

ayag

‘2
872

(3.71)

D2
Llsy — gg] = (Aﬂ? ) ‘Z[YLTLJC(TL) — YrTrf(TR)]

with ay = ¢’?/4m. The standard triangular function f(7) is defined by

. 2, 1 I+V1-71 17
f(T):[SID 1(1/\/7')] if 7> 1, and v [ln<1—\/1—7> —ZW] ifo<r<1, (3.72)

with 77, p = 4M, dQL,R /MSQY and Y7, r being the hypercharges of the L and R-squarks. It
should be noted that the hypercharges add up to zero for complete generations, but not in-
dividually for up- and down-type states for which the L /R hypercharge 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 hypercharges. The pp cross section is

finally found by convoluting the parton cross section with the gg luminosity [47],

72 T'(sy — gg) /1 dx

8s M, M2, /s T

olpp — sy] = gz M2)) g7 /2 MZ,), (3.73)
in the usual notation. The cross section for sy production is shown in figure 10 as a
function of the sy mass.

An analogous expression holds for s; production in pp collisions. However, since the
mass of s; needs to be very large due to the p-parameter constraint, the actual size of the
fusion cross section will be significantly below 1 fb.

Other production channels are offered by Higgs-strahlung and electroweak boson fu-
sion. Pairs of electroweak gauge bosons couple to the lightest Higgs boson h and the
iso-vector sy. All these couplings involve either the electroweak vev v or the iso-scalar vev
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Figure 10. Cross sections for single sy production through gg fusion in pp collisions at LHC
(v/s = 14 TeV). The MSSM benchmark point SPS1a’, ref. [44], is adopted for the numerical analysis.

vr. Rotating the mass eigenstates s; to the current eigenstates h etc, the cross sections
for Higgs-strahlung and vector-boson fusion can easily be expressed by the corresponding
cross section for the production of the SM Higgs boson with equivalent mass:

2
O’[pp —- W — WS,‘] = <0511‘ —+ 412)[0541') O’[pp — W — WHSM] , (3.74)
olpp — Z — Zs;) = (Os13)* olpp — Z — ZHsy], (3.75)

with Og denoting the 4 x 4 rotation matrix diagonalizing the scalar mass matrix squared
M?% in eq. (2.70) as OgM%OS = diag(Mgl,...,Mi). Cross sections for vector boson
fusion are related in the same way.

Numerical analyses taking into account the experimental constraint on the p parameter
and the mass bound on the lightest neutral scalar lead to mixing coefficients of 1072 and
less so that these channels are presumably of little value in practice.

3.2.4 Charged adjoint scalar pair-production in e"e~ and v+ collisions
(i) eTe™ collisions.

Resonance production of sigma particles in ete™ collisions is strongly suppressed as
the production amplitude scales with the electron mass. Since the quantum numbers
Q, I3, Y of the neutral sigma states O'%Y all vanish, these particles cannot be pair-
produced in ete~ collisions. However, production channels open up for diagonal
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Figure 11. The cross sections for charged sz pair production in ete™ collisions at TeV energies.
The charged scalar masses are assumed to be Mgli = 0.5 TeV and Mgzi = 1.0 TeV. For comparison,
the cross section for charged Higgs pair production is shown with its mass My« = 0.5 TeV.

charged scalar pairs sz defined in eq. (2.80),
ete” — sts, [n=1,2], (3.76)

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

2
siy —1/2 s s
gL*[s,jf]zl— WSZ .2 ~ 2, gR*[s,jf]zl—S_mQ ~ 0, (3.77)
w Z A
2 2 2
sy —1/2 s 4 sy —1/2 s 2
gt =14 B T YA s =1 L~ 2
v Siv 5 —m7 3 iy s —m7 3

with n=1, 2 for L and R-chiral electron pairs coupled to the sfz pairs and equivalently
to the H* pair, the cross section reads:

7TOZ2 g%* +g%* ﬁB
3s 2 ’

g =

(3.78)

where s is the total c.m. energy squared and S the velocity of the particles sz and
H*; slz/V = sin? @y denotes the electroweak mixing parameter. The size of the three

production cross sections, identical in form, is illustrated in figure 11 for two different
mass values Msli g+ = 0.5TeV and M32¢ =1.0TeV.

vy collisions.

Excellent instruments for searching for heavy scalar/pseudoscalar particles and study-
ing their properties are vy colliders, see ref. [48]. About 80% of the incoming electron
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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 neutral scalars/pseudoscalars, their couplings to the
two photons is mediated by charged W-bosons, charginos, and charged scalars and
Higgs bosons. As before, the formation cross sections for the states ¢ = sy, sy and
ay,ar can be expressed by the vy widths of the particles and the v+ luminosity:

g2 L'(¢ — ) - dLyy

(o(vy —¢)) = Mg
L
= ooy =) T, (3.79)
6

with 74 = M(g /s. For qualitative estimates the luminosity function 74dL.~/drs can
be approximated by unity after splitting off the overall ete™ luminosity [49].

The partial vy widths are parameterized by couplings and loop functions,

Z Ncie?gf/aAf/a
i

2

2
(e
F(S/a — ) = 6473 Ms/a (380)

/a

The factor N,, denotes the color factor of the loop line, while the couplings gf are

expressed by
G = A VE g =Y MPIM,,,
gite = (V2hvie = g MPegs + Ay (My + Ay)s25/V2) My (3.8)
Gipe = 29701 /M, gz = Ar/V2, s, =F9: 9 = gl M{ /M,
Iys = — (\/2)\1/1'0 — gMPeas + A (M; — Af)szz) /M, , (3.82)
for the hyper-singlet scalar sy and the iso-triplet scalar sy, and
g%% =-\v/V2,
I = A/V2, g;&;ﬁ = g, (3.83)
for the hyper-singlet pseudoscalar ay. The loop functions Af/ . identical in form

for the particles of a given spin, include the standard triangular function f(7) in
eq. (3.72) as

S=1 - T(r), A= —2Vr[1H(1 = 1) ()], Ai=2/7+3+3(2 - 7)f(r), (3.84)
for the scalar s, and
i = —2VTf(1), (3.85)

for the pseudoscalar a, where the subscripts 0,1/2 and 1 stand for spin-0, spin-1/2
and spin-1 intermediate particles.
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Figure 12. The reduced production cross sections oo(yy — ¢) for ¢ = sy,; and ay,;. The SPSla’
parameter set [44] for the (s)particle masses, couplings and mixing parameters are adopted for the
numerical analysis.

Adopting the SPS1a’ parameters in the SUSY sector [44], the reduced 7 cross section
oo(yy — ¢) for ¢ = sy, ; and ay s, defined in eq. (3.79), amounts to order 1 fb as shown
in figure 12 so that for an overall luminosity of several hundred fb—! a sizable sample
of neutral scalars sy,; and pseudoscalars ay,; can be generated in 7y collisions.

4 Summary

In minimal supersymmetric extensions of the Standard Model the fermionic partners of
color and electroweak gauge bosons are self-conjugate Majorana fields. Their properties
are characteristically distinct from Dirac fields. To investigate this point quantitatively, we
have adopted an N=1/N=2 hybrid supersymmetry model in which the gauge and Higgs
sectors are extended to N=2 while the matter sector remains restricted to N=1. This
extension is wide enough to allow the joining of Majorana to Dirac fields while keeping
the matter sector chiral. By properly varying gaugino mass matrices, the original MSSM
Majorana theory can be transformed smoothly to the Dirac theory.

The transition from N=1 to N=2 expands the gauge sector by a matter supermultiplet
composed of a new gaugino and adjoint scalar multiplet.

(i) The doubling of the gauginos in N=2 gives rise to new particles along the path from
the MSSM to the Dirac theory:
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— 8 Majorana gluinos — 16 Majorana gluinos — 8 Dirac gluinos

— 2 charginos — 3 charginos

— 4 Majorana neutralinos — 6 Majorana neutralinos — 3 Dirac neutralinos

(ii) The adjoint scalars expand also the number of states originally present in the MSSM

scalar sector; the new SU(2);xU(1)y scalars mix with the Higgs fields in the elec-
troweak sector:

— 8 octet complex scalar gluons, generally termed sgluons

— 1 pseudoscalar state — 3 pseudoscalar states

— 2 scalar states — 4 scalar states

1 charged scalar [+] pair — 3 charged scalar [+] pairs

The scale of the new degrees of freedom is strongly restricted by the experimentally
allowed deviation of the p parameter from unity. Since the new electroweak SU(2); and
U(1)y scalars acquire vacuum expectation values, the SU(2); iso-triplet vev must be small,
and the iso-triplet scalar mass parameter is driven into the TeV region. The U(1)y hyper-
singlet vev, on the other hand, is not restricted by the p parameter and the hyper-singlet
scalar mass may still be characterized by a fraction of TeV.

The new degrees of freedom are coupled to the original MSSM fields rather weakly at
the order gv/ M. This allows us to solve the complicated chargino, neutralino and scalar
systems analytically in a systematic expansion, i.e. mass eigenvalues and mixings. This
leads in a straightforward way to the prediction of production channels and decay modes.

The Majorana or Dirac character of gluinos and neutralinos can nicely be discriminated
in sfermion-sfermion production. While allowed by Majorana exchanges, equal L- or R-
sfermion pair production is forbidden in Dirac theories, i.e. ¢r¢; and €, €, production
in pp and e~ e~ collisions. In addition, cascade decays involving Majorana neutralinos
give rise to charge-symmetric lepton final states, while Dirac neutralinos predict charge
sequences as governed by the conservation of Dirac charges. Total cross sections and
angular distributions in pair production of charginos and neutralinos in eTe™ collisions
depend on the Majorana or Dirac nature of the underlying gaugino theory.

A variety of production channels are predicted for the scalar states, depending on the
nature of the particles:

— Scalar and pseudoscalar sgluons can be produced in pairs in pp collisions, and scalars

singly via gluon-gluon fusion.

— The U(1)y scalar state can be generated in pp collisions via gluon fusion or in stop
or stau decays, but not the corresponding pseudoscalar partner.

— v collisions offer production channels for all neutral scalar and pseudoscalar, iso-

scalar and iso-vector states.

— The charged iso-vector states can be generated pairwise in eTe™ collisions.
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Thus in contrast to the color sector it is quite difficult to cover experimentally the
electroweak hyper-singlet and iso-triplet states, the main reason being the expected heavy
masses of the new scalar and pseudoscalar particles. Nevertheless, given the joint potential
of hadron and lepton colliders, all the new scalar and pseudoscalar particles introduced
by the N=1/N=2 supersymmetric hybrid theory can in principle be accessed. Only the
basics of the processes have been investigated in this report, while detailed analyses of final
states under realistic detector conditions are far beyond the scope of this study.

On the other hand, the suppression of reaction channels and cascade decays in gaug-
ino Dirac theories as opposed to Majorana theories for color and electroweak gauginos
should provide unique signatures for the Majorana or Dirac nature of gluinos and elec-

troweak gauginos.
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A Analytic analysis of the singular value decomposition of a 2 X 2 matrix

For any n x n complex matrix, there exist two unitary matrices Uy, and Ug such that
UEMUR = Mp = diag(mq, ma,...,my,), (A.1)

where the diagonal elements m; are real and non-negative. This procedure is the singular
value decomposition (SVD) of the matrix M. If the matrix M is symmetric, there exists
a single unitary matrix U such that UT MU = Mp with Uy, = Ug = U, called the Takagi
diagonalization of the symmetric matrix M.

The singular value decomposition of a 2 x 2 real matrix can be performed analytically.
The result is more involved than the standard diagonalization of a 2 x 2 symmetric matrix
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by a single orthogonal matrix. The 2 x 2 matrix be defined as:

Mo (Z Z) | (A.2)

where at least ¢ or ¢ be non-zero. Generally we can parameterize two 2 X 2 unitary matrices

Ur and Ug in eq. (A.1) by
UL:OLP:< cos 07, eLsmHL> (a 0) ’ (A.3)

—e, sinfy, cosOy, 0p

UR:ORP:< cosOr eRsmHR> <a 0) ’ (A4)

—€psinfg cosOp 0p

where 0 < 0 p < 7/2, e, g = £1 and «, § = 1,i. The two phase matrices, which map
the singular values onto non-negative values, can be identified without loss of generality,
as only their product is fixed.

If two singular values my 2 of the matrix M are non-degenerate, they can be determined
by taking the positive square root of the non-negative eigenvalues miQ of the orthogonal

matrix M7 M:
1
mip =, |op Fo | with ox= V(e£b)2 + (cFé)2. (A.5)

Two eigenvalues become identical only if a = +b and ¢ = F¢. The smaller eigenvalue, my,
vanishes if the invariant determinant vanishes, detM = ab — cé¢ = 0.

Explicitly performing the diagonalization of M” M by Ur and MMT by Uy, the
rotation angles and signs can be computed:

A2 2432 T2 22T 242
COSHLR:\/O'J,_O' + actctFc ’ sinHLR:\/U+U +a*FcoLc . (A6)
’ 2040_ ’ 2040_
€, = sign(ac + be) , €, = sign(ac + be) . (A7)
In the final step of the computation the phase parameters o and 3 can be determined by
inserting eqgs. (A.6) and (A.7) into eq. (A.1):
o = \/sign[a(opo_ + b2 — a?) — a(c? + &) — 2beé] (A.8)
B = \/sign [b(oro_ + b2 — a2) 4+ b(c2 + &) + 2acé] , (A.9)
up to an arbitrary overall sign of both parameters. If the smaller singular value m;
vanishes for det(M) = 0, the parameter « is undefined while all the other angles are
uniquely determined.

In the case a = b = 0 and ¢ = ¢, two singular values are degenerate with mj 2 = ||,
and the unitary matrices Uy, and Ug reduce to a single unitary matrix U:

1/vV2 —1/V/2 10 1/vV2 —i/V/2
U= : = , (A.10)
(s wen) (02) = G )

corresponding to a 7/4 rotation matrix and a phase matrix, which turns the second eigen-
value positive.
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B The small-mixing approximation in the singular value decomposition

In this second appendix, we provide details of the singular value decomposition of the mass
matrix? in the small mixing approximation, in which the coupling by two off-diagonal
matrix blocks is weak and can be treated perturbatively. For mathematical clarity, we
present the solution for a general (N + M) x (N + M) matrix in which the N x N and
M x M submatrices are coupled weakly so that their mixing is small:

My Xnm
My =1 - .

(B.1)
X]j\}M Mu

To obtain the corresponding physical masses, we must perform a singular value decompo-

sition of My s

L%-}—M MN+M RN+M = diag(m1/ ,Mmary ..y 7’)’LA/\/'/+JM/)7 my > 0, (BQ)

where Ly and Ry are unitary.® The non-negative diagonal elements my are called
the singular values of My, s, which are defined as the non-negative square roots of the
eigenvalues of /\/l;rv s MnN+m or, equivalently, My M N

Ineq. (B.1), My and Mjs are N x N and M x M symmetric submatrices with singular
values assumed to be generally larger than the matrix elements of the N x M rectangular
matrices, Xy and X ~Na- In this case, one can treat the off-diagonal parts Xyps and
Xy as a perturbation as long as there are no accidental near-degeneracies between the
singular values of My and My, respectively.

(1) In the first step, we separately perform a singular value decomposition of My
and M M-
D .
MN = L%MNRN = dlag(ml/, e ’I’I’LN/) s (B3)
D .
My = LY, My Ry = diag(mpr s, ..., mnrgar) (B.4)
where the diagonal elements mjs are real and non-negative. The ordering of the
diagonal elements may conveniently be chosen according to footnote 5.

Step (1) results in a partial singular value decomposition of My as:

Muro— (I8 O\ My Xyar ) (Ry 0 ) _ My LLXnuRu
NEM= Ao 1T )\ X5, My )\ OT Ry LTXT Ry My

_ (i\/lN YNM) ’ (B.5)

D
Y Mo

4The formalism applies also to general complex matrices [50].

5In eq. (B.2), we use primed subscripts to indicate that the corresponding states are continuously con-
nected to the states of the unperturbed block matrix, diag(/\/lﬁ , /\/lff)7 where the diagonal matrices Mﬁ
and My are defined in egs. (B.3) and (B.4).

SWhen N and M are used in subscripts of matrices, they refer to the dimension of the corresponding
square matrices. For rectangular matrices, two subscripts will be used.
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where O is an N x M matrix of zeros. The upper left and lower right blocks of
My are diagonal with real non-negative entries, but the upper right and lower
left off-diagonal blocks are non-zero.

The ensuing (N + M) x (N + M) matrix, My, can be subsequently block-
diagonalized by performing an (N + M) x (N + M) singular value decomposition of
My in an approximate expansion. Since the elements of the off-diagonal blocks
in Mpy4a are small compared to the diagonal elements my/, we may treat Yyas
and ?NM as a perturbation. More precisely, Yy and ?NM can be treated as a
perturbation if

(Yvnr)vj
mgr — mj/

<1 and

‘ Yoy <1 (B.6)

mygr — My

for all choices of #/ =1',...,N" and j/ = N’ + 1 ..., N’ + M’. These conditions, as
can generally be anticipated, will naturally emerge from the formalism below.

The perturbative block-diagonalization is accomplished by introducing two (N + M) x
(N + M) unitary matrices:

Lxin =~ (MXN j %QLQTL e ) , (B.7)
—QL ]lMxM_%QEQL

RN+Mm = <]INXN - %QRQJ]{% 7 ) , (B.8)
-l Tarxnr — 5QLQR

where Q7 and Qr are N x M comglex matrices that vanish when Xy and X NM

vanish and hence, like Xy and Xy, are perturbatively small. Straightforward
matrix multiplication then yields:

[,%JrM i\/tﬁ YNg Rnom ~ | ~ éVISVD 5 Ynm — QEM@ + MﬁQR
Yy M Y — My Qh +QF My MP
(B.9)
where

~ 1 1

MR = My+ QM= Q1 Vi — Yo — Q50T My — My Q0 (B.10)
~ 1 1

MP = ME QT MR+ QT Yias + YT, Q5 — QQ’szMﬁ— QMAZQEQR, (B.11)

The block-diagonalization is achieved by demanding that

Y = Q5 My — MyQg, (B.12)
Yaur = QMo — My . (B.13)
Inserting these relations in egs. (B.10) and (B.11) and eliminating Y and ?NM,
we obtain:
p 1 D 1 ., D « 4 4D
M = My + , MyQrQE + Q50T My — Q3 My Q) (B.14)
1 1
MiP = My +  MuQEQr + Q0 My — QEMNQR. (B.15)
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The results above simplify somewhat when we recall that Mﬁ and Mf/l are diagonal
matrices [see eq. (B.3) and (B.4)]. Combining the matrix elements of eqgs. (B.12)
and (B.13) yields two equations for the elements of Qf, and Qp:

1 e *
QLi’j’ = m2 _ m2 |:mi’YNMi’j’ + YNMi/j/mj/} s (B16)
]/ i/
1 ~
Qpirjr = m2 — m2 [mi’YNMz"j’ + Yj\kai’j’mj’] ; (B.17)
7 4

with¢' =1',...,N and j' = N'+1’ ..., N'+M’. Since the elements Qp; ;s and Qpy
are the small parameters of the perturbation expansion, the perturbativity conditions
previously given in eq. (B.6) arise naturally.

At this stage, the result of the perturbative block diagonalization is:

D 1D
E%JrM (%]]\\; i@g) Rnim = (%N /\2&7) , (B.18)
up to third order in  in the off-diagonal blocks. The O(€2?) terms can be neglected
consistently. Also the re-diagonalization of the two diagonal blocks can be omitted.
Though the off-diagonal elements of MP and M’F are of O(0?), they only effect,
in the singular value decomposition, the corresponding diagonal elements at O(Q*),
which we neglect in this analysis. However, the diagonal elements of MQ\P and M}?
also contain terms of O(2?), which generate second-order shifts of the diagonal ele-
ments relative to the mys obtained at step (1). These corrections are easily obtained
from the diagonal matrix elements of eqs. (B.14) and (B.15) after making use of
eq. (B.16):

m2 —m?2, m2 —m?2

N/+M/ 2 ~ 2 ~
1 i’ Y Y Y St il '/Y -/ '/Y Y
mz‘/zm@'/‘i‘ Z {ml (‘ NDMi'j ’ +’ NMi'j ‘ )+2m] NMi'j" Y NMi'j },(BlQ)
I3 7 ? J

JI=N'+1'

N’ ~ ~
1 5/ Y Al 2 Y 1Al 2 ‘/Y ! ’/Y 14l
My~ my — Z {m] (’ NMdi'j ’ +‘ NMi'j ‘ ) +2mz NMi'j"t NMi'j } : (BQO)

2 m2 —m?2, m2 —m?,

=1/ i J i J

with 7/ =1',.., N and 7 = N’ +1',.., N' + M’. The shifted mass parameters corre-
spond to the physical mass values if the original mass matrix is real.

However, for complex mass matrices the shifted mass parameters would in general
be complex. These phases can be removed by substituting £ — LP and R — RP
with properly chosen phases

P = diag(e ', ..., e iON4u) (B.21)

Starting from eqs. (B.19) and (B.20), one can evaluate P to second order in the
perturbation Qp, . In particular, for €; 2 < a, we have a + € +iex >~ (a + 61)6i52/a.
From this result, we easily derive the second-order expressions for the physical masses
by just substituting

YY — Re(YY), (B.22)
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while the phases are given by the imaginary part of Y'Y,

N'+M'
mj/ ~
Qr =~ E 9 2 Sm (YNMi’j’YNMi’j’> s (B23)
2 ml-/(m./ —m-/)
j'=N'4+1/ ¢ J
1 &
myr it
aj = —, E o 5\ Sm <YNszj/YNMz"j/> ) (B.24)
iz (i = mg)

with# =1/,.,N" and j/ = N' + 1/, .., N’ + M.

This completes the perturbative singular value decomposition of the mass matrix for N-
dimensional and M-dimensional subsystems of fermions weakly coupled by an off-diagonal
perturbation. Thus the physical masses and the elements of the mixing matrices can be
derived from the parameters of the N x N and M x M subsystems and the weak couplings
XN, Xy of the subsystems [rotated to Yy, Y finally].

As noted in eq. (B.6), the perturbation theory breaks down if any mass m; from the
N-dimensional subsystem is nearly degenerate with a corresponding mass mj from the
M-dimensional subsystem (if the corresponding residues do not vanish). In this case the
formalism developed in ref. [35] can be adopted to calculate the physical masses also in the
cross-over zones analytically.

C Chargino, neutralino and scalar masses and mixing elements by block-
diagonalization

When the weak couplings among the gaugino and higgsino sectors are switched on the mass
eigenvalues and mixing parameters are calculated using the block-diagonalization method
adopting the formulae in the preceding appendices.

Charginos. Using the short-hand notation mex = mii, the chargino mass eigenvalues

7

are given approximately by

2

v
mE=mi + 2(mF)? — ) {mli [()\Ivchr + guges sy /V2)% + (A\rvge_ — gvue,s,/\/Q)ﬂ
—2p1c0> (A jvucy + guaes sy /V2)(Arvge_ — gvue,s,/\/Q)} , (C.1)
2
v
my =my + 2((mE)? — pi2) {méE [()\Ivue+s+ — guacy /V2)* + (A\rvge_s_ + gvuc_/\/Q)Q}
—2110 B2 (A pvues s — guacy |V 2)(Ajvge_s_ + gvuc_/\/2)} , (C.2)
2
+ v 2 _ 2
my = fle 2(mE)? — p2) {,uc |:()\[ch+ + guger sy /V2)? + (A\vge — guye_s_/V?2) }

—2mi a2 (Arvucy + guaes sy /V2)(A\vge_ — gvue_s_/\/Q)}
2

B 2((m§:;2 —1?) {Mc {(AI”“Q‘” = gvac+/V2)" + (Arvae—s— + gqu—/\/2)2]
_2m§IE B2(Arvges sy — guacy /V2)(A\jvge_s_ — gvuc_/\/Q)} , (C.3)
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Figure 13. Evolution of the approximate versus exact 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. (2.42) for m = 200 GeV and tan 8 = 5. The singularity in the cross-over zone can be removed
by using the specific formalism for degenerate states as developed in ref. [35].

where the signs e+ and the phases a4 and [+ are defined by
ex = sign[(M} + My)MP + g(M} — My)vy], (C.4)
o = \sign[My(oro — M + M) — 2Mp + Ma)(MP)? — 262(My — Ma)oy], (C.5)
Be = \Jsign[Ma(oso— — MP + MZ) + 2(Mj + Mo)(MP)? — 262(M} — Ma)ur], (C.6)

and the abbreviations ¢4 = cosf4 and sy = sinf4, and cyg = cos 23, sog = sin 2 have
been adopted.
The gaugino/higgsino mixing elements read in this approximation

Utin = oect, Utia = Beexst, Uiz = occtQ413 4 Beers5+8403,
Uior = —acexst, Upap = [Bect, Utpoz = —acer s Qi3 + BecrQaoz, (C.7)
Uizr = —Q% 5, Utzo = =95, Uiz = 1,

The matrix elements of the rectangular 2 matrices, which block-diagonalize the mass

matrix are as follows
Q13 = [miac(Avac- —guae s /V2)~ ot (Arvucy +gvae s /V2)] (02 = (mE)?)

Qo = |m3 BeArvaes—+gvue /V2) =Bl Arvues s —guacs /V2) | /(2= (mif)?),
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and

Q1= = [mEacOhrvcs +guaes s V2= peat Orvae—guae s V)] /(12— (m)?),

Qo = — [ Be(\rvues s —guacs /V2) — e Arvae—s_+gvac/V2)] /(2= (m§)?),
(C.9)

where the signs €4 and the phase factors a. and . are defined in egs. (C.4) to (C.6).

As a numerical check for the analytic expansion we show in figure 13 the evolution of
the approximate versus exact 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 Pc in eq. (2.42)
for the same parameter set used in figure 1. The descending order of the physical masses in
the figure reflects, in obvious notation, the pattern w’ > h > w in the MSSM limit. When
the states w’ and h become degenerate near y = —0.6, the standard analytical expansion
cannot be applied any more. In this situation the mass spectrum must either be obtained
numerically or analytical expansions tailored specifically for cross-over phenomena, see
ref. [35]. On the other hand, the ordering h > w’ > w is kept until the Dirac limit is
reached. The level-crossing phenomenon near y = —0.2 is due to the mixing between the
gaugino and higgsino sectors but not due to the w’-w cross-over, as m%t > mf along the
entire path.

Neutralinos. With mgo = m? the neutralino mass eigenvalues are given by

bino sector:

1 ) 2 1 , 2
= — _ 2—A — 2+ Ayv_
my = my 1m0 + 1) [gv 51/\/ yv+cl] 1m0 — 1) {g v+81/\/ + Ayv cl} ,
(C.10)
1 2 1 2
my = my — A2 — ) [g’v—cl/\/2 + )\yv+81] — A(m + ) {g'v+01/\/2 — )\yv,sl} ,
(C.11)
wino sector:
1 2 1 2
mg = mgs — 4(m + ) [gv_SQ/\/2 +Ar v+02] - 4(m8 — 1) {gv+32/\/2 - Ar U—Cz] )
(C.12)
1 2 1 2
my = my — 1m0 — ) [gv+02/\/2 — )\[’L)+82] — 4(m + ) {gv+02/\/2 + )\IU,SQ] ,
(C.13)
higgsino sector:
2 1 2
0 _ / _ —_ /
mg = fin + 1m0 + 1) [g v_81/V2 >\Yv+01] A(m8 — 1) {9 v_c1 /V2 + Ayv+81}
1 2 1 2
2 — _ 2 —
LN PV Vv N P v

(C.14)
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1 2 1 2
0 / !
mg = fln — [g v+51/\/2 + )\yv,cl] + {g v+01/\/2 — )\yv,sl}
O Al — ) 4(m + p)
1 2 1 2
+ —_
- 4(ml) — ) [gvudSQ/\/Q — )\IUudC2} + A(m8 + ) [91402/\/2 + Ar 0752} )
(C.15)
where v4 = v, + v4.
The final 6 x 6 diagonalization matrix reads approximately:
1 Q
Uv=Un 43;4 bl , (C.16)
—Qo Laxo

where the elements of the rectangular matrix 2442 are as follows:

bino sector:

i 1
Q5 = v_s1/V2 = A . Qe = ' 24 Ayv_cr]
15 Q(m? —l—,u) {gv 51/\/ Y’U+C1:| 16 2(m? _M) [g v+sl/\/ + Ayv 01}
1 i
Qs = [g’v,cl/\/Q — )\yv,sl} , Qog = [g/ercl/\/Q - )\yvfsl} , (C.17)
2(m5 — ) 2(m + 1)
and
wino sector:
Q35 = oi [gv_s2/\/2 + )\11}4—02} , Qs = 01 [gv+52/\/2 — )\]’U_CQ:| ,
2(m3 + ) 2(m§ — )
Oys = El [gv_cz/\/Q — )\I’U+32i| s Qe = oi [ngch/\/Q + )\['U_SQ:| , (C.18)
2(my — ) 2(mg + )

with abbreviations as before.

Scalar/higgs particles. The block-diagonalization of the Higgs/scalar mass matrix
when the weak coupling between the Higgs and the sigma fields is included gives the
following results.

(i) Neutral pseudoscalars.

The physical pseudoscalar masses are given approximately by

— Ay)? (M; — Ar)?
M2 — M2 _ (M Y 2.2 2 2 1
Aq A 2( ~ /2 MA))‘Y/U 2( ~ /2 MA) >\I/U ’ (C 9)
5 p (MY—AY) 5 9
M3, = my + (2 MQ))\Yv , (C.20)
- (MI — Ap)?
ME\:% = Tn,l2 + 2( ~ 2 MQ))‘%UQ ) (0.21)

up to the order of v2/ miy, while the physical pseudoscalar states are mixed according
to the relation OL M2% Op = diag(th,Mf‘Q,MflS) with the mixing elements given
approximately by

My — Ay)A
Op11 = Op22 = Op3z = 1, Op12 = —Op21 = _(\/21E~ n_ v Y;}
(M — AI))\IU Ay Ajv2
Op13 = —Op31 = \/2( o ) Opo3s = —Op3s = Q(Thlf - T?Lg%)’ (C.22)
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(iii)

up to the order of v/myy.

Neutral scalars.

The block diagonalization is described by the 2 x 2 matrix (g with its elements

QSlg _ (QTNTL%/ — )\%/1)2)1}5/ 9523 _ Ay
(73 —m3)v my — M}
(QTNTL% — )\% 1)2)?}[ A[
S14 (Th% . m2Z)U ) S24 Th% . M124 ) ( )

up to the order of v/Ma,v/my,;. Performing these subsequent transformations gives
rise to the four physical masses

2 _ 2 (5H026+5H/t6)2
Mgl—mz+5H326+€H_ Mi—m%
_ (2771‘%/ - )‘%/UQ)QU%/ . (Qm% - )‘%02)2@% (C 24)
(i —mZ? (3 - )t |
2 a2 o (Omcopten/ts)? A3 A7
MSQ_MA_5H82ﬁ+EH/tﬁ+ Mi—mQZ _fn%,—Mi_fn%—Mi’ (C.25)
) 22 — A\202)202 A2
M§3:m2y+( R Y2)2Y+~2 Yo (C.26)
(my — mi)v my — M3
22 — \2p2)2p? A2
M2 = 52 (2m7 T T T C.97
ST e Vg - Mg €20

up to the order of UQ/Mi, vz/m%’l, and the 4 x4 mixing matrix Og, connecting current

with mass eigenstates as OEM%(’)S = diag(Mgl, o M 34), with its elements:
Os11 = 0522=03533 =054 =1, Os12=—0g21=5p, 0Og34=—-03543=0,
2m2 — \2v?)vy Ay
0513=—0531=—( yY, ) ; Osa3=—032= _, 9
(my —m3z)v my — Mj
22 — \2v?)vr Ag
Os14=—-0ss1= n L ) v Osau=—0p= _, 2 (C.28)
(m7 —mZ)v my — M3

up to the order of v/My,v/my ; with the abbreviation s;, = sin 6y,.

Charged scalars.

In the weak coupling limit the charged H* and sz states are mixed by the 3 x 3
matrix Ofsc with components

O§11 = 02‘[22 = 055533 =1, 02‘[12 = _st*[m = Aldz/(mll2 - Mi),
O%tlfi = _Oét?;l - AQi/(m% - Mi) ) Og't23 - _O§32 - 0, (C29)

up to the order of v/M4,v/my | to generate the physical charged scalar masses

M2 = Ni3e — A3, /(R — M3) - A3, /(73 — M), (C.30)
M = i + gPoicg/A(mt — mff) + At/ (MF — M3), (C.31)
Mis = pjcss/A(m] —mf) + A /(m] — M3), (C.32)
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up to the order of v? /M3, v2/m%/7].
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