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Preface

This Report has been written in partial ful�lment of the requirements for obtaining
a \habilitation �a diriger des recherches" at Montpellier University. As such, it is not
intended to be an unbiased review (if there ever was such a thing) of the �eld, but
its main purpose is to point out my own contributions to it, while embedding them
in their proper context. Much of its material has been drawn from Refs. [1{10] where
further technical background, additional details and many more literature references can
be found; it moreover touches upon the subjects of [11, 12] without reviewing them in
detail. Amongst the few previously unpublished results contained in this document, the
one which is the most likely to be of interest to some readers is probably the compilation
of exclusion bounds on higgsino-like charginos and neutralinos shown in Fig. 3.9.

Over the recent years I have had the privilege to work on these and closely related sub-
jects together with several knowledgeable colleagues, from whom I have learned many
profound and fascinating things and whom I would like to thank warmly: Emanuele
Bagnaschi, Mikael Berggren, Aoife Bharucha, Sergei Bobrovskyi, Wilfried Buchm�uller,
Sylvain Fichet, Jan Hajer, Arthur Hebecker, Masahiro Ibe, Rolf Kappl, Sabine Kraml,
Suchita Kulkarni, Jenny List, Gudrid Moortgat-Pick, Michael Ratz, Tanja Robens,
Krzysztof Rolbiecki, Ronan Ru�ault, Kai Schmidt-Hoberg, Hale Sert, Ritesh Singh,
Alexander Voigt, Georg Weiglein and Tsutomu Yanagida.

I have also bene�ted greatly from discussions on the topic of light higgsinos and the �
problem with Howard Baer, Riccardo Barbieri, Nishita Desai, Matthew Dolan, Jack Gu-
nion, Jan Kalinowski, J�orn Kersten, Valery Khoze, Andrea Romanino, Kazuki Sakurai,
Veronica Sanz, Pedro Schwaller, Jamie Tattersall, Susanne Westho�, Robert Ziegler and
Jos�e Zurita, among many others.
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Chapter 1

Introduction

Since the discovery of supersymmetry as a possible enlargement of Poincar�e space-time
symmetry in the 1970s, and since the potential implications of supersymmetry for ele-
mentary particle physics were realized in the early 1980s, supersymmetric extensions of
the Standard Model (SM) have been extensively studied. The appeal of supersymmetry
for theoretical high-energy physics has many reasons: First, it is the unique nontrivial
extension of Poincar�e symmetry in four dimensions which allows for particle interactions
and masses. This statement does require adopting a generalized notion of symmetry,
since the generators of other symmetries governing particle physics form Lie algebras
de�ned by certain commutation relations, while the supersymmetry generators form a
Lie superalgebra de�ned by anticommutation relations. However, in view of the fact
that all symmetry generators transform in some representation of the Lorentz algebra,
and that fermionic representations are linked to anticommutators by the spin-statistics
theorem, this generalization of what de�nes a symmetry very naturally imposes itself
when considering fermionic conserved charges, i.e. supersymmetry charges. History has
shown as that, when exploring shorter and shorter distance scales, or higher and higher
energies, physics appears to be governed by more and more symmetries. It seems not too
bold a proposition that we should encounter supersymmetry at some su�ciently large
energy scale.

A second motivation comes from superstring theory. String theory includes a prescription
for calculating gravitational scattering amplitudes perturbatively at arbitrary energies
in a �rst-quantized setting. Despite all the di�culties in �nding a non-perturbative def-
inition (on which much progress has been made during the last decades), this alone is
still a tremendous achievement, and makes string theory an excellent candidate for a
perturbative limit of the elusive quantum theory of gravity. To obtain a well-de�ned
ground state, string theory has to be supplemented with supersymmetry; consequently,
a low-energy e�ective �eld theory deriving from it will also be supersymmetric. Super-
symmetry may be partly or entirely broken by the gravitational background used to
compactify the resulting ten-dimensional supergravity theories to four dimensions, but
unless one demands that (at least) one copy of the four-dimensional supersymmetry al-
gebra is unbroken by compacti�cation, superstring models are prone to instabilities and
loss of perturbative control. Hence most recent superstring model building has focussed
on compacti�cations whose e�ective �eld theories are N = 1 supersymmetric in four di-
mensions, with the remaining supersymmetry then to be broken dynamically at a lower
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scale.

A third argument to consider supersymmetry one of the most promising, if not the
single most promising possible extension of the SM is its ability to solve the electroweak
hierarchy problem. The hierarchy problem can be phrased as follows: The SM contains
a single fundamental mass scale, which is given by the mass-squared parameter m2 of
the Higgs �eld, or equivalently by the scale of electroweak symmetry breaking. In the
presence of any further states with masses �� m and with non-negligible couplings to
the SM Higgs boson, direct or loop-induced, the Higgs mass-squared parameter receives
quantum corrections of the order �2 which need to precisely cancel amongst each other
in order to yield a parametrically smaller electroweak scale. There are good reasons to
believe that such states exist at high scales, either as part of �eld-theoretical ultraviolet
embeddings of the Standard Model or as part of an ultimate ultraviolet-complete theory
of quantum gravity such as superstring theory. The relative smallness of the SM Higgs
mass parameter would then be the result of a delicate cancellation between the a priori
uncorrelated fundamental parameters of the underlying UV theory. While �nely tuned
fundamental parameters would be perfectly consistent from the purely mathematical
point of view, they do conict with common physical experience from other systems, and
therefore the need for �ne-tuning is usually taken as a strong indication that we do not
yet understand the physics of the electroweak scale.

If the world were supersymmetric, with supersymmetry softly broken not too far from the
electroweak scale, this conundrum would be solved. Quantum corrections in a supersym-
metric theory can arise at most from wave-function renormalization, and are therefore
much milder and much less sensitive to ultraviolet dynamics than those in a generic
quantum �eld theory. In particular, any states entering the theory at high energy scales
� would appear in the form of complete supersymmetric multiplets, with the �2 correc-
tions to the electroweak scale cancelling between their fermionic and bosonic components,
not as a result of �ne-tuning but as a consequence of supersymmetry enforcing certain
relations between their masses and couplings. Indeed, at the heart of this cancellation
is that exact supersymmetry requires all components of a single supermultiplet to be
degenerate in mass, and that the masses of the fermionic components are protected from
additive renormalization by chiral symmetry, thus the masses of the bosonic components
such as the Higgs mass are protected as well.

A fourth motivation for supersymmetry is the observation that a signi�cant part of
the universe's energy budget is constituted by dark matter. Supersymmetric models of
TeV-scale particle physics are typically supplemented by additional discrete symmetries
to ensure the absence of baryon- and lepton-number violating interactions, which are
unobserved in Nature. The most common example is R-parity or equivalently matter
parity. While these symmetries are introduced somewhat ad hoc and with a purely phe-
nomenological motivation, they do lead to consistent quantum �eld theories. Moreover,
they force the lightest supersymmetric particle (LSP | or more precisely the lightest
particle transforming under these symmetries) to be stable. This has a signi�cant im-
pact on the characteristic collider signatures. Moreover, if the LSP is electrically and
colour-neutral, it could account for the observed dark matter abundance in the universe.
Several candidates have been studied, the most prominent being the lightest neutralino
(a superposition of the fermionic superpartners of the electroweak gauge bosons and the
Higgs �elds). A neutralino LSP is, in fact, the prime example of a Weakly Interacting
Massive Particle (WIMP) dark matter candidate, which is thermally produced in the
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early universe, ceases annihilating once the cross-section drops below the Hubble rate,
and leaves a thermal relic density which is calculable as a function of its interaction
strength and mass. It turns out that the order of magnitude of the observed thermal
relic abundance is roughly reproduced for electroweak interactions and electroweak-scale
masses. Other possible dark matter candidates in supersymmetric models include the
superpartners of the right-handed neutrino, of the graviton (with a di�erent production
mechanism where the relic abundance depends on the reheating temperature), or of other
possible particles added to the Standard Model such as a QCD axion.

A �fth motivation is speci�c to a particular set of supersymmetric models which includes
the Minimal Supersymmetric Standard Model (MSSM). When embedding the SM par-
ticles into supersymmetry representations, and adding a second Higgs supermultiplet as
required by anomaly cancellation, the beta functions of the gauge couplings change in a
way such that the three gauge couplings unify at a scale MGUT � 1016 GeV (provided
that the additional states have masses not too far above the electroweak scale). This can
be seen as supporting the hypothesis of a grand-uni�ed theory (GUT), i.e. a common
origin of the three Standard Model gauge group factors from a single simple gauge group
spontaneously broken atMGUT. The gauge couplings will continue to unify if the MSSM
is extended by further complete representations of the grand-uni�ed group, but will fail
to do so when adding light supermultiplets in incomplete GUT representations.

The last three of these arguments favour a mass scale MS of the supersymmetric part-
ners of the SM particles which is close to the scale of electroweak symmetry breaking.
This should, in particular, be true if supersymmetry is to solve the electroweak hierarchy
problem, since the SM Higgs potential is sensitive to threshold corrections from super-
symmetry breaking terms. At the very least, those states with sizeable couplings to the
Higgs sector (direct or through loops) should not be much heavier than a TeV at most.
Taking the MSSM as an example, the Higgs sector consists of two complex scalar doublets
hu and hd as well as their supersymmetric partners, the fermionic higgsino �elds ~hu and
~hd. Given that the electroweak scale is of the order of 100 GeV, this should also be the
natural mass scale for the states constituting the MSSM Higgs sector. For other states
coupling strongly to the Higgs and higgsino �elds, the supersymmetry-breaking masses
should not be larger than the electroweak scale by about a loop factor. In the MSSM
this concerns mostly the scalar superpartners of the third-generation quarks, since their
Yukawa couplings are largest, but also the fermionic superpartner of the SU(2) gauge
bosons. Finally, the supersymmetric partners of the SM gluons a�ect the electroweak
scale through two-loop corrections which can be sizeable due to the large �s and large
group-theoretic factors, and may further be enhanced by large logarithms. The MSSM
with these supersymmetric partners within their naturalness limits, and all other states
potentially much heavier, is sometimes called \natural supersymmetry". It is already
severely constrained by the LHC, speci�cally by the null results in stop, sbottom and
gluino searches.

If one gives up on the MSSM as a solution to the hierarchy problem, but insists on
preserving uni�cation and WIMP dark matter, one may also consider a di�erent limit in
which the mass scales for scalar and fermionic supersymmetric particles are hierarchically
di�erent. In this \split supersymmetry" scenario the higgsinos are at the electroweak
scale, together with the \gaugino" fermionic superpartners of the gauge bosons, while
the scalar superpartners of quarks and leptons as well as the additional Higgs bosons are
parametrically heavier. This does not spoil uni�cation because the heavy states form
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complete GUT representations, apart from one heavy Higgs doublet whose impact is
small.

The topic of the present report is the physics of higgsinos with electroweak-scale masses.
These �gure prominently in both natural and split supersymmetry, which are two of the
reasons for studying them. They can however be motivated independently by several
other arguments:

� In the limit where the other electroweak gauginos as well as the third-generation
squarks and sleptons are decoupled, the higgsino sector becomes an extremely
simple and predictive extension of the SM, with characteristic collider signatures
that are typical for exotic long-lived particles. It therefore constitutes a model
system in which these signatures can be analysed.

� Likewise, an almost pure neutral higgsino furnishes a simple and predictive example
of a WIMP dark matter candidate, if its mass is about 1.1 TeV. While the LHC is
not sensitive to such massive higgsinos, almost-pure higgsino dark matter can be
probed by future direct detection experiments.

� A higgsino-like neutralino with a sizeable bino component is a good dark matter
candidate at a mass which is closer to the electroweak scale, of the order of a few
100 GeV (although direct detection limits are already constraining parts of the
parameter space).

� From a purely theoretical point of view, pure higgsinos are motivated by the ob-
servation that the higgsino mass parameter � is the only dimensionful MSSM pa-
rameter which does not break supersymmetry. It is constrained from below by
direct searches to be larger than about 100 GeV, and from above by naturalness
if this is a concern, but in the absence of a mechanism connecting its origins to
those of the supersymmetry-breaking parameters, it has no a priori reason to be
of the same size. In particular, when ignoring naturalness issues, it might well be
parametrically smaller than the typical supersymmetry-breaking masses.

� Related to the latter point, there exist UV-scale models (some of which we will
review) predicting that the typical higgsino mass should be about an order of
magnitude below the typical supersymmetry-breaking masses. The study of their
phenomenology therefore has to include the physics of higgsino-like states, since
they might be the only ones kinematically accessible to experiments.

The main part of this Report is divided into two chapters, with Chapter 2 treating topics
of more theoretical interest, while Chapter 3 is focussed on phenomenology. In Section 2.1
we will begin with a brief review of the particle content and the parameters characterizing
the MSSM, since this is the low-scale model we will be mostly concerned with. We
will subsequently review the MSSM Higgs sector and the chargino-neutralino sector,
to the extent that is needed for the subsequent discussion, exhibiting in particular some
characteristics of higgsino-like neutralinos and charginos. This is followed by a discussion
of the � problem in Section 2.2, i.e. the problem of generating a supersymmetric higgsino
mass of the order of (or below) the scaleMS which characterizes supersymmetry breaking
within the MSSM supermultiplets. We will review several aspects of this problem in
global and local supersymmetry, and also briey discuss it in the context of gauge-
mediated models and of the MSSM. Section 2.3 follows Refs. [1,3] in discussing a solution
to the � problem motivated by higher-dimensional grand uni�ed theories, where the
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structure of the MSSM Higgs sector at the grand-uni�ed scale is dictated by a shift
symmetry. In Section 2.4 we will discuss the generation of a � parameter in gravity-
mediated models with approximate R-symmetries, following Ref. [2]. Section 2.5 deals
with the possibility to generate a � parameter independently of supersymmetry breaking
as originally proposed in Ref. [9], while the subject of Section 2.6 is the generation of
the � parameter in the hybrid gauge-gravity mediated models of Refs. [4,6,7]. Finally in
Section 2.7 we discuss light higgsinos in the context of an extremely split scenario where
almost all superpartners have masses close to the Planck scale [10].

We begin chapter 3 by reviewing the production (in Section 3.1) and decays (in Section
3.2) of higgsino-like neutralinos and charginos at colliders. Present-day collider con-
straints are collected in Section 3.3. We subsequently discuss the discovery potential for
light higgsinos in Section 3.4, both at the LHC (drawing upon Ref. [5] among others)
and at a future linear collider, recapitulating the ILC analysis of Ref. [8]. Section 3.5
contains a brief discussion of higgsino dark matter.

Finally, conclusions and some possible future directions are given in Chapter 4.
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Chapter 2

The � problem and possible

origins of the higgsino mass

2.1 The Minimal Supersymmetric Standard Model

2.1.1 Symmetries, particle content and parameters

In this Section we will review the essential features of the MSSM in so far as they are
needed for the subsequent discussion; see e.g. [13{15] for more complete and pedagogical
introductory texts. The particle content of the SM is summarized in Table 2.1. The

�eld spin- SU(3) SU(2) U(1)

qI
1
2 3 2 1

6
ucI

1
2

�3 1 1
3

dcI
1
2

�3 1 �2
3

`I
1
2 1 2 �1

2
ecI

1
2 1 1 1

B� 1 1 1 0
W� 1 1 3 0
G� 1 8 1 0
h 0 1 2 1

2

Table 2.1: Standard Model �eld content, indicating spin and gauge quantum numbers.
All fermions are written in terms of left-handed Weyl spinors. The index I = 1; 2; 3 is a
generation index. Right-handed neutrinos are omitted.

MSSM is obtained by embedding each Standard Model state in a N = 1 supermultiplet:
Weyl fermions in a chiral supermultiplet and gauge bosons in a vector supermultiplet.
The corresponding extra states are called squarks and sleptons (for the scalar superpart-
ners of quarks and leptons) and gauginos (for the Majorana fermion superpartners of the
gauge �elds). The SM Higgs boson would in principle have the correct gauge quantum
numbers to furnish the scalar superpartner of one of the lepton doublets, but this turns
out to be di�cult to implement while respecting all phenomenological constraints. The
SM Higgs �eld is therefore embedded in a chiral supermultiplet on its own by adding
to the SM a Weyl fermion superpartner, the higgsino. A second chiral supermultiplet
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with the conjugate quantum numbers is needed for anomaly cancellation and to allow for
holomorphic Yukawa couplings to down-type quarks and leptons in the superpotential.
The resulting particle content is given in Table 2.2. The most general renormalizable

super�eld type spin-1 spin-12 spin-0 SU(3) SU(2) U(1)

QI chiral | qI ~qI 3 2 1
6

UI chiral | ucI ~uI �3 1 1
3

DI chiral | dcI
~dI �3 1 �2

3

LI chiral | `I ~̀
I 1 2 �1

2
EI chiral | ecI ~eI 1 1 1

B vector B�
eB � �1 | 1 1 0

W vector W�
fW � �2 | 1 3 0

G vector G�
eG � �3 | 8 1 0

Hu chiral | ~hu hu 1 2 1
2

Hd chiral | ~hd hd 1 2 �1
2

Table 2.2: Super�eld content of the Minimal Supersymmetric Standard Model, listing
supermultiplet type, propagating component �elds by spin, and gauge quantum numbers.

superpotential allowed by gauge invariance is

WMSSM = y
(u)
IJ HuQIUJ + y

(d)
IJ HdQIDJ + y

(e)
IJ HdLIEJ + �HuHd

+ �IJK LILJEK + �0IJK LIQJDK + �00IJK UIDJDK + �0I HuLI :
(2.1)

where I; J;K are avour indices. The �rst line gives rise to the usual SM Yukawa
couplings, additional Yukawa couplings involving the higgsinos, and the corresponding
quartic interactions between Higgs, squark and slepton �elds. The last term on the �rst
line gives rise to a Dirac mass � for the higgsino �elds and to a corresponding contribution
to the Higgs masses. The second line represents baryon-number and lepton-number
violating interactions. It is usually discarded by imposing a discrete symmetry such
as R-parity (a Z2 under which all superpartners are odd), although small Z2-violating
e�ects can be of phenomenological interest. In the following we will adopt R-parity as
part of the de�nition of the MSSM and thus keep only the �rst line of Eq. (2.1).

Supersymmetry breaking is parameterized by the following soft breaking terms in the
Lagrangian:

Lsoft =� 1

2

3X
a=1

Ma tr�a�a + h:c:

�m2
QIJ ~q

y
I ~qJ �m2

UIJ ~u
y
I ~uJ �m2

DIJ
~dyI
~dJ �m2

LIJ
~̀y
I
~̀
J �m2

EIJ ~e
y
I~eJ

� aUIJ hu~qI ~uJ � aDIJ hd~qI ~dJ � aEIJ hd ~̀I~eJ + h:c:

�m2
Hu
jhuj2 �m2

Hd
jhdj2 � (B�huhd + h:c:) :

(2.2)

The terms in Eq. (2.2) are the most general set of soft supersymmetry-breaking terms
which are allowed by R-parity and which can be generated, at the leading order, by
spontaneous supersymmetry breaking in a hidden sector. Their origins become apparent
when using a spurionic hidden-sector chiral super�eld

X = F�2 (2.3)
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for an e�ective description of spontaneously broken supersymmetry. If M >
pjF j is the

mediation scale, i.e. the scale of interactions between the MSSM and the hidden sector,
then the leading-order interaction terms are schematically

Lspurion =
Z

d2�
X

M
W�

a Wa� + h:c:

+

Z
d2� d2��

�
Xy +X

M
+
XyX

M2

��
QyQ+ U yU +DyD + LyL+ EyE

�
+

Z
d2�

X

M
(HuQU +HdQD +HdLE) + h:c:

+

Z
d2� d2��

�
Xy +X

M
+
XyX

M2

��
Hy
uHu +Hy

dHd + (HuHd + h:c:)
�
:

(2.4)

Here we have suppressed generation indices and dimensionless coe�cients. The compo-
nent expansion of Eq. (2.4) yields that the �rst line leads to gaugino masses. The second
line gives squark and slepton soft masses, as well as scalar trilinear terms (a-terms)
which are proportional to the respective MSSM Yukawa couplings. The third line gives
a-terms which are in general independent of the MSSM Yukawa matrices. The fourth
line gives rise to Higgs soft masses mH2

u
and m2

Hd
, as well as to soft Higgs mass mixing

B�. Moreover, because of the (XyHuHd + h:c:) coupling it contributes to the e�ective
higgsino mass parameter �. All masses induced by these operators are of the order F

M ,
up to dimensionless coupling constants.

To supplement Eq. (2.2), occasionally also the terms

L0soft = �cUIJ hyd~qI ~uJ � cDIJ h
y
u~qI

~dJ � cEIJ h
y
u
~̀
I~eJ � ~�~hu~hd + h:c: (2.5)

are included in the list of soft terms. They are, however, not generated at the leading
order in F

M in the above parametrization of supersymmetry breaking by a spurion �eld,
and thus generically subdominant. For example, a non-supersymmetric contribution ~�
to the higgsino mass can be generated by the operator [16]

L~� =

Z
d2� d2��

XyX

M3
D�(Hue

�V )D�(e
VHd) + h:c: (2.6)

where D� is the supercovariant derivative and V = g2W + g1
2 B is the combination of

SU(2)� U(1) gauge super�elds minimally coupled to the Higgs. However, the resulting

contribution is of the order F 2

M3 and therefore generically subdominant.

2.1.2 The Higgs potential in the MSSM

The scalar components of the super�elds Hu and Hd furnish two scalar Higgs doublets,

hu =

�
h+u
h0u

�
; hd =

�
h0d
h�d

�
: (2.7)

By a choice of gauge, h+u can be set to zero; one �nds that then also h�d vanishes in the
vacuum, i.e. electric charge is unbroken.

The � term in the superpotential Eq. (2.1) gives rise to supersymmetric masses for h0u
and h0d. In addition, there are soft supersymmetry-breaking mass parameters m2

Hu
and
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m2
Hd

in Eq. (2.2), as well as a soft mass mixing parameter B�. Finally, there is a quartic
Higgs self-interaction from the SU(2) � U(1) D-term potential. Altogether the scalar
potential for h0u and h0d is, when setting the squarks and sleptons to zero,

V =
�j�j2 +m2

Hu

� jh0uj2 + �j�j2 +m2
Hd

� jh0dj2 + �B�h0uh0d + h:c:
�

+
1

8

�
g2 + g0

2
� �jh0uj2 � jh0dj2�2 : (2.8)

Since B� is the only parameter which depends on the phases of h0u and h0d, one may
absorb any phase by a �eld rede�nition into the Higgs �elds and choose B� > 0 without
loss of generality. A stable non-trivial vacuum exists provided that (in the tree-level
approximation)�
m2
Hu

+ j�j2� �m2
Hd

+ j�j2��(B�)2 < 0 ; m2
Hu

+m2
Hd

+2 j�j2�2B� > 0 : (2.9)

The �rst of these conditions is that the Higgs mass-squared matrix has a negative eigen-
value, hence the point h0u = h0d = 0 is unstable and electroweak symmetry is broken. The
second condition serves to obtain a potential which is bounded from below along the
direction h0u = h0d, along which the quartic part in Eq. (2.8) vanishes. If these conditions
are satis�ed, the Higgs �elds acquire vacuum expectation values hh0ui = vu and hh0di = vd.
The known electroweak gauge boson masses imply that this breaking of the electroweak
symmetry takes place at a scale

v2 = v2u + v2d = (174GeV)2 : (2.10)

As in the Standard Model, the Higgs vacuum expectation value gives masses to three of
the electroweak gauge bosons, while the photon remains massless. De�ning tan� = vu

vd
,

one has the following relations between tan�, the observed electroweak scale, and the
fundamental parameters in the Higgs potential:

sin 2�

2
=

1

tan� + cot�
=

B�

m2
Hu

+m2
Hd

+ 2 j�j2 (2.11)

and

m2
Z =

���m2
Hd
�m2

Hu

���
j cos 2�j �m2

Hu
�m2

Hd
� 2 j�j2 : (2.12)

There are �ve physical Higgs bosons: Two CP-even neutral scalars h0 and H0, one
CP-odd pseudoscalar A0, and a complex charged scalar H�. Their mass eigenvalues are

m2
A0 =

2B�

sin 2�
= 2j�j2 +m2

Hu
+m2

Hd
;

m2
h0;H0 =

1

2

�
m2
A0 +m2

Z �
q�

m2
A0
�m2

Z

�2
+ 4m2

Zm
2
A0

sin2 2�

�
;

m2
H� = m2

A0 +m2
W :

(2.13)

The implied inequality
mh0 < mZ (2.14)

is a result of the tree-level approximation. Quantum corrections can in fact lift the
lightest Higgs boson mass from its tree-level bound mZ to 125 GeV, although they need
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to be quite sizeable, of the same order as the tree-level value itself. At the one-loop level,
the dominant corrections in the decoupling limit mh0 � mA0 are given by

�m2
h0 =

3

4�2
m4
t

v2

�
log

M2
S

m2
t

+
X2
t

M2
S

�
1� X2

t

12M2
S

��
: (2.15)

Here mt is the running top mass at the scale mt, M
2
S = m~t1

m~t2
with m~t1;2

the stop
masses, and Xt is the stop mixing parameter, de�ned at the scale MS as

Xt = at=yt � � cot� : (2.16)

Higher-order contributions to �m2
h0 in the general case are known up to the dominant

three-loop corrections [17]. Evidently, obtaining large contributions to the Higgs mass
requires either heavy stop squarks or large trilinear a-terms in the stop sector (the im-
plications of the latter having been studied in detail in Ref. [11]).

2.1.3 The chargino and neutralino sector

The fermionic superpartners of the electroweak gauge and Higgs bosons can mix after
electroweak symmetry breaking. For the electrically neutral states eB, fW 0, ~h0d,

~h0u the
mass matrix is

M�0 =

0BB@
M1 0 �c�swmZ s�swmZ

0 M2 c�cwmZ �s�cwmZ

�c�swmZ c�cwmZ 0 ��
s�swmZ �s�cwmZ �� 0

1CCA (2.17)

where M1 and M2 are the gaugino masses, c� � cos� and s� � sin�, and cw and sw are
the cosine and sine of the weak mixing angle respectively. Without loss of generality we
can take M2 to be real and positive, since only relative phases between �, M2 and M1

are physical. We assume that no new sources of CP violation are present in the visible
sector, so M1 and � are real (but can be of either sign).

The neutralino mass matrix is diagonalized by a complex symmetric matrix N such that

N TM�0N = diag (m�01
; m�02

; m�03
; m�04

) (2.18)

with the positive neutralino masses m�0i
ordered according to their size. Of particular

interest for the present Report is the higgsino limit, i.e. the case j�j � jM1;2j, in which
the lightest two neutral mass eigenstates �01 and �

0
2 are predominantly higgsino-like (see

e.g. [18] for an early study). Their masses are

m�01;2
= j�j � m2

Z

2
(1� s2� sign(�))

�
s2w
M1

+
c2w
M2

�
; (2.19)

up to terms suppressed by higher powers of M1 or M2. In terms of gauge eigenstates,
the neutralinos are given by

�01 =
1p
2

�
~h0d � ~h0u

�
+
s� + c�p

2

mZ

M1
sw eB � s� + c�p

2

mZ

M2
cwfW 0 ;

�02 =
1p
2

�
~h0d +

~h0u

�
� js� � c�jp

2

mZ

M1
sw eB � js� � c�jp

2

mZ

M2
cwfW 0 ;

(2.20)

13



for � > 0; similar expressions can be derived for negative �.

The chargino mass matrix is given by

M�+ =

�
M2

p
2mZcws�p

2mZcwc� �

�
: (2.21)

It is diagonalized by unitary matrices U and V such that

U�M�+V
y = diag (m�+1

; m�+2
) (2.22)

with the chargino masses m�+1;2
real and positive. In the higgsino limit, the lighter

chargino is predominantly higgsino-like and its mass is given by

m�+1
= j�j � s2� sign(�)c

2
w

m2
Z

M2
: (2.23)

For � > 0 the higgsino-like charginos correspond to the following combination of gauge
eigenstates:

�+1 = ~h+u �
p
2 s�

mW

M2

fW+ ;

��1 = ~h�d �
p
2 c�

mW

M2

fW� :
(2.24)

In the deep higgsino limit where the electroweak gauginos decouple completely, the spec-
trum exhibits the following features:

� The neutralinos �01 and �02 are exactly degenerate in mass. This is a consequence
of an accidental \higgsino number" U(1) symmetry in this limit which forbids
Majorana masses for �01 and �02.

� The chargino is degenerate with the neutralinos at the tree level, but electroweak
corrections lift this degeneracy, see Fig. 2.1. While the loop corrections to both

�

0

1;2

�

0

1;2

Z;W

�

0

2;1

; �

�

1

W;Z; 

�

�

1

�

0

1;2

; �

�

1

�

�

1

:

Figure 2.1: One-loop diagrams inducing a mass splitting between neutral and charged
higgsinos. (All Feynman diagrams in this Report were generated using the JaxoDraw

package [19].)

neutralino and chargino masses are individually divergent, the mass di�erence is
�nite. At one loop,

�m
(1-loop)

�+1 ��
0
1

=
g2

16�2
m�+1

s2w f

 
mZ

m�+1

!
; (2.25)
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Figure 2.2: One-loop induced mass splitting between �01 and �
�
1 in the limit of decoupled

wino- and bino-like charginos and neutralinos according to Eq. (2.25).

where

f(x) =
x

2

 
2x3 log x� 2x+

p
x2 � 4(x2 + 2) log

x2 � x
p
x2 � 4� 2

2

!
: (2.26)

This mass di�erence is shown in Fig. 2.2 as a function of the chargino mass.

� We �nally note that the case of light higgsinos with completely decoupled gaugi-
nos and heavy Higgs bosons is �ne-tuned, since these states contribute to � with
one-loop threshold corrections. This can be explained by noticing that, once su-
persymmetry is broken with large gaugino and heavy Higgs boson masses, neither
the R-symmetry nor the Peccei-Quinn symmetry which formerly protected � (see
Section 2.2) remain intact [20].

2.2 The � problem

2.2.1 The � problem in global supersymmetry

All particle masses in the MSSM have their origins either in electroweak symmetry
breaking or in supersymmetry breaking, i.e. they arise either through Yukawa couplings
or scalar quartic couplings to the Higgs �elds, or from couplings to the hidden sector.
The only exception to this rule is the supersymmetric higgsino mass parameter � (which
also contributes to the scalar Higgs masses).

As far as squarks, sleptons and gauginos are concerned, it is quite �tting that unbroken
electroweak symmetry permits mass terms for these extra states, since this can explain
why all of their masses are above the electroweak scale (as apparent from their non-
discovery so far). Note however that the electroweak scale itself is given by the typical
mass scale in the Higgs potential, whose supersymmetry-breaking contributions receive
quantum corrections from the mass parameters of the other MSSM states. It is therefore
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rather unnatural to have a signi�cant mass hierarchy between the Higgs sector on the
one hand and the squarks, sleptons and gauginos on the other.

By contrast, when considering only the higgsinos, there is no a priori reason why the
supersymmetric parameter � should be of the order of the supersymmetry-breaking soft
masses. Instead, by common e�ective �eld theory reasoning one should expect it to be
either zero (in case it were forbidden by some symmetry) or of the order of the UV cuto�
�, to be identi�ed with the mediation scale M or eventually with the Planck mass MP .
Neither of these two options is acceptable: A vanishing higgsino masses would imply a
chargino mass below the electroweak scale, in contradiction with direct search bounds
from the LEP experiment among others. On the other hand, a very large � parameter
would require large cancellations between the parameters entering the Higgs potential, as
is evident from Eq. (2.12). The �rst guise of the so-called \� problem" [21] is therefore the
need for an explanation for the approximate coincidence between � and the electroweak
scale. The usual approach is to forbid a bare � parameter in the UV embedding of the
MSSM by symmetry, and to have an e�ective � parameter generated by breaking that
symmetry with the same dynamics which induces supersymmetry-breaking masses.

For instance, one may postulate a Peccei-Quinn (PQ) U(1) symmetry under which the
Higgs super�eld bilinear HuHd carries a charge q 6= 0. This evidently forbids a bare
� parameter in the superpotential. In the spurion super�eld Lagrangian of Eq. (2.4),
imposing PQ symmetry and assigning a PQ charge q to the SUSY breaking spurion X
will allow for a K�ahler term [22]

LGM =

Z
d2� d2��

�
Xy

M
HuHd + h:c:

�
(2.27)

which becomes an e�ective � term once the F -component of X takes its vacuum ex-
pectation value. The resulting higgsino mass is generically of the same order as the
soft supersymmetry breaking masses, since PQ symmetry is spontaneously broken at
the same scale as supersymmetry. This is known as the Giudice-Masiero mechanism.
Note that this symmetry forbids also the gaugino mass term

R
d2�XW�W� + h:c:, and

therefore some model building e�ort is necessary to generate gaugino masses at the same
order.

Alternatively, a U(1) R-symmetry may be used to forbid a bare � parameter. Assigning
opposite R-charges to the Higgs super�elds1 and R[X] = 2, the � term is forbidden while
the Giudice-Masiero term Eq. (2.27) is allowed, and an e�ective � term of the order
of the soft supersymmetry breaking masses F=M is again generated by simultaneous
supersymmetry and U(1)R breaking.

2.2.2 The � problem in supergravity

Supergravity is a more appropriate framework to discuss concrete implementations of
the above mechanism for generating a phenomenologically acceptable � parameter in
high-scale UV completions of the MSSM. Supergravity is needed, in particular, in mod-
els where the mediation of supersymmetry breaking cannot be described in terms of a

1We follow the usual conventions of identifying the R-charge of a supermultiplet with that of its lowest
component, and of assigning the superpotential an R-charge of R[W ] = 2.
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renormalizable low-energy e�ective �eld theory, but involves Planck-scale suppressed in-
teractions between the hidden and visible sectors in an essential way. Since in some of
the following Sections will concern just such scenarios, we will now briey review the
origin of the � term in supergravity following [2] (see also [23] for an earlier review).

We consider a four-dimensional N = 1 supergravity theory containing some chiral su-
per�elds �i, comprising hidden-sector chiral super�elds Xi as well as the MSSM Higgs
super�elds Hu and Hd (plus, eventually, MSSM matter as well as hidden- and visible-
sector gauge �elds, which will however play no role here). The Xi could, for instance,
represent the moduli of some superstring compacti�cation, which remain massless at the
perturbative level before supersymmetry breaking; all Planck-scale massive states are
assumed to be integrated out for the purposes of an e�ective �eld theory description.
We recall that hidden-sector �elds, by de�nition, do not share their quantum numbers
with any of the visible-sector �elds.

Barring higher-derivative terms, and ignoring gauge interactions for the moment, the
theory is characterized by a real K�ahler potential K and a holomorphic superpotential
W . The scalar potential is2

V = eK
�
DiWD�|WKi�| � 3jW j2� (2.28)

where we have set MP = 1 momentarily, Di = @i + (@iK) with @i =
@
@�i

, and Ki�| =
(@i@�|K)�1. We recall that in a supersymmetry breaking vacuum, some of the Xi obtain
F -term vacuum expectation values, Fi 6= 0, where Fi = DiW . The positive de�nite part
of the scalar potential FiF �|K

i�| must be cancelled by a nonzero vacuum expectation value
of the superpotential W0 6= 0 in order to yield a Minkowski vacuum. The gravitino mass
in this vacuum is given by

m2
3=2 = eK jW0j2 ; (2.29)

and therefore serves as an order parameter for supersymmetry breaking. To some extent
it can also serve as an order parameter for R-symmetry breaking in R-symmetric models,
since the superpotential carries R[W ] = 2; however, while W0 6= 0 implies that R-
symmetry is spontaneously broken, the converse is not necessarily true.

Expanding K and W up to quadratic order in Hu and Hd, one �nds

K = K0 + Yu jHuj2 + Yd jHdj2 + (Z HuHd + h:c:) + : : : ;

W =W0 + �̂HuHd + : : :
(2.30)

where K0, Yu, Yd, Z, W0 and �̂ are functions of the Xi (K0 and Yu;d being real, and W0

and �̂ being holomorphic).

We de�ne the � parameter as the supersymmetric mass parameter of Higgs and hig-
gsino �elds after canonical �eld normalization. It receives three separate and a priori
independent contributions:

� =
1

(YuYd)1=2

�
e
K
2 W0Z � F

�{ @Z

@X
�{ + e

K
2 �̂

�
: (2.31)

The �rst term in Eq. (2.31) is the gravitino mass up to a factor Z=
p
YuYd which is

generically O(1). The gravitino mass, when supersymmetry is mediated by Planck-
suppressed interactions as we are assuming here, is necessarily of the order as the soft

2By a common abuse of notation we use the same symbols for chiral super�elds and their lowest
components, and regard K and W as functions of either depending on the context.
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supersymmetry-breaking masses, and therefore this �rst contribution to the � parameter
does not entail a � problem.

The second term results from the supergravity generalization of the Giudice-Masiero term
Eq. (2.27) (in the simple spurion Lagrangian Eq. (2.4) there was only one hidden sector
�eld X = F�2, and Z = X=M). It is likewise of the order of the soft supersymmetry-
breaking masses.

The last term in Eq. (2.31), �nally, is a bare � parameter from the superpotential,
whose presence constitutes the actual � problem. As in global supersymmetry, there
is no reason why �̂ should be correlated with supersymmetry breaking, so to avoid an
unnatural coincidence of scales, one should �nd a mechanism to forbid or to suppress �̂.

We �nally remark that, in supergravity, the superpotential and K�ahler potential are
de�ned only up to K�ahler-Weyl transformations K ! K + f + �f , W ! We�f with
f holomorphic; physical quantities can depend only on the K�ahler-Weyl invariant G-
function

G = K + log jW j2 : (2.32)

In particular, it is always possible to absorb �̂ in the K�ahler potential by choosing
f = �̂HuHd=W0. However, this of course does not solve the � problem but rather
induces a correspondingly large contribution �̂=W0 to the Z function : the resulting �
parameter will still be of the order of �̂ rather than of the order of the soft supersymmetry
breaking masses or, equivalently, the gravitino mass.

2.2.3 The �=B� problem in gauge-mediated supersymmetry breaking

The � problem is particularly severe in models of gauge-mediated supersymmetry break-
ing (see e.g. [24] for a review), or more generally models where supersymmetry breaking
is mediated at a lower scale than MP . In gauge-mediated supersymmetry breaking, the
visible sector (the MSSM or some extension thereof, containing all states which are rel-
evant to TeV-scale physics) and hidden the sector (presumably, some supersymmetric
�eld theory with spontaneous and eventually dynamical supersymmetry breaking) are
coupled, directly or via intermediate \messenger" states, through the Standard Model
gauge couplings [25]. In models of direct gauge mediation, some subgroup of the hidden-
sector global symmetry group is identi�ed with the SM gauge group. Messenger models,
by contrast, contain a separate messenger sector with states of massM which are vector-
like and charged under the SM gauge interactions, and coupled to the hidden sector by
superpotential couplings.

De�ning gauge mediation in this way, a purely gauge-mediated model can never generate
a nonzero � term, since the SM gauge interactions do not break the PQ symmetry
protecting �. The hidden sector, therefore, needs to be directly coupled to the visible-
sector Higgs �elds. In principle it is straightforward to do so, and to generate a � term
which is of the correct order. For example, consider a messenger model with messenger
super�elds P; eP transforming in the 10 � 10 of SU(5) � SU(3) � SU(2) � U(1), and
a supersymmetry-breaking spurion X with hXi = F�2. The gauge and superpotential
interactions of the messenger �elds with the hidden and visible sector,

W =Whidden +WMSSM + (X +M)P eP + �uHuPP + �dHd
eP eP ; (2.33)
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(with projections on Hu � 5 and Hd � 5 understood) will induce soft terms of the order

MS � g2

16�2
F

M
(2.34)

through messenger and messenger-gaugino loops, but also a � term of the order

� =
�u�d
16�2

F

M
(2.35)

through the super�eld graph depicted on the left of Fig. 2.3. Unfortunately, the presence
of these superpotential couplings will also lead to a B� term through the super�eld graph
on the right of Fig. 2.3 which is

B� =
�u�d
16�2

jF j2
M2

: (2.36)

Despite being a mass dimension-2 parameter, B� is thus generated at the one-loop level

H

u

H

d

X

P

f

P

:

:

H

u

H

d

X

P

P

f

P

X

Figure 2.3: Left: Super�eld graph inducing an e�ective � term at one loop. Right:
E�ective B� term which is also generated at one loop.

and therefore too large to lead to realistic electroweak symmetry breaking. This is a
generic problem in gauge-mediated models: If one introduces superpotential couplings
between the Higgs and messenger �elds, and these lead to a Giudice-Masiero-like term

Ke� � 1

16�2
Xy

M
HuHd + h:c: (2.37)

in the one-loop e�ective K�ahler potential after integrating out the messenger �elds and
thus to a realistic � term, then they will typically also give rise to a B� parameter which
is too large by a loop factor [26].

Several possible solutions to the �=B� problem in gauge mediation have been discussed
in the literature. In Section 2.6 we will discuss one possible approach, viable for models
where the mediation scale is lower than but close to the Planck scale, where the inter-
actions inducing � and B� are gravitationally suppressed but appear at the tree level.
Thus, � and B� are e�ectively induced by gravity mediation, whereas the other soft
supersymmetry-breaking terms are predominantly gauge mediated.

While well motivated in that particular context by the existence of suitable messenger
states in string-theoretic UV completions, a general model of gauge mediation has no a
priori relation between the Planck scale and the messenger scale, and the latter could
in principle be as low as 100 TeV (in which case the gravity-induced � term, while still
of the order of the gravitino mass, would be tiny since the gravitino mass is much lower
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than the typical soft mass scale in low-scale mediation models. To cure the � problem,
other approaches are therefore needed. For example, enlarging the messenger sector by at
least two singlets, one can generate � through a higher supercovariant derivative operator
rather than through the e�ective K�ahler potential [26] or by an appropriately engineered
superpotential [27]. One may also enlarge the visible sector by adding a singlet to the
MSSM �eld content, see Section 2.2.4. Finally, it has been suggested that the �=B�
problem might be resolved by hidden sector dynamics [28]: Even if a too large B� is
generated at the mediation scale, a strongly coupled and near-conformal hidden sector
with the right properties could in principle suppress the corresponding e�ective operator
through renormalization at a lower scale, without a�ecting the e�ective � term, although
a calculable example would be di�cult to construct.

2.2.4 The � problem beyond the MSSM

In extensions of the MSSM the � problem can be addressed without the need for extensive
hidden-sector model building. Notably, the next-to-minimal supersymmetric Standard
Model (NMSSM, see e.g. [29] for a review) contains a singlet super�eld S with scalar and
fermionic components s and ~s. Imposing a Z3 symmetry under which all visible sector
particles carry charge 2, a � term is forbidden but the following superpotential terms are
allowed:

WNMSSM =WYukawa(MSSM) + �SHuHd +
�

3
S3 : (2.38)

The soft supersymmetry-breaking terms permitted by Z3 and involving the singlet are

Lsoft = �m2
S jsj2 � a� shuhd + h:c:� 1

3
a� s

3 + h:c: (2.39)

Note that Z3 enforces B� = 0, while all other MSSM soft terms are allowed. For
suitable parameter choices the singlet �eld s will take a vacuum expectation value, thus
spontaneously breaking Z3 and providing a mass to the higgsinos by the � term in the
superpotential, as well as a supersymmetry-breaking mass mixing term for the scalar
Higgs doublets. Since the only mass scale in this model is that of the supersymmetry-
breaking soft terms, this is also the scale of the e�ective higgsino mass. With either gauge-
or gravity-mediated supersymmetry breaking, the � problem can thus be solved in this
way. As the singlet carries no Standard Model gauge interactions, using this model for
gauge mediation requires additional superpotential couplings between the visible sector
and the messengers (see e.g. [24] for details).

The neutralino sector of this model is more complicated than that of the MSSM since
there is now also a singlino gauge eigenstate ~s, giving rise to a �fth neutralino mass
eigenstate which can mix with the higgsino (as well as the gaugino-like neutralinos).
Reviewing the details of the resulting NMSSM phenomenology is beyond the scope of
the present report; see [29] and references therein, or [30] for a recent study.

2.3 A � parameter from a shift symmetry

A particularly interesting class of gravity-mediated models where � is generated by the
Giudice-Masiero mechanism (the F

�{
@�{Z term in Eq. (2.31)) are models where, at some

20



high scale M , the Higgs sector is subject to an approximate shift symmetry

Hu ! Hu + i� ; Hd ! Hd + i� ; � 2 R2 : (2.40)

In four-dimensional �eld theory, this shift symmetry can be the consequence of an ap-
proximate global symmetry G which is spontaneously broken to a subgroup H � SU(2)L
at a scale f > M , with the combination of Higgs super�elds Hu �Hd representing the
Goldstone direction. The shift symmetry then corresponds to a non-linear realization of
the symmetry G. In �ve-dimensional �eld theory, compacti�ed on an interval to four
dimensions, the origin of the shift symmetry can be a gauge symmetry G of the �ve-
dimensional bulk, which is broken explicitly to H on the boundaries; the gauge symmetry
of the e�ective four-dimensional theory below the compacti�cation scale M will be then
be H. The Goldstone super�eld can emerge from the 5d gauge multiplet in the bulk
(this is known as supersymmetric gauge-Higgs uni�cation [31]) or from a boundary �eld
which breaks G ! H 0 � H on the corresponding boundary (as in the \holographic
GUT" models of [32]). The four-dimensional and �ve-dimensional mechanisms can be
related explicitly, if the bulk geometry is a slice of AdS5, by the AdS/CFT dictionary [33],
since bulk gauge symmetries correspond to global CFT symmetries in the holographic
picture.

To further illustrate the possible 5D origins of the model, we depict these two 5D real-
izations of the Higgs �elds and the shift symmetry in Fig. 2.4. In both cases there is a

Q1,2, L1,2

Q3, L3

x5
= 0 brane x5

= πR brane

Aµ, Φ

Q1,2, L1,2

Q3, L3

UV brane IR brane

Aµ

Φ

Figure 2.4: Sketch of two 5D models giving rise to a shift-symmetric Higgs sector at the
compacti�cation scale, taken from [2]. Left: a at bulk metric with bulk gauge symmetry
G and a bulk gauge �eld containing the chiral adjoint �. The 5D gauge symmetry is
broken to the SM by boundary conditions. Right: an AdS bulk metric with bulk gauge
symmetry G which is broken by boundary conditions on the UV brane and by the VEV
of the brane �eld � on the IR brane.

chiral super�eld � transforming in the adjoint of the bulk gauge symmetry G, which is
assumed to split as

� ! Hu �Hd � : : : (2.41)

under the breaking G ! H � SU(2)L. The simplest realizations of this mechanism have
G = SU(6) � SU(3)C�SU(2)L�U(1)Y . In the gauge-Higgs uni�ed model depicted on the
left of Fig. 2.4 the bulk gauge symmetry is broken to SU(5)�U(1) and to SU(4)�SU(2)
on the two branes respectively; their intersection gives the SM gauge group (up to an
extra U(1) factor which is subsequently broken at a high scale in the 4D e�ective �eld
theory). Third-generation matter �elds are only weakly localized to account for their
large Yukawa couplings, while �rst- and second-generation matter �elds are e�ectively
localized on one of the boundaries. In the holographic model on the right, the bulk gauge
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symmetry is likewise SU(6), broken explicitly by boundary conditions to SU(5) � U(1)
on the UV brane, but spontaneously by the VEV of a chiral adjoint super�eld � on the
IR brane. In the �rst model, the �eld � containing the MSSM Higgs �elds (and with
�y�� representing the Goldstone directions) forms part of the 5D gauge supermultiplet,
which as a 5D N = 1 vector multiplet contains a vector and a chiral adjoint � in 4D
N = 1 language. In the second model � is put in by hand as a brane super�eld living
on the 4D IR boundary.

Let us now turn to the implications of having a shift symmetry Eq. (2.40) at the compact-
i�cation scale M , which we can identify roughly with the four-dimensional uni�cation
scale MGUT. At the scale M , the K�ahler potential can only depend on the combination
Hu +Hd, i.e.

K = Z(X;X)
�
Hu +Hd

� �
Hu +Hd

�
+ : : : (2.42)

where X denotes some hidden-sector �elds or compacti�cation moduli. Likewise, the
superpotential cannot depend on the Higgs bilinear HuHd, so there is no � term from
the superpotential. When some of the hidden sector �elds develop F -term vacuum
expectation values, the Higgs mass matrix resulting from Eq. (2.42)

M2
H =

�
m2 m2

m2 m2

�
(2.43)

is therefore degenerate with a at direction: one has

j�j2 +m2
Hu

= j�j2 +m2
Hd

= B� : (2.44)

In other words, the stability conditions Eq. (2.9) are only marginally satis�ed. On the
other hand, any � parameter generated in this class of models is automatically of the
correct order of magnitude, namely of the order of the soft masses.

The shift symmetry is explicitly broken by the Yukawa couplings in the superpotential, to
the extent that they derive from bulk-boundary couplings. The third-generation Yukawa
couplings in gauge-Higgs uni�cation derive mostly from 5D gauge couplings, which of
course respect the 5D gauge symmetry. However, below the compacti�cation scale the
states in the e�ective theory no longer furnish complete representations of the bulk gauge
group, since those parts of the bulk hypermultiplets that do not correspond to MSSM
�elds have been projected out. Therefore, in the e�ective theory below the scale M the
shift symmetry is no longer respected, and the K�ahler potential in Eq. (2.42) is subject
to renormalization: the at direction will eventually be lifted by radiative corrections.

The conditions on the soft terms for obtaining realistic electroweak-scale spectra in such
models were studied numerically in [1, 3, 34]. To this end one needs to solve the renor-
malization group equations between the grand-uni�ed scale, taking into account the
boundary conditions Eq. (2.44), and the electroweak scale, matching to the Standard
Model observables. A subtlety lies in the sign of the B� parameter, which is conven-
tionally de�ned to be positive at the electroweak scale but may change sign during its
renormalization group evolution. Hence the sign in front of the o�-diagonal terms in
Eq. (2.43), or in front of B� in Eq. (2.44), may need to be ipped by a super�eld redef-
inition Hu ! �Hu, Ui ! �Ui, in order to ensure B�jMS

> 0.

A particularly simple and predictive soft term pattern results from radion-mediated
supersymmetry breaking in �ve dimensions, where the compacti�cation radius R of the
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�fth dimension is embedded in a chiral super�eld T . The F -term expectation value F T

of this radion super�eld can then be used together with the F -term expectation value F'

of the chiral compensator (the non-dynamical scalar in the 4D gravitational multiplet,
whose VEV parametrizes SUSY breaking in the gravitational background) to calculate
the soft masses. In the gauge-Higgs uni�ed model, one obtains the Higgs kinetic function

Z(T; T ) =
�R

g25

�
1 + c0

2R

T + T

�
2R

T + T
; (2.45)

where g5 is the 5D gauge coupling and c0 is the coe�cient of the Chern-Simons term for
the 5D gauge �eld [35]. This leads to the Higgs masses [1, 34,35]

� � = F
�' � F

T

2R

1 + 2c0

1 + c0
; (2.46)

m2
Hu

+ j�j2 = m2
Hd

+ j�j2 = �B� = jF'j2 � (F'F
T
+ h:c:)

2R

1 + 2c0

1 + c0
+
jF T j2
(2R)2

2c02

(1 + c0)2
:

(2.47)
The 4D gauge-kinetic term is

S � �R

g25

Z
d4x

Z
d2�

�
T

R
+ c0

�
trW�W� + h:c: ; (2.48)

giving for the gaugino masses

M1=2 =
F
T

2R

1

1 + c0
(2.49)

and the 4d gauge coupling
1

g24
=

2�R

g25
(1 + c0) : (2.50)

The soft masses and trilinear terms for the matter multiplets depend on the corresponding
kinetic functions, de�ned in analogy to those of the Higgs �elds Eq. (2.30):

K = YU (T; T ) jU j2 + YQ(T; T )jQj2 + YD(T; T )jDj2 + YE(T; T ) jEj2 + YL(T; T )jLj2 + : : :

(2.51)

These give rise to the soft masses and trilinear couplings according to according to

m2
X = � jF T j2 @2

@T@T
log YX(T; T ) ;

AU;D = F T @

@T
log (YHYQYU;D) ; AE = F T @

@T
log (YHYLYE) :

(2.52)

Assuming that the �rst two generations are e�ectively brane-localized, their soft terms
at the compacti�cation scale will vanish. For the third generation, this is no longer a
good approximation, so the kinetic functions YX should be chosen such as to reproduce
the corresponding Yukawa couplings. The result will be model dependent. For the
model of Ref. [31] they have been studied in Ref. [1] in detail, numerically solving the
renormalization group equations with appropriate boundary conditions at both the high
and the low scale, with the result that the higgsino in realistic benchmark points tends
to be among the heavier superpartners. This scenario thus constitutes a predictive
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implementation of the Giudice-Masiero mechanism where the higgsinos are \light" with
respect to the cuto� scale, with masses of the order of the gravitino mass, but nevertheless
the heaviest of the electroweakinos.

Taking a more model-independent point of view, one may investigate whether it is pos-
sible to obtain lighter higgsinos from the boundary conditions of Eq. (2.44) without
assuming the above structure for the other soft terms. In Ref. [3] the parameter space of
more general models was sampled using a Markov Chain Monte Carlo method, the free
parameters being �, tan�, a universal GUT-scale gaugino mass M1=2, and the GUT-
scale squark and slepton soft masses and scalar trilinear soft terms. For the latter, the
study was carried out assuming either (i) universal values m0 and A0 for the soft masses
and trilinears at the GUT scale, or (ii) that the �rst two generations do not couple to
supersymmetry breaking at leading order, setting their GUT-scale soft terms to zero,
while leaving those of the third generation as free parameters.

For the latter class of models it is indeed possible to obtain higgsinos as the lightest
supersymmetric particles. The lightest values of � one can reach are around 500 GeV,
and thus still somewhat above the weak scale. Fig. 2.5 shows the Bayesian posterior
probability contours for a set of parameter points computed by Markov Chain parameter
sampling. The prior used for generating these plots favours points with low Barbieri-

Figure 2.5: Contours of 95% and 68% Bayesian posterior probability, showing correla-
tions between the GUT-scale � parameter and the most important other supersymmetry-
breaking parameters, from [1]. All masses are in units of GeV. The green shading cor-
responds to the normalized Bayesian likelihood. Note that some parts of this parameter
space are by now excluded by LHC limits and by the Higgs mass measurement.

Giudice �ne-tuning measure [36], but the results were checked to be reasonably prior-
independent. Care should be taken in interpreting these pre-LHC plots, because the

24



observables used obviously do not include any LHC results, neither the lightest Higgs
boson mass nor any direct exclusion limits beyond those from LEP. Using up-to-date
mass limits, the allowed parameter space would shrink signi�cantly, although some of the
points with large gluino and squark masses would certainly survive. We note moreover
that this scan required the parameter points to reproduce the observed dark matter
relic density, which implies that any higgsino-like lightest neutralino states below a TeV
would need to have some sizeable bino component, see Section 3.5. The indicated GUT-
scale higgsino mass parameter � = �jMGUT

does not change much in running to the
electroweak scale, and therefore provides a good approximation for the physical higgsino
mass.

To conclude, models with an approximate shift symmetry in the Higgs sector at the grand
uni�cation scale cannot only solve the � problem, via a variant of the Giudice-Masiero
mechanism, but even give rise to MSSM spectra where the lightest supersymmetric states
are higgsino-like.

2.4 A � parameter from an approximate R-symmetry

2.4.1 Suppressing m3=2 and �̂ with U(1)R

A di�erent approach to solving the � problem can be taken in models which possess
an approximate R-symmetry. An R-symmetry in N = 1 supersymmetry is a U(1)
symmetry which does not commute with supersymmetry, and under which, consequently,
the di�erent components of a super�eld carry di�erent charges. By convention one
identi�es the R-charge of a supermultiplet with that of its lowest component. For the
Lagrangian to be invariant, the superpotential W then needs to carry nonzero R-charge,
which as usual we normalize to be R[W ] = 2.

Continuous global symmetries are believed to be broken in realistic theories of quantum
gravity. However, a theory may still be exactly invariant under some discrete symme-
try which becomes an approximate continuous symmetry at the level of renormalizable
operators, or even at the level of higher-dimensional operators � �N=MN�3

P for some
given N . In Ref. [37] an approximate R-symmetry was argued to potentially explain the
hierarchy between the Planck scale and the scale of supersymmetry breaking. Notably,
if R-symmetry is explicitly broken in W by terms of order at least �N , and if the typical
�eld expectation values h�i are mildly suppressed with respect to MP (as is necessary
for an e�ective �eld theory description), then hW i � h�iN can easily be very small in
Planck units (which we adopt from now on for the remainder of this Section). As ex-
plained in Section 2.2.2, in a Minkowski vacuum the scale of supersymmetry breaking,
which is the gravitino mass in the Planck-scale mediated models we are considering here,
is given by hW i. Therefore a small ratio between the gravitino mass and the Planck
scale could originate from an approximate R-symmetry (with the understanding that
the actual supersymmetry-breaking F - and D-terms will still need to be tuned against
hW i in order to obtain an approximately Minkowski vacuum in the �rst place, i.e. to
solve the cosmological constant problem).

Following [2] we will now show that an approximate R-symmetry could at the same
time be responsible for generating a small higgsino mass parameter �. As before we
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consider a model of chiral super�elds �i which we separate into visible-sector �elds (for
concreteness, MSSM matter and Higgs �elds) and hidden-sector �elds Xi. We assume
that none of the hidden-sector �elds carries the same quantum numbers as either of the
Higgs �elds, and that the Higgs bilinear HuHd is a singlet under all selection rules. Then
the superpotential is

W =
X
a

caMa(Xi) +HuHd

X
a

c0aMa(Xi) + : : : (2.53)

where the Ma represent some normalized monomials which are also singlets under all
selection rules (except for a possible R-symmetry, under which they carry charge 2,
and for possible further discrete symmetries) and ca and c0a are some coe�cients which
are generically O(1). We have omitted any terms depending on higher power of the
Higgs bilinear or on MSSM matter �elds. After setting all hidden-sector �elds to their
expectation values, one has, in the notation of Section 2.2.2,

W0 =
X
a

caMa(Xi) ;

�̂ =
X
a

c0aMa(Xi) :
(2.54)

In certain string compacti�cations, the numerical coe�cients ca and c
0
a coincide, to lead-

ing order, up to a common O(1) factor �, and hence �̂ = �W0 [38]. This solves the
� problem since � is guaranteed to be of the order of the gravitino mass. However, in
models in which the smallness of the superpotential W0 � 1 is due to an approximate
R-symmetry, there is no need to impose any such relation between the ca and the c0a.
Instead, in such modelsW0 is suppressed because the expectation values of all monomials
Ma are independently small (rather than being suppressed as a result of an approximate
cancellation between several large contributions), as we will show in the following. As a
consequence, �̂ is likewise suppressed, and the � problem is solved.

It is nontrivial that allMa are individually suppressed in the presence of an approximate
R-symmetry. One may prove this statement as follows: Consider a generic superpoten-
tial. i.e. one where all terms allowed by the symmetries of the model are present in
Eq. (2.53), and all coe�cients ca and c0a are O(1) and uncorrelated.3 In the exact R-
symmetric limit, the expectation value of the superpotential in a supersymmetric vacuum
is W0 = 0 since

2W =
X
i

R[�i] �i@iW (2.55)

and @iW = 0 in a globally supersymmetric vacuum. (In supergravity one has 0 = DiW =
@iW +W@iK as a condition for unbroken supersymmetry, so instead of W = 0 one could
also have W 6= 0 with

P
iR[�i]�i@iK = �2, but we will not consider any vacua of the

latter kind.) We will show that W0 = 0 because all monomials Ma vanish separately,
rather than cancelling against one another (see also [39] for a similar mathematical
argument in a di�erent context). To do so, we write

W =
X
a

c0aMa (2.56)

3In the presence of additional discrete symmetries this may not be the case, but even then the argument
still holds when applying it to symmetry invariants instead of individual terms.
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where (c0a) is a generic set of coe�cients. Suppose that the expectation values of the
lowest components of chiral super�elds are h�ii in some supersymmetric vacuum, hence
W has a critical point at these �eld values:

@iW (h�1i ; : : : ; h�ni) = 0 : (2.57)

We consider an open neighbourhood U around (c0a) in the space of coe�cients, giving
rise to a family of superpotentials

W =
X
a

caMa ; (ca) 2 U : (2.58)

Since (c0a) is generic, we can choose U such that there exists a corresponding family of
supersymmetric vacua with expectation values h�i(ca)i which smoothly depend on the
(ca). Since W = 0 in each supersymmetric vacuum, W vanishes identically on U when
regarded as a function of the (ca) via

W (ca) =W (h�1(ca)i ; : : : ; h�n(ca)i) : (2.59)

Hence

0 =
dW

dca
=

 
Ma +

X
i

@W

@�i

@�i

@ca

!�����
h�1(ca)i ;::: ;h�n(ca)i

=Ma (h�1(ca)i ; : : : ; h�n(ca)i) :

(2.60)

Thus, to the extent that supersymmetry is unbroken and that the R-symmetry is exact
rather than approximate (but may be broken or unbroken in the vacuum, see [2] for a
detailed discussion), �̂ = 0. If the R-symmetry is merely approximate, with higher-order
terms inducing a suppressed W0 � m3=2 6= 0, then also �̂ will be suppressed by the same
amount and take a value of order of the gravitino mass.

It is a priori not obvious that the main features of the preceding analysis will persist also
in the presence of supersymmetry breaking. That is, so far our analysis applies to only su-
persymmetric vacua, which in the presence of small R-breaking will be anti-de Sitter with
a cosmological constant � �jW 2

0 j. Subsequent uplifting to a supersymmetry-breaking
Minkowski (or slightly de Sitter) vacuum should not perturb the vacuum expectation
value of W too much if our arguments are to remain valid.

2.4.2 Examples

We illustrate these ideas with two simple examples, taken from [2], for superpotentials
which exhibit an approximate R-symmetry and, as a consequence, a suppressed gravitino
mass and � term. The superpotential for the �rst example will not be generic in the
above sense but still serves to illustrate the point. Consider two chiral super�elds X
and Y with R[X] = 2 and R[Y ] = 0. In the presence of an exact R-symmetry the
hidden-sector superpotential is thus

W = X f(Y ) (2.61)

with f any holomorphic function. With the non-generic choice

f = �Y 2 +
1

M
Y 3 + (higher powers) (2.62)
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there is a supersymmetric vacuum with non-vanishing hY i, approximately located at

X = 0 ; Y � ��M ; (2.63)

where we have assumed that � is somewhat smaller than 1 and that any terms omitted
in Eq. (2.62) are suppressed by powers of M with O(1) coe�cients. If the R-symmetry
is merely approximate and broken at higher order by a term �Y N , then the minimum
will slightly shift but remain a minimum, with the vacuum expectation value W0 given
by

W0 � �(��M)N : (2.64)

In the presence of couplings between the hidden sector and the Higgs bilinear, a �̂ of the
order of W0 will be induced.

A more elaborate example contains three hidden-sector chiral super�elds X, Y and Z
with R[X] = 2 and R[Y ] = �R[Z] = 3. The most general hidden-sector superpotential
is

W = X f(Y Z;X3 Z2) ; (2.65)

or, up to order 10 in the �elds,

W = X P (Y Z) +X4Z2Q(Y Z) + : : : (2.66)

where P and Q are polynomials of degree 4 and 2 respectively. There are supersymmetric
vacua at the roots of P with X = 0. Assume that P has an isolated zero at some
real value hY Zi = v2 < 1, so that it is self-consistent to treat higher-order terms as
small perturbations. This corresponds to an R-symmetry breaking but supersymmetry-
preserving vacuum. The Nelson-Seiberg theorem [40], stating that for a certain class of
generic superpotentials spontaneously broken R-symmetry implies spontaneously broken
supersymmetry, is not applicable because our superpotential does not fall into that class
[2]. The rescaling Y ! �Y and Z ! 1

�Z is a complex at direction corresponding
to the Goldstone super�eld of spontaneously broken R-symmetry. Despite the fact that
R-symmetry is broken, one has W0 = 0 since the expectation value of X vanishes.

We now introduce small R-symmetry breaking terms. More precisely, to justify the
absence of R-breaking at lower orders, we take the R-symmetry to be discrete rather
than continuous, imposing invariance under Z16 � U(1)R for concreteness. This allows
for the following R-breaking superpotential, up to order 10 in the �elds:

WR= = �1 Y
6 + �2 Y

7Z + �3 Y
8Z2 + �4 Z

10

+ �1X
9 + �2X

6Y 2 + �3X
6Y 3Z + �4X

3Y 4 + �5X
3Y 5Z + �6X

2Z6 + �7X
2Y Z7

(2.67)

The terms in the �rst line will stabilize the at direction, giving

hY i �
�
5�4
3�1

�1=16
v5=4 ; hZi �

�
3�1
5�4

�1=16
v3=4 : (2.68)

Using these values one �nds, by solving the F -term equations for X at leading order,

hXi � �2(3�1)
5=8(5�4)

3=8

P 0(v2)
v11=2 : (2.69)
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This leads to a W0 scaling as v
15=2. Put di�erently, if v � 0:01 is moderately small, then

W0 is suppressed with respect to the fundamental scale by 15 orders of magnitude, of
the correct order to lead to the hierarchy between the Planck scale and the TeV scale.

Finally, one may also introduce couplings to the Higgs bilinear:

W�̂ = HuHd

�
X bP (Y Z) +X4Z2 bQ(Y Z) + �̂1 Y

6 + �̂2 Y
7Z + �̂3 Y

8Z2 + �̂4 Z
10

+ �̂1X
9 + �̂2X

6Y 2 + �̂3X
6Y 3Z + �̂4X

3Y 4 + �̂5X
3Y 5Z + �̂6X

2Z6 + �̂7X
2Y Z7

�
+ : : :

(2.70)

While these will not a�ect the hidden-sector vacuum expectation values at leading order,
they will induce a �̂ parameter which is of the same order of the gravitino mass, likewise
scaling as v15=2 asymptotically as v ! 0.

In summary, in this example model both the gravitino mass and the e�ective � parameter
are exponentially suppressed as a result of a discrete R-symmetry, which manifests itself
as an approximate continuous R-symmetry at low orders. This continuous R-symmetry
is also spontaneously broken, but in keeping with the preceding discussion,W0 and �̂ still
vanish in the absence of explicit breaking since the vacuum is supersymmetric. Indeed, at
the level of this model supersymmetry is unbroken and the vacuum is anti-de Sitter, and
should be uplifted in a realistic extension by some dynamics which breaks supersymmetry
without signi�cantly perturbing W0 and �̂.

2.5 A � parameter from a supersymmetrically broken

Peccei-Quinn symmetry

In this Section we outline a third possibility for generating a � parameter which is nonzero
but parametrically below the fundamental scale. The starting point is the observation
that � is forbidden if there is an exact Peccei-Quinn symmetry U(1)PQ, i.e. a non-R U(1)
symmetry under which the Higgs bilinear is charged. Such a symmetry would evidently
forbid a bare � term. If it is spontaneously broken, a � term of the order of the U(1)PQ
breaking scale will be generated. It is conceivable that U(1)PQ breaking is either linked
to supersymmetry breaking, such that the resulting � term is linked to the soft mass scale
(see Section 2.2), or that U(1)PQ is spontaneously broken even in the supersymmetric
limit, such that the � term will be independent of the soft mass terms but its magnitude
accidentally coincides with them, to within 1{2 orders of magnitude.

Let us elaborate further on the second possibility, following [9], in a globally supersym-
metric model. We parametrize supersymmetry breaking as in Eq. (2.4) by a spurion
super�eld X = F�2, and supersymmetric U(1)PQ breaking by a spurion Y taking a
vacuum expectation value in its lowest component. The Lagrangian contains the terms

L �
Z

d2�
Y p

Mp�1

�
1 +

X

M

�
HuHd + h:c:+

Z
d2� d2��

X +X

M

�
Hy
uHu +Hy

dHd

�
(2.71)

where p depends on the PQ charges of Y and of HuHd. By contrast, the termsZ
d2� (�̂+X) HuHd+ h:c:+

Z
d2� d2��

�
Xy +X

M
+
XyX

M2

��
HuHd +Hy

dH
y
u

�
(2.72)
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are forbidden by PQ symmetry. Thus, the e�ective � parameter is given by

� � Y p

Mp�1
; (2.73)

and can be independent of the typical soft mass scale (provided that the vacuum expec-
tation values F and Y arise from independent dynamics in the underlying theory).

It is instructive to study the implications of this scenario for electroweak symmetry
breaking. The B� parameter is

B� � Y p

Mp
= �

F

M
: (2.74)

In a gravity-mediated model the typical soft terms resulting from Eq. (2.4) are of the
order F=M �MS , and thus

B� � �MS : (2.75)

We will now assume that ��MS , which is technically natural, and that tan� is at least
moderately large. Note that j�j is bounded from below by negative results for chargino
searches at LEP, and starting to be constrained by the LHC, which imply j�j & 100 GeV
(see Chapter 3). Requiring � � MS therefore implies that the superpartner mass scale
is much larger than 100 GeV, purely due to phenomenological constraints.

Remarkably, in that case the electroweak scale is parametrically given by j�j rather than
by MS , at least in the limiting case of an accidentally small up-type Higgs soft mass
jm2

Hu
j � M2

S . The latter is not a technically natural condition; indeed the very origin
of the \little hierarchy problem" are the large radiative corrections which the Higgs soft
masses receive from other states with large soft masses, see Section 2.1. Nevertheless,
taking into account these corrections it is generically possible to �ne-tune the resulting
e�ective m2

Hu
parameter small, of the order of j�j2 or smaller. Then the e�ective Higgs

mass matrix of Eq. (2.8) becomes parametrically, in terms of the respective dominant
contributions,

M2
H �

�
�2 �MS

�MS M2
S

�
(2.76)

and electroweak symmetry can be broken by the o�-diagonal terms B� � �MS at a scale
� j�j. That is to say, even though both diagonal entries of Eq. (2.76) are positive, the
�rst condition of Eq. (2.9) can nevertheless be satis�ed at large B�, indicating that one of
the eigenvalues ofM2

H is negative and that the trivial vacuum is therefore unstable. This
eigenvalue, corresponding to the lighter Higgs mass-squared parameter and setting the
scale of electroweak symmetry breaking, is evidently of the order �2. Similar patterns of
electroweak symmetry breaking with m2

S � B� � �2 have been investigated in [41, 42]
in the context of gauge-mediated supersymmetry breaking.

We emphasize again that this limiting case is �ne-tuned since the natural value of jm2
Hu
j is

of the order ofM2
S , while we have assumed here that it is instead subdominant. However,

once a little hierarchy between the electroweak scale and the soft mass scale is forced upon
us, as seems to be indicated by the absence of superpartners at the LHC so far, it is no
more �ne-tuned than the usual scenario where a large and negative m2

Hu
almost cancels

an equally large and positive �2. Moreover, since now the scale of electroweak symmetry
breaking is parametrically given by j�j, the usual coincidence problem of explaining why
a supersymmetrically generated � parameter should be of the order of the electroweak
scale is now absent, or more precisely merged into the little hierarchy problem.
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The generic implication of this scenario for the spectrum is once more that the higgsinos
will be relatively light, with masses which can be of the order of the electroweak scale,
whereas the remaining superpartners tend to be much heavier. The detailed particle
masses will, of course, depend on its concrete implementation in a more complete model.

2.6 A gravity-mediated � parameter in models of high-

scale gauge mediation

2.6.1 Light higgsinos in a heterotic orbifold model

Certain UV-scale models motivate a solution of the � problem within a hybrid mediation
mechanism, combining the features of gauge-mediated and gravity-mediated supersym-
metry breaking. As reviewed in Section 2.2, in gravity mediation a � term of the order
of the gravitino mass is quite naturally induced by e.g. the Giudice-Masiero mechanism,
while gauge mediation does not lead to a � term. Moreover, in gauge-mediated mod-
els with messengers the gravitino mass is not of the scale of the soft masses MS but
parametrically given by

m3=2 � 16�2
M

MP
MS (2.77)

where the scale M corresponds to the mass of some intermediate-scale messenger states
which carry Standard Model gauge interactions and couple to the hidden sector via
the superpotential. It is often assumed that both the scale of hidden-sector dynamical
supersymmetry breaking and the messenger scale are low; messenger scales as low as
100 TeV can still give rise to TeV-scale soft masses. In that case a � parameter of the
order of the gravitino mass is clearly in conict with phenomenology, as it would imply
the existence of light charginos with masses down to and below a keV. As discussed in
Section 2.2.3, models of low-scale gauge mediation therefore need some other ingredient
to generate �, and to avoid generating a too large B� along with it.

However, there is no fundamental reason for the messenger scale to be small. For instance,
it was observed in [4] that a certain class of heterotic string compacti�cations contains a
number of vector-like exotic states with just the right properties to act as gauge mediation
messenger �elds. These states have masses which are naturally of the order of the scale
of grand uni�cation MGUT � 1016 GeV, which happens to be suppressed with respect
to the Planck scale by about a perturbative loop factor. Therefore, each messenger
multiplet will induce a gauge-mediated contribution to the soft masses which is of the
order of a generic gravity-mediated � term � � m3=2. Because the multiplicities of these
messenger �elds tend to be large, � will in fact be somewhat suppressed with respect to
the total gauge-mediated soft masses, thus naturally allowing for an electroweak-scale
higgsino mass with TeV-scale superpartners.

As an example we will present a model analysed in [4], building on the spectrum of a
heterotic superstring compacti�cation on a 6D orbifold constructed in [43]. A particu-
larly interesting limit of the underlying string compacti�cation is that of an anisotropic
orbifold grand-uni�ed theory in six dimensions, where four of the compacti�cation radii
are Planck-sized and the other two are parametrically larger. The compacti�cation from
six to four dimensions at a radius around the GUT scale breaks the bulk gauge symmetry
of the extra-dimensional model to the Standard Model. The massless spectrum contains,
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super�eld SM representation multiplicity

D0 (3;1)�1=3 4
~D0 (3;1)1=3 4

L0 (1;2)1=2 4eL0 (1;2)�1=2 4

M (1;2) 0 8
S+ (1;1)1=2 16

S� (1;1)�1=2 16

Table 2.3: The messenger content of a heterotic orbifold model [43] whose gauge-gravity
mediated soft mass spectrum was studied in [4].

besides the three generations of SM quarks and leptons and a pair of Higgs doublets,
several SM singlets, as well as vector-like exotic �elds which become massive when some
of the singlet �elds acquire vacuum expectation values. The vector-like exotics are listed
in Table 2.3. The minimal couplings of these messenger �elds to the hidden sector �elds
are given by the superpotential

W = X1D
0 eD0 +X1 L

0eL0 +X2MM +X2 S
+S� (2.78)

where X1 and X2 are Standard Model singlets with di�erent quantum numbers under
hidden sector selection rules. The natural expectation for the vacuum expectation values,
just below the four-dimensional uni�cation scale of 1016 GeV, is therefore also the mass
scale of the messengers. Moreover, assuming that the goldstino is given by a superposition
of X1 and X2, gauge mediation will induce soft masses for Standard Model gauginos,
squarks, sleptons and Higgs bosons. For concreteness we set

hX1i =M + cos�F�2 ; hX2i =M + sin�F�2 (2.79)

which renders the gauge-mediated contributions to the soft terms calculable in terms of
F , M and the goldstino mixing angle �:

M1 =
g2

16�2
F

M

�
4 cos�+

24

5
sin�

�
;

M2 =
g2

16�2
F

M
(4 cos�+ 4 sin�) ;

M3 =
g2

16�2
F

M
4 cos� ;

(2.80)

m2
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�
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16�2

�2�
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M

�2 �287
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50
cos 2�

�
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m2
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�
g2

16�2

�2�
F

M

�2 �96
25

+
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25
cos 2�

�
;

m2
D = 2

�
g2

16�2

�2�
F

M

�2 �74
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+
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25
cos 2�

�
;

m2
L = m2

Hu
= m2

Hd
= 2

�
g2

16�2

�2�
F

M

�2 �183
50

� 3

50
cos 2�

�
;

m2
E = 2

�
g2

16�2

�2�
F

M

�2 �66
25
� 6

25
cos 2�

�
:

(2.81)
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In contrast to standard gauge mediation, the gaugino masses are not universal at the
messenger scale M , since the messengers do not form complete GUT multiplets. The
scalar masses, likewise, do not satisfy the standard relations of minimal gauge mediation
(see e.g. [24]) and are somewhat suppressed with respect to their gaugino counterparts,
since they scale as � pN with the messenger multiplicity while the gaugino masses scale
as � N .

It should be noted that gravity-mediated contributions to the soft masses cannot be
neglected if the mediation scale is as high as MGUT. As a consequence, the above gauge-
mediated contributions to the soft masses should be supplemented by subdominant but
non-negligible gravity-mediated contributions � F

MP
, hence the details of the low-energy

spectrum depend on many more parameters which are uncalculable in our simpli�ed
setting. Moreover, as opposed to the gauge-mediated soft masses, the gravity-mediated
soft terms have no reason to be avour universal. This model will therefore su�er from
the usual supersymmetric avour problem of gravity-mediated supersymmetry breaking,
so one needs to suppose that some mechanism (such as wave-function localization in the
extra dimensions or a discrete symmetry) will suppress avour-changing neutral currents
in the gravity-mediated sector.

This model does allow, on the other hand, to solve the � problem, providing gravity-
mediated � and B� terms

� � F

MP
; B� � F 2

M2
P

: (2.82)

Choosing F such that the gravitino mass m3=2 = F=
p
3MP is of the order of the elec-

troweak scale, it is straightforward to �nd realistic electroweak-scale spectra by appro-
priately choosing the mixing angle � and some avour-universal gravity-mediated con-
tribution to the soft masses of the order of m3=2. They will be characterized by large
tan�, since B� is small in comparison to m2

Hd
(see Eq. (2.11); this feature is robust

under renormalization group evolution), squark masses & 1.5 TeV to provide the neces-
sary radiative corrections to uplift the lightest Higgs mass to 125 GeV, wino and gluino
masses around 2 TeV with the bino somewhat lighter, and higgsinos and gravitinos as
the only new particles with electroweak-scale masses. The gravitino can be the lightest
supersymmetric particle and account for the dark matter relic density. Higgsino-like
neutralinos and charginos will be long-lived on collider timescales, thus collider searches
for almost-pure higgsinos provide a promising complementary way to probe this model
experimentally (see Chapter 3), beyond standard supersymmetry searches for hard jets
and missing energy. In standard cosmology, however, higgsino late-time decays will be in
conict with the successful predictions of light element abundances from primordial nu-
cleosynthesis. This problem may be resolved by introducing e.g. small R-parity violating
couplings or a mechanism for late-time entropy production.

2.6.2 Light higgsinos from the gaugino focus point

Models of hybrid gauge-gravity mediation with messengers in incomplete GUT multiplets
can be motivated by concrete UV completions, as we have discussed in the preceding
Section. As previously mentioned, an alternative motivation is the �ne-tuning problem,
or little hierarchy problem, posed by the MSSM. In a generic supersymmetric model
one would expect the soft masses of superpartners to be of the order of the electroweak

33



scale, and the lightest Higgs boson mass to be below or at most slightly above the Z
boson mass. However, by now LHC data excludes coloured superparticles with sub-TeV
masses under fairly mild assumptions, and we know the Higgs mass to be signi�cantly
larger than mZ | which requires large quantum corrections, originating again from soft
terms which are larger than mZ by at least an order of magnitude. A large soft mass
scale, in turn, entails a �ne-tuning problem since the electroweak scale is predicted by
a combination of soft masses according to Eq. (2.12), with the individual contributions
needing to be tuned to approximately cancel.

More precisely, following [6] we can express the predicted Z boson mass bmZ as a function
of GUT-scale soft terms as follows: We have, at large tan� and at the soft mass scale
MS =

p
m~t1

m~t2
,

� bm2
Z

2
=
�j�j2 +m2

Hu

���
MS

(2.83)

which leads to the semi-analytic relation

bm2
Z =

�
2:25M2

3 � 0:45M2
2 � 0:01M2

1 + 0:19M2M3 + 0:03M1M3

+ 0:74m2
U + 0:65m2

Q � 0:04m2
D � 1:32m2

Hu
� 0:09m2

Hd

+ 0:19A2
0 � 0:40A0M3 � 0:11A0M2 � 0:02A0M1

� 1:42 j�j2
����

M
:

(2.84)

The coe�cients in this expression have been obtained by resumming two-loop renormal-
ization group equations between the scale M = 1016 GeV and the scale MS = 3:5 TeV
at tan� = 50. Terms with coe�cients < 0:01 have been omitted. It is remarkable that,
among all soft parameters, the electroweak scale is most sensitive to the gluino mass,
although the gluino couples to the Higgs sector only through two-loop e�ects (but with
a large coupling �s and large group-theoretic factors).

Suppose now that what generates these soft terms is a model of messenger gauge me-
diation, with N3 messenger pairs in the (3;1)0 � (�3;1)0, N2 messenger pairs in the
(1;2)0 � (1;2)0, and N1 messenger pairs in the (1;1)1 � (1;1)�1 representations of
the SM gauge group, universally coupled in the superpotential to the singlet goldstino
X =M + F�2. This gives the leading-order soft masses at the messenger scale as

M1 =
6

5
N1mGM ; M2 = N2mGM ; M3 = N3mGM ; (2.85)
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;

(2.86)
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where

mGM =
g2

16�2
F

M
(2.87)

assuming a uni�ed gauge coupling g at the messenger scale. Hence, using Eq. (2.84) this
scenario predictsbmZ =

�
2:25N2

3 � 0:45N2
2 � 0:01N2

1 + 0:19N2N3 + 0:04N1N3

+ 3:80N3 � 1:16N2 � 0:01N1

�
m2

GM
:

(2.88)

Evidently, certain favourable ratios of messenger indices N1, N2 and N3 predict a partial
cancellation between the di�erent contributions to the e�ective electroweak scale. For
example, if N1 = N2 then for N3

N2
=� 2

5 the predicted electroweak scale is parametrically
smaller than the soft mass scale by an order of magnitude. A more precise calculation
yields that this cancellation is realized e.g. for N1 = N2 = 23 and N3 = 9 [6] (see
also [7, 44,45] for related studies).

This observation is similar in spirit to so-called focus point supersymmetry [46]: In
minimal supergravity models with a universal GUT-scale soft mass m0 and electroweak-
scale gaugino masses and � term, it can be shown that the predicted electroweak scale is
largely insensitive to m0 because the radiative contributions which the m2

Hu
parameter

receives during its renormalization group evolution tend to cancel (as can be read of from
the second line of Eq. (2.84)). In the present example, we �nd a similar behaviour for
suitable choices of messenger indices, although here the scalar masses are not universal
and the gaugino contributions are not at all negligible. 4

Table 2.4 shows an example spectrum of electroweak-scale soft masses. Here we have set
N1 = N2 = 23, N3 = 9 andmGM = 200 GeV, which corresponds to F = (2:5�1010GeV)2
and is of the same order as m3=2 � 150 GeV and as mZ . To generate this spectrum we
have included universal gravity-mediated contributions to the soft masses of the order of
m3=2 and, likewise, chosen suitable values for � 'pB� ' m3=2. One �nds the following
features:

� large tan� � 50, as a consequence of the fact that B� is generated by gravity
mediation but m2

Hu;d
are dominated by gauge mediation;

� a very heavy gluino, M3 � 3:8 TeV;

� very heavy squarks, the lightest of which is the ~t1 at about 2:5 TeV, while the
�rst-generation squarks are all heavier than 3 TeV;

� the remaining Higgs bosons H�, H0 and A at intermediate masses, at about 1:5
TeV in our benchmark point;

� a right-handed stau as the lightest scalar superparticle;

� and, most notably, three light higgsinos whose mass scale is once more set by the
gravity-mediated � parameter.

Note that, due to the multi-TeV coloured superpartners, this model will not be probed
by the LHC. The only kinematically accessible states are the light higgsinos, whose mass
splittings are however in a region which is likewise extremely di�cult to test at a hadron
collider. A linear collider may provide the best possibility to exclude this and similar
benchmark points, see Chapter 3.

4Focus point-like behaviour involving gauginos has previously been studied in [47].
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particle mass [GeV]

h0 123(�3)
�01 205
��1 207
�02 208

~�1 1530
H0 1470
A 1480
H� 1480

�03 2500
�04 3800
��2 3800

~g 3800
~t1 2500
~u1 3700
~d1 3400

Table 2.4: Some selected masses in GeV, computed with SOFTSUSY [48], for a hybrid
gauge-gravity mediated model with messenger indices (N1; N2; N3) = (23; 23; 9), mGM =
200 GeV, � = 240 GeV, and tan� = 50.

There are conicting views about whether or not a focus point-like cancellation between
radiative corrections actually constitutes a solution to the little hierarchy problem. While
the prediction for the little hierarchy in this model is insensitive to variations of the
continuous dimensionful parameter mGM, the cancellation does depend on the Standard
Model gauge and Yukawa couplings (in particular yt) taking their actual observed values.
The coe�cients in Eq. (2.88) are also logarithmically sensitive to the choice of MGUT.
It seems fair to ask if this focus point model merely relegates the �ne-tuning to these
parameters [49].

However, in a hypothetical complete and calculable superstring model, there are no free
continuous parameters; in the String Landscape, vacua are parametrized by discrete
numbers, hence the �ne-tuning problem as it is usually phrased will disappear. The
focus point model should be regarded as an attempt to realize this, as far as possible,
already in e�ective �eld theory, which however o�ers no guidance as to how to �x the
gauge and Yukawa couplings to their measured values without introducing additional free
continuous parameters. In the absence of a calculable UV completion these parameters
have to be taken as they are measured, yet it is still remarkable that with these data one
can construct a plausible explanation for the origin of the little hierarchy from particular
combinations of messenger indices.

We �nally remark that messenger indices favourable for focus point-like behaviour can
also be motivated by F -theory GUT models (which generally predict vector-like exotic
�elds in split multiplets, see [50] for a review), or by models of product-group uni�ca-
tion in �eld theory [7]. In the latter class of models the grand-uni�ed gauge group is
SU(5) � U(3), which allows for natural doublet-triplet splitting [51], but also requires
the messenger index N2 to be larger than N3 when combined with high-scale gauge me-
diation in order to avoid a Landau pole too close to the GUT scale. Detailed example
models are studied in [7]; they again exhibit the typical spectrum of hybrid GUT-scale
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gauge-gravity mediation at large messenger indices, notably, multi-TeV soft terms for all
superpartners except the higgsinos, and higgsino masses around the electroweak scale.

2.7 Light higgsinos in high-scale supersymmetry

Given the null results in supersymmetry searches at the LHC thus far, one may speculate
that the supersymmetry breaking scale in Nature might be much higher than the elec-
troweak scale, and perhaps as large as MGUT or MP . This would of course imply that
the electroweak hierarchy is not stabilized by supersymmetry, and require the resulting
hierarchy problem to be resolved by some unknown dynamics taking place, presumably,
in the UV completion.

When adopting this point of view, it becomes an interesting question if other MSSM
states besides the SM Higgs boson could have electroweak-scale masses (despite not
being protected by symmetry), and, depending on the light spectrum, how high the
supersymmetry scale can be. For instance, split supersymmetry [20, 52] (de�ned by
electroweak-scale gauginos and higgsinos, with all other MSSM states being paramet-
rically heavier) has been studied extensively. It was shown in [53] that the maximal
matching scale for split supersymmetry, assuming that the UV completion is the MSSM,
is around 108 GeV, while higher UV completion scales would result in e�ective theory
couplings at the matching scale which are in conict with the constraints imposed by su-
persymmetry. In particular, the Higgs boson quartic coupling becomes negative at high
scales, which is in conict with the positive de�nite scalar potential required by globally
supersymmetric theories. A similar if less severe problem is encountered by high-scale
supersymmetry (de�ned by the e�ective theory being given by just the Standard Model)
with a maximal matching scale around 1012 GeV [53]. For a theory with only the Stan-
dard Model and a pair of electroweak-scale higgsinos as the light degrees of freedom, the
maximal matching scale will lie somewhere in between.5

By adding scalar degrees of freedom to the set of \light" particles with electroweak-
scale masses, the maximal matching scale can be increased. For instance, when giving
electroweak-scale masses to the entire Higgs sector of the MSSM, such that the e�ective
theory above the electroweak scale is a two-Higgs doublet model, it is possible to choose
the UV completion scale as high as MP [55]. In that case, however, vacuum stability
becomes an issue: Even though the scalar potential of globally supersymmetric theories
is stable by construction, additional vacua besides the electroweak one may develop in
an e�ective two-Higgs doublet model below the SUSY-breaking scale. It is therefore of
interest to study in what range of parameters these models predict that the electroweak
vacuum is stable, or at least cosmologically long-lived. We will summarize the results
of [10] concerning vacuum stability here, as far as they pertain to models which include
light higgsinos besides the two Higgs doublets.

Consider the MSSM with supersymmetry spontaneously broken at a very high scale, such
that the soft masses are of the order of MS � 1014�17 GeV. Assume however that the
entries of the Higgs mass matrix are parametrically smaller than MS , and that likewise

5It should be mentioned that the UV scale where the quartic coupling becomes negative is subject
to considerable uncertainty, resulting mostly from the uncertainty in the top Yukawa coupling. It has
even been (controversially) claimed that the Standard Model can be reconciled with � = 0 at MP within
1.3� [54].
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j�j �MS . These conditions on the spectrum are technically unnatural, not only for the
Higgs bosons as previously discussed, but also for the higgsinos which receive one-loop
threshold corrections from the gauginos, see Section 2.1. We will not further justify
these assumptions but merely speculate that they may be �nd an explanation in the
underlying theory of quantum gravity UV-completing the MSSM at the Planck scale,
whose nature is unknown and may well defy our e�ective �eld theory intuition about
�ne tuning. We further assume, for simplicity, that both the Higgs and higgsino mass
parameters will end up being of the order of the electroweak scale. Generalizations to
models with intermediate thresholds might nevertheless be interesting to study in their
own right.

At energies between the electroweak scale andMS , the theory is therefore described by a
two-Higgs doublet model (of type II, to a good approximation) with an additional Dirac
fermion doublet, the higgsino. Neglecting terms which are not generated at the tree level
by matching to the MSSM, and which are therefore subdominant, the Higgs potential
reads

VHiggs = Vquadratic +
�1
2
(hydhd)

2 +
�2
2
(hyuhu)

2 + �3(h
y
dhd)(h

y
uhu) + �4jhydhuj2 ; (2.89)

where the tree-level matching conditions to the MSSM read, at the scale MS ,
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2
g2 :

(2.90)

The tree-level vacuum stability conditions [56]

�1 > 0 ; �2 > 0 �3 + (�1�2)
1=2 > 0 ; (2.91)

�3 + �4 + (�1�2)
1=2 > 0 (2.92)

are satis�ed by construction at the scale MS , however they may be violated at inter-
mediate scales in the renormalization-group improved potential. Numerically, one �nds
that Eqns. (2.91) are always satis�ed at all scales, but that Eq. (2.92) may be violated.
If this is the case, then the electroweak vacuum is not absolutely stable. The model may
still be phenomenologically acceptable if it is metastable with a lifetime exceeding the
age of the universe. The fact that at most one of the four conditions is violated allows to
derive a criterion for metastability analytically (although relying on numerical solutions
of the renormalization group equations): Along the direction � in �eld space where it
decreases most steeply, the quartic potential is

Ve�(�) =
�

4
�4 ; � =

4 (�1�2)
1=2
�
�3 + �4 + (�1�2)

1=2
�

�1 + �2 + 2 (�1�2)1=2
: (2.93)

One may now apply the formalism for a single scalar �eld to calculate the decay proba-
bility of the electroweak vacuum along this direction (with respect to which all possible
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others are exponentially suppressed). According to [57] the probability for tunnelling
from one vacuum into another during cosmic time � is

p =
�4

R4
e�SB (2.94)

where the \bounce action" SB is the euclidean action of the �eld con�guration inter-
polating between the vacua, and R is the length scale characterizing the radius of the
nucleating bubble of true vacuum. To ensure the longevity of our vacuum we should
have p � 1 for � = 1010 yr. In �4 theory with a negative �, the bounce action of the
instanton for tunnelling between � = 0 and large � is

SB =
8�2

3j�j ; (2.95)

while R is undetermined at the classical level since the action is scale invariant. In
quantum theory, this scale invariance is broken by the � function of the coupling, and p
can be calculated as [58]

p = max
R

�4

R4
e�SB(R) SB(R) =

8�2

3 j�( 1R)
�� +�S (2.96)

where �S are one-loop corrections which are negligible for our purposes, and �(Q) de-
notes the running quartic coupling at the scale Q.

For the potential of the two-Higgs doublet model along the direction of Eq. (2.93), this
yields the metastability condition

�(Q) & � 2:82

41:1 + log10
Q

GeV

(2.97)

which must be satis�ed at all RG scales Q for the decay probability to be � 1.

Fig. 2.6 shows a section of the parameter space of this model, indicating the
(meta)stability constraints. It has been derived without prescribing the lightest Higgs
mass, and assuming negligible high-scale threshold corrections, which have little inuence
on the metastability conditions, using two-loop renormalization group equations gener-
ated by SARAH [59] and one-loop (partial two-loop) matching with FlexibleSUSY [60].
Demandingmh = 125�3 GeV, with a large uncertainty to take into account the neglected
thresholds, reduces the viable parameter space to rather large values of the pseudoscalar
Higgs mass mA (which sets the scale also for mH0 and mH�) and to very small tan�.
A region at large tan� � 50 and small mA � 150, not shown on the plot, would be
metastable rather than unstable but is ruled out by limits on B ! s and H;A ! �� .

The vacuum stability constraints have likewise been studied in [10] for a two-Higgs dou-
blet model with the entire gaugino and higgsino sector at the electroweak scale (or equiv-
alently, split supersymmetry with a second light Higgs doublet). In that case, however,
one cannot match this model to the Standard Model when taking the SUSY breaking
scale close to MP .

In conclusion, a two-Higgs doublet model with light higgsinos can be a viable e�ective
�eld theory which allows for a UV completion by the MSSM at very high scales, provided
that tan� is small and the extra Higgs bosons are somewhat heavy.
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Figure 2.6: Vacuum stability and lightest Higgs massmh as a function of the pseudoscalar
Higgs mass mA and tan�, using a higgsino mass of � = 200 GeV and a matching scale
of M = 2 � 1017 GeV. The green dashed (blue dotted) line represents the result for a
top mass at 1� = 0:76 GeV above (below) the central value of mt = 173:34 GeV. Red
regions are excluded by vacuum stability, in the orange regions the electroweak vacuum
is metastable.
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Chapter 3

Phenomenology of light higgsinos

3.1 Higgsinos production at colliders

The dominant mechanism for higgsino production at collider experiments depends to a
large extent on the details of the particle spectrum. To be speci�c, let us assume that
the particle content relevant for TeV-scale physics is that of the MSSM or some subset
thereof, that R-parity is conserved, and that the lightest supersymmetric particle is a
higgsino-like neutralino (apart from possible light and very weakly interacting states such
as a light gravitino or axino). With these assumptions, superpartners are pair-produced
at colliders, and any decay chains will end up in a higgsino and Standard Model particles.

At hadron colliders, higgsino-like neutralino and chargino pairs will thus appear in cas-
cade decays of coloured superpartners, most notably squarks, which bene�t from a strong
production cross-section. This, however, obviously relies on the squarks being light
enough to be kinematically accessible. Some example processes at leading order are
sketched in Figs. 3.1 { 3.3. Secondly, at both hadron and electron-positron colliders,
higgsinos can be pair-produced in the electroweak interactions, most importantly by the
Drell-Yan process sketched in Fig. 3.4. At an e+e� machine, t-channel and u-channel
selectron or sneutrino exchange could also play a role if these states are relatively light
and if there is signi�cant mixing between the higgsino and the electroweak gauginos (for
pure higgsinos, these processes are suppressed by small Yukawa couplings).

For higgsino production from cascade decays of heavier coloured particles, which one
among the possible processes will eventually dominate depends on various aspects of the
spectrum:

� If �rst- or second-generation squarks and gluinos are within kinematic reach, they
can be abundantly produced in quark fusion and quark-gluon fusion, and their
cascade decays will eventually terminate in a pair of higgsino-like LSPs, producing
the standard supersymmetry signature of hard jets, potentially leptons, and missing
energy. Fig. 3.1 shows an example process out of many possible ones. Since there
is very little to these events that is speci�c to the case of a higgsino LSP, we will
not discuss them here (for details, see e.g. [14, 15] and references therein). We do
remark, however, that the couplings between �rst- and second-generation squarks
and higgsinos are suppressed by small couplings and mixing angles, which may
cause the squarks to preferentially decay into heavier wino- or bino-like charginos
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and neutralinos instead of directly into higgsinos, thus softening the decay products
while increasing their multiplicities.

g

q

�

�

~q

~g

~g

~q

q

W;Z; 

�

0

q

q

Figure 3.1: An example for strong production of a pair of supersymmetric particles (in
this case, a squark and a gluino) which subsequently decay through a cascade, with a
�nal state containing multiple quarks, possibly leptons and a higgsino pair.

� In case that �rst- and second-generation squarks are too heavy to be accessible,
the third-generation squarks may yet be within reach. Gluino-assisted stop and
sbottom pair production can give rise to events with multiple b-jets and missing
energy, see Fig. 3.2. If the gluino is too heavy, third-generation squarks can still
be (less e�ciently) pair-produced in gluon fusion or through an s-channel gluon,
as shown in Fig. 3.3. In that case the decay chains are very short, with stops
and sbottoms immediately decaying into higgsino and a top or bottom quark, and
could provide useful information in identifying the higgsino nature of the LSP, see
Section 3.4.
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Figure 3.2: Gluino-assisted stop or sbottom pair production, with the stops and sbottoms
decaying into third-generation quarks and higgsino-like neutralinos and charginos.
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Figure 3.3: Direct stop or sbottom pair production with correspondingly short decay
chains.
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� In case that all squarks are too heavy to be produced, the only accessible coloured
superpartner is the gluino, and it can only decay into three-body �nal states [61]
or radiatively into gluon-neutralino [62]. Therefore, it may live long enough to
hadronize. The resulting phenomenology of R-hadrons is again not speci�c to
having a higgsino-like LSP, so we will not review it here.

Let us now turn to direct higgsino pair production through the Drell-Yan process, see
Fig. 3.4. At hadron colliders the �nal state can be �01�

0
2, �

+
1 �

�
1 , �

0
1�

�
1 or �02�

�
1 , while at

e+e� colliders the gauge boson in the s-channel is necessarily a photon or a Z, hence the
�nal state is either a neutralino or a chargino pair. Note that the Z coupling to �01�

0
1 or

to �02�
0
2 is suppressed by the higgsino-wino mixing angle, and absent in the pure higgsino

limit.

q

q

�

�

W;Z; 

Figure 3.4: Higgsino production via the Drell-Yan process.

The cross-section for the various �nal states at the 14 TeV LHC are shown in Fig. 3.5.

Figure 3.5: The NLO cross-section for higgsino pair production through the Drell-Yan
process at the 14 TeV LHC, as a function of the higgsino mass. Generated with PROSPINO

2.1 [63].

It is often extremely challenging to extract any useful information from direct higgsino
pair production, especially in the almost-pure case of negligible mixing with other elec-
troweakinos, since the higgsino-like charginos and neutralinos are nearly degenerate in
mass. Then �02 and �

�
1 will typically decay into �01 and additional particles which are too

soft to observe, and one is left with an e�ectively back-to-back �01 pair leaving the detec-
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tor without any trace. In order to produce at least a missing transverse energy signature,
it is convenient to study also direct higgsino pair production with an additional gluon
or photon from initial- or �nal-state radiation. This will decrease the cross-section by a
factor of approximately �s or �EM respectively (for a jet or photon energy of the order
of the higgsino mass), but provide a hard object for the neutralinos to recoil from. An
initial-state jet is also frequently used in the case of somewhat milder mass degeneracy
to trigger on and for better background discrimination.

3.2 Higgsino decays

In the MSSM (or the split MSSM, with a subset of the supersymmetric particles de-
coupled) with preserved R-parity, the decay modes of higgsino-like neutralinos �02 and
charginos ��1 depend mainly on the degree of purity of the higgsino, i.e. the higgsino-
wino and higgsino-bino mixing angles. This is because the mass di�erences �m�02��

0
1
and

�m��1 ��
0
1
are induced partly by mixing according to Eqs. (2.19) and (2.23). In addition,

the chargino-neutralino mass splitting receives radiative corrections after electroweak
symmetry breaking which are given by Eq. (2.25) at one loop.

Neutralino decays �02 ! �01X for mass splittings above about 10 GeV proceed via virtual
Z exchange, producing quark or lepton pairs. For smaller mass splittings �m�02��

0
1

roughly between 1 GeV and 10 GeV, the radiative decay �02 ! �01 [65] gains in relative
importance as shown in Fig. 3.6. Moreover, for mass splittings smaller than about 1{2
GeV, decays into hadronic �nal states are no longer accurately described by a virtual
Z decaying into quarks which subsequently hadronize. Hence, the region of small �m
in Fig. 3.6 is a�ected by a large theory uncertainty and should be taken with a grain of
salt.

Similar observations can be made about the chargino decays �� ! �01X, although there
is obviously no photon channel available. While for mass splittings around 10 GeV the
decays are well modelled as ��1 ! �01W

��(! `��`; qq
0), at mass splittings smaller than

about 1{2 GeV one should instead couple to the hadronic current directly. To this end
one may employ the formalism of [66], originally developed to model semileptonic tau
decays. The resulting branching fractions are shown in Fig. 3.7, and the resulting decay
length (which can be macroscopic for small �m) in Fig. 3.8.

A particularly interesting limiting case is that of completely decoupled winos and binos,
in which case the mass splitting Eq. (2.25) between ��1 and �01 is numerically of the order
of 300 MeV, see Fig. 2.2; in this case, the chargino decays almost exclusively into a single
charged pion and the neutralino (or, more precisely, into either of the neutralinos, which
are themselves mass-degenerate in that limit).

Note that it is in principle possible to obtain an even smaller mass splitting, by tuning
tree-level corrections to the chargino and neutralino masses due to mixing with the wino
and bino, see Eqs. (2.19) and (2.23), against the one-loop correction of Eq. (2.25). One
may thus obtain a ��1 which can be stable on collider scales, cf. Fig. 3.8.
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Figure 3.6: Branching fractions for the decays �02 ! �01X for various X and mass
splittings �m�02��

0
1
between 1 and 10 GeV, assuming m�01

= 160 GeV. We have omitted

all channels with branching ratio < 1%, which includes all decays into ��1 X. Generated
with SUSY-HIT [64].

3.3 Collider signatures and current constraints

3.3.1 Higgsinos at the LHC

It is well known how to search for coloured supersymmetric particles at hadron colliders,
and these searches have been used to put stringent bounds on standard supersymmetry
scenarios such as the pMSSM (see e.g. [67, 68] for some recent results obtained with
36 fb�1 of 13 TeV data). Even though it is often assumed for these searches that the
lightest supersymmetric particle is a bino-like neutralino, typically there is little change
if it is replaced by a higgsino-like neutralino. (A possible approach to distinguish a bino
LSP scenario from a higgsino LSP, in the case of a relatively simple spectrum, will be
discussed in Section 3.4.) In fact, these searches rely more on the characteristics of the
coloured superparticle spectrum and less on the nature of the chargino-neutralino sector,
so we will not discuss them here in detail. Instead we will focus on the case where the
higgsinos are e�ectively isolated, and where the resulting collider signatures are therefore
speci�c to the higgsino sector.

In order to constrain directly produced higgsinos at hadron colliders, the following pos-
sibilities arise:

� In case that the mass degeneracy between the higgsino-like chargino and neutralinos
are at least of the order of 5�10 GeV, chargino decays can produce charged leptons
which can be resolved and searched for. This �nal state becomes particularly useful
in combination with an initial-state radiation jet, which provides a hard object for
the higgsino to recoil from and for the experiment to trigger upon. The resulting
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Figure 3.7: Left: Branching fractions for the decays ��1 ! �01X for m�01
= 160 GeV

and small mass splittings �m��1 ��
0
1
< 1 GeV, where X = ��; ���0;K�; e��e; �

���. We

have omitted all channels with branching ratio < 1%, and assumed that the decays into
�02 are forbidden or negligible. Right: Branching fractions for larger �m��1 ��

0
1
, with the

hadronic BR calculated from the partial widths into quarks.

signature is a hard jet, missing transverse energy and isolated leptons.

� For the case of su�ciently small mass splittings �m��1 ��
0
1
. 300 MeV (which

includes the case of decoupled winos and binos), the chargino decay length becomes
macroscopic and it may be searched for using a \disappearing track" signature.
More precisely, in that case a chargino produced via the Drell-Yan process will
decay, with a decay length which can be in the mm to cm range (see Fig. 3.8),
into a very soft charged pion and a neutralino, both of which leave the detector
unseen. The ionization track of the chargino e�ectively ends within the tracker. At
the extreme end of this limiting case, for mass splittings below the charged pion
mass m�� = 140 GeV, the chargino becomes a quasi-stable charged particle, and
as such is tightly constrained by dedicated searches.

� For intermediate mass splittings, such that the heavier higgsinos decay promptly
but the decay product is still too soft to be resolved, no viable approach has been
found so far to probe this system at a hadron collider (but see Section 3.4.1 for some
proposals). Searches for a monojet (from ISR) plus missing transverse energy may
seem the most obvious option, but these searches su�er from too large irreducible
backgrounds to be useful. Higgsino production in vector boson fusion or central
exclusive production might signi�cantly reduce the backgrounds, but at least at
the LHC the cross-section for either process would be too small to expect enough
signal events, even at high luminosity.

The strongest limits on higgsinos from missing transverse energy, an ISR jet and soft
leptons are presently due to a CMS search using 36 fb�1 of 13 TeV data [69]. This
analysis assumes �02�

�
1 production, neglecting chargino pair production and neutralino-

neutralino production. It requires a lepton with transverse momenta 5 GeV < pT < 30
GeV and a second isolated lepton with opposite sign, as well as missing transverse energy
Emiss
T > 125 GeV and a jet with pT > 25 GeV. The main backgrounds are t�t production

with semileptonic top decays, Drell-Yan production of leptons with an ISR jet, and
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Figure 3.8: Chargino decay length for m�01
= 160 GeV as a function of the mass splitting

�m��1 ��
0
1
, assuming that the only open channels are those of Fig. 3.7, i.e. ��1 ! �01X.

For mass splittings below the charged pion mass m�� = 140 MeV, the only remaining
open channels are three-body decays into lepton-neutrino-neutralino, and the chargino
becomes long-lived on collider scales.

production of an on-shell pair of electroweak gauge bosons. This analysis is sensitive to
mass splittings between about 7:5 GeV � �m��1 ��

0
1
� 35 GeV. It is carried out for a

production cross section which corresponds to a wino-like �02 and ��1 , providing limits
up to 230 GeV on the wino mass, but can be recast to provide limits on higgsinos when
taking into account

� the additional events obtained from �02�
0
1 and ��1 �

�
1 production

� and the lower cross-section for higgsino-like charginos and neutralinos ��1 �
0
2.

The resulting bound was estimated by a previous CMS analysis [70], using only 13 fb�1

of data and now superseded by [69], to exclude a higgsino-like chargino mass ofm�
� = 100

GeV for �m��1 ��
0
1
= 20 GeV, hence being not competitive yet with the corresponding

LEP limit yet. For the more current analysis [69] there is no interpretation in terms
of higgsinos given by the experimental collaboration. We will therefore reinterpret the
excluded cross-sections, given as functions of m�02

and of �m�02��
0
1
, in order to put

bounds on higgsinos. To do so, �rst note that neutralino pair production and chargino
pair production will provide additional events, but these will need to be weighted with
respect to �02�

�
1 production, because of the possibility to obtain one of the leptons from

the chargino in the latter process, and because of the di�erent leptonic branching ratios.
For simplicity we have used a at lepton e�ciency � = 0:5 for the reinterpretation, which
is of the order of the e�ciencies reported by the experiment. Moreover, we have assumed
m�02

= m��1
and the higgsino values for the cross-sections (implying a pure higgsino) but

a non-negligible mass di�erence �m�02��
0
1
(implying, contrariwise, some nonzero wino

or bino admixture, for which the cross section will be correspondingly larger or smaller
and the chargino will in general not be exactly degenerate with the next-to-lightest
neutralino). This recast should therefore be interpreted with some caution. The result
is the blue curve in Fig. 3.9. In conclusion, the CMS dilepton searches are sensitive
to higgsino-like neutralinos and charginos up to masses of 155 GeV at mass splittings
around 13 GeV, and can probe mass splittings down to about 8 GeV.
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Figure 3.9: Present (2017) exclusion bounds on higgsino-like neutralinos and charginos
as a function of the chargino mass and the mass splitting between the chargino and the
lightest neutralino. In red, for chargino-neutralino mass splittings below the charged
pion mass, the chargino is stable on collider time scales. In green, the exclusion limits
given by the LEP SUSY working group [71]. In blue, the recast of the CMS soft dilepton
limits [70], which assumes m�02

= m��1
.

For somewhat larger mass splittings of the order of 25� 90 GeV, a CMS search for three
leptons [72] can also exclude wino-like chargino masses up to 230 GeV, but the result
is not directly applicable to the almost-pure higgsino case (given that such large mass
splittings would imply relatively light binos or winos, and hence sizeable mixing angles).
Finally, the corresponding ATLAS bounds [73] are presently not competitive.

Disappearing tracks have successfully been used by the ATLAS and CMS experiments
at the LHC to constrain almost-pure wino-like charginos and neutralinos [74, 75], since
the decay length of a wino-like chargino is larger than that of a higgsino-like one. More
precisely, the radiative mass splitting in the pure wino system is only of the order of
160 MeV [76], leading to a proper decay length of the order of 10 cm, which is exactly
the scale which disappearing track searches are most sensitive to without requiring large
Lorentz boosts. As a consequence, these analyses can be used to constrain wino-like
charginos with masses up to 430 GeV. As to a pure higgsino system, with a proper
decay length of the order of 1 cm a sizeable boost is needed for the LHC experiments
to be able to measure any track at all, and the remaining signal events must obviously
be numerous enough to overcome the backgrounds, mostly given by t�t and W+ jet
events. Despite these obstacles, by recasting the published disappearing track analyses
one can obtain limits on the higgsino mass which are claimed to start being competitive
with the LEP bounds quoted below, excluding higgsino masses of the order of 100 GeV
[77,78], although these analysis reinterpretations are subject to considerable theoretical
uncertainty. Unfortunately, the excluded cross-sections found by the latest and presently
most constraining analysis, using 36 fb�1 of 13 TeV data at ATLAS [75], have not been
released to the public. This makes any attempt at recasting this analysis for the higgsino
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case doubtful at least, so we will refrain from doing so.

For the �ne-tuned case of extremely degenerate higgsinos with �m��1 ��
0
1
< m�� the

chargino is stable on collider scales, and bounds on massive stable charged particles
apply. CMS has searched for stable massive charged particles [79] with a 13 fb�1 sample
of 13 TeV data. When reinterpreting their limits for higgsinos, the 95% exclusion bound
is between 800 and 900 GeV. An older ATLAS analysis [80] with 19 fb�1 of 8 TeV data
puts an explicit bound of 620 GeV on long-lived charginos, which however correspond to
mixed wino-higgsinos. The corresponding update of the charged R-hadron search with
3.2 fb�1 at 13 TeV [81] does not provide any limits on charginos, but given the smaller
integrated luminosity their gluino limits are somewhat weaker than those of [79], which
should therefore represent the strongest bound at present. In the transitional regime
of mass splittings between about 145 MeV and 140 MeV, further bounds come from
searches for energy loss from ionization [82], excluding mixed higgsino-wino chargino
masses of up to 482 GeV for a decay length of 4.5 m. This translates into a conservative
bound on the mass of a higgsino-like chargino with the same lifetime of around 350 GeV.

3.3.2 Higgsinos at LEP

Direct higgsino pair production at an electron-positron collider allows to study the hig-
gsino system in a much cleaner environment than at a hadron collider. The backgrounds
are considerably lower, and the energy of the colliding particles is �xed (as opposed to
a proton-proton machine, where only the distributions of parton energies are known).
There is relatively less interest in studying the decays of heavier superparticles into the
higgsinos in order to learn about the higgsino system, since the cross-section of direct
higgsino production is typically the largest among the superpartners for a higgsino LSP.
Hence the focus will be on Drell-Yan production via Z boson or photon exchange. As
opposed to hadron colliders, thanks to the clean environment even the case of small mass
splittings around 1 GeV can be studied using the monophoton signature.

The most stringent lower phenomenological limits on the higgsino mass have long been
given by the null result of chargino searches at the LEP-2 collider. The LEP SUSY
working group has combined the

p
s � 208 GeV data of the four LEP experiments,

searching for chargino pair production events with subsequent decay into the lightest
neutralino. For sizeable mass splittings �m��1 ��

0
1
& 10 GeV, this leads to a rather

robust combined limit of
p
s=2 � 104 GeV on the chargino mass [83]. For lower mass

splittings, the decay products become too soft to be reliably reconstructed. The preferred
analysis strategy in the case of small �m��1 ��

0
1
requires a hard ISR photon, and therefore

the limits become somewhat weaker [84].

Speci�cally, the limits on the lightest higgsino-like chargino mass derived from ALEPH,
DELPHI, L3 and OPAL data for low mass splittings [71] are summarized in Table 3.1.
Note that for mass splittings below the charged pion mass m�� = 140 MeV, the chargino
becomes e�ectively stable on collider timescales (see Fig. 3.8), and therefore the limits
are given by heavy stable charged particle searches which are again more powerful. The
global lower limit is quoted by the LEP SUSY working group as m��1

> 92.4 GeV at

95% CL.

The LEP exclusion limit is shown in green in Fig. 3.9. For intermediate mass splittings
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�m��1 ��
0
1
[GeV] approximate limit on m��1

[GeV]

> 10 104
> 3 102
> 0:25 95
> 0:14 93
< 0:14 104

Table 3.1: Approximate LEP-2 limits [71] on the higgsino-like chargino mass as a function
of the chargino-neutralino mass splitting �m��1 ��

0
1
.

it continues to be the strongest bound.

3.4 Prospects

3.4.1 The LHC at high luminosity and future hadron colliders

The discovery prospects for isolated light and near-degenerate higgsinos at the high-
energy and high-luminosity LHC, as well as at future possible hadron colliders up to a
hypothetical centre-of-mass energy of 100 TeV, have been studied extensively in many
recent works [77, 85{91]. We have already reported the principal signatures in Section
3.3.1, so we will briey review some main results on the anticipated discovery potential.

Concerning the signature of an ISR jet, missing transverse energy and possible soft
dileptons, which is already providing some constraints with LHC-13 data (see Section
3.3.1), Ref. [85] argues that even the near-degenerate case of �m��1 ��

0
1
= 3:5 GeV can

be probed with a combined analysis taking into account 0-, 1- and 2-lepton events at
14 TeV. For this mass splitting, with an integrated luminosity of 3000 fb�1, the reach
will extend to chargino masses of at least between 100 and 120 GeV with an assumed
systematic uncertainty of 5% in the background, and up to between 200 and 250 GeV
if this uncertainty can be reduced to 1%. In the latter case a 5� discovery would be
possible for ��1 � 120 GeV [85]. Refs. [87] emphasize that the monojet and monophoton
searches, taken on their own, are not sensitive enough to probe the higgsino sector even
at high luminosity, but that for mass splittings of the order of 10 GeV a 5� discovery
should be possible in the dilepton channel for chargino masses & 200 GeV at 14 TeV with
1000 fb�1. A 95% CL exclusion should, for similar mass splittings, already be possible
with 100 fb�1 of data for m��1

around 180 GeV. Ref. [88] studies various benchmark

points with varying mass splittings between about 5 and 50 GeV, concluding that with
a mere 100 fb�1 at 14 TeV a 140 GeV chargino may be discovered if the mass splitting
is large (a conclusion now superseded by the CMS analysis cited above, which shows no
excess in that parameter region), again using both leptons and an ISR jet as a signature.
Ref. [91] claims a sensitivity at the 2.9� level for 14 TeV, 3000 fb�1 to a spectrum with a
120 GeV �01 and a mass splitting �m�02��

0
1
as low as 4 GeV by selecting collinear muon

pairs in the �nal state, without however specifying the assumption for the background
systematic uncertainty used for this analysis.

Ref. [89] claims a possible exclusion of a pure higgsino up to about 200 GeV in the
monojet channel alone at 14 TeV with 3000 fb�1, albeit assuming a rather optimistic
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1% systematic uncertainty on the background. When increasing this uncertainty to 2%
the limits obtained are no stronger than the present ones from LEP. For a future 100
TeV collider, the claimed 95% CL exclusion reach increases to between 500 and 900
GeV depending on the assumed background uncertainty, again at 3000 fb�1 integrated
luminosity and using monojets only. In particular, the interesting region of higgsino
masses around 1.1 TeV, where a pure higgsino could be a thermal WIMP dark matter
candidate (see Section 3.5), would be out of reach for the monojet search even at 100
TeV. Similar conclusions are reached in [90].

Searches with three leptons in the �nal state were argued in [92] to provide increased
sensitivity for somewhat larger mass splittings, but are mainly applicable to mixed elec-
troweakino systems.

Concerning the disappearing track signature which is applicable for very small mass
splittings, corresponding to macroscopic decay lengths, Ref. [89] �nds that the LHC-
14 with 3000 fb�1 might be sensitive to pure higgsinos with radiatively induced mass
splittings up to 140 GeV, with discovery possible for up to 95 GeV. By scaling the
assumed background by a factor 5, upwards or downwards, the mass reach becomes
smaller or larger by about 50 GeV. At a 100 TeV collider the sensitivity for exclusion
is similarly estimated at 615+135�130 GeV, and that for discovery at 485+110�105 GeV. Ref. [86]
argues that, using a modi�ed forward tracking system, the sensitivity of ATLAS and
CMS could be improved to obtain a sensitivity to up to 420 GeV pure higgsinos for
this kind of signature, and a discovery might be possible up to 380 GeV. At a 100 TeV
collider, using a similar tracker and analysis strategy is claimed to allow the exclusion or
discovery of pure higgsino dark matter at m� = 1:1 TeV.

Ref. [77] argues that a mere change of the analysis strategy at LHC may already improve
the sensitivity to disappearing tracks signi�cantly, without the need for a dedicated hard-
ware upgrade. Speci�cally, the present ATLAS searches require at least four hits in their
pixel detector to reconstruct a disappearing \tracklet". By changing this requirement to
ask for only one hit in the Insertable B-Layer, the innermost tracker component, and a
further hit in the pixel tracker, the minimum detectable track length could be reduced.
According to [77] this would allow to reach a sensitivity to up to around 500� 600 GeV
higgsino masses at LHC-14 with 3000 fb�1, depending on the assumptions for the back-
ground. Moreover, it is claimed that a 33 TeV collider with suitable hardware should be
sensitive to a thermal relic higgsino.

It is also of interest to study mass spectra where not only the higgsinos are light, but
also the stop squarks are within collider reach. The motivation for this hypothesis is
that, next to the higgsinos, the third-generation squarks have the most direct impact on
the Higgs potential and hence on the electroweak scale: The higgsino mass parameter �
contributes to the Higgs mass at the tree level, see Eq. (2.8), while the top-stop system
couples to the Higgs sector at one loop with an O(1) Yukawa coupling. Second- and
third-generation squarks, by contrast, can be much heavier without paying a large �ne-
tuning price. While the gluino is often included in the list of particles which need to
be light, the radiative corrections due to the gluino, being two-loop suppressed, can still
be modest if the mediation scale is low. Moreover, the gluino mass is by now already
constrained to be upwards of about 2 TeV by LHC-13 data, depending on the details of
the spectrum. This motivates studying a spectrum where the only particles produced in
the strong interactions are stop (and possibly sbottom) pairs.
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For this kind of spectrum within the MSSM, we will briey recapitulate the main �ndings
of the analysis of [5], even though the benchmark points originally provided in that paper
have now been made obsolete by LHC data. The conclusion, however, continues to hold
nevertheless: Assuming that an excess in b-jets and missing energy will eventually be
found at high luminosity at the LHC or at a future hadron collider, the speci�cs of this
excess can be used to discriminate between a mass spectrum with light higgsinos on the
one hand, and a generic MSSM with a bino LSP, and possibly an intermediate-mass
wino-like chargino and neutralino on the other.

To see this, let us consider stop pair production and the subsequent cascade decays into
the lightest supersymmetric particle. We distinguish three scenarios:

1. electroweak-scale near-degenerate higgsinos are the lightest MSSM superpartners,
and the masses of all other superpartners are at least at the TeV scale, including
the relatively light stops,

2. the LSP is an electroweak-scale bino-like neutralino, and intermediate wino-like
neutralinos and charginos exist at about twice its mass, as suggested by gaugino
mass uni�cation,

3. the LSP is an electroweak-scale bino-like neutralino, while the winos and higgsinos
are heavy along with the other superpartners.

In case 1., the decay chain for a ~t1 is always ~t1 ! t�01;2 or ~t1 ! b��1 , see Fig. 3.3.

Since �02 and ��1 decay into �01 and very soft hadrons, photons or leptons, their decays
are e�ectively invisible, hence the signature of a decaying ~t1 is always a hard b-jet and
missing transverse energy. In case 2., some fraction of stops will also decay into inter-
mediate charginos and neutralinos, which can subsequently decay leptonically into �01.
The signature may therefore involve a hard b-jet, missing transverse energy, and a hard
lepton; dedicated cuts on the signal can be used to discriminate between this case and
case 1. In case 3., the only possible decay mode is ~t1 ! t�01. The resulting b-jet spec-
trum is di�erent from that of case 1., where some fraction of the stops decay directly
into b-quarks without an intermediate top, and can again be distinguished from it with
appropriate cuts.

For a quantitative analysis and a detailed search strategy using some speci�c MSSM
spectra, we refer to [5] (noting however that, as already mentioned, the benchmark
points presented in that paper are by now outdated | it would be a worthwhile line for
future research to update this analysis for LHC-14).

3.4.2 Future e+e� colliders

A future linear collider has frequently been argued to be an ideal experiment for probing
the higgsino sector, see for instance [8,93{95]. Indeed, the clean environment of a lepton
collider together with a well-de�ned (and tunable) initial-state energy, and the possibility
exploiting beam polarization would give a linear collider unprecedented reach and pre-
cision to not only discover light higgsinos, but also to measure their properties in some
detail. To corroborate this point, we will now summarize the case study of [8] where
the ILC potential was analysed for two particular benchmark points of quasi-degenerate
electroweak-scale higgsinos.
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The analysis in [8] assumed chargino pair production or �02�
0
1 production in combination

with an ISR photon at an ILC-like linear collider with beam polarization and a centre-
of-mass energy

p
s = 500 GeV. The higgsino masses for the two benchmark models

providing the signal are listed in 3.2. The spectra also contain the complete set of MSSM

m�01
�m��1 ��

0
1

�m�02��
0
1

benchmark point I 164.17 GeV 1.60 GeV 2.70 GeV
benchmark point II 166.59 GeV 0.77 GeV 1.04 GeV

Table 3.2: Benchmark points used in the analysis of [8].

particles, with the remaining electroweak gauginos, squarks, sleptons and non-SM Higgs
bosons in the multi-TeV range, and a SM-like Higgs boson in the range 125 � 3 GeV
(assuming a 3 GeV theory uncertainty in the determination of its mass). Signal events
were generated with Whizard [96], decayed with Pythia [97] and processed with the
fast detector simulation SDV [98] to model the anticipated response of the ILD detector.
Fig. 3.10 shows the expected cross section for chargino pair production and neutralino
pair production as a function of

p
s for benchmark point II with two di�erent beam

polarizations.
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Figure 3.10: Higgsino cross sections for benchmark point II at the ILC as a function
of the centre-of-mass energy

p
s. Left: chargino pair production, right: neutralino pair

production. The solid and dashed lines represent two di�erent beam polarization con�g-
urations.

Standard Model background events can arise from e+e� collisions or from photon scat-
tering, since the ILC beam contains a considerable photon component due to the strong
�elds between the colliding bunches. The background events can be divided into three
classes: 2-, 4- and 6�fermion events from e+e� collisions, 3- and 5-fermion events from e
scattering, and 2- and 4-fermion events from pure photon scattering. The missing energy
signature characteristic of a higgsino pair recoiling from a photon can me mimicked either
by Standard Model events involving either neutrinos, or by events with energy lost due
to detector acceptance. The former arise mainly from � pairs produced in e+e� ! 2f
or e+e� ! 4f events, and can be brought under control with relatively mild cuts. A
potentially severe background of the latter type are processes of the  ! 2f type where
the colliding electrons leave through the outgoing beam pipe unseen, carrying away most
of the energy, but having produced a soft fermion pair through virtual photons. This
background is e�ciently suppressed by demanding an ISR photon, which would deect
the corresponding beam electron into the acceptance region of the detector. A second
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important background is arising from e ! 3f processes, speci�cally from t-channel
electron exchange where the outgoing electron carries away a large fraction of the energy
into the beam pipe, and the ISR photon can now recoil against an f �f pair.

A number of preselection cuts are applied to reduce these backgrounds, the most impor-
tant being

� requiring exactly one reconstructed photon with energy > 10 GeV (which reduces
the number of  ! 2; 4 f events by about a factor 30)

� requiring all other reconstructed particles to be central, at an angle of at least
20� with respect to the beam axis, and to have an energy less than 5 GeV (which
reduces the number of ee ! 2; 4; 6 f events by two orders of magnitude)

� requiring missing energy of at least 300 GeV, with the missing momentum vector
within the acceptance region of the detector.

To single out chargino pair events, one imposes the following selection cuts:

� the �nal state should contain a charged lepton and a pion, from one of the charginos
decaying leptonically and the other hadronically, allowing also for a �0 with the
BP I events to take into account two-pion decays,

� E�
� < 3 GeV, where the E�

� variable is de�ned by

E�
� =

(
p
s� E)E� + ~p� � ~pp

s0
(3.1)

and where
p
s0 is the reduced centre-of-mass energy of the system recoiling against

the ISR photon,
s0 = s� 2

p
sE (3.2)

(this provides an e�cient discrimination against � events),

� further dedicated cuts to remove  ! �+�� events at large
p
s0

The selection cuts to single out neutralino events are

� the �nal state should contain an additional \soft" photon, since the main decay
mode for �02 ! �01 for these mass splittings is the radiative one, see Fig. 3.6,

� the scattering angle of the soft photon should satisfy j cos �soft j < 0:85,

� and E�
soft

> 0:5 GeV, where the E�
soft

variable is de�ned by

E�
soft

=
(
p
s� E)Esoft + ~psoft � ~pp

s0
: (3.3)

Table 3.3 shows the resulting cut ow for the two benchmark points in comparison with
SM background events.

Importantly, the signal with an assumed integrated luminosity of 500 fb�1 would not
only be large enough to allow for a higgsino discovery, but the signal event shape would
allow for obtaining a rather accurate measurement of the ��1 and �02 masses, as well as
the mass di�erence with the lightest neutralino. For example, for the chargino produced
at the threshold, the reduced centre-of-mass energy

p
s0 de�ned in Eq. (3.2) is twice the
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BP I BP II Standard Model
�+1 �

�

1  �01�
0
2 �+1 �

�

1  �01�
0
2 ee! 2; 4; 6f e ! 3; 5f  ! 2; 4f

no cut 38672 24250 38130 23940 2:64� 107 8:88� 107 9:76� 108

1 hard ISR photon 30058 9551 29675 9317 3:16� 106 1:51� 107 1:78� 107

others central, soft 20611 6615 22156 7110 9092 5:97� 105 1:24� 106

missing energy 19872 6365 21558 6872 5731 1:18� 105 3:31� 105

l���(�0) 5509 134 38 6197 13991
E�
�
< 3GeV 4435 103 0 2635 6162

 ! �� cuts 3813 97 0 2564 1452
(Emiss > 350GeV) 3812 97 0 1016 511

l��� 5489 38 19 2478 6754
E�
�
< 3GeV 5489 38 0 1465 4755

 ! �� cuts 4600 36 0 1417 782
(Emiss > 350GeV) 4599 36 0 536 218

soft  53 1733 155 5224 399 1217 2254
j cos �soft j < 0:85 38 1467 120 4538 233 800 1145
E�
soft

> 0:5GeV 19 1395 22 4095 109 242 413
(Emiss > 350GeV) 19 1395 22 4095 90 180 384

Table 3.3: Cut ow showing preselection cuts as well as selection cuts for chargino events
with larger �m and smaller �m and neutralino events. The event rates correspond to an
integrated luminosity of 500 fb�1 at the

p
s = 500 GeV ILC with�80% beam polarization

for the electrons and 30% beam polarization for the positrons.

chargino mass, hence

m��1
=

1

2

q
s� 2

p
sE

����
threshold

: (3.4)

Fitting the background part of the event distribution with a two-parameter exponential
and the signal part near the threshold region with a straight line, the threshold value ofp
s0 can be determined from the simulated data, see Fig. 3.11. This gives a reconstructed

chargino mass of m��1
= 168:0�1:4 GeV for benchmark point I and of m��1

= 168:6�1:0
GeV for benchmark point II, to be compared with the input masses of 165:77 GeV and
167:36 GeV respectively.
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Figure 3.11: Chargino mass reconstruction from the
p
s0 distribution of signal and back-

ground events, taken from [8]. Left: benchmark point I, right: benchmark point II. The
blue line is given by an exponential �tted to the background in the signal-free region, the
red line by a linear �t to the signal near the threshold region. Their intersection, i.e. the
onset of the signal, gives the threshold mass 2m��1

.
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A similar strategy can be adopted to �t the heavier neutralino mass, see Fig. 3.12. For
splittings as small as those considered here, the two neutralino masses can be taken to
be approximately equal. The reconstructed neutralino masses are m�02

= 168:2 � 1:6
GeV for benchmark point I and of m��1

= 166:3 � 0:8 GeV for benchmark point II, to

be compared with the input masses of 166:9 GeV and 167:6 GeV respectively.
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Figure 3.12: Neutralino mass reconstruction from the
p
s0 distribution of signal and

background events, taken from [8], as in Fig. 3.11 for the chargino case. The intersection
of the red line (signal �t) with the blue line (background �t) gives the threshold mass
m�02

+m�01
.

A relatively loose cut on missing energy is required for this procedure, in order to obtain
a good �t to the background events in a signal-free region. However, one may further
reduce the background events by increasing the missing energy cut to 350 GeV, the result
of which is also shown in Table 3.3. This allows to also reconstruct the mass di�erence
�m��1 ��

0
1
with good precision. To this end, one uses the fact that E�

� � �m��1 ��
0
1

at the threshold (where the quantity E�
� is de�ned in Eq. (3.1)). Subtracting the SM

background, and �tting the signal events near the threshold (at
p
s0 < 345 GeV for this

scenario) with a Gaussian, one obtains a reconstructed value of �m��1 ��
0
1
= 1:63� 0:27

GeV for benchmark point I and �m��1 ��
0
1
= 0:81 � 0:04 GeV, to be compared with

the input values of 1:60 GeV and 0:77 GeV respectively; see Fig. 3.13. A determination
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Figure 3.13: Reconstruction of the mass di�erence �m��1 ��
0
1
from the E�

� distribution

of signal events near the threshold, taken from [8]. Left: benchmark point I, right:
benchmark point II. The red line shows a Gaussian �t to the distribution, with the mean
value corresponding to the approximate mass di�erence.

of the neutralino-neutralino mass di�erence at a comparable precision would require a
di�erent strategy, and has not been studied.
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Two other characteristics of the higgsino system which can be reconstructed precisely
with this data sample are the chargino pair production cross section and the neutralino
cross section, using event rates for di�erent beam polarisations. The relative precision
is estimated at a few percent. Finally, the fundamental parameters underlying the cor-
responding model, notably the � parameter, the electroweak gaugino masses and tan�,
can also be constrained, although there is some considerable degeneracy in mapping the
experimental observables to these parameters, � being the only one among them which
can be unambiguously �xed at the level of about 4%.

In summary, the analysis of [8] demonstrates that with a linear collider, it would be
possible to rather precisely reconstruct the characteristics of a light higgsino system,
even for sub-GeV mass di�erences. The same task would be extremely di�cult if not
impossible at a hadron collider.

3.5 Higgsino dark matter

In R-parity preserving supersymmetry, if the lightest supersymmetric particle is a neu-
tralino, then it can be a good candidate for thermal dark matter.1 This is because it is
stable (by R-parity), and because its annihilation cross-section is generically of the right
order of magnitude to produce an abundance of thermal relics which is compatible with
observation, provided its mass is not too far from the electroweak scale.

This is true, in particular, for the lightest higgsino-like neutralino if the electroweak
gaugino masses M1 and M2 satisfy jM1;2j � j�j. However, in this almost-pure higgsino
limit, the annihilation cross-section for an electroweak-scale � is somewhat larger than
the observed value 
h2 = 0:1199 � 0:0022 [100]. More precise calculations yield that
j�j = 1:1 TeV leads to the correct relic abundance in this limit. While such large values
of the � parameter are no longer well motivated from �ne-tuning arguments, thermal
dark matter provides an independent motivation to study them. Alternatively, one could
consider lighter higgsinos as dark matter candidates if they were created through non-
thermal processes.

In the standard WIMP freeze-out scenario, the thermal history of the universe in the
presence of a neutralino as the lightest supersymmetric particle can be summarized as
follows. Assuming a high reheating temperature TRH � j�j, the dark matter particle and
the Standard Model particles are initially in chemical and thermal equilibrium. Once
the temperature falls below � j�j, dark matter particle pairs can no longer be produced
from SM particle collisions, while they can still annihilate. The number density decreases
as a consequence of lightest neutralinos annihilating and, in particular in the higgsino-
like case where they are almost degenerate with the other higgsinos, also coannihilating
with similarly heavy states. As the universe expands, the annihilation rate eventually
becomes of the order of the Hubble rate and the dark matter sector \freezes out": the
higgsino number density remains approximately constant from that point on. Eventually
even kinetic equilibrium with the Standard Model particles will be lost as the elastic
scattering rate drops below the Hubble rate; all higgsino-like states will end up as lightest
neutralinos.

A detailed computation of the thermal relic density of a TeV-scale higgsino-like neutralino

1See e.g. [99] for a general review.
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�01 must take into account coannihilation [101] with �02 and ��1 , which will play a large
role in depleting the relic density, since these states are guaranteed to be almost mass-
degenerate with �01 in the pure higgsino limit. Since the higgsino is non-relativistic at
the time of freeze-out, and heavier than the electroweak gauge bosons, non-perturbative
corrections due to multiple gauge boson exchange might also be considered in computing
the annihilation cross-section [102]. However, in the higgsino case this e�ect turns out
to be numerically negligible [103]. The thermal neutralino relic density as a function of
the higgsino mass is shown in Fig. 3.14.

Figure 3.14: Thermal neutralino relic density for an almost-pure higgsino as a function of
its mass (assuming that �01 and �

0
2 are not completely mass-degenerate, so that �

0
1 is the

only cosmologically long-lived state). The horizontal line show the 1� band of the Planck
satellite measurement 
h2 = 0:1199� 0:0022 [100]. Generated with micrOMEGAs [104].

As reviewed in Section 3.4, it would take a 100 TeV hadron collider running at high
luminosity to probe a pure higgsino thermal relic in the laboratory. However, almost-
pure higgsino dark matter can also be constrained by direct detection experiments, even
though the higgsino-nuclear cross sections are suppressed and mostly loop-induced in the
near-degenerate case [105]. For example, the reach of the upcoming LZ experiment [106]
is studied in [90], where it is shown that a near-degenerate higgsino could be excluded
for mass splittings down to around 1 GeV.

Mass splittings below this value are more di�cult to constrain. This is in part due to an
accidental cancellation between the one-loop diagrams mediating the e�ective WIMP-
nucleon interaction, which happens to be particularly e�ective around a Higgs mass
around 125 GeV. For asymptotically small wino or bino admixtures, the higgsino-nucleon
spin-independent cross section was calculated to be of the order of 10�49 cm2 [107] and
thus below the \neutrino oor" of coherent neutrino-nucleus scattering, which consti-
tutes an intrinsic barrier for any direct detection experiment relying on WIMP-nucleon
scattering.

However, in the pure higgsino limit the higgsino-like neutralinos �01 and �02 become
e�ectively a Dirac fermion with a large coupling to the Z boson and a correspondingly
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large nuclear cross section. In fact, once the mass splitting �m�02��
0
1
is small enough

to allow for inelastic scattering N�01 ! N 0�02 through Z exchange, the WIMP-nucleon
cross section becomes of the order of 10�39 cm2, well above the present direct detection
bounds. This happens for a mass splitting which is of the order of the present-day
WIMP kinetic energy, or around 100 keV, corresponding to electroweak gaugino masses
around M1;2 � 108�9 GeV. Thus, for probing higgsino dark matter in direct detection
experiments, the situation is somewhat similar to that for higgsinos at hadron colliders:
Sizeable mass splittings can be constrained, as well as the almost-degenerate case, while
there remains a window of intermediate mass splittings which are di�cult to constrain.

Indirect dark matter searches can be used to put further constraints on higgsino dark
matter, independently of the mass splittings, although presently they are not yet sensitive
to thermal higgsinos at 1.1 TeV. These constraints are obtained as follows: Neutralinos
will annihilate with each other in regions of sizeable dark matter density, for example
in galactic halos. The main annihilation channels for higgsinos are W and Z bosons,
whose subsequent decays will produce charged cosmic rays, such as antiprotons, as well
as neutral photons, which can be detected by satellite experiments. Unfortunately the
constraints from such indirect dark matter searches tend to be subject to large astrophys-
ical uncertainties, related to the di�culties in modelling cosmic ray propagation and the
unknown dark matter distribution. Recent studies [108,109] based on the limits of [110]
(found by analysing AMS-02 antiproton data [111]) �nd that non-thermal higgsino dark
matter is excluded up to 800+130�320 GeV, with the large uncertainty reecting said astro-
physical uncertainties as well as uncertainties in the antiproton production cross section.
Whether or not future  ray telescopes such as CTA will eventually have sensitivity
to thermal higgsinos is presently still unclear [108]. Finally, for completeness we men-
tion that recently there have been proposals for constraining almost-pure higgsino dark
matter through its capture in compact astrophysical objects [108,112].
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Chapter 4

Conclusions and outlook

Higgsino-like neutralinos and charginos continue to be promising candidates for super-
symmetric particles with electroweak-scale masses. From the theoretical point of view,
light higgsinos used to be well motivated before the LHC era by the argument that, at
least in the simplest models, the higgsino mass directly enters in the Higgs boson po-
tential. The most natural expectation for the higgsino mass is therefore the electroweak
scale. One might now argue that similar predictions have unsuccessfully been brought for-
ward for the stop and gluino masses, which strongly a�ect the electroweak scale through
loop corrections and therefore should not be much heavier | an expectation which is
increasingly in conict with observation. Indeed, the recent bounds from LHC-13 clearly
show that at least a little hierarchy must exist between the electroweak scale and any
possible supersymmetric extension of the Standard Model, at least as far as the coloured
superpartners are concerned. However, this little hierarchy need not necessarily concern
the higgsino sector, which remains largely unconstrained so far. Given also that the ori-
gin of the higgsino mass might well be di�erent from the masses of squarks and sleptons,
as the � parameter is singled out by being allowed by supersymmetry, it is certainly pos-
sible that the higgsinos could have electroweak-scale masses, and supersymmetry with
light higgsinos remains a subject well worth being studied further.

In this Report we have reviewed a number of theoretical approaches to the � problem,
showing how a higgsino mass parametrically below the UV completion scale could be
generated in various ways. Most of these approaches attempt to connect � with the scale
of supersymmetry breaking, by studying UV completions which forbid a tree-level � term
but generate an e�ective � parameter of the order of the gravitino mass in either the
K�ahler potential or the superpotential. In some of them (such as in hybrid gauge-gravity
mediation with large messenger numbers) the resulting � parameter is actually predicted
to be smaller than the scale of the typical soft masses. This in turn motivates studying
the phenomenology of light and higgsino-like charginos and neutralinos with masses of
the order of the electroweak scale. We have reviewed the current constraints and some
promising search strategies at future collider experiments. It turns out that the discovery
reach of the LHC and of a possible future hadron collider depends crucially on the mass
splittings between charginos and neutralinos, with the arguably most interesting region
of mass splittings around a GeV being the most di�cult to explore. To properly probe
this region, the precision of an electron-positron collider will be needed. We have also
briey sketched the present situation for a pure higgsino thermal dark matter candidate.
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Experiment will ultimately decide whether there are TeV-scale squarks and gluinos (at
this point it is worth noting that the LHC is still not running at its maximal energy of
14 TeV, and that the 13 TeV run has collected only about 1% of the total projected
integrated luminosity to be recorded during the LHC's lifetime). Complementing these
searches, chargino and neutralino searches will increasingly probe and constrain the elec-
troweakino sector, which should lead to improving constraints on higgsinos with mass
splittings of the order of 10 GeV, and on higgsinos whose masses are degenerate to the
point that the chargino is e�ectively stable. The region in the parameter space, for which
there is presently the least hope to reach enough sensitivity at the LHC to explore it is
that of intermediate mass splittings between about 300 MeV and 8 GeV. Here neither
searches for stable or long-lived particles nor dileptons searches are e�ective. It would
be very interesting to study potential dedicated experimental strategies to access this
region at hadron colliders, which could be a promising direction for continuing the line
of research presented in Chapter 3 of the present Report. Such studies might also serve
as a guideline for the design of a possible future hadron collider, or even more for a
future lepton colliders. As we have shown, a linear electron-positron collider would be
an excellent instrument to study light higgsinos, but our analysis was limited to a few
single benchmark points. More complete studies of the parameter space of light higgsino
models, with regards to the discovery potential of a future linear collider, may also be a
promising avenue for future phenomenological studies.

On the theoretical side, an evident question to raise is that of the origin of the supersym-
metric little hierarchy, and of its potential connection to light higgsino physics. We have
presented some possible approaches in Chapter 2, for example relating � to the break-
ing of a Peccei-Quinn symmetry rather than supersymmetry breaking, or proposing a
focus point cancellation between the various radiative corrections to the Higgs potential.
However, it seems fair to say that no complete and satisfactory mechanism is known as
yet for generating an electroweak scale signi�cantly below the soft mass scale.

Much recent research has focussed on exploring the possibility to protect the electroweak
scale from large quantum corrections by introducing additional symmetries, in keeping
with the usual e�ective �eld theory reasoning, in a manner that can be e�ectively hidden
from the LHC. In this way one may attempt to bridge the discrepancy between the
electroweak scale and a somewhat higher cuto� scale, where the theory could be UV-
completed by a supersymmetric model. However, concrete models (see e.g. [113] for some
recent examples) invariably need to pay a signi�cant price in complicating the theory,
assuming in particular a TeV-scale particle content which far exceeds that of the MSSM
and typically some fairly intricate symmetry structures. One could speculate if a solution
to the little hierarchy problem (and perhaps even the \big", electroweak one) might not
rather be found by examining the structure of possible UV completions. This rests on
the bold assumption that the said usual e�ective �eld theory reasoning fails somewhere,
in a manner that is yet to be understood, when applied to the electroweak scale (or
perhaps when applied to a UV completion at the Planck scale). Yet this conclusion
may be the one we will be �nally forced to draw in case that, in the most pessimistic of
scenarios, the remaining years of the LHC running will provide no sign of new physics
whatsoever. It remains to be seen whether, in any hypothetical approach that tries to
predict large hierarchies of scales in the infrared from the ultraviolet structure of some
UV completion of the Standard Model, there is a place for light higgsinos, or even for
supersymmetry. However, as we have also shown, there is in principle no obstacle in
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extrapolating a model with light higgsinos to very large scales, and to match it with
the MSSM, provided that the low-energy theory contains also a second Higgs doublet
(and provided that the associated �ne-tuning problem can indeed be relegated to the UV
completion).

Interesting connections exist between the subject of light higgsinos presented here and
between non-supersymmetric models of electroweakly interacting fermionic dark matter.
In fact, none of the reasoning reviewed in Section 3.5 relies on the dark matter candidate
being the higgsino of the MSSM; all that is needed is a (pseudo-)Dirac fermion doublet
with the quantum numbers (1;2) 1

2

�(1;2)� 1
2

, the only role of the electroweak gauginos of

the MSSM being to provide a mass splitting large enough to avoid a conict with direct
detection. This model can be generalized to allow for di�erent electroweak representa-
tions [114] or for several electroweak multiplets in di�erent representations, even ones
which do not appear in the MSSM [12], applying the lessons learned from supersymmetric
dark matter about the importance of e�ects such as coannihilation. Collider constraints
and the future discovery potential for such \non-supersymmetric electroweakinos" repre-
sent a related and interesting �eld of research, and one which again allows to draw from
experience gained by studying the higgsino system.
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