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Gluinos and neutralinos, supersymmetric partners of gluons and neutral electroweak gauge and Higgs

bosons, are Majorana particles in the minimal supersymmetric standard model (MSSM). Decays of such

self-conjugate particles generate charge symmetric ensembles of final states. Moreover, production

channels of supersymmetric particles at colliders are characteristically affected by the Majorana nature

of particles exchanged in the production processes. The sensitivity to the Majorana character of the

particles can be quantified by comparing the predictions with Dirac exchange mechanisms. A consistent

framework for introducing gluino and neutralino Dirac fields can be designed by extending the N ¼ 1

supersymmetry of the MSSM to N ¼ 2 in the gauge sector. We examine to which extent like-sign dilepton

production in the processes qq ! ~q ~q and e�e� ! ~e�~e� is affected by the exchange of either Majorana

or Dirac gluinos and neutralinos, respectively, at the Large Hadron Collider (LHC) and in the prospective

e�e� mode of a lepton linear collider.
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I. INTRODUCTION

In the minimal supersymmetric standard model (MSSM)
gauge supermultiplets are built up by two components,
bosonic gauge fields and fermionic gaugino fields [1–3].
Since neutral vector fields are self-conjugate, the corre-
sponding supersymmetric partners are Majorana fields.
Condensing the gluon fields in the color-octet matrix g
and the gluinos in the color-octet matrix ~g, the (color)
charge-conjugate fields gc and ~gc are related to the original
fields by

gc ¼ �gT; ~gc ¼ �~gT: (1.1)

For the electroweak gauge and Higgs bosons and the
neutralinos, mixtures of fermionic gauginos and higgsinos,
analogous relations hold.

The gluino and neutralino Majorana particles carry
masses that are rooted in the Higgs and the (soft) super-
symmetry breaking sector. Massive Majorana fields can be
distinguished experimentally from Dirac fields in gauge
theories quite generally. (For massless fields the distinction
is more subtle, depending on the form of the interactions in
the theory.) In this report, we will study the characteristic
differences between Majorana and Dirac fields and work
out the experimental implications. The analyses will be
performed in a hybrid scheme [4] in which the minimal
N ¼ 1 supersymmetric standard model is extended by
gauge elements of N ¼ 2 supersymmetry [5].

Majorana fields in N ¼ 1 supersymmetric theories are
characterized by two self-conjugate L- and R-components

in parallel to the two vector field components. These
fermionic components can be paired with two additional
fermionic fields in N ¼ 2 supersymmetric theories, in
which a vector supermultiplet is combined with an addi-
tional chiral supermultiplet to a vector hypermultiplet. If
the Majorana masses are identical and the fields are mixed
maximally, the four fermionic degrees of freedom can join
to a Dirac field and its charge-conjugate companion [6]. In
this limit, the theory includes vector fields, Dirac gaugino
fields and scalars, all states belonging to the adjoint repre-
sentation of the gauge group.
The four Higgs superfields belong to a chiral and an

antichiral multiplet. By contrast, the matter superfields
sui generis are restricted in the N ¼ 1=N ¼ 2 hybrid
scheme to the standard N ¼ 1 chiral component in accor-
dance with the experimental fact that matter fermions are
chiral.
In this setup, the N ¼ 2 gauge interactions are an ex-

tension of the familiar N ¼ 1 gauge interactions. The
additional component of the N ¼ 2 interaction between
the new gaugino field and the Higgs fields can be reinter-
preted as a component of a superpotential affecting the
neutralino and chargino masses after the electroweak sym-
metry is broken. (In addition, the Higgs self-interactions
are modified, not affecting the present analysis though.)
Soft supersymmetry breaking gives rise, at the phe-

nomenological level, to three gaugino mass parameters:
two Majorana massesMa andMb, and a mixing termMab.
The first Majorana mass may be associated with the N ¼ 1
gaugino mass term, and the second with the new gaugino
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field. Diagonalizing the fabg mass matrix generates two
Majorana masses m1;2 and a mixing angle �, which relates

the mass eigenstates to the original current states.
Depending on the supersymmetry breaking parameters, �
can assume any value between 0 and �=2. It is easy to
design a path in mass-parameter space such that the Dirac
limit can be approached smoothly. Tuning the diagonal
mass parametersMa;b to zero, only the off-diagonal mixing

term Mab survives and, as a result, the mass eigenvalues
m1;2 become identical, modulo sign, and the mixing of the

states maximal, � ¼ �=4. In the maximal mixing limit the
two Majorana states combine into one Dirac fermion (and
its antifermion partner). Maximal mixing of Majorana
particles guarantees the vanishing of transition amplitudes
generally associated with the exchange of Dirac particles.

This procedure is well suited for the strong interaction
sector. The electroweak sector is less transparent due to the
complicated mixing effects beyond the soft supersymmetry
breaking terms after electroweak symmetry breaking. In
the limit in which the supersymmetry breaking scale is
significantly larger than the electroweak scale, the Dirac
limit is approached approximately. Though sounding
strange at first glance, it is clear in the light of the previous
comments that a quantitative definition can be formulated
for the concept of a near-Dirac field or particle.

Adopting this extension of the MSSM to a N ¼ 1=N ¼
2 hybrid model, observables can be designed for experi-
mental analyses at the LHC [7], which allow us to follow a
smooth transition from a Majorana theory of gluinos (and
neutralinos) to a Dirac theory. The standard examples are
the equal-chirality transition amplitudes

qLqL ! ~qL~qL and qRqR ! ~qR~qR: (1.2)

These amplitudes are nonzero for Majorana gluino ex-
change, but they vanish for Dirac gluino exchange in the
N ¼ 1=N ¼ 2 hybrid theory. (The same arguments can be
applied to e�L e�L ! ~e�L ~e�L , and L ) R, for electroweak
gauginos.) However, amplitudes for the transition from 2-
fermion to 0-fermion states do not vanish in general. In the
present context, the mixed-chirality amplitude qLqR !
~qL~qR is nonzero for Dirac exchange and, in fact, equal to
the amplitude for Majorana exchange (analogously for
e�L e�R scattering).

Using left/right-handedly polarized beams in the e�e�
collision mode of a linear collider [8], the rules outlined
above can easily be applied for studying the Majorana/
Dirac nature of neutralinos experimentally. In addition, it
has been demonstrated earlier when discussing potential
measurements of the q~q ~g Yukawa coupling [9,10] that the
analysis of like-sign dilepton final states in pp collisions at
the LHC signals ~qL~qL final states in supersymmetric theo-
ries. Adjusting the ~qL decays to the Dirac limit, the analy-
ses of Refs. [9,10] can be transferred, mutatis mutandis,
easily. The potential of like-sign dilepton signatures for

discriminating Majorana from Dirac structures of super-
symmetric theories has also been noted in Ref. [11].
These processes are complementary to tests of the

Majorana nature of gluinos in gluino decays, notably, to
top plus stop final states, which have been discussed widely
in the literature [12]. Moreover, two-gluino final states
decaying to bottomþ sbottom quarks have served as an
important channel for searching for supersymmetry at the
Tevatron [13]. Likewise, analyses of like-sign chargino
production [14] at the LHC and neutralino decays [15]
have been studied extensively in the past for testing the
Majorana character of neutralinos.
The report is organized as follows. In Sec. II, we define

the essential elements of the N ¼ 1=N ¼ 2 hybrid model
and establish the phenomenological base. In Secs. III and
IV, we discuss subsequently the strong interaction gluino
sector and the electroweak sector, including the concept of
a near-Dirac field, first in the limit in which the electro-
weak breaking scale can be neglected compared with the
supersymmetry parameters, and second, the systematic
approximation to this limit. In Sec. V, like-sign dileptons
will be analyzed as a signal for the Majorana to Dirac
transition at the LHC, before Sec. VI concludes this study.

II. THEORETICAL BASIS: N ¼ 1=N ¼ 2 HYBRID
MODEL

In the MSSM based on N ¼ 1 supersymmetry, bosonic
gauge fields are one-to-one paired with fermionic spin 1=2
gaugino fields and Higgs bosons with higgsinos. Fermionic
lepton and quark matter fields are paired with bosonic spin-
0 sleptons and squarks. The neutral gauginos in this en-
semble are self-conjugate Majorana fields with two chi-
rality components corresponding to the two helicity states
of the gauge fields. Decay channels of these particles and
their exchange in production processes generate character-
istic signatures of their Majorana nature. The uniqueness of
these characteristics can be proven by comparing the sig-
natures with predictions derived from Dirac theories.
It turns out that N ¼ 2 supersymmetry offers a theoreti-

cally solid platform for a consistent comparison between
Majorana and Dirac theories [4,16]. The gauge supermul-
tiplets are expanded to hypermultiplets, which incorporate
new chiral superfields composed of a gaugino and a scalar
field. In the following, these new gaugino fields will be
labeled by an apostrophe. For the standard SUð3Þ �
SUð2Þ � Uð1Þ gauge group, the N ¼ 2 fields and their
components are summarized in Table I. As argued before,

TABLE I. The N ¼ 2 gauge hypermultiplets.

Group Spin 1 Spin 1=2 Spin 0

SU(3) g ~g, ~g0 �g

SU(2) W�, W0 ~W�, ~W0, ~W0�, ~W00 ��
W , �

0
W

U(1) B ~B, ~B0 �B
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the superposition of two Majorana fields carrying equal
masses and being mixed maximally can be reinterpreted as
a Dirac field. By tuning the masses of the N ¼ 1 gauginos
and the new gauginos a path for a continuous transition
from a Majorana to a Dirac theory can be designed.

The two disjoint N ¼ 1 superfields of the MSSM Higgs

sector Ĥd and Ĥu can be united in an N ¼ 2 hypermultip-

let, composed of Ĥd as a chiral field and Ĥ
y
u as its antichiral

companion, cf Ref. [17].
In a similar way, the chiral matter superfields of

(s)leptons and (s)quarks, generically called Q̂, are ex-

tended by new antichiral matter fields Q̂0 to hyperfields.

None of the mirror fields Q̂0 that include new leptons and
quarks has been observed so far. Given the success of the
chiral standard theory, either the mirror particles are very
heavy, or this component is assumed absent a priori. The
second scenario may be realized in N ¼ 2 theories, includ-
ing extra space dimensions in which N ¼ 1 matter super-
fields are restricted only to 4-dimensional branes [18].

Alternative supersymmetric scenarios with Dirac gaugi-
nos are based on D-term supersymmetry breaking models
[19] or exact continuous R symmetries [20]. On the
phenomenological level, these models lead to identical
formulations of the Dirac gauginos, but it is less straight-
forward to define a continuous Majorana-Dirac transition.

In the following, we will adopt theN ¼ 1=N ¼ 2 hybrid
scenario as the base for phenomenological studies of
smooth transitions from Majorana to Dirac fields. The
model appears minimal in view of the basic field degrees
of freedom and their interactions. For the present purpose,
there is little difference between the N ¼ 2 form of the
Higgs sector or two disjoint N ¼ 1 Higgs sectors treated in
parallel to the matter fields. (An increased mass range of
the lightest Higgs boson and additional self-couplings
however render the extended option attractive in itself.)

Concentrating on the gaugino sector in regard of the
Majorana to Dirac transition, the Lagrangian derived from
the general N ¼ 2 action can be restricted to a few relevant
terms:

A. Hyper-QCD sector

Standard gluino ~g and new gluino ~g0 fields are coupled
minimally to the gluon field g

L g~g ~g
QCD ¼ gsTrð �~g��½g�; ~g� þ �~g0��½g�; ~g0�Þ; (2.1)

with the fields condensed to color-octet matrices g� ¼
1ffiffi
2

p �aga�, etc., gs denoting the QCD coupling, and two 4-

component Majorana spinor fields ~g and ~g0 satisfying
ð~gÞc ¼ �~gT and ð~g0Þc ¼ �~g0T . The Lagrangian generates
the usual ~g ~gg and ~g0~g0g vertices for gluinos coupled to
gluons. Matter fields only interact with the standard gluino

L q~q ~g
QCD ¼ �gs½qL ~g ~qL � qR ~g ~qR þ H:c:�; (2.2)

while N ¼ 2 supersymmetry requires ~g0 to only couple to

the hyper-multiplet partners of the N ¼ 1 quarks/squarks
which, in the hybrid theory, are assumed to be projected
out.1

Soft supersymmetry breaking generates masses for the
gluino fields ~g and ~g0. Diagonal terms in the fields ~g and ~g0
generate the individual Majorana mass parameters M3 and
M0

3, while an off-diagonal term coupling ~g with ~g0 will be
crucial for the transition of the two Majorana fields to a
joined Dirac field

Lm
QCD ¼ � 1

2
½M0

3Trð �~g0~g0Þ þM3Trð �~g ~gÞ
þMD

3 Trð �~g0~gþ �~g~g0Þ�: (2.3)

(For the purpose of our analysis, all mass parameters are
assumed real throughout the paper.) As worked out in
detail in the next section, diagonalizing the ~g0, ~g mass
matrix (in the left-chirality basis, i.e. ~gL ¼ 1

2 ð1� �5Þ~g,
etc.),

M g ¼ M0
3 MD

3

MD
3 M3

� �
(2.4)

gives rise to two Majorana mass eigenstates ~g1 and ~g2 with
masses m1 and m2. For large new gluino masses M0

3 !
�1, the standardMSSM gluino sector is recovered. On the
other side, in the limit in which the Majorana mass pa-
rameters M3 and M0

3 vanish but the off-diagonal element

MD
3 is nonzero, the mixing between the states is maximal

and the twoMajorana states, carrying identical masses, can
be paired to a Dirac state. Thus, varyingM0

3 from infinity to

zero, while trailing M3 from a TeV-scale value to zero, a
continuous path can be constructed for the transition from
the MSSM gluino Majorana theory to a Dirac theory.
Table I shows that the hybrid theory also contains a

complex scalar octet �g. Its coupling to gluons is deter-

mined by SU(3) gauge invariance. In addition, N ¼ 2
supersymmetry stipulates [5] the existence of a �g~g~g

0

coupling, while the couplings of �g to quarks also involve

their hypermultiplet partners. The hybrid theory predicts
pair production of �g scalars. However, this is not directly

related to the Dirac or Majorana nature of the gluinos,
which is the central issue of our analysis. The detailed
phenomenology of the new scalars will be described in a
sequel to this report.

1One could contemplate a nonsupersymmetric theory with
Dirac gluinos, where ~g0 �q ~q couplings exist. This would tend to
increase the differences between Majorana and Dirac gluinos,
e.g. leading to different total cross sections for associate gq !
~q ~g production. The N ¼ 1=N ¼ 2 hybrid analyzed by us is
better motivated; considering it as alternative of the usual
MSSM is also conservative in the sense that it minimizes the
differences.
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B. Electroweak sector

The electroweak neutralino/chargino sector is consider-
ably more complicated than the QCD sector due to the
mixing of gauginos and higgsinos induced by electroweak
symmetry breaking. The complexity increases only
slightly in the extension from N ¼ 1 to N ¼ 2 supersym-
metry. While the expansion of the ~W, ~B isospin and hy-
percharge sector by the ~W 0, ~B0 fields runs strictly parallel to
the gluino sector, the embedding of the Higgs fields into a
chiral and antichiral N ¼ 2 hypermultiplet generates new
gauge interactions, which couple the Higgs superfields
with the new chiral superfields of the N ¼ 2 vector mul-
tiplets

W
gauge0
higgs ¼ ffiffiffi

2
p

gĤu � ðIaĤdÞŴ 0a þ ffiffiffi
2

p
g0Ĥu � ðYĤdÞB̂0;

(2.5)

where Ia ¼ �a=2 (a ¼ 1, 2, 3) and Y are the weak isospin
and hypercharge generators, respectively, g and g0 are the
SU(2) and Uð1ÞY gauge couplings, and the central dot
denotes an SU(2)-invariant contraction. The N ¼ 2 super-
symmetry allows for a bilinear � Higgs/higgsino coupling

Wbilin
higgs ¼ �Ĥu � Ĥd (2.6)

(in the standard notation with the SU(2)-invariant contrac-

tion Ĥu � Ĥd ¼ Ĥþ
u Ĥ

�
d � Ĥ0

uĤ
0
d, etc.).

The additional gauge-strength Yukawa interactions

Lgauge0
higgs ¼ � gffiffiffi

2
p ½Hu � ð�a ~HdÞ ~W 0a þHd � ð�a ~HuÞ ~W 0a�

� g0ffiffiffi
2

p ½Hd � ~Hu
~B0 �Hu � ~Hd

~B0� (2.7)

generated from the superpotential Eq. (2.5), lead, after
electroweak symmetry breaking,

Neutralinos: L�00
higgs ¼ �mZ½sWðs	 ~B ~H0

dL þ c	 ~H0
uR

~B0
LÞ

� cWðc	 ~H0
uR

~W 00
L þ s	 ~W 00

R
~H0
dLÞ

þ H:c:�; (2.8)

Charginos : L�0�
higgs ¼ � ffiffiffi

2
p

mWc	 ~HuR
~W 0�
L

þ ffiffiffi
2

p
mWs	 ~W 00

R
~H�
dL þ H:c:; � � �

(2.9)

to off-diagonal mass terms and mixings between the stan-
dard higgsinos and the new winos ~W 0 and bino ~B0.
Choosing the left-chirality bases f ~B00; ~B0; ~W 00; ~W0;
~H0
d;

~H0
ug and f ~W0�; ~W�; ~H�

d;ug, the neutralino and chargino

mass matrices can be cast into the form

M n ¼

M0
1 MD

1 0 0 mZsWs	 mZsWc	
MD

1 M1 0 0 �mZsWc	 mZsWs	
0 0 M0

2 MD
2 �mZcWs	 �mZcWc	

0 0 MD
2 M2 mZcWc	 �mZcWs	

mZsWs	 �mZsWc	 �mZcWs	 mZcWc	 0 ��
mZsWc	 mZsWs	 �mZcWc	 �mZcWs	 �� 0

0
BBBBBBBB@

1
CCCCCCCCA
; (2.10)

M c ¼
M0

2 MD
2 � ffiffiffi

2
p

mW sin	

MD
2 M2

ffiffiffi
2

p
mW cos	ffiffiffi

2
p

mW cos	
ffiffiffi
2

p
mW sin	 �

0
B@

1
CA; (2.11)

with the usual abbreviations sW ¼ sin�W , s	 ¼ sin	, etc.
for the electroweak mixing angle �W and the SUSY Higgs-
Goldstone mixing angle 	. [Evidently, the new N ¼ 2
Higgs-gauge interactions (2.5) have little impact on the
overall structure of the mass matrices. If the Higgs sector is
reduced to the standard twin of N ¼ 1 Higgs fields, the
terms corresponding to Eq. (2.8) are simply reduced to
zero.]

The gaugino-gauge interactions are extended analo-
gously to the gluino-gluon sector in Eq. (2.1). A new set
of interactions between Higgs, higgsino, gauge, and gau-
gino fields is generated by the N ¼ 2 gauge interactions in
the Higgs sector, cf Eq. (2.5).

The superpotential involving matter and Higgs super-
fields of the hybrid model will be taken over from N ¼ 1

supersymmetry, analogously the corresponding soft super-
symmetry breaking interactions.

III. THE GLUINO SECTOR IN SUPER- AND
HYPER-QCD

In the previous section, we have derived the mass matrix
in the gluino sector of the two Majorana fields ~g and ~g0 in
N ¼ 2 supersymmetry. In the present section, we will
determine the mass eigenvalues and the corresponding
gluino fields. Two limiting cases of the general softly
broken N ¼ 2 theory are of particular interest. If one of
the Majorana mass parameters in the gluino mass matrix is
driven to infinity, we will recover the standard N ¼ 1
supersymmetry. On the other hand, if both diagonal mass

S. Y. CHOI, M. DREES, A. FREITAS, AND P.M. ZERWAS PHYSICAL REVIEW D 78, 095007 (2008)

095007-4



parameters are chosen zero, the two Majorana fields can be
united to a Dirac field. This transition restricts considerably
the nonzero scattering amplitudes generated by gluino
exchanges. Thus, by tuning the mass parameters, a com-
mon platform for Majorana and Dirac theories can be built,
allowing for continuous transitions between the two types
of fields and a proper definition of a ‘‘near-Dirac’’ field.

A. Diagonalization of the 2� 2 hyper-gluino
mass matrix

For real values of M3, M
0
3, and MD

3 , the gluino mass

matrix in Eq. (2.4) can be diagonalized by means of the
unitary transformation matrix U

UTMgU ¼ diagðm~g1 ; m~g2Þ with

U ¼ cos�3 
3 sin�3

�
3 sin�3 cos�3

 !
�1 0

0 �2

 !
; (3.1)

where the rotation angle varies between 0 � �3 � �=2 and
�1;2 denote the two Majorana-type phases. The mass ei-

genvalues read

m~g1;2 ¼
1

2
jjM0

3 þM3j � �3j with

�3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM0

3 �M3Þ2 þ 4ðMD
3 Þ2

q
;

(3.2)

with the ordering m~g1 � m~g2 by definition. The mixing

angle �3, the sign parameter 
3 and the two Majorana-
type phases �1;2 defining the diagonalization matrixU are

given by

cos�3= sin�3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 
03jM3 �M0

3j=�3

2

s
;


3 ¼ sign½MD
3 ðM0

3 �M3Þ� and 
03 ¼ sign½M2
3 �M02

3 �;
(3.3)

and

�1 ¼ 1=i for sign½detðMgÞ � TrðMgÞ� ¼ þ=�;

�2 ¼ 1=i for sign½TrðMgÞ� ¼ þ=� (3.4)

(the overall signs of �1;2 are indeterminate). The form of

the diagonalization matrix U in Eq. (3.1) guarantees the
positivity of the mass eigenvalues m~g1;2 of the fields

~g1R
~g2R

� �
¼ UT ~g0R

~gR

� �
and

~g1L
~g2L

� �
¼ Uy ~g0L

~gL

� �
: (3.5)

The rotation by means of the orthogonal submatrix of U,
combined with the diagonal phase matrix, preserves the
Majorana character of the fields ~g1;2. Left- and right-chiral
fields are related by charge conjugation: ð~gLÞc ¼ �~gTR and
ð~g0LÞc ¼ �~g0TR .

B. Chiral transition amplitudes in the hybrid model

The most transparent example for studying the
Majorana/Dirac nature of gluinos is the transition between
pairs of quarks to pairs of squarks with different flavor

qLq
0
L ! ~qL~q

0
L; qRq

0
R ! ~qR~q

0
R; qLq

0
R ! ~qL~q

0
R:

(3.6)

The corresponding Feynman diagrams are depicted in
Fig. 1. The kernels of the transition matrix elements,
involving the t-channel exchange of the two Majorana
gluinos ~gk, can be cast into the form

A½qLq0L ! ~qL~q
0
L� ¼ �g2s

2

X2
k¼1

½U2kU2k�
hm~gki
t�m2

~gk

;

A½qRq0R ! ~qR~q
0
R� ¼ �g2s

2

X2
k¼1

½U�
2kU

�
2k�

hm~gki
t�m2

~gk

;

A½qLq0R ! ~qL~q
0
R� ¼ þ g2s

2

X2
k¼1

½U2kU�
2k�

hq6 i
t�m2

~gk

(3.7)

to be sandwiched between the quark spinors �v0
L;R and uL;R;

t ¼ q2 denotes the square of the momentum q flowing
through the gluino line. The form of these transition am-
plitudes can easily be traced back to the rules introduced in
the previous section. Currents of equal-sign chirality, LL
and RR, are coupled by the mass term of the gluino
propagator, while currents of opposite-sign chirality LR
are coupled by the kinetic term q.
From the transition amplitudes (3.7) the cross sections

can easily be derived as

FIG. 1. Feynman diagrams for squark production of different flavors at hadron colliders. (The index k counts the two gluinos in the
N ¼ 2 hybrid model, to be ignored for the N ¼ 1 MSSM.)
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�½qq0 ! ~qL~q
0
L� ¼ �½qq0 ! ~qR~q

0
R�

¼ 2��2
s

9s

� c43s	m
2
~g1

sm2
~g1
þ ðm2

~g1
�m2

~qÞ2
þ s43s	m

2
~g2

sm2
~g2
þ ðm2

~g2
�m2

~qÞ2
þ 2c23s

2
3m~g1m~g2

m2
~g1
�m2

~g2

ðL1 � L2Þ
�

�½qq0 ! ~qL~q
0
R� ¼

2��2
s

9s

�
c43

��
1þ 2

s
ðm2

~g1
�m2

~qÞ
�
L1 � 2	

�
þ s43

��
1þ 2

s
ðm2

~g2
�m2

~qÞ
�
L2 � 2	

�

þ 2c23s
2
3

�ðsm2
~g1
þ ðm2

~g1
�m2

~qÞ2ÞL1 � ðsm2
~g2
þ ðm2

~g2
�m2

~qÞ2ÞL2

m2
~g1
�m2

~g2

� 	

��
;

(3.8)

where

Lk ¼ log
ð1þ 	Þ þ 2ðm2

~gk
�m2

~qÞ=s
ð1� 	Þ þ 2ðm2

~gk
� 2m2

~qÞ=s
(3.9)

and s3 ¼ sin�3, c3 ¼ cos�3, and 	 ¼ ð1� 4m2
~q=sÞ1=2; it

has been assumed that all squarks have the same mass m~q.
In the next subsection, the characteristics of the transition
amplitudes will be analyzed in detail.

C. Majorana to Dirac path in the hybrid model

The N ¼ 2 gluino mass matrix Mg is defined by three

parameters, two on-diagonal Majorana mass parameters
and the off-diagonal mass parameter, which couples the
two N ¼ 1 sectors of the gluino hypermultiplet. In the
physical basis, they manifest themselves as two Majorana
mass eigenvalues m~g1;2 and the rotation angle �3 between

the current and mass eigenstates.
If the new gluino mass parameterM0

3 is chosen infinitely

large, the hypersystem is reduced effectively to the original
N ¼ 1 gluon-gluino supermultiplet with the gluino mass
determined by M3,

m~g1 ’ jM3 � ðMD
3 Þ2=M0

3j ! jM3j; m~g2 ’ jM0
3j ! 1;

(3.10)

in analogy to the seesaw formula.
The path from the N ¼ 1 Majorana theory to the Dirac

theory may be defined in such a way that the mass of the

lightest gluino is kept fixed. In addition, we may identify
the off-diagonal mass parameterMD

3 withm~g1 to reduce the

number of free parameters. Starting from the Majorana
theory, we follow the path

P : M3 ¼ m~g1M
0
3=ðM0

3 �m~g1Þ for �1 � M0
3 � 0;

MD
3 ¼ m~g1 : (3.11)

The heavy gluino mass is trailed along according to

m~g2 ¼ �M0
3 �m2

~g1
=ðM0

3 �m~g1Þ; (3.12)

while the mixing parameters follow from

cos�3 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1�M0

3=m~g1Þ2
q ;

sin�3 ¼
1�M0

3=m~g1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1�M0

3=m~g1Þ2
q :

(3.13)

The path P can be mapped onto a unit interval by the
transformation

M0
3 ¼ m~g1

y

1þ y
for � 1 � y � 0; (3.14)

leading to

FIG. 2. Illustration of the smooth transition from Majorana (y ¼ �1) to Dirac (y ¼ 0) gluino masses (a) and mixing angles (b).
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m~g2 ¼ m~g1

�
yþ 1

1þ y

�
and cos�3 ¼ 1þ yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð1þ yÞ2p ;

sin�3 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1þ yÞ2p : (3.15)

The transition of the parameters M3=M
0
3 and sin�3= cos�3

as well as m~g2 is exemplified in Fig. 2.

For y ¼ �1, corresponding toM0
3 ! �1, the Majorana

limit for N ¼ 1 gluinos is reproduced with the physical
mass m~g1 , while the second set of Majorana particles with

m~g2 ! 1 is removed from the system.

In the right-most endpoint y ¼ 0 of the path P the Dirac
limit is realized. The on-diagonal mass parameters both
vanish, while the off-diagonal elements are equal:

M0
3 ¼ M3 ¼ 0 and MD

3 � 0;

sin�3 ¼ cos�3 ¼ 1=
ffiffiffi
2

p
;

(3.16)

so that the physical massesm~g1;2 ¼ m~g are identical and the

mixing is maximal.

D. The Dirac limit

The transformation matrixU, connecting the field bases
~g=~g0 with ~g1=~g2, simplifies in the Dirac limit2 to

U ¼ cos�3 � sin�3

sin�3 cos�3

 !
� 1 0

0 i

 !

¼ cos�3 �i sin�3

sin�3 i cos�3

 !

! 1ffiffiffi
2

p 1 �1

1 1

 !
� 1 0

0 i

 !
¼ 1ffiffiffi

2
p 1 �i

1 i

 !
; (3.17)

corresponding to a �=4 rotation matrix and a phase matrix,
which turns the second eigenvalue positive. Hence, the two
degenerate physical Majorana fields ~g1 and ~g2 can be
expressed in terms of the original current fields ~g0 and ~g as

~g1 ¼ ½ð~g0L þ ~g0RÞ þ ð~gL þ ~gRÞ�=
ffiffiffiffi
2;

p
~g2 ¼ i½ð~g0L � ~g0RÞ � ð~gL � ~gRÞ�=

ffiffiffi
2

p
:

(3.18)

These two Majorana fields are odd and even under charge
conjugation: ~gc1 ¼ �~gT1 and ~gc2 ¼ þ~gT2 , respectively.

In this configuration, the t-channel exchange of the two
Majorana fields ~g1;2 in the processes qLq

0
L ! ~qL~q

0
L and

qRq
0
R ! ~qR~q

0
R is maximally destructive, and the two am-

plitudes vanish:

A½qLq0L ! ~qL~q
0
L� ¼ A�½qRq0R ! ~qR~q

0
R�

	 X2
k¼1

U2kU2k ¼ 0: (3.19)

The superposition of mixed chiral amplitudes, on the other
side, is maximally constructive:

A½qLq0R ! ~qL~q
0
R� 	

X2
k¼1

U2kU�
2k ¼ 1: (3.20)

This picture can be simplified considerably by switching
from the two Majorana to the Dirac description.
Introducing a superposition of two equal-mass Majorana

fields, m~g1 ¼ m~g2 ¼ m~g, the right- and left-handed com-

ponents of the Dirac gluino field coupled to the quark
current are effectively given by

~gD ¼ ð~g1 � i~g2Þ=
ffiffiffi
2

p
: ~gDR ¼ ~gR; ~gDL ¼ ~g0L; (3.21)

~gcT
D ¼ �ð~g1 þ i~g2Þ=

ffiffiffi
2

p
: ~gcDR ¼ �~g0TR; ~gcDL ¼ �~gTL:

(3.22)

The field ~gD ¼ ð~g1 � i~g2Þ=
ffiffiffi
2

p ¼ ~gR þ ~g0L is a Dirac field,
i.e. it is not self-conjugate: ~gcD � �~gTD. It describes four
degrees of freedom, the two helicities and the particle/
antiparticle characteristics. The contraction of the field
with itself vanishes (in contrast to Majorana fields), while
the contraction between the field and its conjugate is given
by the canonical Dirac value. As a result, this Dirac field
cannot be exchanged between two chirality-L currents, and
the LL-type amplitude vanishes. Similarly, the related
C-conjugate field ~gcD is coupled to R-type currents, but
RR amplitudes vanish. On the other hand, RL-type ampli-
tudes do not vanish and, in fact, the contraction between ~gD
and ~gcD generates the usual Dirac propagator, so that the RL
amplitude corresponds to the standard Dirac exchange
amplitude. In summa, the theory of two mass-degenerate
Majorana fields with chiral couplings is equivalent to the
Dirac theory of a single fermion.
The Lagrangian for the super-QCD interaction of glui-

nos with squarks and quarks is of the standard N ¼ 1
SUSY form (2.2) for one Majorana gluino mass eigenstate
~g in the Majorana limit, but the interaction Lagrangian of
the two Majorana gluino fields in theN ¼ 1=N ¼ 2 hybrid
model can be contracted in the Dirac limit to

Lq~q ~g
QCD ¼ �gs

1ffiffiffi
2

p ½qL~g1~qL � qR~g1~qR

� iðqL~g2~qL þ qR~g2~qRÞ þ H:c:�
¼ �gs½qL~gD~qL þ qR~g

cT
D ~qR þ H:c:�: (3.23)

The trilinear gluon/gluino interaction is just the sum of the
two individual standard interactions. The mass term of the
Lagrangian in the Majorana limit

2In this degenerate case the mixing matrix U is unique up to
multiplication on the right by an arbitrary orthogonal matrix
[21].
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L m
QCD ¼ � 1

2
m~gTr½ �~g ~g� (3.24)

is altered in the Dirac limit to

L m
QCD ¼ � 1

2
m~gTr½ ~g1~g1 þ ~g2~g2� ¼ �m~gTr½ ~gD~gD�

(3.25)

in terms of the two degenerate Majorana mass eigenstates,
~g1, ~g2, and the Dirac field ~gD or ~gcD, respectively.
As will be demonstrated later in several examples, the

transition from the Lagrangian of the 2-Majorana theory to
the Dirac theory entails the isomorphism of the two theo-
ries in all dynamical aspects, including the (properly de-
fined sets of) cross sections.

In the Dirac theory, a conserved quantum number D,
associated with the R-symmetry of the N ¼ 2 theory noted
in Ref. [11], can be assigned to each supersymmetric
particle state appearing in the Lagrangian, nota bene the
interaction term (3.23)

D½~qL� ¼ D½~gcD� ¼ D½~l�L � ¼ D½~�c0
D � ¼ D½~�þ

D1� ¼ �1;

D½~qR� ¼ D½~gD� ¼ D½~l�R � ¼ D½~�0
D� ¼ D½~�þ

D2� ¼ þ1:

(3.26)

The ~��
D components relevant for the gauge-strength

Yukawa interactions are ~��
D1R ¼ ~W�

R and ~�þ
D2R ¼ ~Wþ

R .
Antiparticles carry the Dirac charges �D, correspond-
ingly. The Dirac charge of all SM particles vanishes.
Note that the superpartners of left- and right-handed SM
fermions carry opposite Dirac charge; this implies that
terms mixing these fields will not conserve D.
(Electroweak neutralinos and sleptons will be discussed
in more detail in Seċ. IV.) The Dirac chargeD conveniently
classifies possible production processes and decay modes
for the supersymmetric particles in the Dirac theory, as
widely applied in the next sections.3

The cross sections for the processes qq0 ! ~q~q0 are char-
acteristically different in the two limits (for simplicity, we
again take equal masses for ~qL and ~qR):

Majorana: �½qq0 ! ~qL~q
0
L� ¼ �½qq0 ! ~qR~q

0
R�

¼ 2��2
s

9

	m2
~g1

sm2
~g1
þ ðm2

~g1
�m2

~qÞ2
;

(3.27)

Dirac : �½qq0 ! ~qL~q
0
L� ¼ �½qq0 ! ~qR~q

0
R� ¼ 0; (3.28)

Majorana ¼ Dirac: �½qq0 ! ~qL~q
0
R�

¼ 2��2
s

9s2
½ðsþ 2ðm2

~g1
�m2

~qÞÞL1 � 2	s�;
(3.29)

where L1 has been defined in Eq. (3.8). The cross sections
in the evolution from the Majorana limit to the Dirac limit
are displayed in Fig. 3 at the parton level. While the ~qL~q

0
L

cross section moves monotonically to zero, the ~qL~q
0
R cross

section is only slightly modulated on the path P from the
N ¼ 1Majorana limit to the Dirac limit. It should be noted
that the Dirac cross sections are identical to the two
Majorana cross sections owing to destructive interferences
between the ~g1 and ~g2 exchange diagrams.
Near-Dirac field: Generalizing the definitions

Eqs. (3.21) and (3.22) for the Dirac field, the continuous
approach of two nearly mass degenerate, nearly chirally
coupled Majorana fields to the Dirac limit can be framed
quantitatively. We define the fields

~g
 ¼ sin�3~g1 � i cos�3~g2 
 cos
~gD þ sin
~gcTD ;

~gcT
 ¼ � sin�3~g1 � i cos�3~g2 
 sin
~gD þ cos
~gcTD :
(3.30)

With cos= sin
 ¼ ðcos�3 � sin�3Þ=
ffiffiffi
2

p
, they are identical

to the standard Dirac fields for cos�3 ¼ sin�3 ¼ 1=
ffiffiffi
2

p
, or


 ¼ 0, but keep the approximate character of Dirac fields
nearby (0< j
j � 1). The contraction of the field with
itself, 	 cos2�3, nearly vanishes for �3 	 �=4, while the
contraction with the conjugate fields is unity. Thus, the LL
and RR transition amplitudes are proportional to cos2�3
and nonzero, while the LR transition remains 1. The ex-
changes of the near-Dirac fields is equivalent to the ex-
changes of the two Majorana fields, generating transition
amplitudes LL, RR ¼ cos2�3 � sin2�3 ¼ cos2�3, and

FIG. 3. Partonic cross sections for different-flavor squark pro-
duction as a function of the Dirac/Majorana control parameter y.
The plot corresponds to a fixed partonic center-of-mass energyffiffiffi
s

p ¼ 2000 GeV, and m~q ¼ 500 GeV and m~g1 ¼ 600 GeV. The

scale of the running coupling �MS
s ð�Þ has been chosen to be� ¼ffiffiffi

s
p

.

3We could equivalently define SM matter fermions to carry
nonvanishing D, with D½qL� ¼ �D½qR�, with sfermions having
vanishing Dirac charge.
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LR ¼ cos2�3 þ sin2�3 ¼ 1. Taking the N ¼ 2 gluino as
an example in the limitM0

3 ! 0, the parameters describing

the approach to the Dirac field are given by

cos�3 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1�M0

3=m~g1Þ2
q � 1ffiffiffi

2
p

�
1þ 1

2

M0
3

m~g1

�
;

(3.31)

sin�3 ¼
1�M0

3=m~g1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1�M0

3=m~g1Þ2
q � 1ffiffiffi

2
p

�
1� 1

2

M0
3

m~g1

�
;

(3.32)

generating

cos
 � 1 and sin
 � M0
3=2m~g1 : (3.33)

In contrast to the wave functions, the two mass eigenvalues
m~g1;2 remain equal up to second order in M0

3. As a result,

exchanging the near-Dirac fields between L and R currents
reproduces the cross sections calculated otherwise by the
exchange of the almost degenerate Majorana fields.

E. Summary of characteristic scattering processes

The entire ensemble of partonic cross sections for the
N ¼ 1 Majorana theory has been calculated in Ref. [22],
improving on the Born approximations [23] by including
the radiative super-QCD corrections (for threshold resum-
mations see [24]). Electroweak tree-level contributions to
the production of two (anti)squarks have been calculated in
Ref. [25], while electroweak one-loop corrections to
squark antisquark production have been derived in
Ref. [26]. Since the number of reactions is approximately
tripled when the theory is followed along the Majorana-
Dirac path, we restrict the discussion to a set of character-
istic examples.4 To highlight the characteristic differences
between Majorana and Dirac theories, it is sufficient to
work out the cross sections at the Born level.

(a) Different-flavor quark scattering:
These channels have been used in the previous
sections to develop the differences between
Majorana and Dirac theories. The results are pre-
sented in Eqs. (3.8), (3.27), (3.28), and (3.29) and
Fig. 3.

(b) Different-flavor quark-antiquark scattering:
The Feynman diagrams for q �q0 ! ~qL~q

0�
L , ~qR~q

0�
R ,

~qL~q
0�
R are shown in Fig. 4(a). In the Majorana and

Dirac limits, the partonic cross sections read

Majorana ¼ Dirac: �½q �q0 ! ~qL~q
0�
L �

¼ �½q �q0 ! ~qR~q
0�
R �

¼ 2��2
s

9s2
½ðsþ 2ðm2

~g1
�m2

~qÞÞL1

� 2	s�; (3.34)

Majorana: �½q �q0 ! ~qL~q
0�
R �

¼ 2��2
s

9

	m2
~g1

sm2
~g1
þ ðm2

~g1
�m2

~qÞ2
; (3.35)

Dirac : �½q �q0 ! ~qL~q
0�
R � ¼ 0: (3.36)

As before,	 ¼ ð1� 4m2
~q=sÞ1=2 is the velocity of the

produced squarks. Numerical results for the cross
sections along the path �1 ! y ! 0 are displayed
in Fig. 5(a).
For equal-flavor quark-antiquark scattering, the ad-
ditional gluino s-channel exchange must be added to
the t-channel exchange diagrams.

(c) Squark-gluino production:
The Feynman diagrams for the super/hyper-
Compton processes gq ! ~q~g1, ~q~g2 are given in
Figs. 4(b) and 4(c). As before, we give formulas
for the cross sections in the two limiting cases:

Majorana ¼ Dirac: �½gq ! ~qL;R~g� ¼ �½gq ! ~qL~gD� ¼ �½gq ! ~qR~g
c
D�

¼ ��2
s

18s3
½2ð4s� 4m2

~g1
� 5m2

~qÞðm2
~g1
�m2

~qÞL0
1 þ 9ðsðsþ 2m2

~g1
Þ

þ 2m2
~qðm2

~q �m2
~g1
� sÞÞL1 � 	sð7sþ 32ðm2

~g1
�m2

~qÞÞ�; (3.37)

Dirac : �½gq ! ~qL~g
c
D� ¼ �½gq ! ~qR~gD� ¼ 0; (3.38)

4The complete set of cross sections is available at the website in [27].
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with

L1 ¼ log
ð1þ 	Þ þ 2ðm2

~g1
� 2m2

~qÞ=s
ð1� 	Þ þ 2ðm2

~g1
� 2m2

~qÞ=s

L0
1 ¼ log

ð1þ 	Þ � 2ðm2
~g1
� 2m2

~qÞ=s
ð1� 	Þ � 2ðm2

~g1
� 2m2

~qÞ=s
:

(3.39)

Here, 	¼ð½s�ðm~qþm~g1Þ2�½s�ðm~q�m~g1Þ2�Þ1=2=s
denotes the momenta of the final-state squarks and
gluinos in units of half the total c.m. parton energy,
i.e. the velocity for equal-mass particles. Figure 5(b)
shows the cross sections for the two Majorana mass
eigenstates along the interpolated path between the
two limits. As can be seen in the figure, the second

FIG. 5. Partonic cross sections for different-flavor squark production in quark annihilation (a), squark-gluino production (b) and
gluino production (c,d). The cross sections are given as functions of the Dirac/Majorana control parameter y. Soft breaking parameters
are as in Fig. 3.

FIG. 4. Feynman diagrams for different-flavor squark production in quark annihilation (a), squark-gluino production (b, c), gluino
production in quark annihilation (d, e) and gluino production in gluon fusion (f, g). (The indices i, j count the two gluinos in the N ¼ 2
hybrid model, and should be ignored for the N ¼ 1 MSSM.)
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gluino ~g2 can only be produced if, for the fixed
parton c.m. energy, it becomes light enough so that
the kinematical threshold is crossed. Approaching
the Dirac limit y ! 0, the cross sections for ~q~g1 and
~q~g2 production become equal. Note that the total ~q ~g
production cross section is the same in the Dirac
limit as in the original MSSM.

(d) Gluino pairs:
Gluino pairs can be produced through quark anni-

hilation, q �q ! ~g1~g1, ~g1~g2, ~g2~g2 [see Figs. 4(d) and
4(e)), or through gluon fusion gg ! ~g1~g1, ~g2~g2 [see
Figs. 4(f) and 4(g)). The production of gluino pairs
in gluon-gluon collisions is based solely on QCD
gauge interactions. By conservation of the color
current, mixed ~g1, ~g2 gluino pair production is
therefore not possible. The cross sections are given
by

Majorana: �½q �q ! ~g ~g� ¼ 4��2
s

27s3

�
�2

8s2m2
~q þ sð7m4

~g1
� 32m2

~g1
m2

~q þ 25m4
~qÞ � 18ðm2

~g1
�m2

~qÞ3
s� 2m2

~g1
þ 2m2

~q

L0
1

þ 	

�
13s2 � 6sðm2

~g1
� 3m2

~qÞ �
8s3m2

~q

sm2
~q þ ðm2

~g1
�m2

~qÞ2
��

; (3.40)

Dirac: �½q �q ! ~gD~g
c
D� ¼

4��2
s

27s3

�
�2ð9ðm2

~g1
�m2

~qÞ2 þ sðm2
~g1
þ 8m2

~qÞÞL0
1

þ 	

�
19s2 þ 6sðm2

~g1
þ 3m2

~qÞ �
8s3m2

~q

sm2
~q þ ðm2

~g1
�m2

~qÞ2
��

;

�½q �q ! ~gD~gD� ¼ �½q �q ! ~gcD~g
c
D� ¼ 0; (3.41)

and

Majorana : �½gg ! ~g ~g� ¼ 3��2
s

4s3
½3ðs2 þ 4sm2

~g1
� 4m4

~g1
Þ log1þ	

1�	 � 	sð4sþ 17m2
~g1
Þ�; (3.42)

Dirac: �½gg ! ~gD~g
c
D� ¼

3��2
s

2s3
½3ðs2 þ 4sm2

~g1
� 4m4

~g1
Þ log1þ	

1�	 � 	sð4sþ 17m2
~g1
Þ�

�½gg ! ~gD~gD� ¼ �½gg ! ~gcD~g
c
D� ¼ 0; (3.43)

in the same notation as before, with L0
1 defined in

(3.39) but 	 ¼ ð1� 4m2
~g1
=sÞ1=2. As the nature of the

gluino is changed smoothly from Majorana to Dirac
along the path P , several thresholds are crossed for
fixed parton c.m. energy, see Figs. 5(c) and 5(d),
whenever the second Majorana particle becomes
light enough to allow ~g1~g2 and ~g2~g2 pair production,
respectively.

Again, the identity of the two Majorana with the Dirac
theory can be reexamined by verifying the equality of the
cross sections,

�½q �q ! ~gD~g
c
D� ¼

X2
k;l¼1

�½q �q ! ~gk~gl�;

�½gg ! ~gD~g
c
D� ¼

X2
k

�½gg ! ~gk~gk�;
(3.44)

in a meticulous accounting of interference effects in
double-gluino production. In the Dirac limit, the total
production cross section for gg ! gluinos is therefore
twice as large as in the MSSM.

The hadron cross sections will be discussed for the LHC
in the final section, including crucial tests for discriminat-
ing the MSSM Majorana theory from a Dirac theory
experimentally.

F. Gluino decays

If squarks are heavier than gluinos, the dominant chan-
nels are decays to gluinos. Otherwise, squarks decay into
electroweak chargino and neutralino channels. Gluinos in
turn always decay to pairs of quarks and squarks, either
real or virtual. The partial widths of all these strong [28]
and electroweak modes [29] are known in next-to-leading
order in N ¼ 1 supersymmetry. In this subsection, only
strong decay channels will be discussed, while electroweak
decays are postponed to the next section.

(a) m~q > m~g:

The partial widths for squark decays to Majorana
and Dirac gluinos,
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�½~qL ! q~g� ¼ �½~qR ! q~g� ¼ �½~qL ! q~gcD�

¼ �½~qR ! q~gD� ¼ 2�s

3

ðm2
~q �m2

~gÞ2
m3

~q

;

(3.45)

�½~qR ! q~gcD� ¼ �½~qL ! q~gD� ¼ 0; (3.46)

(and correspondingly for the charge-conjugate
states) are the same for equal masses and couplings.
This applies for the two endpoints of the path P , the
standard N ¼ 1Majorana limit, and the Dirac limit.
Even though the decay mechanism is strong, the P-
wave decay width is suppressed nevertheless when
the squark/gluino mass difference becomes small.

(b) m~g > m~q:

A similar relation applies for Majorana and Dirac
gluino decays into quarks and squarks (and charge-
conjugate states)

�½~g ! q~q�L� ¼ �½~g ! q~q�R� ¼ �½~gD ! q~q�L�

¼ �½~gcD ! q~q�R� ¼
�s

8

ðm2
~g �m2

~qÞ2
m3

~g

;

(3.47)

�½~gD ! q~q�R� ¼ �½~gcD ! q~q�L� ¼ 0: (3.48)

Nonisotropic angular distributions follow the familiar cos�
distribution for spin 1=2 ! spin 1=2þ spin 0 decays.

Squarks decay either to Dirac particles or to Dirac
antiparticles. These modes can be distinguished in the
subsequent Dirac decays.

The Majorana or Dirac character of the gluinos can be
demonstrated nicely in the charge assignments of squarks
in the decays of gluino pairs

Majorana : ~g ! qL~q
�
L 
 qL~qL and qR~q

�
R 
 qR~qR;

(3.49)

Dirac: ~gD ! qL~q
�
L and qR~qR;

~gcD ! qL~qL and qR~q
�
R; (3.50)

where 
 connects final states that are produced at equal
rates.

For the first two generations, mixing between L and R
squarks is expected to be negligible. In this case, the
chiralities of the squarks can be distinguished clearly by
their decay modes. For instance, if the lightest neutralino is
mainly bino and the next-to-lightest neutralino is domi-
nantly wino, the L squarks have sizable branching fractions
into decay cascades leading to additional leptons ~qL !
q~�0

2 ! qlþl� ~�0
1 or ~qL ! q~��

1 ! ql��l ~�
0
1, l ¼ e, �, �.

On the other hand, R squarks would almost always decay

directly to the lightest neutralino ~qR ! q~�0
1. Furthermore,

the decay chain ~qL ! q~��
1 ! ql��l ~�

0
1 allows to deter-

mine the charge of the ~qL experimentally.
Production of Majorana gluino pairs leads to equal

amounts of same-sign and opposite-sign L squarks, while
Dirac gluino pairs generate only the ordinary opposite-sign
combination

Majorana: pp ! ~g ~g

! qq~q�L~q�L 
 q �q~qL~q
�
L 
 �qq~q�L~qL 
 �q �q ~qL~qL;

(3.51)

Dirac: pp ! ~gD~gD ¼ 0

pp ! ~gD~g
c
D ! q �q~qL~q

�
L; (3.52)

and correspondingly for R squarks and mixed L=R final
states. In Sec. V, the LHC phenomenology of this process
will be discussed in more detail.
For gluino decays into tops and stops, the situation is

more complex due to potentially sizable stop mixing.
Nevertheless, unless the stop mixing is maximal, i.e. �~t ¼
�=4, Dirac gluinos will lead to an asymmetry in the stop
charge assignment as a result of mass difference between
the two stop mass eigenstates

Majorana : pp ! ~g ~g ! tt~t�~t� 
 t�t~t~t� 
 �tt~t�~t 
 �t �t~t~t;

(3.53)

Dirac: pp ! ~gD~gD ¼ 0;

pp ! ~gD~g
c
D

! �DðtLtR~t�~t� 
 tL tR ~t~tÞ and

	DðtLtL ~t~t� 
 tRtR~t
�~tÞ: (3.54)

The gluinos will decay with a larger branching fraction into
the lighter of the two stop states. For Majorana pairs, this
leads to universal charge assignments independent of stop
mixing. On the other hand, a Dirac gluino ~gD (antigluino
~gcD) decays more often into a stop (antistop) if the lighter
stop state is mostly R chiral. If the lighter stop is mostly L
chiral, the opposite decay patterns dominate. Either way,
one obtains

�D < 	D; (3.55)

leading to more opposite-sign top pairs than same-sign top
pairs in the final state. In addition, the Majorana gluinos ~g
decay to top and antitop quarks of both chiralities L, Rwith
equal probability, while the Dirac gluino pairs ~gD~g

c
D decay

to quarks (or antiquarks) which carry different L and R
chiralities as indicated in Eq. (3.54), giving rise to different
decay distributions.
In the Dirac theory, the ‘‘Majorana-like’’ decay pattern

�D ¼ 	D can only be realized for maximal stop mixing.
Using leptonic decay modes of the top quarks to identify
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their charge, multitop final states therefore offer a powerful
testing ground for distinguishing Majorana from Dirac
gluinos.

IV. THE ELECTROWEAK SECTOR

If for N ¼ 1, the supersymmetry breaking scale is much
larger than the electroweak mass scale v, the neutralino
sector includes two Majorana gauginos associated with the
hypercharge U(1) and the isospin SU(2) gauge groups, and
two nearly mass degenerate Majorana higgsinos. Thus, in
the limit v=� ! 0, the system consists of two Majorana
gauginos and one Dirac higgsino. Extending the N ¼ 1
supersymmetry to the N ¼ 2 supersymmetry, the two gau-
gino degrees of freedom are doubled and, in parallel to the
gluino sector, the two U(1) and SU(2) related gaugino
fields may transform from Majorana to Dirac fields.5

A. N ¼ 1=N ¼ 2 neutralino and chargino masses and
spinor wave functions

In the limit of asymptotically high N ¼ 2 supersymme-
try scales, the neutralino mass matrix (2.10) disintegrates
into three weakly coupled 2� 2 submatrices associated
with the gauginos of the gauge groups U(1) and SU(2), and
the higgsino sector. If the new gaugino mass parameters
M0

1;2 are infinitely large, the system is reduced to the

familiar N ¼ 1 MSSM. On the other hand, if the on-
diagonal elements of the two 2� 2 gaugino submatrices
vanish and the submatrices are reduced to equal off-
diagonal elements, the two Majorana fields of each group
can be joined to a Dirac field. In the limit v ! 0 the
mechanisms operate strictly parallel to the gluino sector.

Since the N ¼ 1Majorana limit for neutralinos has been
worked out in all of its facets in the past, we will here
restrict ourselves solely to the discussion of the Dirac/near-
Dirac limit. The original current fields in Cartesian coor-
dinates are denoted by

~� curr ¼ f ~B0; ~B; ~W 03; ~W3; ~Hd; ~HugT: (4.1)

The mass eigenfields, for v ! 0, are maximally mixed
superpositions of the current eigenfields

~� mass ¼ f ~B1; ~B2; ~W
3
1; ~W

3
2; ~H1; ~H2gT; (4.2)

where, for real and non-negative MD
1 , M

D
2 , and �, the six

mass eigenstates are written in terms of the current fields as

~B1;2 ¼ fig½ð ~B0
L � ~B0

RÞ � ð ~BL � ~BRÞ�=
ffiffiffiffi
2;

p
~W1;2 ¼ fig½ð ~W 0

L � ~W 0
RÞ � ð ~WL � ~WRÞ�=

ffiffiffi
2

p
;

~H2;1 ¼ fig½ð ~HuL � ~HuRÞ � ð ~HdL � ~HdRÞ�=
ffiffiffi
2

p
;

(4.3)

with mass eigenvalues m ~B1;2
¼ MD

1 , m ~W3
1;2
¼ MD

2 and

m ~H1;2
¼ j�j, respectively. (The coefficient fig is associated

with the second entry in each row.)
The neutral Majorana fields can be joined pairwise to

form three Dirac fields in the v ¼ 0 limit

~� 0
D ¼ f ~BD; ~W

3
D; ~HDg; (4.4)

where the Dirac fields are expressed in terms of the mass
eigenfields as

~W3
D ¼ ð ~W3

1 � i ~W3
2Þ=

ffiffiffi
2

p
and ~W3 ) ~B;

~H0
D ¼ ð ~H1 � i ~H2Þ=

ffiffiffi
2

p
; (4.5)

while the corresponding charge-conjugated fields read

~W3c
D ¼ �ð ~W3

1 þ i ~W3
2Þ=

ffiffiffi
2

p
and ~W3c ) ~Bc;

~H0c
D ¼ þð ~H1 þ i ~H2Þ=

ffiffiffi
2

p
: (4.6)

The charged Dirac fields, in parallel to the neutral fields
but in circular notation, are given by

~W�
1;2 ¼ fig½ð ~W 0�

L � ~W 0�
R Þ � ð ~W�

L � ~W�
R Þ�=

ffiffiffi
2

p
;

~H� ¼ ~H�
uL=R þ ~H�

dR=L: (4.7)

These fields are mutually conjugate to each other. The �
fields can be rotated to three new charged Dirac fields

~��
D1 ¼ ð ~W�

1 � i ~W�
2 Þ=

ffiffiffi
2

p
;

~��
D2 ¼ ð ~W�

1 � i ~W�
2 Þ=

ffiffiffi
2

p
;

~��
D3 ¼ ~H�;

(4.8)

generating, in association of the charged gaugino and
higgsino fields, an ensemble of three chargino fields.
Again, the � components are related by C conjugation.
In the limit of small but nonzero v, all the fields are

weakly mixed after electroweak symmetry breaking, i.e.
the original mass eigenfields defined in Eqs. (4.5) and (4.8)
receive small admixtures. The final neutralino mass eigen-
fields may be written, up to terms linear in v=MSUSY:

~� phys � 14�4 ��D

�y
D 12�2

� �
~�mass; (4.9)

with the 4� 2 matrix �D accounting for the admixture
between gauginos and higgsinos,

�D ¼ mZ

isWs	=�1þ sWc	=�1�
�sWc	=�1� �isWs	=�1þ
�icWs	=�2þ �cWc	=�2�
cWc	=�2� icWs	=�2þ

0
BBB@

1
CCCA; (4.10)

with �1þ ¼ �þMD
1 , etc. For the chargino states, one

finds similarly

~��
phys �

12�2 ���
�y

� 1

� �
~��
mass ; (4.11)

5The discussion of the electroweak sector is restricted, almost
exclusively, to those points, which affect the phenomenology of
squark/gluino decays; the only exception will be selectron pair
production for polarized beams.
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with the 2� 1 matrix �� taking into account the small
mixing between gauginos and higgsinos

�� ¼ mW
c	=�2� � s	=�2þ

�is	=�2þ � ic	=�2�

� �
: (4.12)

Up to linear accuracy in v=MSUSY the neutralino and
chargino mass eigenvalues are unaltered.

The Dirac charge has been introduced for convenient
bookkeeping of allowed and forbidden reactions in the
N ¼ 2 hybrid theory. Of course, the charginos form
Dirac fields even in the MSSM. However, for nonzero
masses one cannot define a conserved Dirac charge in
this more restricted theory. The gauge-strength Yukawa-
type couplings of the charginos to a sfermion and an out-
going left-handed matter fermion involve both the L and R
components of the (current) Dirac wino spinor [3]

LMSSM
~W ~q q

	 uL ~Wþ
R
~dL þ dLð ~Wþ

L Þc~uL sin. In the MSSM, these

components, which carry opposite D charge, are coupled
by the mass M2. In contrast, in the N ¼ 1=N ¼ 2 hybrid
theory a conserved Dirac charge (3.26) can be defined for
v ! 0, since the L and R components of the original N ¼
1wino ~W belong to differentDirac fields in this limit. Since
no second ‘‘partner’’ field has been introduced in the
higgsino sector, their couplings to fermions and sfermions,
which are determined by the standard Yukawa interactions,
will not conserve D either. The transition to mixed gau-
gino/higgsino states will be discussed in a sequel to this
report.

The formalism can now be applied to compare signa-
tures distinguishing the original N ¼ 1 Majorana theory
from a Dirac theory in the electroweak sector as formulated
explicitly in the hybrid model.

B. Electroweak squark cascade decays inMajorana and
Dirac scenarios

The generic structures of sfermion decays to neutralinos/
charginos and of neutralino/chargino decays to sfermion
plus fermion pairs are similar to those of squark and gluino
decays in super- and hyper-QCD. The complexity in-
creases due to the mixing between gauginos and higgsinos
and between left- and right-handed sfermions originating
from electroweak symmetry breaking. However, for the
first- and second-generation (s)fermions with small
Yukawa couplings the contamination is negligible.

A rich ensemble of observables for measuring the prop-
erties of supersymmetric particles at the LHC is provided
by cascade decays involving neutralinos. In particular, the
squark cascades with intermediate neutralinos and sleptons
have served to study experimental prospects of measuring
masses and spins. In addition, the Majorana or Dirac nature
of the neutralinos can be determined by measuring the
distributions of the charged leptons in the final state.

In the following discussion we assume that only SU(2)

singlet sleptons ~lR are accessible in the decay of the
relevant neutralino ~�0

2. Ignoring lepton mass effects, the

charged ‘‘near’’ lepton produced together with the slepton
is then either a left-handed lþ or a right-handed l�. (We
will see in a moment that only one of these possibilities is
allowed in the Dirac theory.) Neutralinos produced in ~qL
decays are produced in association with a left-handed
quark, i.e. they are predominantly left handed. Angular
momentum conservation then implies that a near l� (lþ)
preferentially goes opposite (parallel) to the neutralino
flight direction. In the rest frame of the decaying ~qL a
near l� will thus tend to be softer, and closer to the quark
in phase space, than a near lþ. These correlations are
reflected in the invariant ql mass distributions [30,31].
The same argument implies that the slepton, and hence
the ‘‘far’’ lepton that results from its decay, will be harder
(softer) if it has positive (negative) charge.
In Majorana theories, the neutralino ~�0

2 can decay into

sleptons ~lR of both positive and negative charge:

~q L ! q~�0
2 ! ql�n ~l�R ! ql�n l�f ~�0

1: (4.13)

The near ðnÞ leptons and the far ðfÞ leptons, produced

directly in the ~�0
2 decays and in the subsequent ~lR decays,

respectively, both can have either negative or positive
charges, albeit with different energy distributions as a
result of the neutralino polarization discussed above.
By contrast, the transition from Majorana to Dirac par-

ticles leads to a simpler situation. In the Dirac theory,
evaluating the generic fermion-sfermion-neutralino
Lagrangian, restricted to gauginos for the first two gener-
ations, results in

Lf~f ~� ¼ gLðfL ~�0
D
~fL þ �~�0

DfL
~f�LÞ

þ gRðfR ~�c0
D
~fR þ �~�c0

D fR ~f
�
RÞ: (4.14)

(The L- and R-couplings gL, gR are defined in terms of the
neutralino mixing matrix and the fermion isospin and
hypercharges, as frequently noted in the literature; recall
that D½~�0

D� ¼ �D½~�c0
D � ¼ þ1.) A fixed sequence of

charges in leptonic decay modes is thus predicted. The
squark decay generates, together with the quark, an anti-
neutralino ~�c0

D2, the antineutralino in turn decays to a lepton

l� and an antislepton ~lþR , which finally decays into an
antilepton lþ

~q L ! q~�c0
D2 ! ql�n ~lþR ! ql�n lþf ~�c0

D1: (4.15)

In other words, only one of the two possibilities available
in the Majorana theory can be realized in the Dirac theory.
Following the calculations of Ref. [31], we derive the

ql� and qlþ distributions as shown in Fig. 6 for the decay
chains in Eqs. (4.13) and (4.15). In order to understand
these figures, note first that for the given choice of super-
particle masses the endpoint of the qln invariant mass
distribution is larger than that for the qlf distribution.

Comparison of the solid curves in the first two frames
clearly shows that, for ~qL decay, the qlþ distribution is
significantly harder than the ql� distribution; recall that
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this is true for both the near and far lepton. Turning to the
Dirac scenario, we saw that the lþ from ~qL decay has to be
the far lepton; the dashed curve in the first frame therefore
cuts off at the lower qlf endpoint. Note that this distribu-

tion is indeed quite hard, i.e. it peaks fairly close to this
endpoint. In contrast, the dashed curve in the second frame
shows the distribution of the near lepton in ~qL decay. Since
this lepton is negatively charged, the above discussion
leads us to expect this distribution to be relatively soft,
and indeed it peaks well below its endpoint.

As demonstrated in the figure, the invariant mass distri-
butions are markedly different for the Dirac cascade sce-
nario compared with the Majorana cascade scenario.
Though the sensitivity is reduced to some extent, this is
true even when the charge of the lepton is undetermined, as
a result of the polarization of the ~�0

2 stemming from the

squark decay. Quite generally, the charge-conjugated pro-
cess

~q �
L ! �q~�0

D2 ! �qlþn ~l�R ! �qlþn l�f ~�0
D1 (4.16)

leads, by CP invariance, to charge-chirality correlations
exactly opposite to Eq. (4.15), so that the ql� distribution
from ~qL decays is identical to the �ql� distribution from ~q�L
decays. As a result, the ql� spectrum, in contrast to the qlþ
and ql� spectra, is insensitive to the squark charge so that
the analysis of this distribution, not requiring knowledge of
the parton distribution functions, is particularly simple.6

C. Electroweak Majorana signatures in e�e� collisions

Polarized electron-electron collisions [32,33] offer a
classical and most transparent method for studying the

Majorana character of neutralinos

e�L e�L ! ~e�L ~e�L ; e�R e�R ! ~e�R ~e�R; e�L e�R ! ~e�L ~e�R :
(4.17)

All three processes are activated in Majorana theories
while, in analogy to qq scattering, the equal-helicity am-
plitudes vanish for Dirac neutralino exchange. Electron
beams can be polarized at linear colliders to nearly 100%
and, as a minor idealization, we will assume complete
polarization for the sake of clarity in the following analysis
(corrections to this assumption can trivially be
implemented).
In the hybrid theory on which we have based the detailed

analyses, the scattering amplitudes can be written as

A½e�L e�L ! ~e�L ~e�L � ¼ �2e2½MLLðs; tÞ þMLLðs; uÞ�;
A½e�R e�R ! ~e�R ~e�R � ¼ 2e2½M�

RRðs; tÞ þM�
RRðs; uÞ�;

A½e�L e�R ! ~e�L ~e�R � ¼ e2�1=2 sin�DLRðs; tÞ: (4.18)

Here, � is the scattering angle, and the dimensionless
neutralino functions Mab and Dab (a; b ¼ L; R) are de-
fined by

Mabðs; tðuÞÞ ¼
X6
k¼1

m~�0
kffiffiffi
s

p V akV bkDktðuÞ;

Dabðs; tðuÞÞ ¼
X6
k¼1

V akV �
bkDktðuÞ:

(4.19)

They are determined by the tðuÞ-channel neutralino propa-
gators DktðuÞ ¼ s=ðtðuÞ �m2

~�0
k

Þ and the effective mixing

coefficients

V Lk ¼ N 2k=2cW þN 4k=2sW; V Rk ¼ N 2k=cW:

(4.20)

The neutralino mixing matrix N diagonalizes the neutra-

FIG. 6. ql invariant mass distributions for squark decay chains involving Majorana or Dirac neutralinos. The masses have been taken
from the SPS1a0 scenario [36].

6At the LHC, one expects more ~qL than ~q�L to be produced, i.e.
the charge averaging should be done with different weights. This
would increase the difference between the two theories even
further. Also note that these distributions can be measured
directly only for l ¼ e, �.
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lino mass matrix as N TMnN ¼ diagðm~�0
1
; . . . ; m~�0

6
Þ.

The differential cross sections

d�LL

d cos�
¼ ��2

4s
�1=2jMLLðs; tÞ þMLLðs; uÞj2;

d�RR

d cos�
¼ ��2

4s
�1=2jMRRðs; tÞ þMRRðs; uÞj2;

d�LR

d cos�
¼ ��2

4s
�3=2sin2�jDLRðs; tÞ þDLRðs; uÞj2

(4.21)

can easily be derived from the scattering amplitudes.
In the standard Majorana limit the expressions reduce to

the familiar MSSM form, see e.g. Ref. [34]. The differen-
tial cross sections are the same in their form as those in
Eq. (4.21), with the t- and u-channel exchanges mediated
only by the four mass eigenstates ~�0

1;3;5;6; the other two

states ~�2;4 are decoupled as M0
1;2 become infinite.

The Dirac limit, on the other hand, is exceptionally
simple in the selectron sector in which the Yukawa cou-
plings 	me=v can be neglected. The higgsino couplings
vanish in this limit and the higgsino admixtures to the U(1)
and SU(2) gauginos are ineffective. Hence, the neutralino
system is isomorphic, apart from the SU(3) symmetry
group, to the gluino system. The differential cross sections
in the Dirac limit with the gaugino and higgsino mixing
neglected greatly simplify to

d�LL

dcos�
¼ d�RR

dcos�
¼ 0;

d�LR

dcos�
¼ d�RL

dcos�
¼ ��2

16c4Ws
�3=2sin2�

�
s

t�m2
~�0
1

þ s

u�m2
~�0
1

�
2
:

(4.22)

The two representative cross sections �LL and �LR are

shown along the path P , defined analogously to the QCD
sector, in Fig. 7. In the figure, gaugino and higgsino mixing
induced by electroweak symmetry breaking has been in-
cluded by diagonalizing the complete mass matrix (2.10)
numerically, but the quantitative effect of this mixing is
very small.
In Ref. [35], a detailed phenomenological analysis for

selectron production in e�e� collisions was performed. It
was shown that, by using different decay modes of the
selectrons, their masses can be reconstructed experimen-
tally, thus allowing a clear distinction between the pro-
cesses e�e� ! ~e�R ~e�R , ~e�R ~e�L , ~e�L ~e�L . Therefore, the
Majorana nature of the neutralinos with dominant gaugino
component can be tested unambiguously in e�e�
collisions.

V. LIKE-SIGN DILEPTONS AND UNLIKE-SIGN
DILEPTONS AT THE LHC

In the previous sections, two methods have been identi-
fied for the experimental discrimination between Dirac and
Majorana gauginos at the LHC: The correlation between
charge and helicity of fermions from Dirac neutralino
decays leaves a characteristic imprint on the quark-lepton
distributions, as shown in Sec. IVB, which cannot be the
result of modifications in the sparticle spectrum. Secondly,
the production cross sections for squarks and gluinos are
different in the two cases, as analyzed in Sec. III. In the
following, it will be shown how this difference can be
measured through like-sign and unlike-sign dilepton sig-
nals at the LHC. Before describing the detailed phenome-
nological analysis for the rates of like-sign dilepton events,
a general overview of like-sign and unlike-sign dileptons
will be given to set the frame for expectations in various
channels of the subprocesses.

A. A Coarse picture of like-sign and unlike-sign
dilepton channels

To get a transparent view of channels that allow us to
confront the Majorana nature of the gluinos with the Dirac
alternative, we will first consider characteristic examples,
focusing on the ratio of like-sign dilepton events of differ-
ent charge and the ratio of like-sign over unlike-sign
dileptons. Like-sign lepton pairs can be produced from
decays of L-squark pairs mediated by charginos, e.g. for

~u and ~d squarks

~u L ! d~�þ
1 ! dlþ�l ~�

0
1;

~dL ! u~��
1 ! ul� ��l ~�

0
1;

(5.1)

as sketched in Fig. 8. For easy lepton and charge identi-
fication, we restrict ourselves to l ¼ e, � 
 ‘, or l ¼ �
with leptonic tau decays � ! e� ��, �� ��. Owing to the
valence quark distribution in the proton beams, ‘þ‘þ and
‘�‘� pairs are not produced in equal numbers in SUSY
events. Decay chains with neutralinos, on the other hand,

FIG. 7. Partonic cross sections for same-sign selectron produc-
tion as a functions of the Dirac/Majorana control parameter y,
for

ffiffiffi
s

p ¼ 500 GeV and SPS1a0 parameters [36]. Not shown is
the cross section for e�e� ! ~e�R ~e�R , which, apart from the
different normalization, shows a similar behavior as the cross
section for e�e� ! ~e�L ~e�L .
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~u L ! u~�0
2 ! ulþl� ~�0

1; (5.2)

lead to predominantly opposite-sign and same-flavor lep-
tons in the final state. (They give only a small contamina-
tion to the like-sign dilepton signal when mixed lepton-
hadron decays of neutralinos to tau pairs are observed, or,
for experimental reasons, when one of the leptons is missed
in the detector.) An overview of like-sign and unlike-sign
dilepton ratios is presented in Table II.

For specifying the decay branching ratios, the reference
scenario SPS1a0 [36] will be adopted. In this scenario,
BR½~qL ! q0 ~��

1 � � 2=3, BR½~qL ! q~�0
2� � 1=3, and

BR½~qR ! q~�0
1� � 1, which is typical for scenarios with

winolike ~�0
2 and binolike ~�0

1. The charginos ~��
1 and the

neutralino ~�0
2 decay preferentially to taus with branching

ratios � 3=4.
(a) Squark pair production:

In the Majorana theory, the most prominent squark
production channels are the subprocesses uu ! ~u ~u ,

dd ! ~d ~d and ud ! ~u ~d , initiated by valence quarks
and mediated by gluino exchange. In the Majorana

theory, the ~uL~uL and ~dL ~dL pair-production pro-
cesses lead to same-sign leptons, whereas

opposite-sign dileptons are generated in ~uL ~dL
events, if both squarks decay into charginos. In
both the Dirac and Majorana theory, opposite-sign
dileptons can originate from ~qL~qR final states via
~�0
2 ! ‘þ‘� and hadronic decays of ~qL and ~qR

squarks, respectively. The following event fractions
and ratios

Nð‘þ‘þÞ=Nð‘�‘�Þ 	 3 ðMajoranaÞ
Nð‘�‘�Þ=Nð‘þ‘�Þ 	 1=4

(5.3)

and

Nð‘�‘�Þ=Nð‘þ‘�Þ ¼ 0 ðDiracÞ (5.4)

are obtained for (2uþ d) valence partons in the
proton.
In both the Majorana and the Dirac theory, squark
pairs can also be produced from quark-antiquark
scattering and gluon annihilation. The dominant
contributions for dileptons come from the processes

uLuL ! ~uL~u
�
L, dLdL ! ~dL ~d

�
L, uLdL ! ~uL ~d

�
L, and

dLuL ! ~dL~u
�
L. These channels have one valence

quark and one sea antiquark in the initial state, so
that the cross sections are smaller than the quark-
quark cross sections. The channels predict a ratio
Nð‘þ‘þÞ=Nð‘�‘�Þ 	 2, for an approximate frac-
tion 1=4 of like-sign events within the total dilepton

FIG. 8 (color online). Sketch of allowed decay chains for L-type and R-type u squarks, ~uL;R, for SPS1a
0 masses. Here, h stands for

fully hadronic decay channels without charged leptons, while ‘ stands for an electron or muon. The numbers in light green/gray denote
approximate branching ratios for the associated decay channels. The decay patterns for the other (anti)squarks can be derived by the
replacements given on the right side.

TABLE II. Approximate relative probabilities of like-sign lep-
ton pairs ‘þ‘þ and ‘�‘�, and unlike-sign lepton pairs ‘þ‘�,
separately for characteristic channels (q ¼ u or d); the proper
normalization of the probabilities requires dividing all entries by
the common denominator N n ¼ 324. Probabilities for ~d pro-
cesses that can be derived by isospin rotation of ~u processes are
not noted explicitly. Parton processes forbidden in the Dirac
theory are marked by the symbol �.

Process Majorana Dirac

‘þ‘þ ‘�‘� ‘þ‘� ‘þ‘þ ‘�‘� ‘þ‘�

uLuL ! ~uL~uL 49 1 46 � � �
dLdL ! ~dL ~dL 1 49 46 � � �
uLdL ! ~uL ~dL 7 7 82 � � �
uLqR ! ~uL~qR 0 0 36 0 0 36

qL �qL ! ~qL~q
�
L 7 7 82 7 7 82

uL �dL ! ~uL ~d
�
L 49 1 46 49 1 46

uL �qR ! ~uL~q
�
R 0 0 36 � � �

guL ! ~gðDÞ~uL 14 2 50 14 2 50

g �uL ! ~gðcÞðDÞ~u
�
L 2 14 50 2 14 50

gqR ! ~gðcÞðDÞ~qR 0 0 18 0 0 18

g �qR ! ~gðDÞ~q�R 0 0 18 0 0 18

gg ! ~gðDÞ~g
ðcÞ
ðDÞ 4 4 34 4 4 34
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sample. These leading channels are not altered by
switching from the Majorana to the Dirac theory.
Channels that are initiated by two sea (anti)quarks
are doubly suppressed.

(b) Super-Compton process:
Gluinos ~g decay in the Majorana theory democrati-

cally at equal rates to ~u, ~u� and ~d, ~d� squarks, both
L- and R-types, of the first two generations.
Therefore, the super-Compton process qg ! ~q ~g
generates like-sign leptons with a branching ratio
that is independent of the squark charge. (Second-
generation ~s, ~c squarks will be included in the sub-
sequent phenomenological analysis.) However,
since the super-Compton process is predominantly
initiated by valence quarks, positively charged like-
sign leptons pairs outnumber negatively charged
like-sign pairs by the ratio Nð‘þ‘þÞ=Nð‘�‘�Þ 	
2. The number of unlike-sign dilepton events is
dominant, the ratio Nð‘þ‘þ þ ‘�‘�Þ=Nð‘þ‘�Þ 	
1=4, due to the additional enhancement of the final
states generated by ~qL ! ~�0

2 decays accompanied

by nonleptonic ~qR jet decays.
The picture becomes a bit more subtle when switch-
ing to the Dirac theory. L-squarks ~qL are only
produced together with ~gD gluinos, whereas
�½gq ! ~qL~g

c
D� ¼ 0, see Eq. (3.38). According to

Eqs. (3.49) and (3.50), the ~gD gluinos subsequently

decay only into ~u�L, ~d�L, but not into ~uL, ~dL.
Nevertheless, since gluinos decay democratically
to each flavor (anti)-squark for equal masses, the
probabilities of the like-sign and unlike-sign lepton
pairs are not altered by switching from the Majorana

to the Dirac theory. (For tan	> 1, ~dL squarks are
slightly heavier than ~uL squarks, so that the latter are
slightly preferred in gluino decays. This small effect
has been taken into account in the numerical analy-
sis to be described in the following subsection.)

(c) Gluino-pair production:
Pair production of gluinos in the Majorana theory
leads to same-sign L-squark pairs (~uL~uL, ~u�L~u�L,
~dL ~dL, ~d

�
L
~d�L, ~uL ~d�L, and ~u�L ~dL) in half of the cases,

which in turn generate same-sign leptons pairs
through the chargino decay chain, with the charge
ratio Nð‘þ‘þÞ=Nð‘�‘�Þ 	 1. In the Dirac theory,
only ~gD~g

c
D gluino pairs are generated and ~gD decays

only into L-antisquarks ~q�L (and R-squarks ~qR),
while ~gcD decays only into L-squarks ~qL (and
R-antisquarks ~q�R). However, as for case (b), owing
to the flavor-democratic decays of (Dirac) gluinos
the relative rates for like-sign and unlike-sign lepton
pairs are unchanged for the Dirac theory compared
with the Majorana theory. In other words, contrary
to popular belief the frequent occurrence of like-sign
dilepton pairs in gluino-pair events is not a signal for
the Majorana nature of the gluino.

The total production cross section for gluino pairs is
roughly twice as large in the Dirac theory compared
with the Majorana theory, as a result of the doubling
of the physical degrees of freedom of the gluinos.

In summary, the population of like-sign dileptons pre-
dicted in the Majorana theory is altered significantly when
switching to the Dirac theory, with the suppression of like-
sign as well as unlike-sign dileptons in the valence chan-
nels being most prominent. Properly weighing the individ-
ual channels,

‘þ‘þ=‘�‘�=‘þ‘� ¼ X
�kf

��=þ�
k

�X
�k; (5.5)

the valence-valence and super-Compton channels generate
the leading contributions, of similar size as demonstrated
in the next subsection. In addition to the absolute rates for
‘þ‘þ and ‘�‘� production, it is very useful to tag the large
transverse momentum jets in the like-sign dilepton events,
since this observation allows us to discriminate between
squark and gluino production as the primary hard process
[9,10]. Thus, detailed analyses of dilepton events can
provide powerful discriminants between the Majorana
and Dirac nature of the gluinos.

B. A detailed analysis of like-sign dileptons in
Majorana/Dirac theories

Since our numerical analysis of like-sign dileptons fol-
lows strictly the report on the measurement of the Yukawa
coupling in super QCD, we will not repeat any of the
technical points described comprehensively in
Refs. [9,10]. For representative numerical results, we will
adopt the MSSM scenario of this study, which is close to
the reference points SPS1a0 [36] and the Snowmass point
SPS1a [37]. Though the supersymmetry mass spectrum is
comparatively light, it is compatible, nevertheless, with
analyses of high-precision electroweak measurements
[38]. Higher supersymmetric masses reduce the production
rates and would thus require larger integrated luminosities
at the LHC to obtain similar event numbers. We note,
however, that the processes initiated purely by valence
quarks will drop off most slowly. Heavier spectra thus
mean less ‘‘pollution’’ of the SUSY dilepton sample by
events with gluinos in the final state; we saw above that
ratios of dilepton final states in these gluino events are
identical in the Dirac andMajorana theories. Increasing the
sparticle masses should therefore reduce the number of
events needed to cleanly distinguish between the two
theories.
The masses and branching ratios for squarks, gluinos,

and charginos/neutralinos of SPS1a0 are tabulated in
Refs. [9,10]. In this scenario, gluinos are heavier than
squarks so that they decay via ~g ! ~q �q , ~q�q. The branch-
ing ratios involving charginos and neutralinos are not
altered when switching from the Majorana to the Dirac
theory, except for the charge-helicity correlations dis-
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cussed in Sec. IVB, which however do not matter for this
analysis.7

Based on the parton cross sections derived in the pre-
ceding sections, the theoretical predictions for the pp cross
sections at the LHC are summarized in Table III. The
values are given, in the Majorana as well as the Dirac
theory, for the relevant squark and gluino channels.
Parallel to Ref. [10] a set of cuts has been applied to fight
the huge background cross section from the standard model
processes: at least two jets with pT;j > 200 GeV, missing

transverse energy E6 T > 300 GeV, exactly two isolated
same-sign leptons ‘ ¼ e, � with pT;‘ > 7 GeV, and a

bottom-flavor veto. After applying the cuts, this SM back-
ground is suppressed to a level of 5%. Also shown in the
table is the ratio of reconstructed positively and negatively
charged lepton pairs Nð‘þ‘þÞ=Nð‘�‘�Þ for each of the
production channels. As a result of the more realistic
simulation, the values for Nð‘þ‘þÞ=Nð‘�‘�Þ are washed
out compared with the naive estimates of the previous
subsection.

For an integrated luminosity of
R
L ¼ 300 fb�1 at the

LHC, one obtains the following event numbers for the final
states with ‘þ‘þ and ‘�‘�:

Majorana: Nð‘þ‘þÞ ¼ 3500; Nð‘�‘�Þ ¼ 2100;

Nð‘þ‘þÞ=Nð‘�‘�Þ ¼ 1:66; (5.6)

Dirac: Nð‘þ‘þÞ ¼ 2400; Nð‘�‘�Þ ¼ 1800;

Nð‘þ‘þÞ=Nð‘�‘�Þ ¼ 1:33: (5.7)

It is advantageous to focus on cross section ratios only, so
that uncertainties for the total luminosity and the branching
ratios in the decay chains Eq. (5.1) cancel out. From the
measurement of the ratio Nð‘þ‘þÞ=Nð‘�‘�Þ the Dirac
theory, in comparison to the Majorana theory, can be
rejected with a statistical significance of more than 7�.

However, systematic error sources are important and
need to be taken into account. Large sources for systematic

uncertainties are the measurement of the squark and gluino
masses, the proton parton distribution functions (PDFs)
and missing next-to-next-to-leading order radiative correc-
tions for the production cross sections. Following
Ref. [10], we assume 
m~g ¼ 12 GeV and 
m~q ¼
10 GeV and derive the error from higher order corrections
from the scale dependence of the next-to-leading order
result [22]. For the PDFs, we expect that the current
uncertainty will be improved by a factor of two due to
the final HERA analyses for the gluon PDF, and Tevatron
and LHC data for the quark PDFs. Including these system-
atic errors, the significance is reduced to a level of about
2�.
Fortunately, the result can be improved considerably by

considering the distribution of the transverse momentum of
the third hardest jet, pT;3 in the signal events, which

accentuates gluino decays. Because of the extra jet from
the gluino decay ~g ! ~q �q , ~q�q, this distribution is sensitive
to the relative contributions from squark pair production,
squark-gluino production, and gluino pair production. As
shown in Fig. 9, in the Majorana theory the pT;3 distribu-

tion is peaked at low values of pT;3, as a result of the sizable

contribution from ~qL~qL production. On the other hand, the
Dirac theory predicts a relatively larger signal from the
squark-gluino super-Compton process compared with
squark pair production. The gluino decay leads to a hard
third jet, so that the pT;3 distribution falls off more slowly

toward high momenta.
Dividing the pT;3 spectrum into 3 bins in the range

pT;3 2 ½30; 200� GeV, a fit to the distributions for the

‘þ‘þ and ‘�‘� final states allows a statistical discrimina-
tion between the Majorana and Dirac theory with 11.3
standard deviations (for

R
L ¼ 300 fb�1). Taking into

account systematic errors as above, we find that the
Dirac theory can be separated from the Majorana theory
by more than 10:7�.
Finally, we comment on a subtle issue: If the Yukawa

coupling between gluinos, squarks, and quarks is treated as
an unknown parameter, as in Refs. [9,10], one may worry
that a nonstandard value of the Yukawa coupling mimics
the effect of the Dirac theory at the LHC. We have ana-
lyzed this problem by repeating the fit to the pT;3 spectrum

with the Yukawa coupling as a free parameter. We have
also included a total cross-section measurement in this fit,

TABLE III. Signal and background cross sections before and after including branching ratios (BRs) and applying the cuts of
Ref. [10]. The numbers always include also the charge conjugate of the processes in the first column.

Process Majorana Dirac Nð‘þ‘þÞ=Nð‘�‘�Þ
Total cross section With BRs and cuts Total cross section With BRs and cuts Majorana Dirac

�½~qL~qð0ÞL � 2.1 pb 6.1 fb 0 0 2.5 -

�½~qL~qð0Þ�L � 1.4 pb 3.1 fb 1.4 pb 3.1 fb 1.4 1.4

�½~qL~gðDÞ� 7.0 pb 7.6 fb 7.0 pb 7.6 fb 1.5 1.5

�½~gðDÞ~g
ðcÞ
ðDÞ� 3.2 pb 1.4 fb 7.0 pb 3.2 fb 1.0 1.0

� (SM) 800 pb <0:6 fb 800 pb <0:6 fb 1.0

7The simulation has been performed using PYTHIA [39], which
does not keep track of the polarization of decaying neutralinos.
Since we use very mild cuts on the charged leptons, these
polarization effects should not change the event numbers
significantly.
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with a conservative error of 30%. It turns out that with a
free-floating Yukawa coupling the Majorana and Dirac
theories can be distinguished with a reduced statistical
significance of 4:7� (4:5� including systematics). Thus,
with a medium significance, the Yukawa coupling and the
Majorana/Dirac nature of the gluinos can be determined
simultaneously and independently.

VI. SUMMARY

If supersymmetry is realized in nature at low energies,
the next steps after the discovery of supersymmetric parti-
cles will be the measurement of their properties. While the
measurements of masses, spins, and Yukawa couplings at
the LHC has been discussed in earlier reports
[9,10,30,31,40], we have focused here on studies of the
Majorana nature of gluinos (and in a restricted form on
neutralinos, which will be treated in depth in a later
investigation).

The parallelism between self-conjugate neutral gauge
bosons and their fermionic supersymmetric partners indu-
ces the Majorana nature of these particles in the minimal
formulation of the theory. Nevertheless, experimental tests
of the Majorana character would provide nontrivial insight
into the potential realization of supersymmetry in nature,
since extended supersymmetric models can include Dirac
gauginos. N ¼ 2 supersymmetry provides a solid theoreti-
cal basis for formulating such a testing ground. Since the
fermionic degrees of freedom are doubled in the gauge
sector, the ensuing two Majorana fields can be joined to a
single Dirac field if the masses are chosen identical.
Moreover, a continuous path could be designed connecting
the original MSSM N ¼ 1Majorana theory and the N ¼ 2
Dirac theory by variation of mass parameters. The MSSM
corresponds in this frame to a parameter space point in
which one of the N ¼ 2 mass parameters is shifted to
infinity, leading to the decoupling of the additional gaugino

states. For equal-mass parameters, on the other side, the
Dirac theory emerges in a natural way.
It is interesting to note that the transition from the

Majorana to the Dirac theory is smooth, suggesting the
notion of a near-Dirac field in the approach to the Dirac
limit. This notion proves very useful in the analysis of the
two theories.
There are several methods to investigate the Majorana

nature of gluinos. In the original form, decays to heavy
stop/top quarks are exploited [12] to study that the final
state in the fermion decay ~g ! ~t �tþ~t�t is self-conjugate. In
this report, we have explored an alternative by studying the
nature of t-channel exchanged gluinos. While the cross
section for the scattering processes with equal-chirality
quarks qLqL ! ~qL~qL is nonzero in the Majorana theory,
it vanishes in the Dirac theory, and likewise for two R
chiralities. However, note that two unlike-chirality quarks
can generate squarks also in the Dirac theory. L squarks in
the final state can be tagged by measuring the lepton
charges in their chargino decay modes. Owing to the
dominance of u quarks over d quarks in the proton, the
Majorana theory predicts large rates of like-sign dilepton
final states from squark pair production with an excess of
positively charged leptons while they are absent, apart
from a small number of remnant channels, in the Dirac
theory. In a realistic analysis, one has to include gluino
production processes, which can also feed the like-sign
dilepton signal but can be discriminated by extra jet emis-
sion from the gluino decays. Conclusio generalis, the
Majorana theory can be discriminated from the Dirac
theory using like-sign dilepton events at the level of
more than 10�.
In this analysis, we focussed on a scenario where gluinos

are somewhat heavier than first- and second-generation
squarks. If gluinos are much lighter, most squarks will
decay into gluinos rather than into neutralinos and chargi-
nos. In this case, one expects, in toto, approximately equal
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FIG. 9. Distribution of the transverse momentum of the third jet for the ‘þ‘þ (left) and the ‘�‘� (right) signal stemming from
squark and/or gluino production, for Majorana theory (solid) and Dirac theory (dashed). The plots show the distributions in three bins,
for SPS1a0 masses.
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‘þ‘þ and ‘�‘� events in both the Majorana and the Dirac
theory. However, the dominant process will then be gluino
pair production, which has a two times larger cross section
in the Dirac theory. In addition, left/right-chiral correla-
tions among top or bottom quark pairs in gluino-pair
decays are different in the Majorana and Dirac theory,
and they generate different experimental signatures.
While we did not perform a detailed analysis of such a
scenario, we expect that the two discriminants should
allow a clean separation of theMajorana and Dirac theories
also in this case.

Similar analyses can also be designed for electroweak
neutralinos. Some of these tests can be performed at the
LHC, while other very clean reactions, like e�e� ! ~e�~e�,
can be carried out at TeV linear colliders. The results of
these investigations will be presented in a sequel to this
report.
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W. Yao, Phys. Rev. D 55, 5520 (1997); C. G. Lester and
D. J. Summers, Phys. Lett. B 463, 99 (1999); G. Weiglein
et al. (LHC/LC Study Group), Phys. Rep. 426, 47 (2006).

S. Y. CHOI, M. DREES, A. FREITAS, AND P.M. ZERWAS PHYSICAL REVIEW D 78, 095007 (2008)

095007-22


