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Abstract

Supersymmetry, Inflation, and Dark Matter

by

Laurel Stephenson Haskins

In this thesis, we study supersymmetry in various contexts. We begin with a study of

perturbation theory of supersymmetric quantum electrodynamics. We note that computing the

one-particle-irreducible effective action using a general Rξ gauge gives rise to infrared diver-

gences, whose cancellation from physical quantities such as the electron pole mass occurs some-

what subtly. We discuss nonrenormalization theorems, both perturbative and non-perturbative.

Following that, we discuss models of inflationary cosmology, in which we employ

supersymmetry as a tool for achieving nearly flat inflaton potentials. We systematically consider

Planck-scale corrections to models of hybrid inflation, i.e. models in which inflation takes place

on a pseudo-moduli space. We investigate the extent to which these models must be tuned to

accommodate the 2013 Planck Satellite result for the spectral index, ns = 0.96.

Finally, we consider the possibility that the lightest of the neutralinos, the superpart-

ners of the neutral standard model Higgs and electroweak gauge bosons, may compose at least

a fraction of the dark matter content of the universe. Working within the framework of the

Minimal Supersymmetric Standard Model (MSSM), and allowing for the possibility that neu-

tralinos make up only part of the observed dark matter relic density, we explore in detail which

regions of parameter space are not excluded by null results from direct dark matter detection,
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assuming exclusive thermal production of neutralinos in the early universe, and illustrate the

complementarity with current and future LHC searches for electroweak gauginos.
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Chapter 1

Introduction

Supersymmetry (SUSY) provides a solution to several shortcomings of the standard

model. Famously, low-energy supersymmetry provides a solution to the gauge hierarchy prob-

lem. But with the continued non-observation of superpartners at the LHC, most supersymmetric

models are themselves highly tuned. But supersymmetry that is broken at a much higher scale,

perhaps tens of TeV, is still a useful theoretical tool to explain various phenomena. Among

these, it provides an arena in which slow-roll multi-field inflation models may operate, and it

provides a dark matter candidate. In this thesis, after a discussion of some technical issues in

supersymmetric perturbation theory, we examine how supersymmetry may be applied in each

of these contexts.

Supersymmetric theories are subject to powerful nonrenormalization theorems, which

were originally understood perturbatively using supergraph techniques. In Chapter 2, we dis-

cuss these theorems and their proofs, and examine the cancellation of potentially problematic

infrared divergences that arise when we do supersymmetric quantum electrodynamics (SUSY
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QED) in a general Rξ gauge. We also discuss a nonperturbative formulation of the nonernor-

malization theorems, introduced by Seiberg [7], and its implications for a theory where we can

define a Wilsonian effective action. This chapter borrows heavily from the previously published

paper by M. Dine, P. Draper, and L. Stephenson Haskins, “Perturbation Theory in Supersym-

metric QED: Infrared Divergences and Gauge Invariance.” Phys. Rev., D94(9):095003, 2016.

As we will discuss in Chapter 3, the standard model of cosmology cannot explain

the spatial flatness of our universe, nor the near uniformity observed in the cosmic microwave

background (CMB), nor the non-observation of magnetic monopoles and other stable relics

predicted by grand unified theories. Inflation, a period of exponential expansion in the early

universe, provides a solution to all of these problems. Moreover, not only does it account

for a high degree of homogeneity in the CMB, but it can explain the inhomogeneity which is

observed. The most common inflationary models are slow-roll models, in which there is a scalar

inflaton field with an almost flat, non-zero potential energy function. Such a potential in general

involves unnaturally small parameters1 to ensure the potential is both nonzero and sufficiently

flat. Banks has stressed that supersymmetric moduli spaces, with their light scalar fields, are

a natural setting for slow-roll inflation [9]. In Hybrid inflation models, there are one or more

additional scalar fields, coupled to the inflaton, which provide the non-zero vacuum energy.

The inflaton starts at a large field value, at which point other fields are very heavy. It slowly

rolls down the potential, until expectation values for the other fields turn on, ending inflation.

Combined with supersymmetry, these models can be more natural than the original models for

inflation. If the theory is at least approximately supersymmetric during inflation, the curvature
1A small parameter is said to be technically natural if setting it to zero restores a symmetry of the theory [8].
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of the inflaton potential is under control, and slow-roll inflation can proceed. In Chapter 3,

after introducing slow-roll and simple hybrid inflation, we include material from a previously

published paper [5], which will confront the question of tuning of parameters in such models,

and also the problem of reconciling these models with the results of the Planck satellite and

other experiments.

Another unsolved mystery of fundamental physics is the nature of dark matter. Here,

too, supersymmetry offers a possible (if not complete) solution. In the minimal supersymmetric

standard model (MSSM), it has has often been suggested that the dark matter may be composed

of so-called “neutralinos”, the superpartners of the standard model W , B, and Higgs bosons.

The “well-tempered neutralino”, a carefully calibrated admixture of these superpartners, was

proposed in [10] to achieve the correct dark matter relic density to match the measured value.

In Chapter 4, we include material which will appear in the soon-to-be published paper The Not-

So-Well-Tempered Neutralino, written with coauthors Stefano Profumo and Tim Stefaniak, in

which we compare implications of direct detection and collider experiments on the parameter

space of neutralino dark matter in the MSSM, allowing for a the possibility that neutralinos are

only part of the dark matter (which weakens direct detection constraints) [6].
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Chapter 2

Perturbation Theory in Supersymmetric QED:

infrared divergences and gauge invariance

2.1 Introduction

In weakly coupled supersymmetric field theories, it is convenient for certain applica-

tions to perform the perturbation expansion in a manifestly supersymmetric fashion. Otherwise,

results which are consequences of the symmetry arise through intricate cancellations. For ex-

ample, as we will describe in Sec. 2.3, nonrenormalization theorems were first proven using

supergraph techniques [11].

In gauge theories, these proofs rely on the existence of a particular infrared-safe

choice of gauge, analogous at lowest order to Feynman gauge in non-supersymmetric QED.

However, in general supersymmetric gauges, perturbation theory is plagued by unphysical in-

frared divergences, and at each order, the particular infrared-safe choice requires adjustment.
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Difficulties may be anticipated by examining the form of the superspace propagator for the vec-

tor superfield. In this thesis, we focus on the supersymmetric extension of QED [12] (henceforth

denoted as SQED). In the supersymmetric Rξ gauge [13, 14], the Lagrangian of SQED is sup-

plemented by a gauge fixing term 1

−ξ
8

∫
d4θ

(
D2V

) (
D̄2V

)
, (2.1)

so that the full Lagrangian is

L =

∫
d4θ Φ†+e

2eV Φ+ +

∫
d4θ Φ†−e

−2eV Φ− +

[∫
d2θ mΦ+Φ− + h.c.

]
+

[
1

4

∫
d2θWαWα + h.c.

]
− ξ

8

∫
d4θ

(
D2V

) (
D̄2V

)
, (2.2)

leading to the vector superfield propagator2

i∆V (k, θ1, θ2) =
i

k4
(1− 1

ξ
)e(θ1σµθ̄2−θ2σµθ̄1)kµ − i

4k2
(1 +

1

ξ
)δ4(θ1 − θ2)e(θ1σµθ̄2−θ2σµθ̄1)kµ .

(2.3)

It is striking that away from ξ = 1, the propagator behaves as 1/k4 for small k. This behavior

can lead to infrared (IR) divergences in loop graphs that probe the small-k modes of V .

We will exhibit such IR divergences in one-loop contributions to the two-point func-

tions of SQED with massive charged matter. The appearance of infrared divergences in general

gauges has been noted in the past. Ref. [17] described a resolution in non-abelian gauge the-

ories involving the introduction of a nonlocal gauge fixing term and adjusting the gauge fixing

parameter to eliminate the divergences order by order in perturbation theory. In massive abelian
1Our conventions for supersymmetric notation follow that of Ref. [15].
2Note that the normalization of this propagator differs by a factor of two from the vector superfield propagator

given in Ref. [16].
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theories, this procedure simplifies to the adjustment of the gauge fixing parameter without mod-

ifying the gauge fixing term itself. Refs. [18, 19] gave general proofs that the IR divergences can

be regulated by introducing a gauge-variant mass parameter and that Green functions of gauge

invariant operators are independent of the regulator mass. Ref. [20] computed three loop con-

tributions to anomalous dimensions in non-abelian gauge theories working in Feynman gauge

with a suitable infrared regulator, and obtained sensible results without infrared sensitivity.

Since the divergences are gauge-dependent, they are unphysical, and must eventually

drop out of observable quantities. We study this cancellation in the pole mass of the electron

chiral supermultiplet. By focusing on the explicit nature of the cancellation in a particular ob-

servable, our analysis is complementary to the general results of Refs. [18, 19]. We find an

interesting structure: near the pole, the perturbative series for the two-point functions reorga-

nizes itself. Whereas the naı̈ve one-loop graphs contribute to the series at O(e2), near the pole,

some – but not all – of the graphs exhibit singularities that enhance their contributions to O(e).

We find exact cancellation between the O(e) one-loop graphs, including their IR-divergent

pieces. We argue that the cancellation of IR-divergent terms at O(e2) must occur between a

combination of the remaining one-loop and enhanced two-loop graphs.

If light neutral fields are added to the theory, the charged massive fields may be inte-

grated out to obtain a Wilsonian effective action subject to the naı̈ve nonrenormalization theo-

rems. The resulting wave function renormalization should be gauge invariant, and in particular

infrared divergences should cancel order by order in the effective action. We will verify this at

low orders in the perturbation series.

This chapter is organized as follows. In Sec. 2.2, we review the (well known) non-

6



renormalization of the Wess-Zumino model’s superpotential. In Sec. 2.3, we describe Grisaru,

Rocek, and Siegel’s statement and proof of the nonrernormalization theorem [11], in which the

gauge is chosen to avoid infrared divergences.In Sec. 2.4, we collect the SQED superspace and

component propagators relevant for our analysis. In Sec. 2.5, after reviewing the gauge depen-

dence of the mass renormalization in ordinary QED and noting that only the on-shell mass is

gauge-independent, we describe the one loop renormalization of the electron mass in SQED.

We show that there are infrared divergences and nonlocal behavior in the 1PI corrections to

the helicity-flip and helicity-preserving propagators. The nonlocal factors are singular near the

mass shell and lead to a mixing of loop orders at fixed order in e. We show that the leading

IR divergent gauge dependence cancels in the one-loop electron pole mass, while subleading

unphysical contributions must cancel against two-loop terms. We also recover the well-known

result [21] that the ultraviolet (UV) divergent part of the mass renormalization is gauge invariant.

In Sec. 2.6, we review Seiberg’s argument for a non-perturbative version of the nonrenormal-

ization of Wilsonian effective actions. In Sec. 2.7, we couple a massless, neutral field to the

charged fields and demonstrate cancellation of infrared contributions to the self energy at two

loops. We discuss the implications for the Wilsonian effective action in this case. In Sec. 2.8,

we demonstrate the presence of infrared divergences at higher order in the gauge ξ = 1, but

show that it is possible to choose a gauge, order by order, in which infrared divergences are

absent. In Sec. 2.9 we summarize and conclude.

7
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Figure 2.1: Correction to the Wess-Zumino mass term (left) and kinetic term (right).

2.2 Nonrenormalization of the Wess Zumino Model

As a simple example of perturbative nonrenormalization, consider the Wess-Zumino

model, described by the Lagrangian

LWZ =

∫
d4θ Φ†Φ +

[∫
d2θ

(
mΦΦ + λΦ3

)
+ h.c.

]
, (2.4)

where Φ is a chiral superfield with propagators

∆̃Φ†Φ†
(
k; θ1, θ1; θ2, θ2

)
= imδ

(
θ1 − θ2

)
exp

[(
θ1σ

µθ1 − θ2σ
µθ2

)
kµ
] 1

k2 −m2
, (2.5)

∆̃ΦΦ†
(
k; θ1, θ1; θ2, θ2

)
= i exp

[
−
(
θ1σ

µθ1 − θ2σ
µθ2 − 2θ1σ

µθ2

)
kµ
] 1

k2 −m2
, (2.6)

and ∆̃ΦΦ is the complex congugate of Eqn. (2.5). Note the Φ†Φ† propagator is proportional

to δ(2)
(
θ1 − θ2

)
, so the one-loop diagram that would correct the mass term mΦΦ (Figure 2.1,

left) is proportional to a product of two delta functions:

δ(2)
(
θ1 − θ2

)
δ(2)
(
θ1 − θ2

)
= 0.

In terms of component fields, fermionic and bosonic loops cancel each other. Similarly, loop

corrections to the λΦ3 term vanish; the superpotential receives no loop corrections. However,

the Kahler potential Φ†Φ receives nonzero corrections (Figure 2.1, right).
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This nonrenormalization of the superpotential fixes a relationship between the renor-

malized mass and wave functions. To see this, define renormalization constants ZΦ and Zm to

relate bare and renormalized quantities:

Φb =
√
ZΦ Φ; mb = Zmm;

The counterterm Lagrangian is:

∆LWZ =

∫
d4θ (ZΦ − 1) Φ†Φ +

[∫
d2θ (ZΦZm − 1)mΦΦ + h.c.

]
+ . . .

Because the one-loop supergraph correction to mΦΦ (Figure 2.1, left) is zero,

Zm = Z−1
Φ .

That is, the mass is renormalized only by the wave function renormalization:

Φb = Z
1/2
Φ Φ; mb = Z−1

Φ m.

Thus it is often said that in supersymmetric theories, the mass is renormalized only by the

renormalization of the wave function.

2.3 GRS Nonrenormalization Theorem

In 1979, Grisaru, Rocek, and Siegel (GRS) proved a more general statement: all

perturbative corrections to a supersymmetric theory may be written as integrals over
∫
d2θd2θ.

This means there are no (perturbative) corrections to the superpotential, as these would appear

in the Lagrangian as integrals of the form
∫
d2θ. There may, however, be corrections to the

kinetic terms.
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Their proof relies on a detailed study of Feynman diagrams, using a version of Feyn-

man rules in which propagators have no explicit superspace dependence, i.e. depend on θ and θ

only through delta functions. To get the GRS propagators, we can use the identities

D2
1δ

(2)(θ12) =− 4 exp
[
−i (θ1 − θ2)σµθ1∂2,µ

]
(2.7)

D̄2
1D

2
1δ

(4)(θ12) =16 exp
[
i
(
θ1σ

µθ1 + θ2σ
µθ2 − 2θ1σ

µθ2

)
∂1,µ

]
, (2.8)

one can write all superfield propagators using chiral covariant derivatives (D and D̄) and delta

functions, so that they have no explicit θ (or θ) dependence. In contrast to the usual super-

graph Feynman rules, GRS include the chiral covariant derivatives in the vertex rules, rather

than on the propagators. Then they can use the vertex derivatives along with the identity∫
d4xd2θ

(
−1

4D̄
2f
)

=
∫
d4xd4θf to convert vertex integrals from

∫
d2θ to

∫
d4θ. Their argu-

ment can be summarized as follows:

• Any loop diagram involves a cycle δ(θ12) δ(θ23) . . . δ(θn1) withDs or D̄s acting on them.

• Integrate by parts to remove all derivatives from δ(4)(θ12), and use this to do the integral

over d4θ1.

• Repeat to remove the integrals from δ(θ23) and do the integral over d4θ2, and so on, until

only an integral
∫
d4θn remains.

This relies on the propagators being proportional to delta functions, which the SQED

vector superfield propagator of Eqn. (2.3) is not, except for the particular gauge choice ξ = 1.

For ξ 6= 1, it contains a term proportional to 1/k4, and this term cannot be written without

explicit θ dependence, as something proportional to a δ(4)(θ12), so the GRS argument does not
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prevent superpotential corrections from loops containing such a propagator. We will see that

indeed it leads to infrared divergent corrections to the superpotential term.

2.4 Perturbation Theory in SQED

For convenience, in this section we collect the well-known propagator expressions in

SQED. In superspace, the vector propagator was given in Eqn. (2.3) and is repeated here for the

convenience of the reader,

i∆V (k, θ1, θ2) =
i

k4
(1− 1

ξ
)e(θ1σµθ̄2−θ2σµθ̄1)kµ − i

4k2
(1 +

1

ξ
)δ4(θ1 − θ2)e(θ1σµθ̄2−θ2σµθ̄1)kµ .

(2.9)

The corresponding propagators of the component fields are given in Appendix B.

We study the theory with massive electrons, with the superpotential given by

W = mΦ+Φ− , (2.10)

for which the superfield propagators are

i∆Φ±Φ∓(k, θ1, θ2) = −imδ(2)(θ1 − θ2) exp
[(
θ1σ

µθ1 − θ2σ
µθ2

)
kµ
] 1

k2 −m2
(2.11)

i∆
Φ†±Φ†∓

(k, θ1, θ2) = +imδ(2)
(
θ1 − θ2

)
exp

[(
θ1σ

µθ1 − θ2σ
µθ2

)
kµ
] 1

k2 −m2
, (2.12)

i∆
Φ±Φ†±

(k, θ1, θ2) = i exp
[(
θ1σ

µθ1 − θ2σ
µθ2 + 2θ1σ

µθ2

)
kµ
] 1

k2 −m2
. (2.13)

It is helpful (and in many computations simpler) to work with a mixture of component and

superspace formalisms. We parametrize the vector superfield components as

V (x, θ, θ) = a(x) + iθχ(x)− iθ̄χ̄(x) + θ2M(x) + θ̄2M̄(x) + iθσµθ̄Aµ(x) (2.14)

+ iθ2θ̄
(
λ̄(x)− 1

2 iσ
µ∂µχ(x)

)
− iθ̄2θ

(
λ(x)− 1

2 iσ
µ∂µχ̄(x)

)
+ 1

2θ
2θ̄2
(
D(x)− 1

2�a(x)
)
.

11



In Appendix B.1, we show that the component Lagrangian for the vector includes the terms,

LV = 1
2 (1− ξ)D2 − 1

2ξ(�a)2 + ξD�a (2.15)

Inverting the quadratic form gives for the momentum space propagators3 of a and D:

〈DD〉 = i, (2.16)

〈aD〉 = − i

k2
, (2.17)

〈aa〉 =

(
1− 1

ξ

)
i

k4
. (2.18)

We see that in components, the 1/k4 infrared behavior discussed in Sec. 2.1 can be traced to the

kinetic term for the lowest component of V , which contains four derivatives in a general gauge.

In the ξ = 1 gauge, the 1/k4 terms disappear, and severe infrared divergences are avoided in

low orders of perturbation theory. However, loop corrections will reintroduce 1/k4 terms in the

propagator. In particular, at the level of component fields, there is an 〈aD〉 propagator, and at

one loop charged fields correct the 〈DD〉 two point function at zero momentum.

2.5 Self-Energies in SQED

The naı̈ve expectation from the nonrenormalization theorems is that there should be

no renormalization of the superpotential mass m arising from the Φ+Φ− self-energy. Any

renormalization of the physical mass should arise as a result of corrections to the Kähler poten-

tial.
3Here 〈DD〉 is defined such that 〈0|TD(x)D(y) |0〉F.T. ≡ (2π)−4

∫
d4k 〈DD〉 exp

[
−ik ·(x − y)

]
. Similar

expressions apply to 〈aD〉 and 〈aa〉.
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In supersymmetric Feynman gauge, ξ = 1, there are indeed no one-loop 1PI contri-

butions to 〈Φ+Φ−〉. This can be seen directly in superspace, as in Ref. [11]. It can also be seen

by working in components with explicit auxiliary fields. We take as the component expansion

of the chiral superfields:

Φ±(x, θ, θ) = exp(−iθσµθ∂µ)
[
φ±(x) +

√
2θψ±(x) + θθF±(x)

]
. (2.19)

In particular, such a two point function for the superfields would yield, in components, a non-

vanishing 〈F+φ− + F−φ+〉. But it is easy to see there is no such graph at one loop. There is

a wave function renormalization for Φ+ and Φ− which is ultraviolet divergent and corrects the

physical mass.

In more general gauges, the situation is more complicated. At one loop, there are

UV-finite, IR-divergent, nonlocal contributions to 〈Φ+Φ−〉. The apparent violation of non-

renormalization is of the form discussed in Refs. [22, 23, 24] and attributable to the nonlocal

nature of 1PI effective actions [7]. There are also corrections to 〈Φ±Φ±†〉 that are both UV and

IR divergent. Only suitable physical questions are expected to yield finite and gauge-invariant

answers. The new feature for ξ 6= 1, namely the infrared divergences, arise from the 1/k4 term

in the vector superfield propagator noted above.

To see these divergences explicitly, it is convenient to focus on two types of self-

energies involving the scalar components of the electron supermultiplets: 〈F+φ−〉 correspond-

ing to a helicity flip process, and 〈F ∗+F+〉 corresponding to a helicity preserving process.

Corrections to the 〈F+φ−〉 propagator come from the diagram shown in Fig. 2.2. In

terms of the component fields, only a couples to F †F and propagates along the vector line. We
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Φ†+

Φ†−

F+ φ−

Figure 2.2: One loop contribution to helicity flip process.

obtain:

IF+φ− = −e2m

(
1− 1

ξ

)
p2

∫
d4k

(2π)4

1

k4
[
(p− k)2 −m2

] , (2.20)

which is IR-divergent and UV-finite. Focusing on the small k region yields:

(
IF+φ−

)
IR
∼ −e2m

(
1− 1

ξ

)
p2

p2 −m2

∫
d4k

(2π)4

1

k4
for k2 � p2. (2.21)

At one loop we can cut off the infrared divergence at a small momentum “by hand,” or by

introducing a small mass for the vector superfield. Dimensional regularization [25, 26] with

d = 4− 2δ and δ < 0 provides a gauge-invariant IR regulator [27].4 The IR divergent part is

(
IF+φ−

)
IR

= −im e2

16π2

(
1− 1

ξ

)
p2

p2 −m2

1

δ
. (2.22)

The 〈F ∗+F+〉 propagator receives corrections from the “sunset” and “seagull” dia-

grams shown in Fig. 2.3. Both the a and M components of V propagate in the sunset diagram.
4In practice, we should employ dimensional reduction [28, 29, 30] in order to preserve the supersymmetric

properties of the self-energy functions. However, dimensional reduction differs from dimensional regularization
only in the treatment of the internal vector boson lines. In the computations presented in this paper, the vector boson
components of internal vector superfield lines do not appear. For example, the F+Φ†+V vertex, which appears in
Figs. 2.2 and 2.3, does not involve a coupling of the vector boson field component of V . Consequently, we do not
need to distinguish between dimensional regularization and dimensional reduction in this work.
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The former gives rise to an IR singularity, while the latter provides a ultraviolet divergence. The

Feynman integrals contributing to the sunset diagram are,

Isun
F ∗+F+

= −e
2

2

−2

(
1− 1

ξ

)∫
d4k

(2π)4

p2 − p · k
k4
[
(p− k)2 −m2

] +
1

ξ

∫
d4k

(2π)4

1

k2
[
(p− k)2 −m2

]
 .

(2.23)

We isolate the IR divergence in the first integral with dimensional regularization by integrating

over d = 4− 2δ dimensions, where δ < 0,

(
Isun
F ∗+F+

)
IR

= −i e2

16π2

(
1− 1

ξ

)
p2

p2 −m2

1

δ
. (2.24)

The ultraviolet divergent part, the second integral in 2.23, may also be isolated with dimensional

regularization [28, 29, 30], by taking d = 4− 2ε with ε > 0,

(
Isun
F ∗+F+

)
UV

= − i
2

e2

16π2

1

ξ

1

ε
. (2.25)

The a component of V propagates in the seagull loop, giving

Isea
F ∗+F+

=
−e2

2

(
1− 1

ξ

)∫
d4k

(2π)4

1

k4
. (2.26)

F ∗+ F+ F ∗+ F+

Figure 2.3: One loop contributions to the helicity preserving process.
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This Feynman integral is both UV and IR divergent. Scaleless integrals may be consistently

set to zero in dimensional regularization [26], so it is sometimes said that the UV and IR di-

vergences cancel. Ultimately this property will be unimportant for our analysis. Moreover,

we would like to keep these divergences separate at one loop, so we retain the ε, δ notation of

Eqs. (2.27) and (2.28) to keep the origin of the divergences distinct.

The UV and IR divergent pieces are:

(
Isea
F ∗+F+

)
UV

= − i
2

e2

16π2

(
1− 1

ξ

)
1

ε
, (2.27)

(
Isea
F ∗+F+

)
IR

= +
i

2

e2

16π2

(
1− 1

ξ

)
1

δ
. (2.28)

We have seen that the Φ+Φ− propagator is UV finite in any Rξ gauge. Therefore, if

the physical mass is to be gauge invariant, the ultraviolet divergent pieces of the wave function

renormalization must be gauge invariant [21]. This property is manifest in the sum of Eqs. (2.25)

and (2.27), where terms proportional to (1/ε) · (1/ξ) cancel.

2.6 Seiberg’s Approach to Nonrenormalization Theorems

In 1993, Seiberg offered a more intuitive understanding of non-renormalization, which

also forbids nonperturbative corrections to the Wilsonian effective action [7]. Recall that the

Wilsonian effective action differs from the 1PI effective action, in that it is computed by inte-

grating out all fields with mass above some cutoff µ, and only the modes of light fields which

are of momentum higher than µ. The 1PI effective action, on the other hand, is computed by

integrating out all modes of particles running in loops, and is therefore subject to IR divergence
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Φ Φ† m λ

U(1) 1 -1 -2 -3

U(1)R 1 1 0 -1

Table 2.1: Charges under a U(1)× U(1)R symmetry.

issues. Seiberg’s argument draws on symmetry and holomorphicity of the superpotential. For

example, consider the Wess-Zumino theory with superpotential

Wtree = mΦ2 + λΦ3, (2.29)

where Φ is a chiral superfield. Following [7], we treat λ as the v.e.v of a chiral superfield

(spurion), and W must therefore be holomorphic in λ as well as Φ. The theory is invariant

under a U(1)×U(1)R symmetry, with the charges shown in Table 2.1. To maintain the U(1)×

U(1)R symmetry and holomorphicity, corrections to the (Wilsonian) effective superpotential

must therefore be of the form

mΦ2f

(
λΦ

m

)
, (2.30)

where f is an arbitrary holomorphic function. This is the λ, m dependence of the tree level

diagrams, so the superpotential receives no loop corrections:

Weff = mΦ2 + λΦ3. (2.31)
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2.7 Integrating Out Massive Charged Fields

The real power of the nonrenormalization theorems arises in situations where a Wilso-

nian effective action is useful. It is interesting to see how the gauge artifacts discussed above,

and in particular the infrared divergences for ξ 6= 1, cancel when massive fields are integrated

out to obtain a low energy effective action for a set of light fields.

A simple example is generated by adding a light neutral field to the massive SQED

theory, with superpotential

W = mΦ+Φ− + λΦ0Φ+Φ− + λ′Φ3
0 . (2.32)

Integrating out the massive Φ±, we obtain an effective action for Φ0. The standard nonrenor-

malization theorem analysis here would indicate that the only corrections to λ arise from wave

function renormalization. In this theory, it is easy to check that there are no low order correc-

tions to the 1PI Φ3
0 three point function (this can be done with supergraphs, or in components,

looking for an F0A0A0 1PI Green’s function). This is a consequence of a holomorphy-type

argument [7], treating λ as a spurion and assigning it an R charge.

There should be a renormalization of λ proportional to the wave function renormaliza-

tion of Φ0. It should be gauge invariant, and free of infrared divergences and other pathologies.

Gauge fields enter the wave function renormalization at two loops. While the full two-loop

computation is complicated, the leading infrared divergent pieces of individual Feynman dia-

grams are easily isolated. There are many diagrams, but only a small set which are infrared

divergent. Of these, some include helicity flip (i.e. 〈Φ+Φ−〉) propagators and are therefore UV

finite, as they come with positive powers of m. The IR divergences of these UV-finite diagrams
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cancel against each other. Then there are the IR- and UV-divergent diagrams, shown in Fig. 2.4.

Φ−

Φ+

Φ−
Φ−

Φ0Φ†0

Φ+

Φ+

Φ+

Φ−

Φ0Φ†0

Φ+Φ+

Φ†0 Φ0

Φ−
Φ− Φ−

Φ†0 Φ0

Φ+

Φ+

Φ−

Φ+

Φ−

Φ†0 Φ0

Figure 2.4: Diagrams contributing to the Φ0 effective lagrangian at two loops.

To see the cancellation of the gauge-dependent pieces of these, we work at zero ex-

ternal momentum and isolate the leading infrared and ultraviolet divergent piece. Consider the

first of these diagrams. It is particularly simple to compute the F0F
†
0 component propagator.

The diagram is given by (we can now safely Wick rotate to Euclidean space)∫
d4p

(2π4)

d4k

(2π4)

p2

(p2 +m2)3

p2

((p+ k)2 +m2)

1

k4
(2.33)

The most singular part of this diagram in the infrared arises from the propagation of the lowest

scalar component of the internal vector superfield and behaves as:∫
d4p

(2π4)

d4k

(2π4)

1

k4

p4

(p2 +m2)4
. (2.34)
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This expression diverges for small k and the k integral should be thought of as cut off at |p|.

The remaining integral over p is UV divergent. For large p, the integral takes the form

∫ |Λ|
m

d4p

p4

∫ |p| d4k

k4
. (2.35)

In the limit of small k and large Λ, all of the integrals take this form, up to constants.

To see the cancellation, then, we need only to determine the relative weights of these

diagrams. The first three diagrams have the same overall weight, but the third has sign opposite

to the first two due to the opposite charges of Φ+ and Φ−. The fourth and fifth diagrams contain

an extra factor of 1/2, arising from the expansion of the exponential in e2eV to second order,

and an extra minus sign because there is one less propagator and one less vertex. As a result,

the sum is of the form 1 + 1− 1− 1/2− 1/2 = 0, and the leading IR divergences cancel in the

effective action.

2.8 Infrared Finite Perturbation Theory

IR divergences arise from the lowest component of the vector superfield. We could

avoid the whole issue of IR divergences at one loop by choosing ξ = 1 for our computations,

as in Ref. [11]. However, as noted in Ref. [17], even working in Feynman gauge, infrared

divergences are still encountered at higher order. In terms of component fields, the problem is

that with ξ = 1 there is still an 〈aD〉 propagator, proportional to 1/k2. The 1PI 〈DD〉 two point

function is non-vanishing (and UV divergent) at zero momentum, and together with 〈aD〉, gives

rise to a one-loop 1/k4 propagator for a through diagrams like Fig. 2.5. This reintroduction of

1/k4 can be dealt with by adjusting the gauge condition order by order to cancel it off. For
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a D

φ∗± φ±

φ± φ∗±

D a

Figure 2.5: Correction to the 〈aa〉 two point function.

example, at one loop, the 〈aa〉 propagator becomes

δ〈aa〉 = e2 1

2

(
− 2

k2

1

ξ

)2 ∫ d4q

(2π)4

i

q2 −m2

i

(k − q)2 −m2
=

8

k4

1

ξ2

e2

16π2

1

ε
+ . . . .

(2.36)

After renormalization the 1/ε is replaced by log(µ/m) at small k.

Letting ξ = 1 + δξ, we can solve for δξ such that the 1/k4 term in the corrected 〈aa〉

propagator vanishes:

δξ = 8e2 1

(4π)2 log(µ/m) +O
(
g4
)
. (2.37)

This procedure may be iterated order by order in e.

Ref. [17] considered nonabelian theories, in which some one loop corrections to the

vacuum polarization are always proportional to log(k2)/k4 for small external momentum k.

This new k behavior caused further complications in the removal of IR divergences, in particular

necessitating the introduction of new non-local gauge fixing terms. In the massive abelian the-

ory, all logarithms are cut in the infrared by m, corresponding to the decoupling of all charged

matter and the IR-freedom of the gauge coupling. Therefore we have only to cancel the 1/k4

behavior, as above.
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2.9 Conclusions

It is not surprising that there are infrared issues in perturbation theory in supersym-

metric gauge theories in general gauges. From dimensional analysis alone, it follows that

〈a a〉 =
C

k4
(2.38)

so to avoid infrared divergences, it is necessary that the 〈aa〉 two-point function vanish. This

degree of freedom is a gauge artifact; from the simple existence of Wess-Zumino gauge [12],

one expects that there can be no physical effect.

Still, we rely on covariant gauges, and particularly on the manifest supersymmetry,

locality (and infrared finiteness) of the effective action, to make important statements, including

proofs of nonrenormalization theorems. We have seen here that in situations in which one

can integrate out massive fields, so as to obtain a Wilsonian action for light fields, infrared

divergences and non-locality cancel. In discussions of 1PI actions, it is important to consider

physical questions, like the pole masses of stable particles. We have also explained how one

may choose a gauge, order by order, so that infrared divergences cancel.
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Chapter 3

Inflation

In this chapter, we review the inadequacies of the standard cosmological model and

how a brief inflationary era in the early universe can remedy them. We briefly summarize slow-

roll inflation and non-supersymmetric hybrid inflation, before beginning a systematic consider-

ation of Planck-scale corrections to supersymmetric models of small-field inflation.

3.1 Definitions and conventions

Taking the universe to be approximately homogeneous and isotropic, it is described

by the Friedman-Robertson-Walker (FRW) metric:

ds2 = dt2 − a2(t) d~x2. (3.1)

The time-dependent scale factor a(t) parametrizes the expanding size of the universe. Conven-

tionally, a0 = 1 today, and a < 1 at all times in the past. The expansion rate of the universe is
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often discussed in terms of the Hubble parameter:

H ≡ 1

a

da

dt
=
ȧ

a
. (3.2)

We will use ρ to denote the energy density of the universe, and p to denote pressure density.

MP ≡
√

~c
8πG ≈ 2× 1018 GeV is the reduced Planck mass.

3.2 Motivation for inflation

The standard hot big bang model of cosmology, also called the FRW cosmology,

successfully explains the history of the expanding universe from about 10−2 sec after the big

bang, to today (∼ 5 × 1017 sec). Although it is a very robust model, it has several theoretical

shortcomings.

3.2.1 The Flatness problem

The Friedman Equation relates the rate of expansion of the universe to the energy

density,

H2 =
ρ

3M2
P

− k

a2
, (3.3)

where k is the spatial curvature of the universe (and we have assumed zero cosmological con-

stant). Thus, the universe will be spatially flat when the energy density of the universe is at its

critical value ρc = 3M2
PH

2. Defining Ω = ρ/ρc, we can rewrite the Friedman Equation as

|Ω− 1| = |k|
a2H2

. (3.4)
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A perfectly flat universe, with Ω = 1 and k = 0, will remain that way for all time. But if the

deviation from flatness has even a tiny nonzero value, it will grow like 1
a2H2 . In a radiation- or

matter-dominated era (p = ρ/3 or p = 0, respectively), this is an increasing function of time,

so if there were even a slight deviation from critical density at early times, by now the universe

should be very curved. Observation indicates that Ω differs, at most, by an order of magnitude

from 1 today. To accommodate this, the standard cosmology requires |Ω− 1| <∼ 10−16 at the

time of nucleosynthesis (which occurred when the universe was about 1s old, at a temperature

of 1 MeV). In other words, in the standard cosmology, a flat universe is unstable (highly tuned).

And yet, our universe today is observed to be very nearly flat.

Inflation solves this problem by introducing an era during which the universe is nei-

ther radiation- nor matter-dominated, such that 1
a2H2 is a rapidly decreasing function of time,

and the universe flattens out. The deviation of Ω from 1, given by Eqn. (3.4), would be reduced

by a factor of 10−52 during a typical inflationary era.

3.2.2 Horizon problem

When the universe was about 380,000 years old, recombination of electrons into

atoms was almost complete, and photons ceased to scatter off of electrons. Since then, these

photons have been traveling freely towards us, and today they are observed as the Cosmic Mi-

crowave Background Radiation (CMBR). The spherical surface from which the photons reach-

ing us now originated is called the surface of last scattering.

The CMBR is remarkably uniform, with a temperature of about 3 Kelvin everywhere

to a part in about 105. This would seem to indicate that all points of the surface of last scattering
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were causally connected. But in conventional big bang cosmology, distant points on this surface

would not have had time to interact and thermalize. A region the size of the Hubble horizon

at the time of recombination across now subtends just 1◦ of our sky [31]. Inflation solves the

horizon problem by introducing an era in the early universe during which expansion occurs

at an increasing rate, so that all the points on the surface of last scattering were close enough

together to have been causally connected.

3.2.3 Magnetic monopoles and other stable relics

Grand unified theories generally predict the existence of heavy monopoles, with masses

of around 1016 GeV. Suppose they are produced at a temperature of 1015 GeV, with one per

Hubble volume (H ∼ T 2/MP ∼ 1012 GeV). Monopoles-antimonopole annihilations are suf-

ficiently suppressed by the expansion of the universe [32], so that we may take the monopole

density to evolve like stable matter as the universe cools:

ρm(T ) =
(
1016 GeV

)
H3

(
T

1015 GeV

)3

≈ 1052 GeV4

(
T

1015 GeV

)3

. (3.5)

The density of radiation, on the other hand, goes like

ρrad(T ) ≈ 1060 GeV4

(
T

1015 GeV

)4

. (3.6)

The monopoles would therefore dominate over the radiation density by the time the universe

had cooled to a temperature of T ≈ 107 GeV, long before nucleosynthesis (∼ 10−4 GeV) or

matter-radiation equality (∼ 10−9 GeV). An inflationary era during which the universe expands

by a factor of e60 is sufficient to suppress these and similar relics.
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3.3 Review of Slow Roll Inflation

All of the issues with the standard cosmology described in the previous section may

be solved by an inflationary period at very early times, during which the scale of the universe,

a, expands exponentially:

a(t) ∝ eHt (3.7)

(with H taken to be constant). Consider a tiny region, say 10−24 m across, all of whose points

have been in causal contact. Now, under expansion by a factor of e60 during inflation, this

region will grow to ∼ 106 m across. If expansion continues for another factor of 1028 after the

end of the inflationary era, the same set of causally connected points will now be larger than

the observable universe. This is a compelling solution to the horizon problem above, and it also

explains spatial flatness, and could sufficiently dilute the density of stable relics like monopoles

to avoid an overdensity.

In fact, more precisely, the requirement for inflation is that the expansion should be

accelerating, i.e. that ä > 0. (The exponential expansion of Eqn. (3.7) fulfills this requirement,

but is not the most general possibility.) To understand why this is, consider the comoving

Hubble radius, defined to be the comoving distance light can travel during the time the scale

factor takes to grow by a factor of e, i.e. during one expansion time):

comoving hubble radius =
1

aH
. (3.8)

The larger the comoving Hubble radius, the larger the fraction of the universe that has been in

causal contact. The idea behind inflation is that the comoving Hubble radius was once a much
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larger (comoving) distance, so distant objects were once causally connected. In other words,

during the inflationary era, the comoving Hubble radius must be decreasing:

d

dt

(
1

aH

)
< 0. (3.9)

This is mathematically equivalent to the requirement ä ≡ d2a/dt2 > 0.

We can also frame this condition in terms of pressure density P and energy density ρ,

using the zero-order Einstein Equations:

3M2
P

(
ȧ

a

)2

= ρ (3.10)

ä

a
+

1

2

(
ȧ

a

)2

= −4πGP, (3.11)

Combining these two equations, we get

ä

a
= −4πG

3
(ρ+ 3P ) . (3.12)

So inflation requires a negative pressure:

ρ+ 3P < 0 ⇒ P < −ρ
3
. (3.13)

To make a model that satisfies this condition, one can hypothesize the existence of a scalar field

φ, called the inflaton. At zeroth order, take φ to be constant in space, so that its Lagrangian

density in an expanding universe is given by

L = a3

(
1

2

(
dφ

dt

)2

− V (φ)

)
. (3.14)

and its equation of motion is

φ̈+ 3Hφ̇+ V (φ) = 0. (3.15)
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Supposing the universe is dominated by this inflaton during inflation, the energy den-

sity and pressure are given by

ρ =
1

2

(
φ̇
)2

+ V (φ) (3.16)

P =
1

2

(
φ̇
)2
− V (φ) . (3.17)

Then the requirement ρ + 3P < 0 translates into the statement that the field’s kinetic energy

must be less than its potential energy:
(
φ̇
)2

< V (φ). This condition allows us to neglect the

kinetic energy relative to the potential energy, so that ρ ≈ V . If φ̈ is also sufficiently small, we

can neglect it relative to the frictional term in Eqn. (3.15). To summarize, slow-roll inflation is

described by the following conditions and equations:

φ̈� 3Hφ̇ ⇒ 3Hφ̇ ≈ −V ′(φ) (3.18)

φ̇2 � 2V ⇒ 3M2
PH

2 ≈ V (φ) (3.19)

These slow-roll conditions are often discussed in terms of the slow-roll parameters

ε ≡ M2
P

2

(
V ′(φ)

V (φ)

)2

, (3.20)

η ≡M2
P

V ′′(φ)

V (φ)
. (3.21)

The slow-roll conditions require ε� 1 and |η �| 1. To see this, note Eqn. (3.19) implies(
φ̇
)2

2V
=

(V ′(φ))2

18H2V
=
M2

P(V ′(φ))2

6V 2
, (3.22)

so

(
φ̇
)2
� 2V ⇒ ε ≡ M2

P

2

(
V ′(φ)

V

)2

� 1. (3.23)
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Now differentiate Eqn. (3.18) with respect to time, to get

φ̈ = −
(

3Ḣ + V ′′(φ)

3H

)
φ̇ ⇒ φ̈

3Hφ̇
= −M

2
P

3V

(
3Ḣ + V ′′(φ)

)
, (3.24)

and differentiate Eqn. (3.19) with respect to time, to get

Ḣ =
V ′(φ) φ̇

6M2
PH

= − (V ′(φ))2

18M2
PH

2
= −(V ′(φ))2

6V
, . (3.25)

where we have used Eqn. (3.18) in the second-to-last step and Eqn. (3.19) in the last. Now plug

Eqn. (3.25) into Eqn. (3.24):

φ̈

3Hφ̇
= −M

2
P

3V

(
−(V ′(φ))2

2V (φ)
+ V ′′(φ)

)
(3.26)

=
1

3

(
M2

P

V ′′(φ)

V (φ)
− M2

P

2

(
V ′(φ)

V (φ)

)2
)

(3.27)

≡ 1

3
(η − ε) . (3.28)

So, given ε� 1,

φ̈

3Hφ̇
� 1 ⇒ η ≡M2

P

V ′′(φ)

V (φ)
� 1. (3.29)

For slow-roll inflation, we require ε � 1, η � 1 (although this condition is not

sufficient). Once either parameter approaches O(1), the inflaton will roll to quickly to satisfy

φ̇2 < V , hence we will not have P < −ρ/3, or ä > 0.

Another useful quantity to define is the number of e-foldings, i.e. the number of times

the universe expands by a factor of e before the end of inflation. The number of e-foldings

between a time t and the end of inflation tend is defined as

N (t) = ln
a(tend)

a(t)
=

∫ tend

t
Hdt, (3.30)
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where ε(tend) = 1 by definition. Using Equations 3.18 and 3.19, we can write

N (t) ≈ 1

M2
P

∫ φ

φend

V

V ′
dφ. (3.31)

To solve the horizon and flatness problems, we typically require the number of e-foldings during

inflation to be between 50 and 60.

3.4 Overview of Hybrid inflation

For successful slow-roll inflation, we need a field which is very light, with a very

slowly varying potential, and we need a mechanism to turn off inflation. This can be achieved

in many ways, but one simple way is with two fields: an inflaton s and “waterfall field” φ [33].

When s is above a critical value, φ is heavy and we can integrate it out, and slow-roll inflation

proceeds as s rolls slowly down its potential. But when φ rolls below its critical value, φ’s mass

term has the wrong sign, leading to spontaneous symmetry breaking, and the end of inflation.

This is realized via the potential

V =
1

4λ

(
M2 − λφ2

)2
+
m2

2
s2 +

g2

2
s2φ2. (3.32)

The waterfall field has an effective mass term

∂2V

∂φ2

∣∣∣∣
φ=0

= −M2 + g2s2, (3.33)

so as long as s > M
g ≡ sc, φ = 0 is a stable minimum, and φ is a massive field that can be

integrated out, leaving s to slowly roll and drive inflation. But if s falls below sc, spontaneous

symmetry breaking in φ will occur, giving a large mass to s so that η � 1, bringing an end to

slow-roll inflation.
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This is the basic idea behind models of hybrid inflation, of which there are many

variations. In the remainder of this chapter, we will discuss supersymmetric models, with pseu-

domoduli spaces that conveniently provide almost flat directions for the inflaton to slowly roll

along. In the next section, we note common features of models that have been called hybrid,

with the aim of distilling a precise definition.

3.5 Classifying small-field and hybrid inflation models

We will focus on small-field inflation models, in which the field variations during

inflation are small relative to the Planck mass. Taking the perspective that any superpotential

W and Kähler potential K we can write down is effective, with some unknown underlying UV

complete theory, then we should consider all terms allowed by symmetry, up to some order in

powers of the field(s) over the Planck mass. These expansions are only sensible if our expansion

parameter is small, hence our focus on small field models.

In [34], it was argued that, with some very mild assumptions about genericity, we can

characterize small field inflation as follows. First, it was argued that the effective theory should

exhibit an approximate (global) supersymmetry in order that there be fields light on the scale of

the Hubble constant during inflation, HI . Then, assuming HI is much greater than the scale of

supersymmetry breaking,

1. The inflaton is a pseudomodulus, labeling a set of approximate ground states with spon-

taneously broken supersymmetry.

2. The effective theory should obey a discrete R symmetry in order that the cosmological
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constant (c.c.) be approximately zero at the end of inflation.

3. At the end of inflation, the inflaton must couple through relevant or marginal operators to

fields which are light with respect to the scale of the energy density during inflation, in

order that the cosmological constant be small at the end of inflation. In particular, it was

stressed that inflation typically ends, in the hybrid case, before the inflaton reaches the

waterfall region.

So-called models of hybrid inflation[35, 36, 37, 38, 39] have in common the last feature above;

in [34] it was argued that this full set of conditions should be taken as the definition of hybrid

inflation.

Within such models, these authors noted general features:

1. The (approximate) goldstino may or may not lie in a multiplet with the inflaton.

2. The effective theory exhibits an approximate, continuous R symmetry.

3. Terms allowed by the discrete symmetry break the accidental continuous global symme-

try and spoil inflation, unless the inflationary scale (the square of the Goldstino decay

constant) is sufficiently small.

4. There are further requirements on the Kähler potential in order to obtain slow roll infla-

tion with adequate e-foldings. This sets an irreducible minimum amount of fine tuning

necessary to achieve acceptable inflation. This tuning grows in severity with the number

of Hubble mass fields.

5. In order that inflation ends with small c.c., the inflaton must couple, as noted above, to
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other light degrees of freedom, or must have appreciable self-couplings in the final ground

state. The coupling to this extra field, or the self couplings, are fixed by the density

perturbations PR and the inflationary scale. In the case of extra fields, the resulting

structure is necessarily what is called “hybrid inflation”[36, 37, 38, 39, 35]. The spectral

index, quite generally, is less than one.

In [34], it was noted that for a broad range of parameters, ns = 0.98 was typical;

this is widely considered a general result of hybrid models. In 2013, considering the Planck

CMB temperature data supplemented by the WMAP large-scale polarization data, the Planck

collaboration reported a value1 [41]:

ns = 0.9603± 0.0073. (3.34)

And indeed, the authors of the Planck papers argued that their data excludes hybrid inflation.

Within the definition outlined above, it is interesting to look more carefully at the range of

allowed values of ns.

In the rest of this chapter, we systematically consider various Planck scale corrections

to the simplest version of hybrid inflation. We explain why (parametrically) the most impor-

tant are the quartic corrections to the Kähler potential, and certain power law corrections to the

superpotential. The former must be suppressed by an amount of order 1/N , where N is the

number of e-foldings. The latter lead to an additional approximately zero cosmological con-

stant, supersymmetric minimum for large field values; in turn this means that the potential has a

local maximum (saddle). This gives rise to a variant of “hilltop inflation”[42]; we will see that
1In 2015, Planck released an updated consistent result for the spectral index [40]: ns = 0.9677 ± 0.0060. The

numerical analysis presented in this dissertation was completed prior to this, using the 2013 result.
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the initial conditions need not be substantially tuned in order that one obtain adequate e-foldings

and ns ≈ 0.96. If the superpotential has coefficient scaled by a suitable power of MP and a

dimensionless coefficient of order one, one obtains a prediction of the scale of inflation. The

scale depends on the index N of a ZN R symmetry, and ranges from about 1011 GeV to 1015

GeV.

In the next section, we review the simplest supersymmetric hybrid model, and recall

the prediction ns = 0.98. In section 3.7, we classify the various Planck scale corrections to the

simplest hybrid model. In section 3.8, we consider the implications of the leading superpotential

corrections for inflation, explaining why one obtains the structure of hilltop inflation. In section

3.10, we present numerical results for these models. In section 3.11, we suggest that predictions

might arise if inflation is connected with supersymmetry breaking. In section 3.12, we conclude

by considering possible observable consequences of this picture.

3.6 Simplest Model of Supersymmetric Hybrid Inflation

Supersymmetry provides a framework where masses and potentials can naturally be

small, and is therefore a natural setting for hybrid inflation. The simplest supersymmetric model

of hybrid inflation is described by the superpotential

W = s
(
κΦ2 − µ2

)
, (3.35)

where s is a chiral supermultiplet containing the inflaton s as its scalar component, and Φ is a

chiral superfield whose scalar component is the waterfall field φ. Taking κ and µ to be real, the
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scalar potential is

V =

∣∣∣∣∂W∂s
∣∣∣∣2 +

∣∣∣∣∂W∂φ
∣∣∣∣2 (3.36)

= µ4 + κ2 |φ|4 − κµ2
(
φ2 + φ∗2

)
+ 4κ2 |s|2 |φ|2 , (3.37)

which is extremized for φ = 0. The real part of the waterfall field φR has an effective mass

term:

m2
φR

=
∂2V

∂φ2
R

∣∣∣
φ=0

= 4 |κ|2
(
|s|2 − µ2

2κ

)
, (3.38)

which has the correct sign on the moduli space defined by the condition

|s|2 > µ2

2κ
. (3.39)

The right-hand side of the inequality 3.39 is the so-called “waterfall value”. Once |s|2 < µ2/2κ,

the mass term for φ has the wrong sign, indicating that φ = 0 becomes a maximum rather than

a stable minimum, and the waterfall field φ causes spontaneous symmetry breaking, ending

inflation.

But as long as the above condition is satisfied, φ is massive and stabilized at φ = 0,

yielding a classically flat potential for s:

V0 = |µ|4 . (3.40)

In other words, s is a pseudo-modulus. For non-zero s, supersymmetry is broken, and a one-

loop correction to the F ∗SFS propagator (where FS is the auxiliary field in the supermultiplet

S) yields a nonzero correction to the scalar potential. As shown in Figure 3.1, the only non-

zero contribution to this supergraph comes from the scalar fields φ running in the loop, as the
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auxiliary field FS (F ∗S ) comes with θθ (θθ), thus saturating the integral over
∫
d2θ (

∫
d2θ) at

each vertex. The correction is:

iµ4(iκ)2
∫

d4k

(2π)4

[
i

k2 −m2
φ

]2

= −µ4κ2

∫
d4kE

(2π)4

1(
k2
E +m2

φ

) (3.41)

= −µ4κ2

∫ Λ

m

dk

(2π)4

2π2k3(
k2 +m2

φ

)2 (3.42)

= −µ4 κ
2

8π2

∫ Λ

m
dk

k3(
k2 +m2

φ

)2 (3.43)

≈ µ4 κ2

16π2
log

(
m2
φ

Λ2

)
, (3.44)

where Λ is a UV cutoff, and we have neglected additive order one constants because we are

working in a regime where φ is massive enough that this logarithm is comparatively large. Now

plugging in Eqn. (3.38), we obtain the scalar potential [43]:

V = V0

(
1 +

κ2

16π2
log

[
|s|2
Λ2

])
. (3.45)

This quantum correction can now generate slow-roll inflation, with s starting at some value

φ

φ

FSF †S

Figure 3.1: One-loop quantum correction to V (s).

above the waterfall value of Eqn. (3.39) and rolling towards smaller values, until it reaches the

waterfall value.
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Now that we have an inflaton potential, we can compute the number of e-foldings

between whenever the field has a value s and the end of inflation:

N =
1

M2
P

∫ s

send

V

V ′
ds (3.46)

≈ 1

M2
P

∫
8π2

κ2
|s| ds (3.47)

≈ 1

M2
P

1

2

8π2

κ2
|s|2 (3.48)

where in the second line we neglect the second term in V in the numerator, and in the third line

we assume |send|2 � |s|2. In this simple theory, ε is negligible, and

η ≈ −M2
P

κ2

8π2 |s|2
≈ − 1

2N . (3.49)

The spectral index is given in [44] by the equation

ns = 1 + 2η − 6ε. (3.50)

This is the origin of the prediction that ns ≈ 0.98, which is incompatible with the Planck data.

As we describe in following sections, Planck-scale corrections can remedy this incompatibility.

We require N ≈ 60, which, from Equation 3.48, provides a formula for the starting

value of the field s:

s =
√

60MP
κ

2π
. (3.51)

In this model, κ is related to µ by the fluctuation spectrum δρ/ρ ≈ 10−5:

κ = 7.1× 105 ×
(

µ

MP

)2

. (3.52)
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3.7 Hierarchy of Corrections

This treatment, however, is oversimplified. Already, in [37, 35], the role of higher

order terms in the Kähler potential was considered. More recently, in [45], the effects of a

constant term in the potential for s, arising from the linear term in the superpotential (needed

to account for the small cosmological constant of the present universe) has been considered.

In [34], this particular contribution was treated as small, but a number of other effects were

considered. So it is first worthwhile to consider the various possible corrections in powers of

1/MP, and their relative importance.

First, it is generally believed that theories of gravity should not exhibit continuous

global symmetries; in string theories, this is a theorem. Replacing the continuous R symmetry

by a discrete ZN symmetry allows corrections of the form

WR =
γ

2(N + 1)

sN+1

MN−2
P

. (3.53)

More generally, our viewpoint will be that all terms allowed in the effective action

below MP should appear with order one coefficients; we will assume that smaller coefficients

represent a “fine tuning” of parameters. We can systematically consider types of corrections,

ordered in powers of 1/MP:

1. Kähler potential corrections: α
M2

P
(s†s)2, β

M4
P

(s†s)3, etc.

2. Superpotential corrections: in addition to WR (and higher powers of s, other fields), at

some level there must be a constant in the superpotential,W0, to account for the smallness

of the cosmological constant now.
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3. Supersymmetry breaking effects.

3.7.1 Kähler potential corrections

The term

δKα =
α

M2
P

(s†s)2 (3.54)

has been noted already in [35]. In [34], precise limits on α (of order 1/N , where N is the

number of e-foldings) were discussed. potential correction for sufficiently small s.

Terms of sixth order or higher in s in the Kähler potential are irrelevant. They lead

to highly suppressed contributions to η and ε, for example. We will be more quantitative about

this question when we turn to models that can reproduce the Planck value of ns.

3.7.2 Superpotential corrections

Now we turn to the various superpotential corrections. Our definition of hybrid in-

flation is motivated by the hypothesis that the scale of inflation is large compared to scales of

supersymmetry breaking. This means, in particular, that

m3/2 =
|W0|
M2

P

� HI (3.55)

with HI =
√
V

MP
= µ2

MP
the Hubble scale during inflation. As a result, terms in the potential

arising from W0 can be neglected during inflation. If, in fact, the actual value of m3/2 is

comparable to HI , then this term, and terms associated with supersymmetry breaking, would

be important. Even for m3/2 = 102 TeV, this corresponds to an inflationary energy scale well

below 1012 GeV.
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So finally we turn, again, toWR. The presence of this term in the superpotential gives

rise to a supersymmetric minimum of the potential (that is, a value of s for which V (s) = 0)

at s larger than the waterfall value but smaller than MP. This is unlike the case, for example,

of higher order corrections to the Kähler potential. As a result, this term qualitatively alters

the behavior of the system, for large but not Planck scale fields. In [34] this term was used to

constrain features of inflation. Requiring that it was not important during inflation constrained

the scale of inflation, and lead to the prediction ns ≈ 0.98. To be compatible with the results

from Planck, however, it is clearly necessary that inflation occur in a region near the local

maximum (as in “Hilltop inflation”[42]). We will explore this in the next section.

3.7.3 Supersymmetry breaking effects

In Sections 3.8 through 3.10, we assume the scale of inflation is much higher than the

scale of supersymmetry breaking, HI � m3/2. But it is also worth considering the possibil-

ity that these two scales are comparable, in which case we should incorporate supersymmetry

breaking. We discuss possible ways to do this, and their predictions, in Section 3.11.

3.8 Hybrid Inflation and WR

Including WR and δKα, we have

W = s
(
κφ2 − µ2

)
+

γ

2(N + 1)

SN+1

MN−2
P

(3.56)

K = φ†φ+ s†s+
α

M2
P

(
s†s
)2

(3.57)
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In this case, the Kähler metric gij ≡ ∂2K
∂φi∂φ∗j

(where φ1 = φ, φ2 = s) is diagonal:

g =

 1 0

0 1 + 2α
M2

P
s†s

 , (3.58)

and we can approximate its inverse by

g−1 =

 1 0

0 1− 2α
M2

P
s†s

 (3.59)

Thus, the scalar potential is

V
(
s, s†

)
= eK/M

2
P

{(
g−1
)ss† ∣∣∣∣∂W∂S +

∂K

∂S

W

M2
P

∣∣∣∣2 − 3
|W |2
M2

P

}
(3.60)

=

(
1 +

s†s

M2
P

)
(

1− 2α
s†s

M2
P

) ∣∣∣∣∣
(
−µ2 +

γ

2

sN

MN−2
P

)
− µ2 s

†s

M2
P

∣∣∣∣∣
2

− 3µ4 s
†s

M2
P


(3.61)

= µ4 − 2αµ4 s
†s

M4
P

− µ2γ

2

(
sN

MN−2
P

+ c.c.

)
. (3.62)

We must also include the one-loop quantum correction:

V = µ4 + µ4 κ2

16π2
log
(
s†s
)
− µ2γ

2

(
sN

MN−2
P

+ c.c.

)
− 2αµ4 s

†s

M2
P

. (3.63)

Writing this in terms of ρ =
√
s†s,

V = µ4 + µ4 κ2

16π2
log
(
ρ2
)
− µ2γ′

ρN

MN−2
P

− 2αµ4 ρ
2

M2
P

, (3.64)

where γ′ ≡ γ/
√

2, to absorb the factor from the field redefinition (taking a root-mean-square

average of the phase of the field s).
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For the moment, let us neglect the Kähler potential correction, proportional to α.

Then for positive γ′, the potential has a maximum, at

sN ≈ 2

N

κ2

8π2

µ2

γ
MN−2

P . (3.65)

To obtain suitable inflation, it is necessary that s be smaller than this at the beginning. But,

given Eq. (3.52), except for very large N , s is smaller than the “waterfall value”,

sw =
µ√
2κ
. (3.66)

Including the α term only acts to lower the value of s where the local maximum occurs.

3.9 Two-pseudomoduli modification

As a result of these considerations, the simplest (and rather standard) model of hy-

brid inflation (allowing for WR) does not appear suitable. In [34], a simple modification was

suggested with two fields, s and I , with couplings at the renormalizable level:

W = s(λφ2
1 − µ2) + κIφ1φ2 + . . . (3.67)

(It is necessary to include separate fields φ1 and φ2, because with just an Iφ2 term, this would

be an O’Raifeartaigh-type model, in which the auxiliary fields’ equations of motion have no

simultaneous solutions, and there can be no supersymmetric vacuum). This theory, classically,

has two flat directions, one with large s, one with large I . As in the previous model, in order that

inflation occur, the Kähler potential must be tuned so that at least one of the fields s or I , has

mass small compared to the Hubble constant during inflation, HI = µ2

MP
. To obtain a workable
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model, we require that I be the light field. This amounts to requiring that in the Kähler potential

term

δK = α
s†sI†I

M2
P

(3.68)

α should be close to unity. The waterfall regime is now at Iw =
√

2λµκ , which may be as small

as necessary, as we will see λ drops out of the scalar potential. Then hybrid inflation can be

driven by the quantum and discrete symmetry corrections.

Assuming a discrete R symmetry, there are a variety of possible higher dimension

terms which might appear in W depending on the transformation properties of the fields. We

will consider a term of the form

δW = γ
sIN

MN−2
P

. (3.69)

Alternatively, a term proportional to IM , for example, corrects the potential for I if

there is a term in the Kähler potential

δK ∝ sI∗M

MM−1
P

. (3.70)

The allowed values of M depend on the discrete charge assignments of the fields. If M is not

too large, its effects are dramatic.

Such terms, again, lead to a supersymmetric minimum of the potential at large I (with

φ = φ′ = 0), and again give rise, for positive γ, to a maximum of the potential for I at field

strength generically large compared to µ but small compared to MP.

Proceeding as before, using the superpotential and Kähler corrections in eqns. (3.67)–

(3.69), we can compute the number of e-foldings and the slow roll parameters (and hence ns).
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The potential for I is now, approximately,

V (I) = µ4

(
1 +

κ2

16π2
log(I†I)− (α− 1)

I†I

M2
P

)
− γµ2M2

P

[(
I

MP

)N
+ c.c.

]
. (3.71)

With α = 1, this potential has a local maximum at(
I

MP

)N
=(γN)−1 κ2

8π2

(
µ

MP

)2

. (3.72)

To get a rough sense of scalings, we can suppose that I starts very near this maximum of the

potential. Because V ′ ∼ 0 at the hilltop, we will simply use Eqn. (3.52) for normal hybrid

inflation in our estimate; shortly we will check the accuracy of this numerically, and see that

this leads to an order one error. Then, taking η = −0.02 (in order to achieve ns = 0.96), one

finds that

µ

MP
=

((
.02

N − 1

)N
· (6.4× 109)2−N (Nγ)−2

) 1
4N−12

. (3.73)

For particular values of N , we can compute µ and κ: taking γ ≈ 1 and N = 4, this gives

µ ≈ 1011 GeV and κ ≈ 10−9. For N = 5, one obtains µ ≈ 1013 GeV, and κ ≈ 10−5. The

scale µ grows slowly with N , reaching 1014 GeV at N = 7 and 1015 GeV for N = 12. In

general, these results scale with γ as:

γ
− 1

2(N−3) . (3.74)

We discuss numerical studies of this problem in the next section. But the lesson here is that, for

fixed values of γ, and for a given N , the scale of inflation, µ, is fixed to a narrow range.

Choosing α = γ = 1, we are left with three free parameters: µ, κ, and the starting

value of the inflaton field, Istart. Given knowledge of these, we can compute the observable

predictions of the inflationary model, to be compared with the Planck collaboration results [41]:

45



1. The number of e-foldings N . To solve the horizon and flatness problems, it must be

N ≥ 50. In our numerical treatment, we will assume the range ofN = 50–60 e-foldings.

2. The slow roll parameters η, ε, which result in the spectral index ns = 1 − 6ε + 2η. The

measured value by the Planck collaboration is ns = 0.9603± 0.0073.

3. The density perturbation spectrumPR, whose amplitude is a function of V 3/2/V ′. Planck

measurements translate to V 3/2/V ′ = (5.10± 0.07)× 10−4M3
P.

These three physical constraints2 may be used to fix allowed ranges for the three parameters µ,

κ, and Istart.

3.10 Numerical Studies of Small Field Inflation

Denoting the real part of the field I by σ, the potential in Eq. (3.71) becomes

V (σ) = µ4

(
1 +

κ2

16π2
log(σ2)− (α− 1)

σ2

M2
P

)
− γµ2M2

P

(
σ

MP

)N
, (3.75)

where we have included in γ the numerical factor
√

2 coming from the field redefinition and

root-mean-square averaging over the inflaton field’s phase. It will be handy to denote the hilltop

position by σh, and to investigate how close σ has to be to σh in order to successfully have

N = 50–60 e-foldings of inflation.

For a given N , the parameters of the two field model are readily enumerated: µ, κ, α,

γ, and the starting field value σstart.
2We can, in principle, compute the tensor to scalar ratio r, but in all such models this will be unobservably small.
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In general, as said in the previous section, (1 − α) quantifies the Kähler correction

independent from the discrete symmetry, and is already required to be small, while the depen-

dence on γ is weak. In the following we will set α ∼ 1, γ = 1.

Given the potential (3.75), the expression for the number of e-foldingsN involves an

integral that can be computed numerically. With a χ2 analysis, for each given N , we set the

three remaining parameters µ, κ, σstart by fitting the experimental values of N , ns, V 3/2/V ′.

For example, in Fig. 3.2, where we set N = 4 and κ to its best-fit value, we show how the

allowed ranges for each experimental quantity intersect at specific values of µ and σstart.

In Table 3.1, we give the best-fit values of µ, κ, σstart, with the corresponding uncer-

tainties for N from 4 to 12. There is no fine-tuning associated with the inflaton being close to

the hilltop value, as the allowed values for σ/σh are in the range 0.6–0.8. For small N , the

coupling κ is tuned to be small. In the last column, we show how close to unity α has to be for

the Kähler correction not to overcome the discrete symmetry correction. As |α − 1| is already

fine-tuned to be of order 1
N in order not to spoil inflation, we conclude that there is another mild

tuning which operates to keep α close to 1.

For N = 12, the initial value of the field is σ = 1.7 × 1017 GeV, just a factor of 10

below MP. For larger N , it is not possible to accommodate ns = 0.96 within the framework of

small field inflation. Even for this large value of the field, the tensor-to-scalar ratio is predicted

to be small:

r = 0.12
V

(1.94× 1016 GeV)4
≤ 2× 10−6. (3.76)
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Figure 3.2: Contours for the spectral index ns (dashed red), the density perturbation V 3/2/V ′

(solid black) and the number of e-foldings N (solid blue), for N = 4. The coupling κ is kept
fixed at its best fit value of κ = 2.1 × 10−9. The shaded zones indicate the 1-sigma regions
allowed by the Planck results for ns and V 3/2/V ′, and the range of 50–60 e-foldings. The χ2 is
minimized where the bands intersect each other. For each value of κ a specific range of µ and
σ is allowed. As κ varies, each variable changes independently and the allowed region moves
and shrinks, until the three bands do not intersect.
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N µ (GeV) σ (GeV) σh (GeV) κ |α− 1|max

4 (2± 0.5)× 1011 (4.8± 2.3)× 109 6.7× 109 (2.1± 1.2)× 10−9 0.004

5 (2.5± 0.5)× 1013 (8± 2)× 1013 11× 1013 (3.5± 1.5)× 10−5 0.006

6 (1.25± 0.2)× 1014 (2.1± 0.4)× 1015 2.8× 1015 (9± 1)× 10−4 0.007

7 (2.9± 0.5)× 1014 (1.1± 0.16)× 1016 1.42× 1016 (4.7± 0.7)× 10−3 0.008(−); 0.02(+)

8 (4.8± 0.7)× 1014 (2.9± 0.3)× 1016 3.8× 1016 (1.3± 0.1)× 10−2 0.01(−); 0.016(+)

12 (1.2± 0.15)× 1015 (1.74± 0.12)× 1017 2.14× 1017 (7.4± 0.6)× 10−2 0.013(−); 0.008(+)

Table 3.1: Numerical results: central values and 1σ allowed ranges for the parameters, for
different choices of N . The central column lists the hilltop value for the central value of the
parameters. The last column shows how close to 1 the quartic Khäler correction α is forced to
be (at the 95%CL); for some N , there is a weak dependence on the sign of (α−1); these values
should be compared to the irreducible tuning of order 1

N ∼ 0.016–0.020.

3.11 Incorporating Supersymmetry Breaking

The picture of small field inflation we have developed up to now assumes that the scale

of inflation is large compared to the scale of supersymmetry breaking, i.e. that HI � m3/2.

This is the origin of the requirement that the superpotential should vanish and supersymmetry

be unbroken, to a good approximation, at the end of inflation. But one might consider the

possibility that HI ∼ m3/2. A higher scale of m3/2 is suggested by the observed Higgs mass

and supersymmetry exclusions. In addition, for small values of N , we have obtained small

values of H0. So it is interesting to consider the possibility that the the scale of inflation is

comparable to m3/2.

For example we can modify the models we have studied, to give them an O’Raifeartaigh
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like structure, adding to the superpotential of Eqn. (3.35) a coupling

mφΦ. (3.77)

Provided

|m2| > κµ2 (3.78)

supersymmetry is broken, in a state with Φ = 0. It is interesting that in this case, inflation

ends without ever passing into a “waterfall” regime. As [34] stressed, the so-called waterfall is

indeed not the distinguishing feature of hybrid inflation.

A different approach has been pursued in [46]. Again, it is assumed that the scale

of inflation is not too much different than the scale of supersymmetry breaking. One writes a

theory of a single field, φ, and does not require an unbroken R symmetry at the end of inflation.

Instead, one assumes that the negative contribution to the cosmological constant arising from the

vev of the superpotential is cancelled by some supersymmetry breaking dynamics. To constrain

the form of the superpotential, one still assumes a discrete R symmetry. It is necessary, as in

hybrid inflation, to tune the Kähler potential so that the |φ|4 term is small. The superpotential

takes the form:

W (φ) = v2φ− g

n+ 1
φn+1, (3.79)

while the quartic term in the Kähler potential must be quite small. The resulting model is of

the hilltop type. The potential exhibits a local maximum at the origin, and the initial value

of the field must lie quite close to the maximum (compared to the distance of the origin from

the minimum). Inflation occurs in a region very close to the origin in field space (defined by an
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unbrokenR symmetry). The field then settles into a minimum with small cosmological constant

and broken supersymmetry and R symmetry. The model can produce the requisite number of

e-foldings and fluctuation spectrum, without introducing an extremely small number analogous

to κ of Eq. (3.35). However, it predicts too small a value of ns,

ns = 0.94. (3.80)

To obtain a spectral index consistent with Planck, it is necessary to introduce a small and well-

tuned constant in the superpotential, which the authors denote c, and is of order 10−19 (in Planck

units). There are other issues, such as a possible gravitino problem and overproduction of dark

matter, but these can readily be solved by introducing additional matter coupled to the inflaton.

Both approaches, then, seem viable, and have the potential to relate supersymmetry

breaking dynamics to inflationary dynamics. Each requires certain tunings.

3.12 Conclusions: Predictions and Observable Consequences for

Low Energy Physics

The results from Planck pose challenges for models of small field inflation. It has

been said that they rule out “hybrid inflation.” Here, following [34], we have carefully defined

models of hybrid inflation as models in which inflation occurs on a pseudomoduli space, with

supersymmetry and an R symmetry approximately restored at the end of inflation. We have

assumed a discrete R symmetry, and have considered the importance of corrections to the su-

perpotential and Kähler potential. For initial values of the field far from the local maximum of

the potential, one predicts a spectral index inconsistent with Planck. To obtain ns = 0.96, it
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is necessary that the field start near the local maximum, though this condition is not severely

tuned. For ZN symmetry with N = 4, the scale of inflation is rather low, and we considered

the possibility that HI ≈ m3/2. In this case, the dynamics of inflation might be closely tied to

the scale of supersymmetry breaking, and there is some chance that aspects of the physics of

inflation could be studied in accelerator experiments.

We have noted that, in this case, the assumption of an unbroken R symmetry and

unbroken supersymmetry at the end of inflation might be relaxed, and compared the hybrid

models with those of [46]. Each of these models can reproduce the data, and involves very

small parameters and tunings. The fact that many models with such features can reproduce the

basic data of inflation raises, as always, the question of whether there is any way they might

be testable or falsifiable. We would argue that the best hope is connecting inflation with the

dynamics responsible for supersymmetry breaking. It will be particularly interesting to explore

dynamical supersymmetry breaking (and generation of scales) in this framework.
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Chapter 4

Neutralino Dark Matter

4.1 Introduction

The “well-tempered neutralino”, an expression coined in Ref. [10], emerges from

the notion that LEP results [47] forced supersymmetric particle masses to a range where the

thermal dark matter (DM) relic density is no longer “natural”, but rather, is “critically” tuned

(to use the language of Ref. [10]), i.e. it results from some fine-tuning of the relevant parameters,

including soft supersymmetry breaking masses, in the theory. Ref. [10] then argues that this is

somewhat similar to the naturalness problem associated with electroweak symmetry breaking,

where, after LEP, parameters needed to be somewhat tuned to reproduce the correct mass of

the Z boson. The well-tempered neutralino corresponds to the particular fine tuning of the mass

parameters relevant to the neutralino sector: the soft-supersymmetry breaking masses associated

with the fermionic partners of the U(1)Y and SU(2)L gauge bosons, M1 and M2, respectively,

and the Higgsino mass parameter, µ. As a result, well-tempered neutralinos correspond to
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scenarios where M1 or M2 ∼ µ (bino-Higgsino or wino-Higgsino mixed [48, 49, 50, 51, 52])

or M1 ∼ M2 (bino-wino mixed [50, 53, 54, 55]). Similar scenarios of finely-tuned neutralino

admixtures were explored prior to Ref. [10], see for instance Ref. [49, 50].

In the LHC era, the situation pictured above has not substantially changed — rather,

it has possibly become more dire, as a result of null searches for squarks, gluinos and, as we will

discuss extensively here, for electroweakinos (by which we mean neutralinos and charginos).

Additionally, and perhaps more importantly, the decade after Ref. [10] appeared brought a sub-

stantial improvement in the limits from direct dark matter searches by over three orders of

magnitude in the DM-nucleon scattering cross section, severely impacting the mixed gaugino-

Higgsino scenarios producing the correct thermal relic neutralino density. This has been pointed

out long ago, e.g., in Ref. [56], which argued that there are veritable “target” direct detection

rates for well-tempered neutralinos. There exist caveats to this statement, however: first, in the

limit of null Higgsino fraction, that could be realized for a well-tempered bino-wino scenario

(see Sec. 4.2.3), or, similarly, in the limit of null gaugino fraction, spin-independent and spin-

dependent direct detection rates vanish, since the coupling to Higgs bosons is proportional to

the Higgsino-gaugino mixing, and the coupling to the Z boson is proportional to the Higgsino

fraction (but also vanishes for pure Higgsinos, which are Dirac fermions); secondly, it was real-

ized that there exist blind spots, where combinations of parameters conjure to cancel the lightest

neutralino couplings to the Z and/or to the Higgs boson(s) [57]. The blind spots arise only for

particular relative signs ofM1, M2 and µ, and depend on the value of the ratio of the two Higgs

doublets’ vacuum expectation values (vev), tanβ [57]. The study of blind spots was gener-

alized to simplified models in Ref. [58] in the Higgs decoupling limit, where all non-standard
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Higgs bosons of the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) are

heavy. Additionally, blind spots for spin-independent searches can also occur via interferences

between the two CP-even Higgs bosons h and H , for certain relative values (depending on con-

ventions) of the Higgsino mass parameter, µ, over the gaugino masses, M1,2, as first noticed in

Ref. [59].

Ref. [60] studied the complementarity of dark matter searches in the case of blind

spots, pointing out three important facts: (i) a blind spot for spin-independent direct detec-

tion is not blind for spin-dependent, as well as for searches for neutrinos from the Sun with

ICECUBE (whose rate depends on the capture rate of neutralinos in the Sun, primarily driven

by spin-dependent interactions); (ii) blind spots typically correspond to models where the pre-

dicted gamma-ray signal is too low to be detectable with the FERMI LARGE AREA TELESCOPE

(LAT); and (iii) searches for supersymmetry with the LHC can significantly cover blind spots.

Ref. [61] pointed out in 2011 that the (then) recent XENON100 results [62] were

in tension with a rather large portion of the well-tempered bino-Higgsino scenario, barring

resonant annihilation channels via the light Higgs boson h or the Z boson, and that the entire

parameter space could be ruled out with an increment of a factor of a few in the sensitivity of

direct dark matter searches. Indeed, Ref. [63] argues that the entire well-tempered neutralino

scenario is ruled out by direct detection exclusion limits from XENON100 [62], PANDAX [64],

and LUX [65]; however, Ref. [63] denotes with “well-tempered neutralino” essentially only

bino-Higgsino mixed scenarios, and does not consider bino-wino neutralino admixtures or pure

states. Similar conclusions are reached in Ref. [66], which illustrates how a bino-dominated

bino-Higgsino mixed state is ruled out by the LUX constraints unless tanβ . 3, assuming the
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Higgs decoupling limit; this relatively low tanβ value, in combination with the measurement of

the Higgs mass, then forces scalar top (stop) partners to be heavier than ∼ 25 TeV. Otherwise,

non-standard Higgs bosons need to be light, i.e. below around 400 GeV, and tanβ ∼ 10 in

order for blind spots to appear. Ref. [66] also derives a lower limit to the lightest neutralino

mass in the Higgsino-like bino-Higgsino mixed case, which again depends on the mass of the

“heavy” non-standard Higgs bosons.

A similar study of mixed bino-Higgsino scenarios was featured in Ref. [67], which

specifically addressed direct detection blind spots arising from interference in the CP-even

Higgs boson exchange diagrams relevant for spin-independent searches. In this context Ref. [67]

addressed, along similar lines to Ref. [60], how a “holistic” approach including direct and indi-

rect searches and collider searches for both heavy Higgs boson and electroweakinos could test

the remaining open sections of parameter space. More studies of the interplay of dark matter

experiments and LHC searches in the mixed bino-Higgsino dark matter scenario can be found

in Refs. [68, 69].

Traditionally, experimental searches at LEP and the LHC for neutralinos and charginos

have hinged upon a same-sign dilepton or multilepton signature associated with missing trans-

verse energy, /ET , assuming the direct production of a heavier neutralino and the lightest chargino,

or pairs of heavier neutralinos or charginos. The final state leptons can either arise from cascade

or three-body decays of the neutralinos and charginos via [virtual] scalar leptons (sleptons), or

in neutralino and chargino decays into the lightest neutralino — the lightest supersymmetric par-

ticle (LSP) — and a W or Z boson, which can subsequently decay leptonically. LHC searches

for this signature [70, 71, 2] are competitive over large swaths of the gaugino mass parameter
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space, currently excluding lightest chargino/second neutralino mass values of up to∼ 450 GeV

(in a simplified scenario where the Higgsino mass parameter, µ, as well as squarks and slep-

tons are decoupled). However, these searches become insensitive in scenarios with small mass

differences ∆m between the decaying charginos/neutralinos and the LSP, in which case the 4-

momenta of the final state leptons are typically small due to phase space suppression, and these

leptons escape detection. Indeed, as we will discuss in more detail in this work, well-tempered

neutralino dark matter scenarios quite generically feature such a compressed electroweakino

mass spectrum, and thus traditional multilepton + /ET collider searches are rather insensitive.

More recently, dedicated LHC searches for scenarios with a compressed electroweakino

mass spectrum have been performed, requiring two final state leptons, /ET , and an additional

initial state radiated (ISR) jet. The additional ISR jet recoils against the remaining objects, thus

giving rise to larger transverse momenta of the two leptons. These searches have so far only

been carried out by the CMS experiment. We shall include the latest results from these searches

as well as from the traditional multilepton + /ET search by the CMS collaboration in our work.

In addition to the search strategies outlined above, Ref. [72] addressed and proposed

a different search path based on the possibility of radiative neutralino decays into the LSP and

a photon, potentially giving rise to an opposite-sign dilepton signature associated with /ET and

a detectable photon.

The focus of the present analysis is on what we refer to as not-so-well tempered neu-

tralinos: by that we mean both the well-tempered case, where the thermal relic abundance

matches the observed cosmological dark matter abundance, and under-abundant neutralinos,

where the thermal relic density is smaller than the dark matter abundance. In the under-abundant
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case, we assume that a different particle species constitutes the remainder of the dark matter den-

sity. Indicating the thermal neutralino density with ρχ and the cosmological dark matter density

with ρDM, we assume that the ratio ξ = ρχ/ρDM ≤ 1 is constant everywhere in the universe. As

a result we rescale the DM direct detection rates by the factor ξ, and the gamma-ray flux from

neutralino pair-annihilation by a factor ξ2. We assume a standard cosmological thermal history,

and thus we rule out models with ξ > 1, even though a late episode of entropy injection or other

modifications to the thermal history could in principle make such over-abundant models viable.

In this paper we explore how not-so-well tempered neutralinos are constrained by

current and future direct and indirect dark matter detection experiments, as well as by collider

searches for supersymmetric particles. The standard lore, which we reviewed above, is that

direct detection largely rules out well-tempered bino-higgsino scenarios. Here we bring a dif-

ferent perspective compared to other previous studies; specifically, we1

(i) include under-abundant models, where direct detection constraints are suppressed relative

to collider searches by a factor ξ;

(ii) explore the impact of relatively light non-standard Higgs bosons. The quasi-on-shell

s-channel exchange of the CP-odd and CP-even heavy Higgs boson opens well-known

funnels in the parameter space, where the thermal relic density can be significantly sup-

pressed by resonant DM pair-annihilation;

(iii) systematically compare current and future DM direct detection constraints with current

and projected limits from collider searches for supersymmetric particles and with current
1Some of these phenomenological features have been observed in global fit studies of supersymmetric models,

see e.g. Refs. [73, 74, 75, 76, 77].
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and future gamma-ray searches.

The remainder of the paper is structured as follows: in Sec. 4.2 we review the neu-

tralino sector of the MSSM and fix the notation for the relevant masses and mixing parameters;

we then describe the bino-Higgsino and bino-wino mixed neutralino cases. Sec. 4.3 describes

the current constraints that we include in our study, specifically, DM direct detection experi-

ments, DM searches with gamma rays, and collider searches for electroweakinos. Finally, we

present our results in Sec. 4.4 and conclude in Sec. 4.5.

4.2 Well-tempered neutralino scenarios

In this section we briefly review the neutralino sector of the MSSM and the specific

cases of well-tempered bino-Higgsino and bino-wino admixtures of the lightest neutralino. We

follow the conventions and notations of Ref. [78] (see also e.g. Refs. [79, 80, 81, 82, 83] for

introductions to the MSSM).

4.2.1 The neutralino sector of the MSSM

In the MSSM, the fermionic superpartners of the electrically neutral SU(2)L×U(1)Y

gauge bosons, namely the bino, B̃ (the superpartner of the U(1)Y gauge bosonB) and the wino,

W̃ 0 (the superpartner of the neutral SU(2)L gauge boson W 0), mix with the superpartners of

the neutral components of the two MSSM Higgs doublets, the Higgsinos, H̃0
d and H̃0

u. The
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mixing is governed by the mass matrix

M =



M1 0 −MZcβsW MZsβsW

0 M2 MZcβcW −MZsβcW

−MZcβsW MZcβcW 0 −µ

MZsβsW −MZsβcW −µ 0


. (4.1)

Here and throughout this paper we use the shorthand notation cβ = cosβ, sβ = sinβ, tβ =

tanβ, cW = cos θW , sW = sin θW , tW = tan θW etc.. θW is the weak mixing angle and MZ

is the mass of the Z boson. In general, the gaugino and Higgsino mass parameters M1, M2 and

µ are complex, thus allowing for new sources of CP-violating interactions beyond the SM. We

restrict ourselves to the CP-conserving MSSM in this work, thus all mass parameters are real.

After diagonalization, we obtain the physical mass eigenstates, the neutralinos, χ̃0
i

(i = 1, . . . , 4, enumerating the mass ordered states from lightest to heaviest). The neutralino

masses are then given by

diag(mχ̃0
1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
) = Z∗MZ−1, (4.2)

where Z is the neutralino mixing matrix. The components of the Z matrix play a central role

in the coupling expressions of the neutralino interactions with the neutral Higgs bosons. The

relevant terms in the Lagrangian for neutralino-neutralino-scalar interactions are

Lχ̃0χ̃0φ =− g2
2 (Hcα − hsα) χ̃0

n

(
PRQ

′′
n` + PLQ

′′∗
`n

)
χ̃0
`

+ g2
2 (Hsα + hcα) χ̃0

n

(
PRS

′′
n` + PLS

′′∗
`n

)
χ̃0
`

− ig22 Aχ̃0
nPR

(
Q
′′
n`sβ − S

′′∗
n` cβ

)
χ̃0
`

− ig22 Aχ̃0
nPL

(
S
′′∗
`n cβ −Q

′′∗
`nsβ

)
χ̃0
` . (4.3)
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We denote by φ = h and H the light and heavy neutral CP-even Higgs boson, respectively,

obtained after electroweak symmetry breaking from the diagonalization of the CP -even neutral

components of the Higgs fields Hu and Hd by a rotation with mixing angle α. A is the neutral

CP-odd Higgs boson of the MSSM Higgs sector, and g2 is the SU(2)L gauge coupling strength.

We furthermore defined

Q′′n` ≡ 1
2 [Zn3(Z`2 − tWZ`1) + Z`3(Zn2 − tWZn1)] , (4.4)

S′′n` ≡ 1
2 [Zn4(Z`2 − tWZ`1) + Z`4(Zn2 − tWZn1)] . (4.5)

Note that if the lightest neutralino, χ̃0
1, is either purely Higgsino (Z11 = Z12 = 0) or has

no Higgsino component (Z13 = Z14 = 0), then Q′′11 = S′′11 = 0. In other words, only

if the lightest neutralino has both gaugino and Higgsino components, the χ̃0
1χ̃

0
1φ (with φ =

h,H,A) couplings will be nonzero. These couplings play a major role both in neutralino pair-

annihilation processes as well as neutralino-nucleon scattering processes that are mediated by

Higgs bosons.

4.2.2 Bino-Higgsino case

For M1 ∼ µ � M2, a scenario we indicate as bino-Higgsino case, in the limit of

large sfermion masses and outside regions of resonant Higgs-mediated annihilation, the light-

est neutralino thermal relic density is set by the interplay of four species which, depending

on the relative splitting between M1 and µ, contribute to the effective pair-annihilation cross

section via co-annihilation: the three lightest neutralinos, and the lightest chargino. Analytical

expressions for the thermal relic density in the limit of small mixing and for pure Higgsinos can
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be found, for instance, in Ref. [10]. Above the Z mass and below a lightest neutralino mass

mχ̃0
1
. 500 GeV, the correct thermal relic density is obtained for µ & M1, with the difference

(µ−M1) decreasing with increasing mχ̃0
1
. For mχ̃0

1
> 500 GeV, we need M1 & µ for the cor-

rect thermal relic abundance, which eventually saturates to the pure Higgsino value for lightest

neutralino masses ∼ 1 TeV. At that point M1 can take arbitrarily large values, and the lightest

neutralino is essentially a pure Higgsino.

4.2.3 Bino-Wino case

The mixed bino-wino case is rather similar to the bino-Higgsino scenario, and it oc-

curs if M1 . M2 � µ; the main driver of the thermal relic abundance is the degree of mixing

between the lightest, bino-like neutralinos and its SU(2)-charged co-annihilating partners. Such

mixing is, to lowest order, controlled by a mixing angle [10]

θ ≡ sin2 θW sin2 βM2
Z

2µ(M2 −M1)
. (4.6)

The role of µ is thus crucial for both the spin-independent direct detection cross section (which

depends on the degree of Higgsino times gaugino fraction of the lightest neutralino) and for

setting the thermal relic density, at least for lightest neutralino masses below the mass that

produces a good thermal relic in the pure wino limit, around 2 TeV. Once again, above this

latter threshold, the lightest neutralino is wino-like for any value of M1 > M2.

4.2.4 Wino-Higgsino case

A final third possibility is that of mixed wino-Higgsinos, occurring for M2 ∼ µ �

M1. The multiple coannihilation channels and annihilation final states including SU(2)L gauge

62



bosons highly suppress the thermal relic density for any mass within LHC reach, i.e. in the

hundreds of GeV range, producing highly suppressed direct detection and indirect detection

rates. Collider searches are the only avenue open in this case, and the exercise of comparing

such searches with dark matter searches is in this case not informative. We therefore do not

consider this case here.

4.3 Experimental Constraints

In this section we describe the relevant experimental constraints on not-so-well tem-

pered neutralino DM scenarios in the MSSM, and how we include them in our study. We discuss

first the dark matter constraints obtained from the determination of the dark matter relic abun-

dance, direct and indirect detection experiments, and then the collider constraints from searches

for supersymmetric particles, as well as from Higgs searches, at the LEP and LHC experiments.

On a technical note, we generate the MSSM particle mass and decay spectrum with

the SUSYHIT package (version 1.5a) [84, 85, 86]. DM relevant quantities such as the neutralino

relic abundance, the annihilation cross section and neutralino-nucleon scattering cross section

are evaluated with MicrOMEGAs (version 4.3.1) [87, 88].

4.3.1 Dark Matter Constraints

We assume a standard cosmological thermal history, and we assume that neutralinos

are only produced through thermal freeze-out. We rule out models with a thermal relic density

larger than the 95% C.L. upper limit on the cold dark matter density in the universe, according to
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Ref. [89]. Given that ΩDMh
2 = 0.1188±0.0022, where ΩDM = ρDM/ρcrit and h is the Hubble

parameter in units of 100 km/s/Mpc, the upper limit is Ωmax
DM h2 = 0.1232. For models where the

thermal relic density ρχ ≤ ρDM we define the quantity ξ ≡ min (1,Ωχ/ΩDM), thus allowing

for the possibility that neutralinos are only a fraction ξ of the dark matter in the universe. We

assume that ξ is constant at all points in the universe and consider a local neutralino density

ρχ(~x) = ξρDM(~x). We will consider models where Ωχ/ΩDM > 1 as ruled out, even though

we will show results for those models, entertaining the possibility that the right relic density is

achieved via appropriate dilution of the excessively large thermal relic density.

In practice, our procedure yields a suppression by a factor ξ for direct detection rates,

which depend linearly on ρχ = ξρDM, and a suppression by a factor ξ2 for indirect detection

rates, specifically gamma-ray from dark matter annihilation, which depend on ρ2
χ = ξ2ρ2

DM.

In terms of the specifics of the constraints, for the direct detection constraints we use

the results of the 2017 XENON1T collaboration [3], which are marginally but visibly stronger,

on our plots, than the recent 2016 LUX analysis [65]. We make the same assumptions on the

local dark matter density, velocity distribution, quark content of the proton as in Ref. [65, 3].

For indirect detection with gamma rays, we consider a proxy to the photon flux that

only captures the “particle physics” factor,

φ̃γ = cγ
〈σv〉0
m2
χ

, (4.7)

where

cγ =

∫ mχ

Eth

dN

dE
dE ' c ·mα

χ (4.8)
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indicates the gamma-ray multiplicity per dark matter annihilation with α ' 1.0 and c ' 1.0.

We thus have

φ̃γ '
〈σv〉0
m2
χ

mα
χξ

2. (4.9)

Following the results of Ref. [90] on searches for gamma rays from local dwarf spheroidal

galaxies, we approximate current constraints from gamma-ray observations using

φγ .

( 〈σv〉0
3 · 10−26 cm3s−1

)
·
(

100 GeV

mχ

)2−α
(4.10)

Although approximate and somewhat model-dependent, this criterion mirrors the general abil-

ity of indirect searches with gamma rays to set firm constraints on the parameter space of in-

terest here. Other indirect or astrophysical searches for dark matter are generally more model-

dependent, or less sensitive, than the limits implied by Eq. (4.10).

4.3.2 Collider Constraints

4.3.2.1 LEP Searches for EW Gauginos

The combination of results from all four LEP experiments from searches for chargino

pair production yields a lower limit on the chargino mass of mχ̃±1
≥ 103.5 GeV [91]. This

limit is quite robust, and only weakens slightly, to mχ̃±1
& 95 GeV, if the mass splitting ∆m

between the chargino and the lightest neutralino is below 3 GeV (reaching the weakest limit of

mχ̃±1
& 92 GeV at ∆m ≈ 200 MeV) [92]. However, in the results shown in this work ∆m

always exceeds 3 GeV, so that we can apply the limit mχ̃±1
≥ 103.5 GeV everywhere.2

2Scenarios with ∆m < 3 GeV and m
χ̃±
1
∼ O(90− 100) GeV can only be obtained if the bino component of

the LSP is very small, and thus generically lead to a neutralino relic density that is much too small compared to the
observed dark matter density.
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4.3.2.2 LHC Searches for EW Gauginos

CMS has searched for electroweak gauginos with two soft oppositely charged leptons

(electrons, muons), missing transverse energy and an initial state radiated (ISR) jet in the final

state [93, 1], following ideas from Refs. [94, 95] (see also Ref. [96]). This search is particularly

sensitive to scenarios with small mass splittings ∆m down to∼ 7.5 GeV between the decaying

EW gaugino and the lightest neutralino. A simplified model interpretation is given for the

production of the lightest chargino, χ̃±1 , and second lightest neutralino, χ̃0
2, each assumed to be

pure wino gauge eigenstates, and fully decaying to the lightest neutralino, χ̃0
1, and a W± or Z

boson, respectively.

The same SUSY process and simplified model was also searched for in multilepton

final states by ATLAS [70] and CMS [71, 2]. These searches become only sensitive for mass

splittings of roughly ∆m & 25% ·mχ̃±1
due to the minimal pT requirements of the leptons of

the order of 20 to 25 GeV. They exhibit their full sensitivity for large mass splittings ∆m well

above the Z boson mass, MZ .

In our analysis we include the CMS upper cross section limits based on the latest re-

sults from the Moriond 2017 conference, using 35.9 fb−1 of 13 TeV data [1, 2]. We evaluate the

χ̃±1 χ̃
0
2 (and, in the bino-Higgsino scenario, χ̃±1 χ̃

0
3) production cross section at next-to-leading or-

der (NLO) including the resummation of large logarithms at the next-to-leading log (NLL) level

with the public code Resummino-2.0.1 [97, 98, 99, 100, 101], using CTEQ6.6LO [102]

and MSTW2008NLO90CL [103] parton distribution functions (PDFs) through the LHAPDF

framework [104].
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We furthermore include approximations of the expected limits for future integrated

luminosities of 100 fb−1 and 300 fb−1 in our analysis, assuming future null results and that the

total uncertainty is statistically dominated. Note, however, that the accuracy of our future limit

estimates is rather limited due to the lack of public information from the CMS search analyses.3

4.3.2.3 LHC Searches for Higgs bosons

In the scenarios we consider here, we assume that SUSY and Higgs mixing effects

are sufficiently decoupled such that the light Higgs boson possesses SM Higgs couplings to

very good approximation. Hence, the LHC Higgs boson signal strength measurements cannot

discriminate our scenarios from the SM picture unless the light Higgs boson can decay into

light SUSY states, in particular, to two lightest neutralinos, h → χ̃0
1χ̃

0
1, which is an invisible

final state. Taking the combined ATLAS and CMS Higgs boson signal strength determination

for the 125 GeV Higgs boson [105], µ̂ = 1.09± 0.11, we can infer a 95% C.L. upper limit on

the invisible branching fraction of the Higgs boson, BR(h → χ̃0
1χ̃

0
1) ≤ 14.4%, assuming

the Higgs couplings are unaltered with respect to the SM (see e.g. Ref. [106, 107] for the

methodology). Direct LHC searches for invisible Higgs decays, assuming SM Higgs production

rates, currently give weaker upper limits on BR(h → χ̃0
1χ̃

0
1), namely 28% and 36% from

ATLAS [108] and CMS [109], respectively. It turns out that in all scenarios investigated in this

work, BR(h→ χ̃0
1χ̃

0
1) never exceeds the experimentally allowed value.

Since we focus in particular on scenarios where the heavier MSSM Higgs bosons
3In particular, the expected upper cross section limit, σexp

UL , is not publicly available in the χ̃±1 -χ̃0
1 mass plane. We

therefore estimated σexp
UL by rescaling the observed upper cross section limit, σobs

UL , by the ratio σ/σobs
UL calculated at

the 95% C.L. expected limit contour line.
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H and (to a lesser extent) A in the intermediate mass range4 influence the neutralino DM

phenomenology, we need to comment on the constraints arising from LHC searches for these

Higgs bosons. At large values of tanβ the strongest constraints arise from searches for pp →

H/A → τ+τ− [110, 111], where the Higgs bosons H and A are produced either through

gluon fusion or in association with a pair of bottom quarks. The H and A couplings to

down-type fermions are tanβ-enhanced, leading to sizable signal rates for this process. For

instance, in the representative MSSM mmod+
h benchmark scenario [112], current null results

from ATLAS [110] and CMS [111] set an upper limit of tanβ . 15 at MA = 500 GeV.

Note, however, that in this scenario the gaugino and Higgsino soft-breaking mass parame-

ters are fixed to 2M1 ≈ M2 = µ = 200 GeV, leading to a light electroweakino mass

spectrum and thus to non-vanishing heavy Higgs to light neutralino/chargino decays. Con-

sequently, this suppresses the branching fraction for the H and A decays into τ+τ−, lead-

ing to a weaker tanβ limit than in scenarios where Higgs decays to electroweakinos are ab-

sent. In our scenarios the parameters M1, M2 and µ vary, and we thus employ the code

HiggsBounds-5.1.0beta [113, 114, 115, 116, 117] to check the constraints from these

(and other) Higgs searches in the full parameter space.

Our example choice of MA = 500 GeV and tanβ = 10 is still allowed by current

limits from LHC pp→ H/A→ τ+τ− searches. The parts of the parameter space where Higgs

decays to electroweakino are kinematically forbidden will however be excluded if the current

limit is improved by ∼ 25%, whereas in the experimentally allowed parameter regions with

maximal branching fractions of the heavier Higgs bosons to electroweakinos (see Sec. 4.4.1)
4We choose MH ∼MA = 500 GeV and tanβ = 10 as illustrative example values in Sec. 4.4.
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Figure 4.1: Comparison of current and projected constraints in the well-tempered bino-Higgsino
neutralino DM scenario in the (µ, M1) parameter plane for negative µ (left) and positive µ
(right), with tanβ = 10, M2 = 2.5 TeV and a pseudoscalar Higgs mass of MA = 500 GeV.
The orange regions are excluded by two different LHC searches for pp→ χ̃±1 χ̃

0
2 →W±Zχ̃0

1χ̃
0
1

by the CMS experiment [1, 2] (see text). Projected limits for 100 fb−1 and 300 fb−1 of the CMS
searches are shown by dashed lines. The exclusion obtained from the LEP chargino mass limit
is shown in green. Current and projected (improvement of a factor 2) exclusion limits by the DM
direct detection experiment XENON1T [3] are shown as blue shaded areas with varying opacity
(see blue text labels). Projected limits from DM indirect detection experiments are indicated
by the magenta regions, where the current limit is scaled by factors of 10, 100 and 1000, with
high to low opacity. The narrow region that predicts the observed DM relic density is shown in
red. An overlaid hatching marks the over-abundant neutralino DM regions, assuming a standard
cosmological thermal history. The roughly diagonal and hyperbolic-like gray dotted contours
give values for the mass splitting, ∆m = mχ̃±1

−mχ̃0
1
, and the DM mass, mχ̃0

1
, respectively.

an improvement by ∼ (50 − 60)% is needed to obtain exclusion. Yet, as we will argue at the

end of Sec. 4.4, the dark matter phenomenology and Higgs funnel mechanism is only mildly

dependent on tanβ, thus the scenarios discussed in this work can easily be obtained at lower

tanβ values, which puts the pp→ H/A→ τ+τ− searches out of reach in the near future.
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4.4 Results

4.4.1 Bino-Higgsino case

We start our study of the not-so-well tempered neutralino with the case of a bino-

Higgsino admixture. We decouple the wino soft-breaking mass parameter, M2, by setting it

to 2.5 TeV. In order to illustrate the effects of resonant, quasi-on-shell exchange of a heavy

Higgs boson we set the pseudoscalar Higgs mass to MA = 500 GeV and tanβ = 10. We

furthermore decouple the sfermion and gluino mass parameters by setting them to 5 TeV. We

choose the trilinear soft-breaking parameters (in particular At) such that a light Higgs boson

mass of Mh ' 125 GeV is ensured to a good approximation everywhere in the parameter

space.

We present our results in Fig. 4.1. The left panel shows our results for negative relative

sign between M1 and µ, while the right panel displays them for positive relative sign. The

phenomenology is strikingly different in the two cases due to important interference effects, as

we discuss below.

The green vertical bands indicate the region ruled out by LEP searches for chargino

pair production (see Sec. 4.3.2.1). The orange area is ruled out by current LHC searches for

pp → χ̃±1 χ̃
0
2 → W±Zχ̃0

1χ̃
0
1 conducted by the CMS collaboration (see Sec. 4.3.2.2). Here, in

the parameter region at M1 ∼ (130 − 250) GeV, |µ| ∼ (100 − 125) GeV, the exclusion is

obtained from the search designed for compressed electroweakino mass spectra [1], while the

other regions with M1 . |µ| are excluded by the (traditional) multi-lepton plus /ET search [2].

Estimates of future exclusions by these collider searches with 100 fb−1 and 300 fb−1 are shown
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as dashed black lines. Dark blue regions are ruled out by the recent XENON1T results [3] and

the light blue regions indicate the projected exclusion assuming a factor 2 improvement of the

XENON1T limit. Current gamma-ray indirect detection experiments do not provide any con-

straint on this parameter space. The magenta/pink shaded regions display a projected exclusion

assuming an improvement by one, two and three orders of magnitude of the current FERMI-

LAT limit obtained from dwarf-spheroidal galaxies [90], (see Eq. (4.10) in Sec. 4.3.1). The

narrow region that predicts the observed DM relic density is shown in red. For better orienta-

tion, we also include in Fig. 4.1 dotted gray contour lines for the mass difference between the

lightest chargino and the lightest neutralino, ∆m = mχ̃±1
−mχ̃0

1
(roughly diagonal lines) and

of the lightest neutralino mass (hyperbolic-like lines).

The plots illustrate that without resonant annihilation, i.e. outside the Higgs funnel

region, models with the correct thermal relic density are firmly excluded by direct detection, at

least in the region where the electroweakinos are relatively light and possibly accessible at the

LHC. In fact, we find that for positive relative sign between M1 and µ even the funnel scenario

with correct thermal relic abundance is ruled out by direct detection constraints, at least for the

particular choice of MA we made here, and unless µ is extremely large (far beyond the range

shown in Fig. 4.1).

Even after rescaling the direct detection exclusion limits with the thermal relic abun-

dance of the neutralino (if ξ < 1), in case of positive relative sign between M1 and µ, current

LHC searches do not provide a significant additional constraint given the XENON1T limit.

The picture is quite different for negative relative sign between M1 and µ, where the spin-

independent DM direct detection rates are suppressed by destructive interference between the
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light and heavy CP -even Higgs exchange (blind-spot). Here, current LHC searches exclude

regions not otherwise excluded by direct detection. Specifically, the CMS search for com-

pressed electroweakino mass spectra [1] excludes the neutralino DM under-abundant region

where the lightest neutralino is light, mχ̃0
1
∼ (100 − 120) GeV, and the mass splitting to

the lightest chargino is relatively small, ∆m ∼ (7.5 − 20) GeV. We estimate that the limit

will marginally improve with 100 fb−1 and will eventually reach scenarios with lightest neu-

tralino masses above 150 GeV with 300 fb−1.5 The multilepton plus /ET search [2] excludes

the parameter space mostly in regions where the neutralino DM is over-abundant — assuming

the standard cosmological thermal history — except for a region µ ∼ −(100 − 150) GeV,

M1 ∼ (110 − 125) GeV (which is however also excluded by XENON1T) and a region at low

M1 values, where mχ̃0
1
. Mh/2 ' 62.5 GeV and thus the light Higgs funnel mechanism is

effective.

Prospects for indirect detection under the present assumptions are generally very

bleak especially because of the suppression of rates with the inverse square of the (under-

abundant) relic density. Nevertheless, in the case of negative relative sign between M1 and

µ, and given the occurrence of a blind-spot cancellation as chosen here, indirect detection re-

mains the only tool to experimentally probe the heavy Higgs funnel region at |µ| > M1. Our

conclusions would of course be different assuming non-thermal production of neutralinos in

addition to the thermal relic population.

It should be noted that the XENON1T exclusion in Fig. 4.1(left) in the mostly over-

abundant region, M1 < |µ|, depends on the details of the destructive interference between the

5The projected exclusion line for 100 fb−1 is only marginally better than the current exclusion due to an under-
fluctuation of the currently observed signal yield (and thus a better observed limit than expected limit) [1].
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h- and H-mediated diagrams for spin-independent DM-nucleon scattering, and thus depends

on tanβ and the heavy Higgs masses, MH ∼ MA (see e.g. Ref. [118]). In contrast, the LHC

constraints are very robust in this regard and depend only marginally on tanβ through its effect

on the neutralino and chargino masses and mixing.

We summarize that a sub-TeV bino-Higgsino neutralino DM candidate must be highly

under-abundant unless moderately light non-standard Higgs bosons H and A exist and serve as

quasi-resonant mediator(s) for neutralino pair-annihilation and provide a blind-spot cancellation

in spin-independent direct detection experiments. LHC searches for direct production of elec-

troweakinos give additional constraints (besides direct detection and DM relic density) only for

a very light neutralino LSP in the under-abundant neutralino DM region. Given these findings,

we now investigate complementary LHC strategies that could further shed light on the question

whether such non-standard Higgs bosons indeed exist and interact in the described way with the

electroweakinos. In particular, we assess the size of the branching ratios of non-standard Higgs

boson decays into lighter electroweakino states for our scenarios. More detailed phenomeno-

logical work on these signatures can be found e.g. in Refs. [119, 120, 121, 122, 123, 124, 125,

126, 127, 128, 129, 130]. There are also early experimental studies of the LHC discovery reach

by ATLAS [131] and CMS [132].

In the top panels of Figs. 4.2 and 4.3 we show the branching ratios for H , A and

H± decays into the lightest neutralino (χ̃0
1) and another, heavier electroweakino (χ̃0

2, χ̃0
3, χ̃±1 ),

for three different slopes through the parameter space of Fig. 4.1(left), i.e. for negative relative

sign between M1 and µ. In Fig. 4.2(left) and (right) we set µ = −250 GeV and −125 GeV,

respectively, and show the results as function of M1. In contrast, in Fig. 4.3 we fixed M1 =
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Figure 4.2: Branching ratios of heavy Higgs boson decays to light electroweakinos (top row)
and electroweakino mass spectrum (bottom row) as function of the bino mass parameter M1

in the bino-Higgsino neutralino DM scenario, for µ = −250 GeV (left) and µ = −125 GeV
(right). We again choose tanβ = 10 and a pseudoscalar Higgs mass of MA = 500 GeV.

200 GeV and leave µ as a free parameter. The remaining parameters are the same as in Fig. 4.1.

In each case, the bottom panels show the masses of the light electroweakinos (χ̃0
1, χ̃0

2, χ̃0
3,

χ̃±1 ) for the same parameter choices as in the panel above. The blue and orange shadings

again indicate the excluded parameter space by XENON1T and CMS, respectively, and the

hatched region is excluded by the thermal relic abundance exceeding the observed dark matter

abundance.

Before imposing the direct detection and relic density constraints, we find that for
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Figure 4.3: Branching ratios of heavy Higgs boson decays to light electroweakinos (top row)
and electroweakino mass spectrum (bottom row) as function of the Higgsino mass parameter µ
in the bino-Higgsino neutralino DM scenario, forM1 = 200 GeV. We again choose tanβ = 10
and a pseudoscalar Higgs mass of MA = 500 GeV.

our scenarios (with tanβ = 10) the branching fractions for the neutral Higgs decays H/A →

χ̃0
1χ̃

0
i (i = 1, 2, 3) each can at most be ∼ 10%, while the one for the charged Higgs decay

H+ → χ̃0
1χ̃

+
1 can be slightly higher, up to 25%. However, after imposing the constraints from

the thermal relic abundance and XENON1T the latter decay rate shrinks to ∼ 6%. The decay

rate for H/A → χ̃0
1χ̃

0
2 is always significantly smaller than the rates for the invisible decay

H/A→ χ̃0
1χ̃

0
1 and H/A→ χ̃0

1χ̃
0
3 (if kinematically allowed). The vanishing branching ratio for

H/A→ χ̃0
1χ̃

0
3 at M1 ∼ 120 GeV in Fig. 4.2 is due to an accidental cancellation in the coupling

expression for the φχ̃0
1χ̃

0
3 (φ = H,A) coupling.

The experimental signatures arising from these decays are the following: The process

pp → H/A → χ̃0
3χ̃

0
1, with successive decay χ̃0

3 → Zχ̃0
1, offers the opportunity to search for a

Z+/ET signature. In the yet unexcluded regions (see above), the mass splitting between χ̃0
3 and

χ̃0
1 is at least ∼ 50 GeV, thus leptons originating from the decaying Z boson should be hard

enough to be experimentally observable. For tanβ & 10, the Higgs production in association
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with b-quarks is also sizable, leading to the possibility of additional b-jets. In our example for

MA = 500 GeV, tanβ = 10, we estimate the 13 TeV LHC cross section for H (A) production

to be around ∼ 34.8 (45.5) fb and ∼ 229.9 (230.6) fb for gluon fusion and bottom quark

associated Higgs production, respectively.6 In addition, the decay H/A → χ̃0
2χ̃

0
1 leads to the

same signature and will contribute to the signal yield, however, the branching fraction is smaller

and the χ̃0
2–χ̃0

1 mass splitting is smaller. Searching for the invisible Higgs decay H/A→ χ̃0
1χ̃

0
1

is a rather difficult as this signature requires at least one additional object, such as a Z boson

from the Higgs-Strahlungsprocess, a jet from initial state radiation, or b-jets from Higgs-bottom

quark associated production. Lastly, experimental searches for the charged Higgs boson decay

H± → χ̃±1 χ̃
0
1, with the chargino decaying to 100% to a W boson and the neutralino LSP, can

be performed assuming top-quark associated charged Higgs production, pp→ H±tb, although

SM backgrounds from top pair production are challenging [123].

4.4.2 Bino-Wino case

We now move on to the bino-wino case, i.e. M1 ' M2 � µ. Fig. 4.4 shows current

and future collider and dark matter constraints in the parameter plane defined by M2 on the

horizontal axis and the difference (M2 −M1) on the vertical axis. In the left and right panel

we set µ = 750 GeV and 2.5 TeV, respectively. We use the same values for tanβ = 10 and

MA = 500 GeV as in the bino-Higgsino case, and again choose the sfermion and gluino mass

parameters to be 5 TeV. As before, the trilinear soft-breaking parameters are adjusted to yield

a light Higgs boson mass of Mh ' 125 GeV.
6Our cross section estimates are obtained by rescaling the most recent predictions from the LHC Higgs Cross

Section Working Group, see Ref. [133] (and references therein).
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Figure 4.4: Comparison of current and projected constraints in the well-tempered bino-wino
neutralino DM scenario in the (M2, M2 −M1) parameter plane for µ = 750 GeV (left) and
2.5 TeV (right), with tanβ = 10 and a pseudoscalar Higgs mass of MA = 500 GeV. The
orange regions are excluded by two different LHC searches for pp→ χ̃±1 χ̃

0
2 → W±Zχ̃0

1χ̃
0
1 by

the CMS experiment [1, 2] (see text). Projected limits for 100 fb−1 and 300 fb−1 of the CMS
searches are shown by dashed lines. The exclusion obtained from the LEP chargino mass limit
is shown in green. Current and projected exclusions by the XENON1T DM direct detection
experiment are shown as blue shaded areas with varying opacity (see blue text labels). Projected
limits from DM indirect detection experiments are indicated by the magenta regions, where the
current limit is scaled by factors of 10, 100 and 1000, with high to low opacity. The narrow
region that predicts the observed DM relic density (including a 3σ error margin) is shown in
red. The roughly horizontal and vertical gray dotted contours give values for the mass splitting,
∆m = mχ̃±1

−mχ̃0
1
, and the DM mass, mχ̃0

1
, respectively.

The hatched region features over-abundant relic dark matter, while the red stripes

indicate the parameter region where the thermal relic density is within the range of the observed

cosmological dark matter. Again, the orange regions are ruled out by current LHC searches,

and projections for 100 fb−1 and 300 fb−1 are given by the dashed lines. The exclusion from

the CMS search for compressed electroweakino mass spectra [1] appears at small values of

(M2 − M1) ∼ −5 to 20 GeV, while the other region at larger (M2 − M1) values (within

the over-abundant relic DM region) is excluded by the multi-lepton plus /ET search [2]. The

green region is ruled out by LEP chargino searches. In the left panel, the dark blue region is
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excluded by the current XENON1T direct detection results, while in the right panel, it shows

the sensitivity if the current XENON1T limit is improved by a factor of 25. Furthermore, the

light blue region shows future sensitivities for a rescaling of the XENON1T limit by a factor

of 2 and 50 in the left and right panel, respectively. The magenta regions again indicate the

sensitivity of indirect dark matter detection assuming an improvement by one, two and three

orders of magnitude of the current FERMI-LAT limit, going from high to low opacity.

The heavy Higgs funnel appears around the region where the lightest neutralino mass

is close to MA/2 = 250 GeV, which naturally shows up as a diagonal strip on the [M2,

(M2−M1)] parameter plane. Apart from the funnel region, the difference (M2−M1) is required

to be. 5 GeV and quite finely tuned in order to predict the observed DM relic abundance. Note

also that for M2 < M1 the lightest neutralino is wino-like and vastly under-abundant for most

of the mass values we focus on here.

The key observation from these results is that for sufficiently low values of µ direct

detection experiments rule out large swaths, although not all, of the parameter space compatible

with the correct thermal relic abundance. Again, the funnel region is problematic for direct

detection searches due to the suppression of the detection rate with the neutralino thermal relic

density. For larger µ values the situation is entirely different, and direct detection quickly be-

comes ineffective. As we noted earlier, the Higgsino-gaugino mixing drives the coupling of

the neutralinos to the Higgs bosons. As large values of µ � M1,M2 effectively decouple the

gaugino-like neutralinos from the Higgs sector, the couplings between these neutralinos and

the Higgs bosons become very small. Consequently, the rates for dark matter scattering off of

ordinary matter are highly suppressed at large µ values.

78



100 150 200 250 300 350 400
M2 [GeV]

10−12

10−11

10−10

10−9

S
I
χ̃

0 1
−

nu
cl

eo
n

cr
os

s
se

ct
io

n
,
σ

S
I

[p
b

]

100 150 200 250 300 350

mχ̃0
1

[GeV]

LEP LHC

Xenon1T

2× Xenon1T

50× Xenon1T

100× Xenon1T

µ = 750 GeV

µ = 2500 GeV

MA = 500 GeV

M2 −M1 = 10 GeV

500 1000 1500 2000 2500
µ [GeV]

10−12

10−11

10−10

10−9

S
I
χ̃

0 1
−

nu
cl

eo
n

cr
os

s
se

ct
io

n
,
σ

S
I

[p
b

]

m
χ̃ 0

1 = 300 GeV
m
χ̃ 0

1 = 150 GeV

ρχ = ρDM

2% 1% 0.5% 0.2% 0.1% 0.05%
LSP Higgsino component, Z2

13 + Z2
14

Figure 4.5: Rescaled spin-independent (SI) neutralino-nucleon scattering cross section, σSI (in
pb), in the bino-wino neutralino DM scenario. Left: dependence on M2 for fixed M1 = M2 −
10 GeV, pseudoscalar Higgs mass MA = 500 GeV, tanβ = 10 and values of µ = 750 GeV
(green) and 2.5 TeV (red). The second x-axis indicates the lightest neutralino mass, mχ̃0

1
.

The blue, green and orange filled regions are excluded by LUX, LEP and LHC, respectively,
whereas the dashed blue lines show different rescalings of the current limit (see text labels);
Right: dependence on µ for lightest neutralino masses of mχ̃0

1
= 150 GeV (red) and 300 GeV

(blue). The parameters are tuned such that the predicted DM relic density, ρχ, matches its
observed value, ρDM. The second x-axis indicates the Higgsino component of the lightest
neutralino, Z2

13 +Z2
14. In the dashed part of the lines σSI is in conflict with the LUXobservations

and thus excluded by LUX.

We further illustrate this feature in Fig. 4.5. In the left panel we show the rescaled

spin-independent neutralino DM-nucleon scattering cross section, σSI , for a slope along M2

through our bino-wino benchmark scenario (Fig. 4.4) defined by (M2 −M1) = 10 GeV, for

both choices µ = 750 GeV (green line) and 2.5 TeV (red line). The second x-axis gives the

lightest neutralino mass corresponding to the M2 values on the primary x-axis. We also include

the current XENON1T limit (blue region) as well sensitivity curves for improvement factors

of 2, 50 and 100 of the current limit (blue dashed lines). We can easily identify the funnel

region, where the predicted neutralino relic density is lower than the observed dark matter relic

abundance, ξ < 1, and σSI therefore drops due to the rescaling with ξ. Moreover, we see that
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Figure 4.6: Illustration of the Higgs funnel mechanism: neutralino DM relic abundance, Ωh2,
(left) and rescaled spin-independent neutralino DM-nucleon scattering cross section (right) as a
function of M2, for fixed values of µ = 750 GeV, M1 = M2 − 10 GeV, a pseudoscalar Higgs
mass of MA = 500 GeV, and three values of tanβ = 5, 10 and 25. The upper horizontal axis
gives the lightest neutralino mass, mχ̃0

1
, corresponding to the M2 values on the lower horizontal

axis (assuming tanβ = 10).

σSI is more than one order of magnitude lower for µ = 2.5 TeV than for µ = 750 GeV.

The right panel of Fig. 4.5 provides a different perspective onto this phenomenon.

Here, we choose two values for the lightest neutralino mass outside the Higgs funnel region,

mχ̃0
1

= 150 GeV (red line) and 300 GeV (blue line), and show σSI as a function of the Hig-

gsino mass parameter µ. Along these slopes, the parameters M1 and M2 are tuned in order to

match both the chosen neutralino mass and the observed dark matter relic density, ξ = 1. On

the second x-axis we indicate the Higgsino component of the lightest neutralino, Z2
13+Z2

14, cor-

responding to the µ values on the primary x-axis. The dashed parts of the lines at µ . 800 GeV

are excluded by the current XENON1T limit. The plot illustrates clearly how σSI decreases

with the decreasing Higgsino component of the lightest neutralino, which in turn is realized by

an increasing Higgsino mass parameter µ�M1,M2.

Let us briefly return to the discussion of Fig. 4.4 and comment on the collider and
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indirect detection constraints. LHC searches for direct electroweakino production are sensitive

to significant portions of the bino-wino parameter space, including regions of correct thermal

relic abundance. The current exclusion from the CMS search for compressed electroweakino

mass spectra extends up to mχ̃0
1
∼ 200 GeV. These constraints are largely independent of µ

and form therefore important complementary probes of bino-wino dark matter besides direct

detection experiments. In fact, for very large µ values, e.g. for µ = 2.5 TeV [Fig. 4.4(right)],

these collider searches provide the only relevant experimental constraint at the moment (besides

the constraint from the observed DM relic abundance).7 Increased integrated luminosities of

100 fb−1 and 300 fb−1 will entail probing masses up to roughly 240 GeV and 280 GeV, re-

spectively. Furthermore, the best prospects for light, wino-like not-so-well tempered neutralinos

(with ξ < 1) lie in these collider searches.

As in the bino-Higgsino case, indirect detection is still ineffective at probing any of

the shown parameter space. However, already with a factor of 10 improvement of the current

FERMI-LAT limit significant portions of the Higgs funnel region with ξ . 1 become accessible,

which are inaccessible to collider searches and, if µ is large, direct detection experiments in the

foreseeable future.

Since in our analysis we focus for simplicity on one representative value of tanβ,

we close this section with a comment on how the resonant pair-annihilation mechanism via the

heavy Higgs bosons H and A depends on the choice of tanβ. In the left and right panels of

Fig. 4.6 we show the thermal relic abundance, Ωh2, and the re-scaled spin-independent neu-

tralino DM-nucleon scattering cross section, σSI , respectively, as a function of M2, for a fixed
7Note that for even larger µ values in the multi-TeV range the second neutralino can acquire a macroscopic decay

length, which warrants dedicated displaced vertex searches at the LHC [134].
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value of µ = 750 GeV and for a constant bino-wino mass difference, (M2 −M1) = 10 GeV.

As in Fig. 4.5(left), we indicate on the upper horizontal axis the lightest neutralino mass, mχ̃0
1
,

corresponding to the M2 values on the lower horizontal axis (assuming tanβ = 10). The red

line corresponds to tanβ = 10, our previous benchmark value, while the green and blue lines

indicate, respectively, tanβ = 5 and 25. Both plots illustrate that while some variation with

tanβ exists, the qualitative picture is unchanged and our results obtained for tanβ = 10 are

thus broadly applicable to larger or smaller values of tanβ.

4.5 Discussion and Conclusions

The standard lore is that the well-tempered neutralino is under siege, especially from

recent results of direct dark matter detection experiments, and that collider searches for well-

tempered neutralinos are generally outdone by direct searches for dark matter. Here, we consid-

ered not-so-well tempered neutralinos, defined as the ensemble of models both with the “cor-

rect” and with under-abundant thermal relic densities, and where we assume exclusively ther-

mal production for under-abundant models (thus implicitly invoking an additional dark matter

species to explain the rest of the universal non-baryonic dark matter).

We focused on neutralino and chargino masses in a range potentially accessible to

collider searches with the LHC, and systematically compared collider searches with direct and

indirect searches for neutralino dark matter. In particular, we considered models with the light-

est neutralino being a bino-Higgsino or bino-wino admixture, since both the limiting cases of

pure bino, wino and Higgsino, and the wino-Higgsino case do not offer any interesting interplay
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between collider and dark matter searches.

We find that, as in the standard lore, bino-Higgsino well-tempered neutralinos are

indeed ruled out by direct searches for sub-TeV neutralino masses, assuming effects from the

MSSM Higgs sector can be neglected. In contrast, if the latter assumption does not hold, there

can be two important effects, namely: (i) resonant annihilation through the neutral heavy Higgs

bosons (“Higgs funnels”), and (ii) suppression of the spin-independent DM-nucleon scatter-

ing cross section through destructive interference between processes mediated by the light and

heavy CP-even Higgs boson (“blind spots”). These blind spots can lead to a strong mitigation of

the direct detection constraints in relevant regions of the parameter space where M1 and µ have

opposite sign. Such regions can then be probed by collider searches for electroweakinos (if they

are light enough), which thus provide important complementary constraints. Here, dedicated

LHC searches for compressed electroweakino mass spectra are particularly important, as they

are sensitive to parameter regions that do not feature an over-abundant relic neutralino. In fact,

in the bino-Higgsino case, these searches mostly probe the not-so-well tempered neutralinos for

which direct detection is flux-suppressed. This illustrates again the important complementarity

of LHC searches and direct detection experiments.

In the bino-wino case, the relevance of direct detection constraints depends strongly

on the value of µ with respect to M1 and M2. This is because the relevant neutralino cou-

pling to a neutral Higgs boson depends on both the gaugino and Higgsino fraction of the

neutralino. Hence, in the limit where µ � M1,M2, this coupling is suppressed. We find

that, for µ . 800 GeV, the XENON1T limit is still able to exclude the well tempered bino-

wino neutralino (with the correct thermal relic abundance). For larger µ values, however,
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current spin-independent direct detection limits do not yield any constraints on the parame-

ter space. In contrast, collider searches for electroweakinos are largely independent of µ (as

long as µ > M1,M2), and currently constitute the only direct probe if µ > 800 GeV. Again,

searches focusing on compressed electroweakino mass spectra are particularly important, as

they are sensitive to both scenarios with well-tempered and not-so-well tempered neutralino

dark matter. Current search results from the CMS collaboration exclude neutralino masses up

to ∼ 200 GeV, with prospective sensitivity to mass values of 240 GeV and 280 GeV with

integrated luminosities of 100 fb−1 and 300 fb−1, respectively.

We find that in all cases indirect searches via gamma-ray observations do not offer

competitive constraints with respect to direct detection experiments and collider searches for

the not-so-well tempered neutralino.

In conclusion, LHC searches for electroweakinos continue to be well-motivated in

the context of supersymmetric models with heavy sfermions and gluinos. In particular, LHC

searches are highly complementary to dark matter direct detection experiments in the case of

“not-so-well-tempered” neutralino models, i.e. models that feature an under-abundant thermal

relic density, as well as in models with a bino-wino mixed lightest neutralino. In fact, in the

latter case, for large µ values, collider searches are currently the only means to directly probe

these scenarios.
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Chapter 5

Conclusions

We began, in Chapter 2, by studying gauge (in)dependence of renormalized quantities

in supersymmetric theories, where the gauge superfield propagator has a term proportional to

1/k4 in a general Rξ gauge, giving rise to infrared divergences in loop diagrams. In particular,

we examined the 1PI one-loop effective action of supersymmetric QED, and saw that gauge-

dependent infrared divergences cancel out of the renormalized on-shell mass, albeit in a some-

what subtle way involving mixing of apparently different loop orders. We noted the importance

of consider physical quantities such as the on-shell mass, to obtain gauge-invariant results, and

we saw that the cancellation of infrared divergences occurs in a more straightforward manner

in a related theory where we can sensibly define a Wilsonian effective action.

In Chapter 3, we shifted our focus to supersymmetric models of inflation, with the

intention of testing them against astrophysical data such as the spectral index measured by the

Planck satellite. Understanding supersymmetric hybrid inflation as taking place on a pseudo-

moduli space and assuming a discrete R symmetry, we considered Planck-scale corrections to
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the simplest hybrid model. At first we assumed the scale of inflation to be much higher than

the scale of supersymmetry breaking. In this case, we found, without severe tuning, that the

observed spectral index ns = 0.96 can be produced by a model in which the initial inflaton

value is close to the local maximum of its potential. We also considered the possibility that the

dynamics of inflation may be tied to the scale of supersymmetry breaking.

In Chapter 4, we analyzed the prospects of MSSM neutralinos as dark matter can-

didates, in light of the most recent direct detection and collider results. We determined that

upcoming LHC runs will probe significant portions of the MSSM neutralino parameter space.

In all of these contexts, supersymmetry operates as a versatile and powerful tool. In

Chapter 2, it provided us with nonrenormalization theorems relating mass and wave function

corrections, thereby restricting the gauge dependence of the wave function. In Chapter 3, it

helped us naturally maintain an almost-flat inflaton potential, and in Chapter 4 we saw that it

provides a potential dark matter candidate. Although supersymmetric models are now heavily

constrained by collider results, they may still have a place in describing our messy reality, if

broken at very high scales.
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and G. Watt, “LHAPDF6: parton density access in the LHC precision era,” Eur. Phys. J.

C75 (2015) 132, arXiv:1412.7420 [hep-ph].

[105] ATLAS, CMS Collaboration, G. Aad et al., “Measurements of the Higgs boson

production and decay rates and constraints on its couplings from a combined ATLAS

and CMS analysis of the LHC pp collision data at
√
s = 7 and 8 TeV,” JHEP 08 (2016)

045, arXiv:1606.02266 [hep-ex].

[106] G. Belanger, B. Dumont, U. Ellwanger, J. F. Gunion, and S. Kraml, “Status of invisible

Higgs decays,” Phys. Lett. B723 (2013) 340–347, arXiv:1302.5694 [hep-ph].

[107] P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, and G. Weiglein, “Probing the Standard

Model with Higgs signal rates from the Tevatron, the LHC and a future ILC,” JHEP 11

(2014) 039, arXiv:1403.1582 [hep-ph].

[108] ATLAS Collaboration, G. Aad et al., “Search for invisible decays of a Higgs boson

using vector-boson fusion in pp collisions at
√
s = 8 TeV with the ATLAS detector,”

JHEP 01 (2016) 172, arXiv:1508.07869 [hep-ex].

100

http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://arxiv.org/abs/0802.0007
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1007/JHEP08(2016)045
http://dx.doi.org/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1606.02266
http://dx.doi.org/10.1016/j.physletb.2013.05.024
http://arxiv.org/abs/1302.5694
http://dx.doi.org/10.1007/JHEP11(2014)039
http://dx.doi.org/10.1007/JHEP11(2014)039
http://arxiv.org/abs/1403.1582
http://dx.doi.org/10.1007/JHEP01(2016)172
http://arxiv.org/abs/1508.07869


[109] CMS Collaboration, “A combination of searches for the invisible decays of the Higgs

boson using the CMS detector,”. CMS-PAS-HIG-15-012.

[110] ATLAS Collaboration, “Search for Minimal Supersymmetric Standard Model Higgs

Bosons H/A in the ττ final state in up to 13.3 fb?1 of pp collisions at
√
s= 13 TeV with

the ATLAS Detector,”. ATLAS-CONF-2016-085.

[111] CMS Collaboration, “Search for a neutral MSSM Higgs boson decaying into ττ with

12.9 fb−1 of data at
√
s = 13 TeV,”. CMS-PAS-HIG-16-037.
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