UC Berkeley
UC Berkeley Electronic Theses and Dissertations
Title
Naturalness, Dark Matter, and Unification with a 125 GeV Higgs

Permalink
https://escholarship.org/uc/item/6gc6501t

Author
Pinner, David

Publication Date
2014
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

Naturalness, Dark Matter, and Unification with a 125 GeV Higgs
by
David Pinner
A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Physics
in the
Graduate Division
of the
University of California, Berkeley

Committee in charge:
Professor Lawrence J. Hall, Chair
Professor Yasunori Nomura
Professor Nicolai Reshetikhin
Spring 2014

Naturalness, Dark Matter, and Unification with a 125 GeV Higgs

Copyright 2014
by
David Pinner

1

Abstract
Naturalness, Dark Matter, and Unification with a 125 GeV Higgs
by
David Pinner
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Lawrence J. Hall, Chair
The naturalness of a Higgs boson with a mass near 125 GeV is explored in a variety of
weak-scale supersymmetric models. If supersymmetry is realized in nature, then a Higgs
mass of this size strongly points towards a non-minimal implementation. The Minimal
Supersymmetric Standard Model now requires large A-terms to avoid multi-TeV stops.
The fine-tuning is at least 1% for low messenger scales, and an order of magnitude worse
for high messenger scales. Naturalness is significantly improved in theories with a singlet
superfield S coupled to the Higgs superfields via λSHu Hd . If λ is perturbative up to unified
scales, a fine-tuning of about 10% is possible with a low mediation scale. Larger values of λ,
implying new strong interactions below unified scales, allow for a highly natural 125 GeV
Higgs boson over a wide range of parameters. Even for λ as large as 2, where a heavier
Higgs might be expected, a light Higgs boson naturally results from singlet-doublet scalar
mixing. Although the Higgs is light, naturalness allows for stops as heavy as 1.5 TeV and
a gluino as heavy as 3 TeV.
Using a simplified model framework, we assess observational limits and discovery prospects for neutralino dark matter, taken here to be a general admixture of bino,
wino, and Higgsino. Experimental constraints can be weakened or even nullified in regions of parameter space near 1) purity limits, where the dark matter is mostly bino, wino,
or Higgsino, or 2) blind spots, where the relevant couplings of dark matter to the Z or
Higgs bosons vanish identically. We analytically identify all blind spots relevant to spinindependent and spin-dependent scattering and show that they arise for diverse choices of
relative signs among M1 , M2 , and µ. At present, XENON100 and IceCube still permit
large swaths of viable parameter space, including the well-tempered neutralino. On the
other hand, upcoming experiments should have sufficient reach to discover dark matter in
much of the remaining parameter space. Our results are broadly applicable, and account for
a variety of thermal and non-thermal cosmological histories, including scenarios in which
neutralinos are just a component of the observed dark matter today. Because this analysis
is indifferent to the fine-tuning of electroweak symmetry breaking, our findings also hold
for many models of neutralino dark matter in the MSSM, NMSSM, and Split Supersymmetry. We have identified parameter regions at low tan β which sit in a double blind spot
for both spin-independent and spin-dependent scattering. Interestingly, these low tan β regions are independently favored in the NMSSM and models of Split Supersymmetry which
accommodate a Higgs mass near 125 GeV.
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Finally, we consider precision b − τ Yukawa unification as an alternate motivation
for supersymmetry near the weak scale. We show that for an LSP that is a bino-Higgsino
admixture, this requirement leads to an upper-bound on the stop and sbottom masses in the
several TeV regime because the threshold correction to the bottom mass at the superpartner
scale is required to have a particular size. For tan β ≈ 50, which is needed for t − b − τ
unification, the stops must be lighter than 2.8 TeV when At has the opposite sign of the
gluino mass, as is favored by renormalization group scaling. For lower values of tan β, the
top and bottom squarks must be even lighter. Yukawa unification plus dark matter implies
that superpartners are likely in reach of the LHC, after the upgrade to 14 (or 13) TeV,
independent of any considerations of naturalness. We present a model-independent, bottomup analysis of the SUSY parameter space that is simultaneously consistent with Yukawa
unification and the Higgs mass. We study the flavor and dark matter phenomenology that
accompanies this Yukawa unification. A large portion of the parameter space predicts that
the branching fraction for Bs → µ+ µ− will be observed to be significantly lower than the
SM value.
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Contours of the tree-level cross-sections for SI (solid red) and SD (dashed
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Current limits on bino/Higgsino DM with Ωχ = Ωobs for tan β = 2 (upper), 20
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brown band require an enhancement (dilution) of the DM abundance after
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LEP are shaded. The black dashed line is the SI blind spot, chχχ = 0, and is
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Limits and projected reaches for multi-component bino/Higgsino DM with
(th)
(th)
Ωχ = Ωχ . Dotted brown lines are contours of Ωχ /Ωobs for tan β = 2. The
light gray regions are excluded by overabundance of neutralino DM, while the
(th)
edge of this region has Ωχ = Ωobs . In the remainder of the plane χ is just
one component of multi-component DM. The present limit from XENON100
is shown shaded, while the projected reaches of LUX and XENON1T, both
SI and SD, are shown as dashed lines. . . . . . . . . . . . . . . . . . . . . .
Current limits from XENON100 and IceCube (top), expected reach of LUX
and IceCube (middle), and expected reach of XENON1T (bottom) for SI and
(th)
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black dashed line is the blindspot, chχχ = 0. . . . . . . . . . . . . . . . . .
Relic density and SI cross-section tuning for well-tempered bino/Higgsino,
with the reach of LUX and XENON1T also shown in the second panel. Tuning of the relic density is typically between 2 - 10%. If XENON1T does not
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Impact of squarks on thermal bino/Higgsino DM, with µ < 0 and tan β =
(th)
20. At each point M1 has been chosen so that Ωχ = Ωobs , except in
the gray region where freeze-out always yields overclosure. The upper left
region, where freeze-out is dominated by squark-neutralino coannihilation, is
excluded by XENON100. However, in the lower right region the XENON100
limit becomes less powerful as the s-channel squark exchange amplitude has
the opposite sign to the t-channel Higgs exchange diagram. The purple region
is excluded by an LHC search for jets and missing transverse energy, with the
gluino mass fixed at 2 TeV. This ATLAS search becomes less powerful as the
gluino mass is increased, and the excluded region becomes bounded by the
purple dashed line if the gluino is decoupled. The currently allowed region,
shown in white, mostly has a SI scattering cross-section that is not far below
the current bound, so that LUX will have a large discovery potential. In the
absence of a signal at LUX (XENON1T) the only surviving region will be
the narrow band between the dashed green (red) lines. . . . . . . . . . . .
3.10 Phase diagram of neutralino DM in the (M1 , M2 ) plane, keeping µ fixed and
less than 1 TeV. The red, green, and blue regions correspond to DM that
(th)
is mostly bino, wino, or Higgsino-like. The thermal abundance, Ωχ , equals
the observed abundance, Ωobs , along the brown curve, which resides at the
boundary of the bino region and wino/Higgsino regions. Within the bino-like
region, the thermal abundance is too large and dilution is required; within the
wino and Higgsino regions the thermal abundance is too small and additional
neutralino production is required. . . . . . . . . . . . . . . . . . . . . . . . .
3.11 Current limits and future reach for dark matter with Ωχ = Ωobs . The brown
(th)
band shows the region having Ωχ within 3σ of Ωobs . Regions with |M1 |
larger (smaller) than the brown band require an enhancement (dilution) of
the dark matter abundance after freeze-out. Regions currently excluded by
XENON100 and FERMI are shaded in the left-hand figure, and the projected
SI reach is depicted with dashed green lines for LUX and in shaded red for
XENON1T on the right. The horizontal (vertical) black dashed lines are the
SI blind spot, chχχ = 0, for bino-like (wino-like) dark matter. . . . . . . . .
3.12 Limits and projected reaches for multi-component dark matter with Ωχ =
(th)
Ωχ for tan β = 2, µ = 750 GeV. Dotted brown lines are contours of
(th)
Ωχ /Ωobs . The gray regions are excluded by overabundance of neutralino
(th)
dark matter, while the edge of this region has Ωχ = Ωobs . In the remainder
of the plane χ is just one component of multi-component dark matter. The
present limit from XENON100 is shown shaded, while the projected reaches
of LUX and XENON1T, both SI and SD, are shown as dashed lines. . . . .
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3.13 Limit and reach for thermal bino/wino in the M2 , tan β plane for µ = −750
GeV. M1 is fixed by requiring Ωth
χ = Ωobs . The black dotted lines correspond
to the SI blind spot for bino-like DM given in Eq. (3.19). The XENON1T SI
and SD exclusion reach is shown shaded in red and blue, respectively, while
the LUX SI reach is shown with a dashed green line. The LEP chargino
exclusion is shaded in gray. . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.14 Current limits and future reach for thermal bino/wino dark matter in the
(M2 , µ) plane for tan β = 2. M1 is fixed by requiring Ωth
χ = Ωobs . The
black dotted lines correspond to the SI blind spot for bino-like DM given
in Eq. (3.19). The XENON100 (XENON1T) SI and SD limits (reach) are
shown shaded in red and blue, respectively on the left (right) side of the
figure. IceCube limits on dark matter annihilation to W + W − are shown
shaded in orange on the left, and the LUX SI exclusion reach is shown with
a dashed green line in the right-hand panel. The LEP chargino exclusion
is shaded in light gray. Darker gray regions correspond to overclosure via
Higgsino-like DM heavier than 1 TeV. . . . . . . . . . . . . . . . . . . . . .
3.15 Contours of the fraction of dark matter annihilation cross-section, weighted
by Boltzmann factors as Eq. (3.6), coming from coannihilation are shown in
purple, superimposed on the XENON1T SI exclusion reach shaded in red
and the LUX SI reach in dashed green. Once again, tan β is fixed to 2, with
M1 fixed by requiring Ωth
χ = Ωobs . . . . . . . . . . . . . . . . . . . . . . . . .
3.16 Contours of fine-tuning of the relic abundance (SI scattering cross-section)
are shown in the left (right) panel, using the measure defined in App. B. The
XENON1T and LUX SI exclusion reaches are shown with solid red and green
contours on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.17 The gray shaded areas depict target regions in the (mχ , σSI ) plane for thermal
bino/Higgsino DM, superimposed on the current limit from XENON100 and
the projected reaches for LUX and XENON1T. The edge of these gray
regions at low mχ results from the LEP requirement of |µ| & 100 GeV, while
the largest value of mχ , just above 1 TeV, corresponds to pure Higgsino
LSP, and is present for both signs of µ. The upper dark shaded region is for
µ > 0 (here we fix M1 > 0) with the upper (lower) edge corresponding to low
(high) tan β. Much of the low mass part of this region has been excluded by
XENON100. The lower two regions, shaded in lighter gray, are for µ < 0.
The boundary between the µ > 0 and µ < 0 regions occurs at large tan β,
where the sign of µ becomes unphysical. In the µ < 0 regions the crosssection falls as tan β is reduced towards its value at the blind spot, where
M1 + sin 2β µ = 0. The contour between the two µ < 0 regions is given by
|M1 + µ sin 2β| = 0.1 M1 , roughly corresponding to a 10% fine-tuning in the
scattering amplitude. In the lower region, for
√ each order of magnitude further
reduction in the cross-section, a factor of 10 more fine-tuning is required.
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4.1

4.2
4.3

4.4

4.5

Yukawa couplings ratios for d/e, s/µ and b/τ as a function of scale, µ. The
three dashed lines result from using the central values of the masses derived
from experiment, two-loop running in the MSSM [9] with all superpartners
at 2 TeV and tan β = 50, but ignoring the finite superpartner threshold
corrections. The colored bands allow for ±2σ uncertainties in the quark
masses. The solid curve includes a 12% finite correction at the TeV scale to
the b Yukawa coupling. The running M S masses evaluated at mZ are taken
from Ref. [10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The leading, tan β enhanced contributions to the finite part of the bottom
Yukawa threshold. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Contours of the GUT-scale threshold , as a function of the yb and g3 supersymmetric thresholds, for tan β = 10, 40. We define  by yb (1 + ) = yτ
at the GUT scale, and the red region with || < 0.02 has precision Yukawa
unification. The blue contour shows the logarithmic contribution to δb for
a particular spectrum with degenerate scalar masses, described in the text.
The purple arrow represents the 2σ experimental uncertainty on the bottom
mass. The top Yukawa threshold, δt , is chosen to vary with δ3 , also assuming
a spectrum with degenerate scalars. For simplicity, we have set δ1 = δ2 = 0
since these threshold corrections are numerically unimportant for Yukawa
unification, and we have set δτ = 0 since this threshold is typically very small.
The necessary value of tan β for t − b − τ unification (left), and the GUTscale Yukawa threshold,  (right), as a function of the yb and g3 thresholds.
At each point, tan β (shown as green contours to the left) is chosen so that
yt = yb at the scale of gauge coupling unification. On the right, the GUT
threshold, , is defined by the relation yb (1 + ) = yτ . As in figure 4.3, we set
the g1,2 and yτ thresholds to 0 and δt is varied with δ3 assuming degenerate
scalar superpartners. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The relationship between δt and δ3 (δt and δblog ) is shown to the left (right)
for various spectra. For all spectra we fix µ = 500 GeV, assume gaugino unification, and use markers to indicate stop masses of mt̃ = 0.1, 1, 10, 100 TeV.
For the blue spectrum, the scalars and gluino are degenerate with mass m̃.
For the red (green) spectrum, M3 = 1/3 (3) mq̃ . For the purple spectrum,
M3 = mt̃,b , and the first and second generation squarks are 5 times heavier
than the stop and sbottom. In both plots, the variation among spectra is
remarkably mild, justifying our simplifying assumption (the blue spectrum)
used to relate δt and δblog to δ3 in figures 4.3 and 4.4. . . . . . . . . . . . .
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The left panel shows the evolution of the b Yukawa coupling in two schemes.
The blue curves are for tan β = 20 and squarks at 2 TeV, without (dashed)
and with (solid) finite supersymmetric threshold corrections. The green dotted curve has a split spectrum with squarks at 103 TeV and tan β ≈ 1. The
red solid curve shows the evolution of the τ Yukawa coupling in both schemes.
In each scheme the curves are normalized by the value of the unified Yukawa
coupling. In the right panel the solid blue curve shows the required  for
Yukawa unification in the scheme with the split spectrum as tan β is varied, and the dashed purple line shows that the unified top Yukawa is rapidly
increasing at low tan β. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.7 Yukawa unification in an orbifold GUT with compactification scale Mc =
1015 GeV. The black contours show the b − τ unification quality, , evaluated
at the compactification scale, as a function of the yb and g3 threshold corrections. At each point, tan β is chosen so that yt = yb at the compactification
scale, and for simplicity we set the g1,2 and yτ thresholds to 0. The green
shaded region denotes where || < 0.02 in the orbifold GUT. For comparison,
the red shaded region shows where || < 0.02 in the 4D GUT, as in figure 4.4.
4.8 The values of the stop mass, m2t̃ = mQ3 mU3 and stop mixing, Xt , that lead
to mh = 125 GeV, with tan β = 50. The red band shows the uncertainty
coming from the top mass, mt = 173.2 ± 0.9 GeV. Here the Higgs mass is
calculated at 1-loop, using a numerical code [11] that allows for heavy stops
by re-summing log(mt̃ /mZ ). . . . . . . . . . . . . . . . . . . . . . . . . . .
4.9 The SUSY parameter space with third generation Yukawa unification, assuming degenerate stops and sbottoms mQ3 = mU3 = mD3 , for tan β = 50, 30, 15.
If tan β = 50, then t − b − τ unification is possible; for the lower values of
tan β only b − τ unification is possible. We determine the stop mass as a
function of the stop mixing, Xt , by demanding mh = 125 GeV, as shown in
the lower row of plots. In the upper plots, we show the value of µ that gives
Yukawa unification as a function of Xt and M3 . The green shaded area has
µ < 1 TeV, allowing for a bino-Higgsino LSP whose energy density does not
overclose the universe. If the LSP is wino-like and constitutes all of DM,
then M2 ≈ 2.7 TeV and we require µ > M2 , which is the area outside the
purple contour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.10 The allowed parameter space for Yukawa unification, as in figure 4.9, except
relaxing the assumption of degenerate stops and sbottoms. On the left, we
consider lighter right-handed sbottoms, with mD3 = 1/3 mt̃ and mt̃ = mQ3 =
mU3 . On the right, we consider heavier right-handed sbottoms, mD3 = 3 mt̃ .
Lighter sbottoms enhance the size of the gluino diagram of figure 4.2, leading
to a larger region with Yukawa unification, while heavier sbottoms deplete
the gluino diagram and shrink the allowed region. . . . . . . . . . . . . . .
4.11 The total colored sparticle production cross-section, at LO, as a function of
the gluino mass and a common squark mass [12]. The red area is already
excluded by ATLAS, assuming the squarks and gluinos decay directly to a
massless neutralino [13]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.12 The leading, tan β enhanced, diagrams contributing to b → sγ and Bs →
µ+ µ− are shown above and below, respectively. There is a close relationship
between the size of these diagrams and the finite threshold correction to
the bottom mass (see figure 4.2). In the SUSY-CKM basis, the leading
contributions of the gluino exchange diagrams on the left are proportional
to left-left down squark mass mixing, (δdLL )32 , while the Higgsino exchange
diagrams on the right are proportional to Vts , coming from the Higgsino
vertex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.13 The allowed region for Yukawa unification with tan β = 50, with the limit
from b → sγ overlaid. The y-axis is the gluino mass and the x-axis corresponds both to the stop mixing, Xt and the stop mass, which is nonmonotonic in Xt because after fixing mh = 125√GeV, the stop mass increases
moving away from maximal mixing, Xt = ± 6 mt̃ (see figure 4.8). As in
figure 4.9, the blue contours indicate the value of µ necessary for Yukawa
unification and the shaded green region is consistent with bino/Higgsino dark
matter, µ < 1 TeV. The red region is excluded, at 2σ, by b → sγ if 2-3 down
squark mixing is ignored, (δdLL )32 = 0, such that only Higgsino exchange
contributes (we take mA = 10 TeV so that charged Higgs exchange is decoupled). The red contours show the minimum value of |(δdLL )32 |, in units
of |Vts |, necessary to bring b → sγ in accord with the observed branching
ratio. The black, blue, and purple points are considered in more detail in
figures 4.14 and 4.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.14 The branching ratio for b → sγ normalized to the SM prediction of (3.15 ±
0.23)×10−4 [14], as a function of (δdLL )32 in units of |Vts |. The left (right) side
of each plot corresponds to (δdLL )32 < 0 (> 0). The black, blue, and purple
curves correspond to the corresponding points in parameter space denoted
on figure 4.13. The shaded gray region is excluded by more than 2σ. Notice
that for each point, the branching ratio of b → sγ is consistent with the limit
for a wide range of values of (δdLL )32 . We have taken mA = 10 TeV so that
charged Higgs exchange is decoupled. . . . . . . . . . . . . . . . . . . . . .
4.15 The reach for discovering a modification to Bs → µ+ µ− , for the two points
in parameter space denoted by black dots on figure 4.13, as a function of
the heavy pseudoscalar Higgs mass, mA , and (δdLL )32 in units of |Vts |. The
shaded gray region is excluded, at 2σ, by b → sγ. The purple contours
indicate the branching ratio of Bs → µ+ µ− in parts per billion. The red
region is excluded at 2σ by LHCb with 1 fb−1 , BrBs →µ+ µ− < 4.5 × 10−9 .
The blue (green) regions have a branching ratio that is smaller (larger) than
the predicted SM cross-section of (3.2 ± 0.2) × 10−9 [15] by 3σ in the region
of light shading and 5σ in the region with darker shading. . . . . . . . . .
4.16 The limit on b → sγ and the reach for Bs → µ+ µ− are shown for tan β = 20
on the left, and right, respectively. The left plot corresponds to the region
with Xt < 0 and all contours are as in figure 4.14. The right plot corresponds
to the point shown as a black dot in the left plot, and all contours and shading
are as in figure 4.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.17 The region of parameter space with ΩÑ1 ≤ Ωcdm are shown shaded in orange for tan β = 50. We have taken mA = 10 TeV in order to remove
the potential effects of the heavy Higgs funnel and imposed gaugino unification, 6M1 = 3M2 = M3 . The dashed blue contours show the value of the
µ-parameter required to achieve b − τ unification, while the black contours
show the thermal relic density of the LSP normalized to the relic abundance
of dark matter, ΩÑ1 /Ωcdm . In calculating the relic abundance, we have taken
all scalar masses degenerate at mt̃ and fixed At = Ab = Aτ to the value required to obtain a 125 GeV Higgs. All other A-terms are set to 0. The darker
orange shading depicts the predicted reach of the upcoming XENON1T direct
detection experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.18 Contours of direct detection cross-section are shown in purple, with the orange shading and blue contours as in figure 4.17. In terms of the elastic
scattering cross-section off of protons, σp , we define the direct
detection

 crosssection to be scaled by the LSP relic density, σDD ≡ σp ΩÑ1 /Ωcdm .

. . .

A.1 The effect of fs on the Higgs-mediated SI cross-section, which is proportional
to f 2 . We show the lattice determinations of fs from Giedt et al. [16] and
more recent groups [17, 18, 19, 20], as well as the value of fs resulting from
the most recent measurement of ΣπN [21]. The bands indicate the stated
±1σ errors on the Giedt and ΣπN values, which are in agreement up to these
errors. For comparison, we show the default micrOMEGAs [22] and traditional
chiral perturbation theory [23] values, which are based on older measurements
of ΣπN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.2 The impact of different choices of fs on the XENON100 limit for thermal
bino/Higgsino DM, which was shown using the Giedt et al. value in the first
panel of Fig. (3.7). We compare the Giedt value to the default MicrOMEGAS
value and fs = 0, which is the most conservative choice. . . . . . . . . . . .
C.1 Estimated importance of loop corrections for bino/Higgsino DM, relative to
the XENON1T reach. Non-thermal and thermal DM are shown in the upper
and lower panels, respectively, with the XENON1T reach as in Fig. (3.5)
(for tan β = 2) and Fig. (3.7). The green contours show the bino fraction
2 , and loop corrections are known to be small when DM
of DM, sin2 θb̃ = Z11
is a pure bino or Higgsino, sin2 θb̃ ≈ 0, 1. Blue contours show the ratio of
our estimated loop cross-section to the sum of the tree-level and XENON1T
reach cross-sections. A large value of this ratio would indicate where the
XENON1T reach estimate is sensitive to loop corrections, however we see
that this ratio is small throughout most of parameter space, indicating that
our results are robust to loop corrections. . . . . . . . . . . . . . . . . . . .
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Chapter 1

Introduction
The recent discovery of the Higgs boson at the Large Hadron Collider (LHC) [24,
25] marks the final piece of the Standard Model (SM) of particle physics Despite its numerous successes, there are still many questions left unanswered by the Standard Model.
Among the most pressing of these is the hierarchy problem. The Higgs potential in the SM
is given by
V = −m2H |H|2 + λ|H|4 .
(1.1)
leading
q to a vacuum expectation value for the neutral component of the Higgs field of
v = m2H /2λ. The m2H parameter in the Higgs potential is unstable against radiative
corrections, such that it is quadratically sensitive to the ultraviolet cutoff of the theory. If
we define the parameter to be (m0H )2 at a scale Λ, then at low energies, we will find
m2H ∼ (m0H )2 −

3yt2 2
Λ
8π 2

(1.2)

in which we have included only the correction due to the coupling to the top quark.1 If the
Standard Model is valid
2 up to the Planck scale, then each of the2terms in equation 1.2 are
of order ∼ 1018 GeV , while we must have m2H ∼ 102 GeV to explain the observed
W and Z masses. The extremely large cancellation required to produce the weak scale is
known as fine-tuning.
Supersymmetry (SUSY) is the most popular solution to this fine-tuning problem.
In its minimal incarnation, there is a superpartner for each of the particles in the SM. Were
SUSY exact, these superpartners would be mass degenerate with their SM counterparts, and
their contributions to the mass parameter of the Higgs potential would exactly cancel. The
current absence of evidence for the existence of these sparticles requires that SUSY must be
broken, if it is indeed a symmetry of nature. SUSY breaking induces contributions to the
masses of the superpartners which are not felt by the SM particles, and so the cancellation
of the radiative corrections to the Higgs potential is not exact. m2H picks up corrections
1

If dimensional regularization is used in place of the cutoff regularization employed above, then there will
be no apparent dependence on the ultraviolet cutoff of the theory. However, if there are any new particles
at that scale which couple to the Standard Model, their mass will appear as a finite correction to the m2H
parameter instead. For some recent attempts to solve the hierarchy problem by eliminating these finite
corrections, see, e.g., [26, 27, 28].

2
that are quadratic in the sparticle masses, making these masses a direct measure of the
fine-tuning required to generate a low weak scale. Reducing this fine-tuning as much as
possible motivates searching for SUSY at or near the weak scale.
Further motivation for weak-scale SUSY comes from dark matter [29]. Due to the
so-called “WIMP miracle”, if the observed dark matter abundance arises from the thermal
relic density of a Weakly-Interacting Massive Particle (WIMP), then its mass must be near
the weak scale. The Minimal Supersymmetric Standard Model (MSSM) comes equipped
with several candidates for WIMP dark matter. In terms of gauge eigenstates, the Higgsinos
and winos are natural possibilities, either by themselves or as admixtures with the bino [30].
This is a particularly interesting time for SUSY dark matter: the couplings of these particles
to a 125 GeV Higgs generates scattering cross-sections which are just now being probed by
dark matter detection experiments such as XENON100, LUX, and IceCube.
Gauge coupling unification [31, 32] provides the final traditional motivation for
SUSY at low energies. Figure 1.1 shows the effect of adding sparticles on the running of the
SM gauge couplings. In addition to improving the precision of unification, SUSY pushes
the unification scale up to higher energies, avoiding the proton decay problems that plague
non-supersymmetric GUTs [33]. As the superpartners are taken heavier, the precision of
gauge coupling unification becomes progressively worse2 .
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Figure 1.1: Gauge coupling unification in the Standard Model (solid) and the MSSM
(dashed) at one loop. The SU(3), SU(2), and U(1) gauge couplings are shown in blue,
green, and red, respectively. For the MSSM, the SUSY spectrum is taken degenerate at 1
TeV.
2
In fact, only a portion of the spectrum needs to be near the weak scale in order to improve unification.
Similar precision can be had in Split Supersymmetry, wherein the scalar superpartners are taken to be quite
heavy and only the fermionic superpartners are left light.

3
In addition to predicting the confluence of the gauge couplings, unified theories
collect the (MS)SM (super)fields into multiplets transforming under the unified group, enforcing relationships among the non-gauge couplings of the theory as well. In the case of a
minimal SU (5) GUT, for example, the leptonic and down-type Yukawa matrices arise from
a single set of couplings. For SO(10), there is only a single Yukawa matrix at unified scales.
Thus the simplest unified models predict that the b and τ Yukawa couplings (if not that
of the top as well) should coincide when run up to the GUT scale. Here we restrict our
attention to the 3rd generation, since the smaller Yukawa couplings are more susceptible
to radiative corrections (for a brief review, see [34] and the references therein), so that no
such GUT relations may apply to the lighter generations.
In this dissertation, we explore the status of these aspects of supersymmetric
theories in the presence of a 125 GeV Higgs. In Ch. 2 we consider the level of fine-tuning
required to produce the observed Higgs mass in several models of weak-scale supersymmetry.
The MSSM predicts a Higgs mass lighter than that of the Z boson at tree level, relying
on loop corrections to generate a contribution logarithmic in the stop mass. Thus a heavy
Higgs in the MSSM is directly at odds with the principle of naturalness – this is known
as the little hierarchy problem. We show that there exist viable models of weak-scale
SUSY in which the tree-level potential can provide the required Higgs mass, relieving the
fine-tuning. Furthermore, the Higgs potential in these models is less sensitive to radiative
corrections, so that the theory may be relatively natural even in the presence of multiTeV sparticles. However, we will see that large deviations from minimality are required to
preserve naturalness.
In Ch. 3 we study the current status and discovery prospects of neutralino dark
matter. We use a simplified model framework, so that our analysis is valid for a large variety of SUSY theories whose lightest superpartner (LSP) is a neutralino. Currently, large
regions of the neutralino parameter space are unconstrained by direct detection experiments, although the next generation of experiments will probe much of the remaining area.
Accidental cancellations in the coupling of the dark matter candidate to the Higgs, which
we call blind spots, can weaken or eliminate experimental constraints in a few corners of
parameter space. We analytically identify all such blind spots.
Finally, in Ch. 4 we explore MSSM spectra consistent with precision Yukawa unification. The b and τ Yukawa couplings do not unify in the Standard Model, so that new
physics is required in the form of finite threshold corrections at the weak scale. Requiring that the corrections generated by loops of sparticles have the appropriate size to allow
Yukawa unification without additional threshold corrections at the unified scale constrains
the sparticle spectrum. Fixing the stop sector such that the Higgs mass is raised to the
observed value, we will show that a combination of precision Yukawa unification and LSP
dark matter places an upper bound on the 3rd generation sparticle masses around a few
TeV, potentially placing them within reach of the LHC. In addition, we will explore potential flavor signatures of these spectra; in much of the parameter space, the Bs → µ+ µ−
branching fraction should be observed to be significantly lower than its value in the SM.
The majority of this dissertation is based on previously published work produced
in collaboration with Clifford Cheung, Gilly Elor, Lawrence Hall, and Joshua Ruderman.
More information on natural SUSY models containing a 125 GeV Higgs can be found in

4
Ref. [35]. For the experimental status of the well-tempered neutralino, see Ref. [36]. For
Yukawa unification in the MSSM and flavor bounds, see Ref. [37].

5

Chapter 2

Naturalness
2.1

Introduction

The lightest Higgs boson in the MSSM is lighter than about 135 GeV, depending on
top squark parameters (for a review with original references, see [1]), and heavier than 114
GeV, the LEP bound on the Standard Model Higgs [38]. A Higgs mass of 125 GeV naively
seems perfect, lying midway between the experimental lower bound and the theoretical
upper limit. The key motivation for weak-scale supersymmetry is the naturalness problem
of the weak scale and therefore we take the degree of fine-tuning [39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58] as a crucial tool in guiding us to the most
likely implementation of a 125 GeV Higgs. In this regard we find that increasing the Higgs
mass from its present bound to 125 GeV has highly significant consequences. In the limit
of decoupling one Higgs doublet the light Higgs mass is given by
m2h = MZ2 cos2 2β + δt2

(2.1)

where δt2 arises from loops of heavy top quarks and top squarks and tan β is the ratio of
electroweak vacuum expectation values. At large tan β, we require δt ≈ 85 GeV which
means that a very substantial loop contribution, nearly as large as the tree-level mass, is
required to raise the Higgs mass to 125 GeV.
The Higgs mass calculated at two loops in the MSSM is shown in Figure 2.1
as a function of the lightest top squark mass for two values of the top squark mixing
parameter Xt . The red/blue contours are computed using the Suspect [59] and FeynHiggs [60, 61, 62, 63] packages, which have differing renormalization prescriptions and the
spread between them, highlighted by the shading, may be taken as a rough measure of the
current uncertainty in the calculation. For a given Higgs mass, such as 125 GeV, large top
squark mixing leads to lower and more natural top squark masses, although the mixing
itself contributes to the fine-tuning, as we will discuss. In fact, stop mixing is required to
raise the Higgs mass to 125 GeV without multi-TeV stops. Even at maximal mixing, we
√
must have mQ3 mu3 & 600 GeV (which, for degenerate soft masses, results in stop masses
heavier than have been directly probed by existing LHC searches [64, 65, 66, 67]) and, as
we will discuss in the next section, this implies that fine-tuning of at least 1% is required in
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Figure 2.1: The Higgs mass in the MSSM as a function of the lightest top squark mass,
mt̃1 , with red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are
for maximal top squark mixing assuming degenerate stop soft masses and yield a 124 (126)
GeV Higgs mass for mt̃1 in the range of 350–600 (500–800) GeV, while the two lower lines
are for zero top squark mixing and do not yield a 124 GeV Higgs mass for mt̃1 below 3
TeV. Here we have taken tan β = 20. The shaded regions highlight the difference between
the Suspect and FeynHiggs results, and may be taken as an estimate of the uncertainties
in the two-loop calculation.
the MSSM, even for the extreme case of an ultra-low messenger scale of 10 TeV. Hence we
seek an alternative, more natural setting for a 125 GeV Higgs.
In the next-to-minimal model (NMSSM, for a review with references, see [68]) the
supersymmetric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with
a coupling to the Higgs doublets, λSHu Hd , that is perturbative to unified scales, thereby
constraining λ . 0.7 (everywhere in this chapter λ refers to the weak scale value of the
coupling). The maximum mass of the lightest Higgs boson is
m2h = MZ2 cos2 2β + λ2 v 2 sin2 2β + δt2 ,

(2.2)

where here and throughout this work we use v = 174 GeV. For λv > MZ , the tree-level
contributions to mh are maximized for tan β = 1, as shown by the solid lines in Figure 2.2,
rather than by large values of tan β as in the MSSM. However, even for λ taking its maximal
value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and
δt & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach
125 GeV, as shown by the shaded bands of Figure 2.2, at least for low values of tan β in
the region of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to
get the Higgs heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass,
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the fine-tuning of the NMSSM is significantly improved relative to the MSSM, but only for
.6 . λ . .7, near the boundary of perturbativity at the GUT scale.

NMSSM Higgs Mass
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Figure 2.2: The Higgs mass in the NMSSM as a function of tan β. The solid lines show the
tree-level result of equation 2.2 while the shaded bands bounded by dashed lines result from
adding the λ2 v 2 sin2 2β contribution of equation 2.2 to the two-loop Suspect/FeynHiggs
MSSM result, with degenerate stop soft masses and no stop mixing. The top contribution
δt is sufficient to raise the Higgs mass to 125 GeV for λ = 0.7 for a top squark mass of 500
GeV; but as λ is decreased to 0.6 a larger value of the top squark mass is needed.
In the “λ-SUSY” theory [69], λ is increased so that the interaction becomes nonperturbative below unified scales; but λ should not exceed about 2, otherwise the nonperturbative physics occurs below 10 TeV and is likely to destroy the successful understanding of precision electroweak data in the perturbative theory. The non-perturbativity
of λ notwithstanding, gauge coupling unification can be preserved in certain UV completions of λ-SUSY, such as the Fat Higgs [70, 71, 72, 73, 74, 75]. The λ-SUSY theory is
highly motivated by an improvement in fine-tuning over the MSSM by roughly a factor
of 2λ2 /g 2 ∼ 4λ2 , where g is the SU(2) gauge coupling. Equivalently, for the MSSM and
λ-SUSY to have comparable levels of fine-tuning, the superpartner spectrum can be heavier
in λ-SUSY by about a factor 2λ. The origin of this improvement, a large value of λ √
in the
potential, is correlated with the mass of the Higgs, which is naively raised from gv/ 2 to
λv. However, this now appears to be excluded by current limits [76, 77], with λ > 1 giving
a Higgs boson much heavier than 125 GeV (for other theories that raise the Higgs mass
above that of the MSSM see [78, 79, 80, 81]).
Most studies of λ-SUSY [69, 82, 83, 84, 85, 86] have decoupled the CP even singlet
scalar s by making its soft mass parameter, m2S , large. This was often done purely for
simplicity to avoid the complications of a 3 × 3 mass matrix for the CP even Higgs scalars.
However, this decoupling is itself unnatural since the soft Higgs doublet mass parameter is
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Figure 2.3: The Higgs mass in λ-SUSY, as a function of the singlet soft mass mS . Here,
λ = 2, tan β = 2, and the other parameters are as described in Table 2.1, which gives the
light Higgs a mass of mh = 280 GeV in the limit of heavy singlet mass. However, we see
that lowering the singlet mass mS results in a lighter Higgs due to mixing of the singlet
with the Higgs.
generated by one-loop renormalization group scaling at order λ2 m2S . For λ = 2, avoiding
additional tuning at the 20% level requires mS . 1 TeV [69]. Once s is no longer decoupled,
it is crucial to include doublet-singlet Higgs mixing. In the limit of decoupling one Higgs
doublet, s mixes with the remaining light neutral doublet Higgs h at tree-level via the mass
matrix

 2 2 2
λ v sin 2β + MZ2 cos2 2β λv(µ, MS , Aλ )
2
.
(2.3)
M =
λv(µ, MS , Aλ )
m2S
In general there are several contributions to the off-diagonal entry and these will be discussed
in section 2.4; but all are proportional to λv, which is large in λ-SUSY, so that mixing cannot
be neglected even for rather large values of m2S . This is illustrated in Figure 2.3 where, for a
set of reference parameters of the model discussed later, the two eigenvalues of this mixing
matrix are shown as a function of mS . At the reference point λ = 2 and tan β = 2, so
that in the absence of mixing the Higgs mass would be 280 GeV, but this is reduced to
125 GeV for mS ∼ 500 GeV. As the blue curve of Figure 2.3 crosses 125 GeV its slope is
quite modest – a central claim of this chapter is that a 125 GeV Higgs from doublet-singlet
mixing in λ-SUSY is highly natural. However, moving along the blue curve of Figure 2.3,
the tuning rapidly increases as the Higgs mass becomes lighter than 100 GeV.
The theory with λ ∼ 2 and a light Higgs, due to singlet-doublet mixing, has a
number of interesting consequences for LHC physics. First of all, despite the light Higgs
mass of 125 GeV, as discussed above the large value of λ implies that the Higgs potential
is less sensitive to corrections to the doublet Higgs soft masses, and the superpartners can
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be a factor of 2λ ∼ 4 times heavier than in the MSSM before they spoil naturalness. This
means that stops can be as heavy as 1.5 TeV, and the gluino as heavy as 3 TeV, before
fine-tuning reaches the 10% level. The usual interpretation [64, 65] of the null results for
supersymmetry at the LHC is that the stops should be lighter than the other squarks to
maintain naturalness. The situation in λ-SUSY is drastically different and we should not
be surprised that we have not yet seen supersymmetry: the entire colored spectrum may
be sitting, naturally, well above 1 TeV with flavor degenerate squarks!
λ-SUSY with a light Higgs boson also presents the possibility of interesting deformations of the SM Higgs branching ratios. In λ-SUSY, we find that mixing between the
light and heavy Higgs doublets leads to a depletion of the light Higgs coupling to bottom
quarks, which has the effect of increasing the Higgs branching ratio to γγ and W W . This is
the opposite of the usual non-decoupling effect in the MSSM [87], where the Higgs coupling
to bottoms is enhanced as the heavy Higgs mass decreases. The effect is also numerically
larger in λ-SUSY because the non-decoupling is enhanced by large λ. We will see that, depending on parameters, the gg → h → γγ rate can be enhanced by up to about 50% relative
to the SM rate, in the most natural regime of parameter space. Meanwhile, the branching ratio to bottoms can be depleted by a similar factor. Usually, the conception is that
supersymmetry should be first discovered by discovering superparticle production, however
in λ-SUSY the first discovery of supersymmetry may be through exotic Higgs branching
ratios.
The rest of the chapter is structured as follows. In section 2.2 we discuss the
implications of a 125 GeV Higgs boson for the MSSM and conclude that a Higgs of this
mass disfavors the MSSM, motivating study of an alternative model. In section 2.3 we
consider the implications for the NMSSM, where the fine-tuning can be significantly reduced
relative to the MSSM, although only at the edge of the (λ, tan β) parameter space. Then
in section 2.4 we consider λ-SUSY and show that a light, 125 GeV Higgs boson emerges
naturally from theories with a large value for λ. Section 2.5 contains our conclusions.

2.2

A Higgs Mass near 125 GeV in the MSSM

In this section we review the Higgs sector of the MSSM [1] and assess the consequences of a Higgs boson mass of 125 GeV. We determine which parts of the parameter
space allow for a Higgs mass of 125 GeV and how much fine-tuning is required.
The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs,
tan β, and on the pseudoscalar mass mA , which determines the mixing between the two
CP even scalars. In this section, we focus on the decoupling limit, mA  mZ , where the
lightest CP even Higgs is SM-like in its coupling and has the largest possible tree-level mass
(away from the decoupling limit, mixing drives the lightest mass eigenstate lighter). In the
decoupling limit, the tree-level Higgs mass is given by mZ cos 2β and is maximized at high
tan β, but is always far below 125 GeV.
At the one-loop level, stops contribute to the Higgs mass and three more parameters become important, the stop soft masses, mQ3 and mu3 , and the stop mixing parameter
Xt = At − µ cot β. The dominant one-loop contribution to the Higgs mass depends on the
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geometric mean of the stop masses, m2t̃ = mQ3 mu3 , and is given by,
m2h

≈

m2Z

"
m2 X 2
3 m4t
cos 2β + 2 2 ln 2t̃ + t2
4π v
mt
mt̃
2

Xt2
1−
12m2t̃

!#
.

(2.4)

The Higgs mass is sensitive to the degree of stop√mixing through the second term in the
brackets, and is maximized for |Xt | = Xtmax = 6 mt̃ , which is referred to as “maximal
mixing.” The Higgs mass depends logarithmically on the stop masses, which means, of
course, that the necessary stop mass depends exponentially on the Higgs mass. Therefore,
an accurate loop calculation is essential in order to determine which stop mass corresponds
to a 125 GeV Higgs.
We use the Suspect [59] and FeynHiggs [60, 61, 62, 63] packages to calculate the
Higgs mass, which include the full one-loop and leading two-loop contributions. In Figure
2.4 we give the mh = 124 and 126 GeV contours in the (Xt , mt̃ ) plane, with Suspect shown
in red and FeynHiggs shown in blue. For both curves, the axes are consistently defined in
the DR renormalization scheme. The left and right-handed top squark mass parameters
are taken equal, mQ3 = mu3 , since the Higgs mass depends only mildly on the ratio. As
we shall show, this choice results in the lowest fine-tuning for a given mt̃ , since the stop
contribution to fine-tuning is dominated by the largest soft mass. The loop contribution
depends slightly on the choice of some of the other SUSY parameters: we have fixed all
gaugino masses to 1 TeV, the Higgsino mass to µ = 200 GeV, and mA = 1 TeV. We find
that the Suspect and FeynHiggs results have considerable differences. The two programs use
different renormalization prescriptions, and we take the difference between the two programs
as a rough estimate of the theoretical uncertainty in the Higgs mass calculation. For an
earlier comparison, see [88]. The uncertainty should be reduced if one takes into account
the results of recent three-loop calculations [89, 90], although this is beyond the scope
of our work. For a detailed discussion of the two-loop calculations, see for example [91].
Fortunately, the two programs agree to within a factor of two
√ on the necessary stop mass in
the maximal
√mixing regime: mt̃ = 500−1000 GeV for Xt ∼ 6mt̃ and mt̃ ∼ 800−1800 GeV
for Xt ∼ − 6mt̃ , for a Higgs mass in the 124–126 GeV range.
We now consider the degree of fine-tuning [39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54, 55, 56, 57, 58] necessary in the MSSM to accommodate a Higgs of 125
GeV. We have just seen that rather heavy stops are necessary in order to boost the Higgs
to 125 GeV using the loop correction. The (well-known) problem is that heavy stops lead
to large contributions to the quadratic term of the Higgs potential, δm2Hu ,
δm2Hu


3y 2
= − t2 m2Q3 + m2u3 + |At |2 ln
8π



Λ
mt̃


,

(2.5)

where Λ is the messenger scale for supersymmetry breaking. If δm2Hu becomes too large
the parameters of the theory must be tuned against each other to achieve the correct scale
of electroweak symmetry breaking. We see from equation 2.5 that large stop mixing also
comes with a cost because At induces fine-tuning. At large tan β, Xt ≈ At , and maximal
mixing (|At |2 = 6m2t̃ ) introduces the same amount of fine-tuning as doubling both stop
masses in the unmixed case.
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Figure 2.4: Contours of mh in the MSSM as a function of a common stop mass mQ3 =
mu3 = mt̃ and the stop mixing parameter Xt , for tan β = 20. The red/blue bands show
the result from Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows
contours of the fine-tuning of the Higgs mass, ∆mh , and we see that ∆mh > 75(100) in order
to achieve a Higgs mass of 124 (126) GeV. The right panel shows contours of the lightest
stop mass, which is always heavier than 300 (500) GeV when the Higgs mass is 124 (126)
GeV.
In order to quantify the fine-tuning [53], it is helpful to consider a single Higgs
field with a potential
λh 4
|h| .
(2.6)
V = m2H |h|2 +
4
Extremizing the potential we see that the physical Higgs mass, mh , is related to the
quadratic term of the potential by m2h = λh v 2 = −2m2H . The amount of fine-tuning is
determined by the size of the Higgs mass relative to the size of corrections to the quadratic
term of the potential. In the MSSM at large tan β, the Higgs vev is in the Hu direction,
mh corresponds to the Higgs mass, mH corresponds to mHu , and λh is determined by the
D-terms at tree-level and is logarithmically sensitive to the stop mass at one-loop. We generalize to more than one Higgs field (2 in the MSSM and 3 in the NMSSM) by considering
the sensitivity of the Higgs mass eigenvalue to variations of the fundamental parameters of
the theory. This is closely related to variations of the electroweak VEV, v 2 = m2h /λh , which
is also often taken as a measure of fine-tuning.
The dashed purple lines on the left panel of Figure 2.4 show contours of the finetuning parameter, ∆mh , which we define to be the maximum logarithmic derivative of the
Higgs boson mass with respect to the fundamental parameters, pi ,
∆mh = max
i

∂ ln m2h
,
∂ ln pi

(2.7)
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Figure 2.5: A blowup of the maximal mixing regime, Xt ∼ 2mt̃ , in the MSSM, with tan β =
20 and mA = 1 TeV. The purple contours show Rγγ , the ratio of σ(gg → h)×Br(h → γγ) in
the MSSM to the Standard Model, computed with FeynHiggs. The one-loop contribution
from stops depletes the rate to be ∼ 80−95% of the SM rate. Had we chosen non-degenerate
squark soft masses, this effect could be larger, at the cost of increased fine-tuning. The other
contours are the same as the right side of Figure 2.4.
where we take the fundamental parameters, defined at the messenger scale Λ, to be µ, Bµ,
m2Q3 , m2u3 , At , m2Hu , m2Hd . We compute equation 2.7 at tree-level and also include the
one-loop leading log contribution to m2Hu , given by equation 2.5, which allows us to relate
the value of m2Hu at the cutoff to its value at the weak scale. For a 125 GeV Higgs mass the
fine-tuning is smallest near maximal mixing, but even here the fine-tuning is severe, with
∆mh > 100(200) for Xt > 0(< 0). Deviating away from maximal mixing, the squark masses
quickly become multi-TeV in order to raise the Higgs mass to 125 GeV, and the fine-tuning
is dramatically increased. Furthermore, we stress that the fine-tuning has been computed
for an extremely low value of Λ = 10 TeV for the messenger scale. For high-scale mediation
schemes, such as gravity mediation, the fine-tuning is an order of magnitude worse. The
dashed green lines of the right panel of Figure 2.4 show contours of the lightest top squark
mass, which can be as low as 400 GeV at maximal mixing but can rise to over a TeV with
only a mild increase in fine-tuning.
In Figure 2.5 we show one of the regions of large stop mixing in the (Xt , mt̃ ) plane
with an expanded scale. The red, blue and green contours are the same as in Figure 2.4
and the dashed purple lines show contours of Rγγ , the size of σ(gg → h) × Br(h → γγ) in
the MSSM, computed using FeynHiggs and normalized to its value in the Standard Model.
Here we have chosen mA = 1 TeV, so that non-decoupling affects the rate at < 3%. This
rate is depleted relative to the SM because stop loops lower the Higgs coupling to gluons
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when the stops have a large mixing angle [1]. In this region the suppression of the γγ signal
for a 125 GeV Higgs varies from about 0.8 to a little over 0.9. The theoretical uncertainty
on σ(gg → h) in the SM [92] is about 10%, and so a suppression at the lower end of this
range may therefore be observable after enough statistics are accumulated.

2.3

A Higgs Mass near 125 GeV in the NMSSM

We found above that a Higgs boson mass of 125 GeV introduces considerable
fine-tuning into the MSSM. This motivates us to go beyond the MSSM and look for a
more natural theory of the Higgs sector. A promising alternative is the Next-to-Minimal
Supersymmetric Standard Model [68], where a new singlet superfield couples to the Higgs in
the superpotential, λSHu Hd . The singlet coupling to the Higgs can contribute to the Higgs
mass, potentially reducing the fine-tuning relative to the MSSM [80, 93, 94, 95, 96, 97]. In
this section, we require the theory to remain perturbative up to the scale of gauge coupling
unification, which requires λ . 0.7 at the weak scale. In the next section, we will consider
the λ-SUSY scenario, where λ is allowed to be larger.
We take the Higgs-sector of the superpotential to be,
W ⊃ λ SHu Hd + µ̂ Hu Hd +

MS 2
S .
2

(2.8)

We have included an explicit µ-term and an explicit supersymmetric mass for S [98], in
contrast to many studies of the NMSSM which focus on the scenario with no dimensionful
terms in the superpotential. We define the parameter µ = µ̂ + λ hSi, which acts as the
effective µ-term and sets the mass of the charged Higgsino.
We also include the following soft supersymmetry breaking terms,
Vsoft ⊃ m2Hu |Hu |2 + m2Hd |Hd |2 + m2S |S|2 + (Bµ Hu Hd + λAλ SHu Hd + h.c.) .

(2.9)

For simplicity, we have not included the trilinear interaction S 3 in the superpotential or
scalar potential because we do not expect its presence to qualitatively change our results.
We neglect CP phases in this work and take all parameters in equations 2.8 and 2.9 to be
real.
In this section, we focus on the scenario where the lightest CP-even scalar is mostly
doublet, with doublet-singlet mixing not too large. The lightest CP-even scalar mass that
results from the above potential is bounded from above at tree-level [68],
(mh 2 )tree ≤ m2Z cos2 2β + λ2 v 2 sin2 2β.

(2.10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs
mass.1 The first term is the upper bound in the MSSM, while the second term is the
contribution from the interaction involving the singlet. The above bound is saturated when
the singlet is integrated out with a large supersymmetry breaking mass, m2S > MS2 [80],
which, in practice, can be realized with mS several hundreds of GeV. For large enough
1

It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then,
singlet-doublet mixing can increase the mass of the dominantly doublet eigenstate [97].
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Figure 2.6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and
varying tan β = 2, 5, 10 from left to right, and varying λ within each plot. We add the
tree-level Higgs mass (with NMSSM parameters chosen to maximize it) to the two-loop
stop contribution from Suspect. The tree-level Higgs mass is largest at lower values of tan β
and larger values of λ, where only modestly heavy stops, mt̃ ∼ 300 GeV, are needed to raise
the Higgs to 125 GeV. Heavy stops are still required for lower values of λ and larger values
of tan β.
values of λ, the second term dominates the tree-level mass. The λ term grows at small
tan β, and this means that the largest Higgs mass is achieved with low tan β and as large λ
as possible. Plugging in λ = 0.7, we find that (mh 2 )tree is always smaller than 122 GeV.
Because the tree-level contribution is insufficient to raise the Higgs mass to 125 GeV,
we also consider the loop corrections to the Higgs mass arising from stops. In Figure 2.6,
we show contours of mh = 125 GeV, in the stop mass/mixing plane, with tan β = 2, 5, 10
and varying λ between 0 and 0.7. We take the tree-level mass to saturate the bound of
equation 2.10 and we add to it the one and two loop contribution from stops using Suspect,
taking degenerate stop soft masses, mQ3 = mu3 . Here, and for the rest of this section, we
have set µ = 200 GeV and we fix Bµ by taking the MSSM-like pseudoscalar mass to be
500 GeV, in the limit of no mixing with the singlet-like pseudoscalar. Suspect includes only
the MSSM contribution, and this means that we are neglecting the one-loop contribution
proportional to λ2 , which is a reasonable approximation since λ < yt . For low tan β and
λ close to 0.7, the lightest stop becomes tachyonic near maximal mixing. Furthermore, for
sub-maximal stop mixing, the stops are light enough to give O(1) corrections to σ(gg → h);
however, these corrections may take either sign, depending on the size of the mixing [1],
which is relatively unconstrained by naturalness for large λ. Furthermore, the stop mass
quickly rises as λ is decreased or as tan β is increased, decoupling this effect.
Next we consider the fine-tuning in the NMSSM when mh = 125 GeV. As in
section 2.2, we measure fine-tuning in terms of the sensitivity of the Higgs mass to the
parameters of the theory using the maximum logarithmic derivative of equation 2.7. We
consider derivatives with respect to the MSSM parameters µ, Bµ, m2Q3 , m2u3 , At , m2Hu , and
m2Hd , defined at the cutoff, which we conservatively take to be the low scale of Λ = 10 TeV.
We also take derivatives with respect to the NMSSM parameters m2S , MS , and Aλ . We
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Figure 2.7: Contours of Higgs mass fine-tuning, ∆mh , in the NMSSM with the maximal
value of λ = 0.7 for tan β = 2 and 5, moving from left to right, with mQ3 = mu3 = mt̃ and
mA = 500 GeV. Contours of mh = 124 and 126 GeV are overlaid, including loop corrections
from Suspect and FeynHiggs. When tan β = 2 the tuning can be low, ∆mh . 15, while for
tan β = 5 heavier stop masses are required because the tree-level Higgs mass is lower.
include the one-loop contribution of m2S to m2Hu,d , which is proportional to λ2 . The result
is shown in the stop mass/mixing plane in Figure 2.7, taking λ as large as possible, 0.7, and
taking tan β = 2 on the left and tan β = 5 on the right. For tan β = 2, where the tree-level
Higgs mass is larger, we find that the fine-tuning is typically around 1/15 for moderate to
low stop mixing. The tuning is mild because the stops are light, and in fact for low stop
mass the tuning is dominated by the choice of µ, and can even be lowered to the 10% level
if µ is lowered to 100 GeV. For tan β = 5, the tree-level Higgs mass is smaller and heavier
stops are required to raise the Higgs to 125 GeV. This results in more fine-tuning, and
for tan β = 5, we find that maximal mixing is required to avoid multi-TeV stops, and the
fine-tuning is always worse than ∼2–3%. As tan β rises, the fine-tuning as a function of
stop masses and mixing quickly reverts to that of the MSSM.
Finally, we conclude this section by looking at how the necessary stop mass and
fine-tuning depends on λ, which is shown in figure 2.8. We fix the Higgs mass to 125 GeV
and tan β = 2, and we look at the stop mass given separately by FeynHiggs and Suspect for
maximal stop mixing and no stop mixing, with degenerate stop soft masses. We see that
the necessary stop mass drops dramatically from multi-TeV at λ < 0.5 to hundreds of GeV
near λ of 0.7. We also show the fine-tuning in the Higgs mass as a function of λ and see
that the fine-tuning drops from 1/1000 at low λ to 1/100 near λ = 0.5 − 0.6 for maximal
mixing, and finally to close to 1/15 near λ = 0.7. Note that, while the required stop mass
for a given Higgs mass can be dramatically smaller at maximal mixing, the fine-tuning is
significantly worse than in the case of no mixing, since At contributes to the running of
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mHu . Clearly, the most interesting regime of the NMSSM is where λ is as large as possible.
This motivates us, in the next section, to relax the requirement that the theory remain
perturbative until the scale of gauge coupling unification, and to consider the implications
of a 125 GeV Higgs for theories with λ > 0.7.
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Figure 2.8: The necessary stop mass (left) and fine-tuning (right) in order to achieve a
Higgs mass of 125 GeV in the NMSSM, as a function of λ. We see that larger values of λ
allow for lighter stops and much less fine-tuning. We consider two cases for the stop mixing:
(1) maximally mixed stops and (2) zero mixing. We cut off the plot for maximally mixed
stops when mt̃1 ∼ mt . For both plots, the loop corrections are computed using Suspect and
FeynHiggs, and we fix tan β = 2.

2.4

A Higgs Mass near 125 GeV in λ-SUSY

In the previous section we found that, at low tan β, increasing λ in the NMSSM
improves naturalness and allows for much lighter stops. Motivated by this, we now consider
values of λ > 0.7, larger than is allowed for perturbative unification. However, in certain
UV completions such as Fat Higgs models [70, 71, 72, 73, 74, 75], successful gauge coupling
unification can occur even with λ > 0.7 and a non-perturbative sector well below unified
scales. In this section we study values of λ up to 2, beyond which the running value of
λ2 (10 TeV) becomes of order 4π, and non-perturbative effects are likely to upset precision
electroweak data [69]. Many features of this λ-SUSY framework have been studied [69, 82,
83, 84, 85, 86, 99, 100, 101], but always with the SM-like Higgs boson heavier than about
160 GeV.
Here we study the theory defined by the interactions of Eqs. 2.8 and 2.9 from
the previous section, but with large λ. We begin by considering the Higgs mass, which is
naively of order λv ∼ 200–300 GeV in the limit of small tan β (see Eq. 2.10). However, this
estimate neglects mixing between the Higgs and the CP even singlet within S, which would
be a good approximation in the limit of large singlet soft mass, mS → ∞. However, this
limit cannot be taken consistently with naturalness, because the singlet scalar soft mass
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affects the Hu and Hd soft masses through the one-loop RGEs,
dm2Hd
dt
dm2Hu
dt

m2S
+··· ,
8π 2

m2
3
= λ2 S2 + 2 yt2 m2Q3 + m2u3 + |At |2 + · · · .
8π
8π

= λ2

(2.11)
(2.12)

Naturalness requires the singlet scalar to be relatively light, mS . 1 TeV, and so singletdoublet mixing between the CP even mass eigenstates must be considered, as in the mass
matrix of Eq. 2.3 from the introduction. The off-diagonal mixing terms arise from the soft
A-term and the cross-terms in the F -terms of the potential,
L ⊃ λv [(Aλ + M ) cos β − 2µ sin β] s hu + λv [(Aλ + M ) sin β − 2µ cos β] s hd ,

(2.13)

and they become large as λ is raised and mS is dropped. Level-splitting then drives the
smallest mass eigenstate lighter, as shown in Figure 2.3, allowing for much smaller Higgs
masses than would be expected from the singlet-decoupling limit.
We now proceed to calculate the Higgs mass at tree-level, which is a good approximation when λ ∼ 2 because λ2 v 2 is large relative to one-loop corrections from stops. For the
purpose of illustration we choose a reference point in parameter space, shown in Table 2.1,
with a maximal value of λ = 2 and other parameters shown in the table. At this point, we
see that mS ∼ 500 GeV leads to a Higgs mass of 125 GeV due to the level-splitting. In
Figure 2.9 we show contours of the Higgs mass in the (mS , MS ) plane and in Figure 2.10
the contours of the Higgs mass in the (λ, tan β) and (λ, mS ) planes. For each figure, we hold
the parameters not being varied fixed to the values of the benchmark point in Table 2.1.
Several Higgs mass contours are shown in blue, with the 125 GeV contour solid and the
others dotted. The black dot shows the reference point. In the right panel of Figure 2.9
and in Figure 2.10, as the singlet scalar mass mS is reduced below the reference point, the
Higgs mass rapidly drops to zero and the tachyonic purple region with m2h < 0 is reached,
demonstrating that the Higgs mass is being affected by singlet-doublet Higgs mixing, as
illustrated in Figure 2.3.
Obtaining a Higgs mass much smaller than λv requires a tuning in the level splitting. Thus, a light Higgs could signal an additional fine-tuning not captured by standard
measures which seek to quantify cancellations inherent in the weak scale. In order to capture both effects, we once again consider logarithmic derivatives of the Higgs mass, rather
than the weak scale, as a measure of fine-tuning. Here we include one-loop LL contributions from the stop masses and λ. Since λ increases rapidly with energy, we improve the
LL contribution by integrating its RGE up to a messenger scale of Λ = 10 TeV, obtaining


m2S
λ2
Λ
2
δmHd (Λ) '
ln 1 − 2 ln √
,
(2.14)
4
2π
mQ3 mu3


m2S
λ2
Λ
2
δmHu (Λ) '
ln 1 − 2 ln √
4
2π
mQ3 mu3
2

3y
Λ
− t2 m2Q3 + m2u3 + |At |2 ln √
.
(2.15)
8π
mQ3 mu3

18
parameters
λ=2
tan β = 2
µ = 200 GeV
MS = 0 GeV
mS = 510 GeV mH + = 470 GeV
mQ3 = mu3 = 500 GeV
At , Aλ = 0

properties
mh = 125 GeV
θhs = 0.12
mh2,3 = 521, 662 GeV
mA1,2 = 579, 617 GeV
∆mh = 5.2
ξbb̄,tt̄,γγ,W W = (0.27, 1.03, 0.79, 0.84)
Rγγ = 1.67 RW W = 1.79 Rbb = 0.46

Table 2.1: A benchmark point in λ-SUSY with a large λ of 2 and a 125 GeV Higgs boson
mass, which results from Higgs-singlet mixing. The parameters are shown to the left and
various masses, mixing angles, and phenomenologically relevant Higgs couplings are shown
to the right. The Higgs boson mass is not fine-tuned relative to the fundamental parameters,
∆mh ∼ 5. Here, the Ri parameters represent the ratio of σ × Br, relative to the SM, with
σ corresponding to gluon fusion for the γγ and W W final states and associated Z/W + h
production for h → bb.
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Figure 2.9: The Higgs mass in λ-SUSY varying the singlet supersymmetric mass, MS ,
and soft mass, mS . The Higgs mass contours are shown in blue, contours of Higgs finetuning, ∆mh , are shown in red, and the region where the Higgs is tachyonic, due to Higgssinglet mixing, is shown in purple. The fine-tuning is increased when the Higgs mass drops,
however, a Higgs mass of 125 GeV is achieved in a region of low fine-tuning, ∆mh ∼ 5. The
orange region is where the lightest neutralino is lighter than half the Higgs mass, and in
this region the Higgs would dominantly decay invisibly.
Contours of the fine-tuning parameter ∆mh are shown as red dashed lines in Figures 2.9 and 2.10. In each plot, the region with mh approaching zero has a high density
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Figure 2.10: The Higgs mass and fine-tuning contours, ∆mh in λ-SUSY. On the left, we
vary λ and tan β and on the right we vary λ and the singlet soft mass, mS . The rest of
the parameters are fixed as in table 2.1. We find that there is a preference for large λ,
small tan β, and moderate values of the singlet soft mass, mS ∼ 500 GeV. Overall, there is
a large region of parameter space where a Higgs mass of 125 GeV is consistent with very
mild tuning, ∆mh ∼ 5. Within the purple region, the Higgs is driven tachyonic due to
Higgs-singlet mixing, and in the orange region on the right plot, there is a light neutralino
and the Higgs dominantly decays invisibly.
of red contours, and this area is highly fine-tuned, demonstrating the sensitivity of the
Higgs mass to the parameters entering its mixing angle with the singlet. However, a large
range of relatively light Higgs masses lies just outside this area, as expected from the mild
slope in Figure 2.3. In fact, the reference point lies near the edge of a large region of the
(λ, tan β, mS , MS ) parameter space where ∆mh ∼ 5. The λ-SUSY theory has a large region
with mh = 125 GeV that is less fine-tuned than the NMSSM. In a portion of this region,
which we have shaded in orange in Figure 2.9 and the right panel of Figure 2.10, the lightest
neutralino mass is less than one half of the Higgs mass, so that Higgs decays to neutralinos
becomes kinematically accessible. Due to the large coupling, one expects that such invisible
decays will occur with an order one branching ratio as soon as they are allowed.
It is clear from Figure 2.10 that the fine-tuning is only a mild function of λ.
However, large λ has a very important effect: it protects the Higgs mass from heavy sparticle
corrections, decreasing the Higgs mass sensitivity to the sparticle spectrum. At large λ, the
fine-tuning is dominated by the sensitivity to the parameters entering the singlet-doublet
mixing, while at small λ (and large mS ) the mixing becomes less important, and the finetuning comes from stop loops correcting m2Hu . For a given fine-tuning the stop mass must
be lower for a lower value of λ.
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Figure 2.11: The maximum values of the stop, charged Higgs, and Higgsino masses, before
the fine-tuning of the electroweak vev becomes worse than 10% (5%) is shown with solid
(dashed) lines. We vary λ along the horizontal axis and for each choice of λ (and µ, mH + ),
we choose MS in such a way as to fix the Higgs mass to 125 GeV. We see that larger values
of λ allow for heavier sparticles while maintaining naturalness. For λ = 2, the stops can
be as heavy as 1.4 TeV, the charged Higgs can be 1 TeV, and the Higgsinos can be around
350 GeV.
In Figure 2.11 we show the maximum stop, chargino, or charged Higgs mass required to raise ∆v to 10 and 20, fixing the light Higgs mass to be 125 GeV. Here we have
chosen to show ∆v because it results in more conservative mass values than ∆mh . Raising
λ to 2 allows the stop mass to be twice as large for the same fine-tuning as would a λ of 1.
Recall that the MSSM and NMSSM with a stop mass at 1.4 TeV are at least an order of
magnitude more fine-tuned. We also see from this plot that, as in the MSSM, the chargino
and the charged Higgs masses should not be too large. We may understand this by considering the minimization conditions for the potential in the limit of small singlet-doublet
mixing, as was done in [80]. One finds
λ2 v 2 =
=

2Bµ
− (2|µ|2 + m2Hu + m2Hd )
sin 2β
2Bµ
− m2H + + m2W ,
sin 2β

(2.16)
(2.17)

so that neither µ nor mH + should be far above λv.
Keeping the charged Higgs relatively light has interesting phenomenological consequences in λ-SUSY: the non-decoupling effects turn off slower than in the MSSM, resulting
in modified Higgs couplings and branching ratios. Expanding in powers of v/(mA , mH + )
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Figure 2.12: The ratio of Higgs couplings squared relative to the Standard Model for bb̄,
tt̄, W − W + and γγ as a function of the charged Higgs mass, mH + . λ-SUSY is shown to
the left and the MSSM is shown to the right. In λ-SUSY the couplings are computed at
tree-level, and the Higgs mass is a function of mH + ; in the MSSM we approximate the
one-loop correction to the couplings [1], given that the stop contribution raises the Higgs
mass to 125 GeV. We see that in λ-SUSY, unlike the MSSM, the Higgs coupling to the
bottom quark drops dramatically away from the decoupling limit, leading to a depleted
Higgs width and an enhanced γγ signal. The λ-SUSY parameters, other than the charged
Higgs mass, are as in table 2.1; for the MSSM we choose tan β = 20.
the light Higgs coupling to bb̄ in the MSSM normalized to the SM is2
!



yb2
mZ 2
mh 2
ξbb ≡ 2
cos 2β
≈ 1+2 1−
mh
mA
(yb )SM


mZ 2
at tree level,
→ 1 + | sin 4β| tan β
mA

(2.18)
(2.19)

while in λ-SUSY we have

ξbb ≈ 1 − | sin 4β| tan β

λv
m+
H

2
,

(2.20)

neglecting corrections from singlet-doublet mixing. In λ-SUSY the non-decoupling effect is
a factor of ∼ 2λ2 /g 2 larger and takes the opposite sign as compared to the MSSM, tending
to reduce the Higgs coupling to bb̄. We show the ratio of light Higgs couplings to various
particles in the MSSM and in λ-SUSY relative to those in the SM in Figure 2.12 as a function
of mH + . The MSSM Higgs coupling to bb̄ can be enhanced by an order one amount as the
charged Higgs mass approaches the b → sγ limit near ∼ 300 GeV [14], while the couplings
2

The formula given here includes the approximate one-loop contribution to the Higgs mixing angle from
the stops, with the assumption that they only affect the m2Hu element of the Higgs mass matrix [1].
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to W W , γγ, and tt̄ remain nearly unperturbed by decoupling effects. In contrast, it can be
seen that the bb̄ coupling may be decreased dramatically in λ-SUSY, reaching a value of 0.3
relative to the SM at our benchmark point from Table 2.1. The depletion of the coupling
to W W is not as severe because it first appears at order (λv/mH + )4 in the expansion.
Furthermore, the ξi do not asymptote to 1 because of the singlet-doublet mixing, which
tends to deplete all couplings uniformly.
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Figure 2.13: The ratio Rγγ of σ × Br in λ-SUSY relative to the SM for the process
gg → h → γγ. The red contours show Rγγ and the blue contours show the Higgs mass
in the λ, tan β plane. We see that this process generically has a larger rate in λ-SUSY
than in the SM, this is due to the depletion of the Higgs coupling to bottom quarks in the
non-decoupling limit. The left and right panels correspond to charged Higgs masses of 350
and 470 GeV, respectively.
For a SM-like Higgs at 125 GeV, decays to bb̄ contribute 58% [102] to the full width.
Thus, a depletion of the bb̄ coupling can generate a large increase in the branching ratios
to other final states relative to a SM or MSSM Higgs. In Figure 2.13 we show contours of
σ×Br(gg → h → γγ) relative to the SM in the (λ, tan β) plane for two values of mH + . We
compute the modified branching ratios by weighting the partial widths of the SM Higgs [102]
by the ξi factors discussed above. As expected from Eq 2.20, the enhancement to Rγγ grows
with λ, and can be greater than 1.5 in a large region of parameter space with low fine-tuning
and a light Higgs. The enhancement turns off quickly as mH + is raised, but mH + cannot
become too large without inducing fine-tuning, so that naturalness prefers a larger-thanSM rate to γγ. Since doublet-doublet mixing has a comparable effect on ξW W as to ξγγ ,
the depleted Higgs width should similarly enhance the rate to W W ∗ , RW W ∼ Rγγ . Large
enhancements to the γγ rate can also be found in the NMSSM, although typically for Higgs
masses lighter than 125 GeV [103, 104]. Even in the MSSM, stop loops can have a similar
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effect on the Higgs production cross section and therefore the overall rate to photons [1];
thus, in order to distinguish these non-decoupling effects from stop contributions, the rate
to bb̄ and τ τ must be measured as well, since they should be depleted relative to the MSSM
by the decrease in the Higgs coupling. At the benchmark point described in Table 2.1, we
find Rbb = Rτ τ = .46 when the Higgs is produced either by vector boson fusion or associated
Z/W + h production, which are the relevant channels for Higgs discovery in the bb̄ and τ τ
modes. It is also possible to distinguish these effects by measuring the vector boson fusion
rate to photons, which will also be enhanced by non-decoupling effects, whereas stop loops
mainly affect the Higgs coupling to gluons.
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Figure 2.14: An example of a natural SUSY spectrum in λSUSY with λ ∼ 2. The finetuning of the Higgs mass, and electroweak symmetry breaking, can remain milder than
10% with the Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing
between the Higgs and the singlet lowers the Higgs mass to 125 GeV.

2.5

Conclusions

The LHC experimental collaborations have presented data that can be interpreted
as the first evidence for a Higgs boson with a mass of about 125 GeV [24, 25]. We have
studied the implications of a 125 GeV Higgs boson for naturalness in supersymmetric theories. We considered three scenarios: the MSSM, the NMSSM with a coupling λ that can
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remain perturbative until the scale of gauge coupling unification, and λ-SUSY, where λ can
be larger. Our main results concerning naturalness are,
• In the MSSM, maximal mixing is required to avoid multi-TeV stops. Fine-tuning is at
the 1% level or worse with a low mediation scale of 10 TeV, and an order of magnitude
more with a high mediation scale.
• The NMSSM can accommodate a 125 GeV Higgs with only ∼ 5 − 10% tuning if the
mediation scale is low and stop mixing is non-maximal. In order to achieve such
mild fine-tuning, the NMSSM is pushed to the edge of its parameter space, with low
tan β . 2 and large λ ∼ 0.7, so that λ is very nearly non-perturbative at the GUT
scale.
• λ-SUSY presents a highly natural theory of a 125 GeV Higgs, with tuning in the range
of 10-20% for a large portion of its parameter space. The Higgs mass can be 125 GeV
in theories with large λ, because it is naturally driven light by Higgs-singlet mixing.
Alternatively, a 125 GeV Higgs mass can be achieved in theories with somewhat
smaller λ or larger tan β, if Higgs-singlet mixing is not an important effect.
We have discussed a number of phenomenological consequences of the λ-SUSY
theory with large λ ∼ 2. Even though the Higgs mass can be as low as 125 GeV, the
stops can be very heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak
symmetry breaking. In Figure 2.14 we give an example of such a natural superparticle
spectrum. This possibility presents a new twist on the null supersymmetry results: maybe
superparticles are above the 7 TeV reach of the LHC because the Higgs potential is protected
by a large value for λ. Of course, since the tree-level contributions are large in λ-SUSY,
the stops are not required to be heavy in order to raise the Higgs mass. Thus it is also
possible that the superparticle spectrum is about to be discovered. We have also found
that λ-SUSY has the possibility of interesting non-decoupling effects. Mixing between the
two doublets depletes the coupling of the lightest Higgs to bottom quarks (the opposite of
how non-decoupling usually works in the MSSM), enhancing the γγ and W W rates and
depleting the branching ratios to b’s and τ ’s. In λ-SUSY, non-SM Higgs branching ratios
may present the first experimental clue for supersymmetry, instead of the direct discovery
of sparticles.
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Chapter 3

Dark Matter
3.1

Introduction

In many supersymmetric theories, the LSP is a stable neutralino which can account for the observed dark matter (DM) in the Universe. However, two complementary
experimental efforts seemingly cast doubt on this possibility, at least for the simplest case
where the LSP is a linear combination of the bino, wino, and Higgsino, χ ∼ (b̃, w̃, h̃).
First, a variety of searches from the LHC have placed compelling limits on supersymmetry, with constraints especially stringent when the LSP is a stable, weakly interacting
massive particle. Naively, this casts doubt on the so-called “WIMP miracle.” However, the
powerful null results from the LHC apply to colored superpartners decaying to missing
energy—direct limits on the bino, wino, and Higgsino still remain weak. So while the LHC
challenges supersymmetry as a solution to the hierarchy problem, it does not impose strong,
direct, constraints on the origin of DM.
Secondly, after decades of improving technologies and increasing target masses, the
direct detection of galactic DM has reached unprecedented levels of sensitivity, as shown
in Fig. (3.1). At present, the best limits on the scattering of DM against target nuclei
are from the XENON100 experiment [2], which probes spin-independent (SI) and spindependent (SD) scattering. Complementary and in some cases more powerful constraints
on SD scattering have also been obtained by the IceCube observatory [7], which searches
for high energy neutrino signals originating from DM accumulating inside the sun. In
many theories—for example neutralino DM—SI and SD scattering is mediated by Higgs
and Z boson exchange, respectively. Cross-sections corresponding to different values of the
couplings chχχ and cZχχ are shown in Fig. (3.1), which reflect the fact that σSI ∝ c2hχχ
and σSD ∝ c2Zχχ . For neutralino DM, both couplings originate from the electroweak gauge
couplings g 0 ∼ 0.35 and g ∼ 0.65, so the naive conclusion of Fig. (3.1) is that neutralino
DM is presently excluded. However, this argument against neutralino DM is incorrect.
The couplings chχχ and cZχχ arise from multiple contributions of the same order which
can constructively or destructively interfere; upon squaring the resultant couplings, one
finds SI and SD cross-sections which can easily be enhanced or suppressed by an order
of magnitude from the naive expectation. While current constraints do not require any
particular fine-tuning among parameters—just relative signs—this will not be so easy for
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future limits.
In this chapter, we explore the observational status and future of neutralino DM
in the context of simplified models, defined here to be minimal theories of weak scale SUSY,
decoupling all but a handful of superpartners relevant for DM phenomenology. Crucially,
these models are characterized by a small number of theory parameters defined at the weak
scale. Our aim is to identify the regions of parameter space that are presently allowed and
understand the detection prospects for upcoming experiments.
A priori, the parameter space of supersymmetric DM is vast, which is why typical
analyses employ exhaustive parameter scans. However, the majority of these parameters
are irrelevant to neutralino DM if we assume that the scalar states—heavy Higgs bosons,
squarks, and sleptons—are sufficiently decoupled to not significantly affect processes relevant to the cosmological or observational properties of DM. This simplified model approach
is further motivated by the absence so far of signals at the LHC for supersymmetry and
heavy Higgs states. Similarly, LHC data motivate the assumption that the SI scattering
of DM against the nucleon is dominated at tree-level by the exchange of a standard model
(SM) Higgs of mass near 125 GeV. These assumptions lead to a manageable parameter
space for neutralino DM which an admixture of bino, wino, and Higgsino. This parameter
space is comprised of mass parameters for b̃, w̃ and h̃ and the ratio of vacuum expectation
values,
χ ∼ (b̃, w̃, h̃)

:

(M1 , M2 , µ, tan β).

(3.1)

We find that our analysis is little altered for squarks as light as 1 TeV, and we quantify
their effects for lower mass values. For simplicity, throughout this work we assume CP
conservation and we consider mχ & mW , so that DM is above threshold to annihilate into
W + W − . In particular, we do not consider the Z/h pole regions, and we do not consider
light DM, mχ . 10 GeV.
This minimal framework for neutralino DM is relevant for a remarkably wide range
of theories. The most obvious case is the minimal supersymmetric standard model (MSSM)
with large tan β and multi-TeV squarks to yield a 125 GeV Higgs boson. On the other hand,
χ can also describe neutralino DM in the next-to-minimal supersymmetric standard model
(NMSSM), provided that the singlino component of χ is sufficiently small. As discussed
in the previous chapter, such theories can account for a 125 GeV Higgs boson with less
fine-tuning in electroweak symmetry breaking than the MSSM, and prefer smaller values
of tan β. Our setup also characterizes DM in a variety of theories of Split Supersymmetry
[105], with tan β typically decreasing as the mass of the scalar superpartners is raised. In
Split Supersymmetry, the decoupling of the scalars is guaranteed, while in other theories this
is a greater assumption. Notably, the existence of light DM does not invoke any additional
tuning, since the neutralino mass is protected by chiral symmetries. In this chapter we are
agnostic about the role of supersymmetry for the naturalness puzzle—as such, our analysis
applies to all of the above theories.
Our main conclusions are as follows:
• Despite stringent SI and SD limits, neutralino DM remains experimentally viable. The
allowed regions of parameter space are large; they permit thermal, non-thermal, and
multi-component neutralino DM, and include points with minimal fine-tuning. This
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result hinges on the proximity of viable parameter regions to numerous direct detection
“blind spots” at which the SI or SD scattering cross-section vanish identically due to
destructive interference in the couplings chχχ or cZχχ . We have analytically identified
all such cancellation points for neutralino DM and found that they require diverse
sign choices among the mass parameters (summarized in Table 3.1).
• Upcoming direct detection experiments will probe the bulk of neutralino DM parameter space, except for regions very close to the direct detection blind spots. Most of the
regions left unscathed require fine-tuning between M1 , M2 , and µ in order to track the
blind spots. A notable exception to this is thermal bino/Higgsino and non-thermal
Higgsino DM at low tan β, which will evade both SI and SD experiments for the foreseeable future. Interestingly, this region of parameter space is theoretically favored:
low tan β is required by natural theories like λSUSY [69] in order to sufficiently boost
the Higgs mass; it is also required by unnatural theories like Split Supersymmetry
[105], given Higgs mass constraints.
• Bino/wino DM remains an attractive candidate for neutralino DM. As discussed in
past works [106, 107, 108, 109, 30], the observed DM abundance can be accommodated
by thermal freeze-out through coannihilations. We present here the first systematic
analysis of the full parameter space of thermal, non-thermal, and multi-component
bino/wino DM in relation to present and future experiments.
Let us comment briefly on the relationship between our results and past work.
Two recent studies of neutralino DM [110, 111] focus on the correlation between the size
of the cross-section relevant for direct detection and naturalness in electroweak symmetry
breaking. An earlier study [112] identified certain regions of parameter space with small
direct detection cross-section. We note that these earlier papers all relied on scans over
large parameter spaces, differing greatly from our approach of using simplified models.
Well-tempered bino-Higgsino DM was studied in a simplified model approach in [113], and
in the addendum it is claimed that the recent XENON100 results exclude the case of thermal
freeze-out. However, the case of a relative sign between µ and M1 , leading to destructive
interference in the Higgs coupling chχχ , was not considered by these authors.
The outline of the chapter is as follows. In Sec. 3.2, we discuss the relevant experiments, focusing on present limits and future reach to probe the SI and SD cross-sections.
We go on to discuss the cosmological history of the DM relic abundance in Sec. 3.3, including a review of the well-tempered neutralino. In Sec. 3.4, we identify regions of parameter
space where the DM direct detection cross-section is suppressed. This suppression can come
from purity of DM, which we discuss in Sec. 3.4.1, or from blind spots, where the Higgs
or Z coupling vanish, which we classify in Sec. 3.4.2. We present detailed results on the
present limits and reach for the simplified model where DM is a mixture of a bino and a
Higgsino, in Sec. 3.5. Then we bring the wino into the spectrum in Sec. 3.6, and study DM
that is a mixture of bino, wino, and Higgsino (with a special focus on the case where DM
is dominantly bino/wino). Our conclusions appear in Sec. 3.7.
We have included a few appendices with results that are of a more technical nature,
but important for our study. Direct detection limits depend on the strange quark content
of the nucleon, fs , and we use the lattice values [16] for our analysis. In App. A, we review
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the recent status of determinations of fs and quantify how our results are sensitive to this
quantity. In App. B, we explain how we quantify the tuning of the DM abundance and
direct detection cross-section, independently of a possible tuning of the electroweak scale.
Throughout this chapter, we use tree-level scattering cross-sections, and one may wonder
how our limits, and specifically blind spots, are modified by loop corrections. In App. C we
justify that these loop corrections should be small throughout most of the parameter space
we consider.

3.2

Observational Constraints

In this section, we enumerate the experiments relevant to neutralino DM and
broadly outline their status and future reach. However, before delving into the experimental
limits we would like to ask: what is the characteristic size for the SI and SD cross-sections
expected of neutralino DM which couples through the Higgs and Z bosons? Given the
interactions,
chχχ
L⊃
h(χχ + χ† χ† ) + cZχχ χ† σ̄ µ χZµ ,
(3.2)
2
then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections
are

c

c
Zχχ 2
hχχ 2
σSD = 3 × 10−39 cm2
.
(3.3)
σSI = 8 × 10−45 cm2
0.1
0.1
While σSD is typically considerably larger than σSI , SI experimental constraints are commensurately stronger than SD, so these two limits are comparable in strength [114, 115].
Note that σSI depends on nuclear form factors, in particular the strange quark content of
the nucleon. For our analysis we adopt the lattice values of [16]. A more technical discussion
of the strange quark content of the nucleon is contained in App. A.
The SI scattering of DM with nucleons is highly constrained by null results from
direct detection experiments. At the forefront of this experimental effort is XENON100 [2],
an underground, two-phase DM detection experiment which employs a 62 kg radio-pure
liquid Xe target. As shown to the left of Fig. (3.1), XENON100 provides the current leading
experimental limit on SI scattering; their latest limit uses an exposure of 0.02 ton × years.
Throughout this chapter, we present 90% C.L. limits and reach, and we take the local
DM density to be ρ0 = 0.3 GeV/cm2 , which is supported by a recent direct measurement
using stellar kinematics, ρ0 = 0.3 ± 0.1 GeV/cm2 [116]. We do not attempt to incorporate
astrophysical uncertainties into our analysis.
XENON100 will be far surpassed by XENON1T [5], which is projected to begin
collecting data in ∼ 2015 and should offer substantially better sensitivity due to a larger
Xe target mass of ∼ 2.2 tons. The projection in Fig. (3.1) shows the estimated limit with
an exposure of 2.2 ton × years. Meanwhile, LUX [3]—a direct detection experiment of
similar design but with a Xe target volume of 350 kg—is slated for operation in ∼ 2013,
and has a projected reach between that of XENON100 and XENON1T. In Fig. (3.1) we
show the conservative LUX reach estimate from Ref. [3], which assumes an exposure of
0.08 ton × years and a light collection efficiency of 15%. A more optimistic light collection
efficiency of 20% improves the limit by a factor of ∼ 1.6. We also show the projected limit
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Figure 3.1: Present limits (filled or solid) and future reach (dashed) for SI/SD scattering of
DM, shown in terms of the cross-section (left axis) or DM Higgs/Z coupling (right axis). For
SI scattering we show the current limit from XENON100 [2] as well as the projections for
LUX [3], SuperCDMS [4], and XENON1T [5]. For SD scattering we show the current limit
from XENON100 [6] on DM-neutron scattering, as well as the current limit from IceCube [7]
on DM-proton scattering, assuming annihilations into W + W − or tt̄ (estimated). We also
show our estimate for the reach of XENON1T [8] for DM-neutron scattering.
from SuperCDMS at SNOLAB [4], which is based on a complementary technology utilizing
germanium detectors. Throughout the rest of the chapter, we will focus on the XENON100
limit, the conservative LUX estimate, and the XENON1T reach, but it is understood that
the SuperCDMS reach would fall between the LUX and XENON1T estimates. We note
that ton-scale Xenon detectors are also being pursued by LZ [117] and PandaX [118] and
ton-scale Argon detectors are being pursued by the DarkSide collaboration [119]; we do
not show their reach but our XENON1T curves should be taken as representative of the
expected sensitivity of ton-scale liquid noble gas detectors.
The SD scattering of DM with nucleons is constrained by direct detection experiments. The right of Fig. (3.1) shows the preliminary limit from XENON100, with
100 livedays, on the DM-neutron scattering cross-section [6]. We assume a nuclear shell
model that leads to a conservative limit; a different model improves the limit by a factor
of ∼ 1.9, and this difference can be taken as an estimate of the uncertainty on the limit
from nuclear physics. We also show an estimate of the reach with XENON1T. No official
SD reach estimate has been released by the XENON1T collaboration, so we estimate the
reach by rescaling the XENON100 limit by the expected difference of exposure between the
XENON100 limit (100.9 days × 48 kg) and XENON1T (2.2 ton × years) [8].
There is also a constraint on SD DM-proton scattering from neutrino telescopes,
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which probe the annihilation into neutrinos of DM captured in the sun. We show the
preliminary limit from IceCube [7] in Fig. (3.1), utilizing 79 strings and 317 days livetime.
The limit from IceCube is a function of the neutrino spectrum, which depends on the DM
annihilation products. We show the limit from DM annihilations into W + W − , which is
released by the IceCube collaboration, as well as our estimate of the limit if DM annihilates
entirely into tt̄. In order to perform this estimate, we use the IceCube W − W + limit at fixed
DM mass to determine the muon flux limit for mono-energetic W ’s [120]. We determine
the W energy spectrum resulting from top decays from annihilations at each DM mass
using MadGraph [121], and estimate the upper limit by approximating the upper limit on
the number of observed muons to be independent of the W energy.
We briefly comment on a few relevant constraints on neutralino DM other than
direct detection. There are indirect limits on DM annihilations into gamma rays. The
strongest constraint comes from a combined Fermi analysis of 10 satellite galaxies using 2
years of data [122]. DM annihilating into W − W + is constrained to have a cross-section
smaller than hσvi . 10−25 cm3 /s, which as we will see places important constraints on DM
with a non-thermal cosmology. The limit includes uncertainties on the haloes of the satellite
galaxies, and should be viewed as conservative with regard to these uncertainties. In principle anti-proton measurements from PAMELA may set complementary limits [123]; however,
we restrict our focus to Fermi because gamma rays, unlike antiprotons, are not sensitive
to propagation uncertainties. There are also a few relevant limits coming from colliders.
LEP2 constrains the charged components of Higgsinos and winos: mχ± & 100 GeV [124].
There are now limits from the LHC constraining winos lighter than ∼ 300 GeV that decay
to a neutralino lighter than about 100 GeV [125, 126]. We will not consider the LHC limits
further in this chapter because we focus on DM heavier than 100 GeV, where these limits
are not relevant.

3.3

Relic Abundances and Well-Tempering
WMAP observations are consistent with a relic abundance of DM given by [127]:
Ωobs h2 = 0.111 ± 0.006 (1σ).

(3.4)
(th)

Throughout our analysis, Ωχ denotes the total relic abundance of neutralino DM, while Ωχ
denotes the relic abundance of neutralino DM expected from thermal freeze-out alone. To
be comprehensive, our analysis accommodates three scenarios for the cosmological history:
(th)

• Thermal (Ωobs = Ωχ = Ωχ ). DM is solely comprised of neutralinos arising from
thermal freeze-out.
(th)

• Non-Thermal (Ωobs = Ωχ 6= Ωχ ). DM is solely comprised of neutralinos, but thermal freeze-out either over- or under-produces. We assume that non-thermal processes
either deplete or enhance the abundance to exactly saturate the WMAP constraint.
(th)

• Multi-Component (Ωobs > Ωχ = Ωχ ). DM is partly comprised of neutralinos
arising from thermal freeze-out. We assume that the balance of DM is provided by a
secondary DM particle, e.g. axions.
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Figure 3.2: The thermal freeze-out abundance for χ ∼ (b̃, h̃) (left) and χ ∼ (b̃, w̃) (right)
is especially sensitive to parameters near the well-tempered cross-over region. The relic
abundance is exponentially sensitive in bino/wino DM, where thermal freeze-out follows
mostly from coannihilation.
(th)

In the second and third cases, Ωχ is not stringently constrained by WMAP measurements, so these scenarios offer greater freedom for evading experimental constraints. In
the first case, however, the relic abundance is fixed to the observed WMAP value, and for
χ DM this typically requires a modest fine-tuning among parameters. This occurs because
pure bino DM is over-abundant, while pure wino or Higgsino DM is under-abundant for
masses below 1 TeV [128, 129] and 2.7 TeV [129, 130], respectively. Thus, only a precise admixture of bino and wino or Higgsino—i.e. a well-tempered neutralino—can accommodate
(th)
Ωobs = Ωχ [30] (for earlier refs., see [131, 132, 133]).
(th)
Fig. (3.2) shows the dependence of Ωχ on M1 for the cases of χ ∼ (b̃, h̃) and
χ ∼ (b̃, w̃). Here and throughout, we compute relic densities with MicrOMEGAs 2.4.5 [134].
We do not include the effect of Sommerfeld enhancement, a non-perturbative effect which
can substantially boost the annihilation cross-section of DM if it is much heavier than a force
carrying particle. Sommerfeld enhancement through electroweak bosons is an especially
important effect for wino DM & 2 TeV, which is not our focus. The parameters in Fig. (3.2)
have been chosen so that in the limit of heavy M1 , χ is dominantly a Higgsino or wino with
mass 500 GeV. At low M1 , χ is dominantly bino, and as M1 increases it gradually acquires
a larger component of Higgsino/wino allowing it to annihilate more rapidly to final states
involving W , Z, and h. As M1 approaches 500 GeV the abundance changes rapidly—partly
because the mixing angle changes rapidly and partly because the LSP mass is approaching
the mass of the next lightest neutralino and chargino states, allowing for coannihilation [135].
As is well-known, coannihilation is exponentially sensitive the mass difference between the
DM and its neighboring states. The effective freeze-out cross-section for i = 1, 2, . . . , N
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states is given by
PN

wi wj σij x−n
P
( i wi )2


mχi 3/2 −x(mχ /mχ −1)
i
=
e
,
mχ

hσvicoann =
wi

i,j

(3.5)
(3.6)

where x = mχ /T and mχ1 ≡ mχ . Coannihilation dominates the transition region in the
bino/wino case, leading to a curve that is much steeper than for the bino/Higgsino case.
This is the consequence of the exponential sensitivity to mass parameters in Eq. (3.6).
Because thermal neutralino DM requires a special relation among parameters,
|µ| ≈ |M1 | or |M2 |, as we see in Fig. (3.2), it is worthwhile to pause and consider our philosophy on fine-tuning. In this chapter, we are agnostic about the possibility of fine-tunings in
both electroweak symmetry breaking and quantities relevant for DM phenomenology, such
(th)
as Ωχ and σSI,SD . We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of tuning. Indeed, it may be reasonable for a tuning of parameters
to produce the observed Ω if environmental selection plays a role in the DM abundance
(although a tuning that produces a small σ would be more surprising). In addition, we
see in Fig. (3.2) that the relic density curves are steep for a wide range of M1 , as is expected from the phenomenon of well-tempering. In such a situation, where a large fraction
of parameter space is highly sensitive to parameters, perhaps one should not be surprised
to end up with parameters that appear tuned. Despite these misgivings about avoiding
tuned regions, we do view it as interesting to identify regions of parameter space especially
(th)
sensitive to parameter choice. At times we will quantify the amount of tuning in Ωχ and
σSI,SD . In order to identify DM tunings independently of a possible electroweak tuning,
we use a measure, defined in App. B, that mods out the dependence on the direction of
parameter space that changes the electroweak VEV.

3.4

Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since
squark-mediated scattering is model dependent—its effects become negligible for sufficiently
heavy squark masses—we postpone our discussion of this scenario to Sec. 3.5.4. Similarly, we
neglect scattering mediated by the heavy Higgses, which decouple quickly in the limit mA 
mZ . This leaves scattering mediated by the light Higgs or Z, which may be suppressed
compared to naive expectations by two effects. First, a suppression results whenever the
DM is close to a pure gaugino or Higgsino, and second, the relevant amplitude exactly
vanishes at critical values of parameters, which we call blind spots.

3.4.1

Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, chχχ , originates, at tree-level, from gaugino Yukawa couplings of the form h† h̃b̃ and
h† h̃w̃. Hence SI scattering is suppressed if χ is dominantly Higgsino or dominantly gaugino. Similarly, SD scattering does not occur for pure bino or pure wino because they do
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not couple to the Z, and likewise for pure Higgsino because as a Dirac fermion it carries no
chiral couplings to the Z.
Recall that the neutralino mass matrix takes the form,


M1
0
− 21 g 0 v cos β 12 g 0 v sin β
1

0
M2
− 12 gv sin β 
2 gv cos β
.
Mχ = 
(3.7)
1
 − 1 g 0 v cos β

0
−µ
2
2 gv cos β
1 0
− 12 g 0 v cos β
−µ
0.
2 g v sin β
Since we are interested in M1 , M2 , µ > MZ , Eq. (3.7) shows that gaugino-Higgsino mixing
is generically small, so that some cross-section suppression is expected for a typical point
in parameter space. However, if the two lightest states are nearly degenerate the mixing
between them, θ, can be appreciable, giving chχχ , cZχχ ∝ θ with [30] ,


MZ
(sin β ± cos β) sin θW
√
,
(3.8)
θ=
∆M
2
for gaugino/Higgsino DM and
sin 2β sin 2θW
θ=
2



MZ2
µ(M2 − M1 )


,

(3.9)

for bino/wino DM. Both results are valid for a mass splitting ∆M > MZ ; θW is the weak
mixing angle and the signs in Eq. (3.8) refer to the cases µ ' ±Mi .
(th)
For successful thermal freeze-out with Ωχ = Ωobs some degree of degeneracy
is required, as seen in Fig. (3.2), so that SI and SD scattering may not be suppressed.
However, significant suppression is expected for typical parameters in the cases of nonthermal or multi-component DM.
So far we have been considering tree-level scattering, which vanishes for pure
gaugino or Higgsino. But scattering between a pure Higgsino or wino and nuclei is generated
by loop diagrams, for example 1-loop box diagrams with the exchange of two gauge bosons.
Naively the 1-loop scattering has a SI cross-section of σ ∼ 10−(47−46) cm2 , which could
be probed by the next generation of direct detection experiments. However, an accidental
cancellation [136, 137] among various 1 and 2 loop diagrams leads, for pure Higgsino or
wino, to cross-sections too small to probe at XENON1T, σ < 10−47 cm2 .

3.4.2

Suppression from Blind Spots

To obtain a formally vanishing tree-level cross-section through purity, the gauginos
or Higgsinos must be completely decoupled, M1,2 or µ → ∞. We now consider a different
possibility: special choices of parameters where the tree-level cross-section vanishes identically. At these blind spots, the gaugino and Higgsino masses are finite and the mixing is
non-zero.
Throughout our analysis, we assume that M1 , M2 , and µ are real parameters, but
carry arbitrary signs. However, only two of the three apparent signs are physical, as is clear
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mχ
M1
M2
−µ
M2

condition
M1 + µ sin 2β = 0
M2 + µ sin 2β = 0
tan β = 1
M1 = M2

signs
sign(M1 /µ) = −1
sign(M2 /µ) = −1
sign(M1,2 /µ) = −1∗
sign(M1,2 /µ) = −1

Table 3.1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ∗ For the third row, the blind spot requires that µ and M1 (M2 ) have opposite
signs when M2 (M1 ) is heavy.
from the field redefinition
b̃ → ib̃

w̃ → iw̃

h̃u,d → −ih̃u,d ,

(3.10)
(3.11)
(3.12)

which is equivalent to simultaneously sending the all the mass parameters M1 , M2 , and µ
to minus themselves. In many of our results, we will eliminate the unphysical, overall sign
by fixing the sign of a single theory parameter to be positive.
Let us denote the mass eigenvalues of Mχ by mχi (v), where i = 1, 2, 3, 4 and
mχ1 ≡ mχ is the DM mass. Here we have emphasized the explicit v dependence in the
masses. The coupling of any of neutralino to the Higgs boson can then be obtained by
replacing v → v + h, as dictated by low-energy Higgs theorems [138, 139]:
Lhχχ =
=

1
mχ (v + h)χi χi
2 i
1
1 ∂mχi (v)
mχ (v)χi χi +
hχi χi + O(h2 ),
2 i
2 ∂v

(3.13)
(3.14)

which implies that ∂mχi (v)/∂v = chχi χi [140, 141].
Consider the characteristic equation satisfied by one of the eigenvalues mχi (v),
det(Mχ − 1mχi (v)) = 0.

(3.15)

Differentiating the left-hand side with respect to v and setting ∂mχi (v)/∂v = chχi χi = 0,
one then obtains a new equation which defines when the neutralino of mass mχi (v) has a
vanishing coupling to the Higgs boson1 :


1
= 0. (3.16)
(mχi (v) + µ sin 2β) mχi (v) − (M1 + M2 + cos 2θW (M1 − M2 ))
2
1

We have checked that Eq. 3.16 can also be derived using analytical expressions for bilinears of the
neutralino diagonalization matrix from Ref. [142].
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The above equation implies that for regions in which chχi χi = 0, mχi (v) is entirely independent of v. At such cancellation points, mχi (v) = mχi (0), so the neutralino mass is equal
to the mass of a pure gaugino or Higgsino state and mχi (v) = M1 , M2 , −µ. As long as
Eq. (3.16) holds for the LSP mass, mχ1 (v), then the DM will have a vanishing coupling
to the Higgs boson, yielding a SI scattering blind spot. It is a nontrivial condition that
Eq. (3.16) holds for the LSP, rather than a heavier neutralino, because for some choices
of parameters the DM retains a coupling to the Higgs but one of the heavier neutralinos
does not. We have identified these physically irrelevant points and eliminated them from
consideration. The remaining points are the SI scattering blind spots for neutralino DM,
spin-independent
blind spots

:

mχ1
mχ1

= M1 , M2 , −µ, and mχ1 + µ sin 2β = 0
= M1 = M2 ,

(3.17)

where in the first line, mχ1 = M1 , M2 , −µ, depending on whether the LSP becomes pure
bino, wino, or Higgsino, respectively, in the v → 0 limit. Note that the blind spots in
Eq. (3.17) only appear for certain choices of relative signs. In the first line, for example, if
mχ1 = M1 (M2 ), then µ and M1 (M2 ) must have opposite signs; when mχ1 = −µ, then µ
must have the opposite sign of M1 (M2 ) when M2 (M1 ) is heavy. For the second line, the
blind spot occurs if µ and M1 = M2 have opposite signs. The complete set of conditions
required for a SI blind spot are summarized in Table 3.1.
Destructive interference between light and heavy Higgs exchange may also produce
cancellations in the SI cross-section [143], but these are outside the scope of this work. We
consider interference between Higgs and squark exchange in section 3.5.4.
Next, let us consider SD scattering, which is mediated by Z boson exchange. The
coefficient of the relevant operator vanishes for neutralino DM when
spin-dependent
blind spot

: tan β = 1,

(3.18)

yielding a blind spot for SD direct detection. The cancellation of the SD Z boson coupling
to DM can be understood from symmetry arguments: when vu = vd , the DM Lagrangian
enjoys an enhanced symmetry under which u ↔ d. In this limit left-right parity is restored
and hence the parity-violating Z coupling which mediates SD scattering will vanish.
So far our discussion of blind spots has been tree-level. One may wonder how the
blind spots change when loop corrections are included. Loop corrections have not been
computed in the full parameter space, but only for the simplifying assumption of pure
DM [136, 137], as discussed above. But our expectation is that the loop corrections are
small, generically resulting in a small shift in the location of the blind spots. Moreover, at
a typical point in parameter space, the mixing angles are small and the multiloop result
for pure Higgsino or wino will approximately apply, leading to a cross-section too small to
probe in upcoming experiments like XENON1T. Full consideration of loop corrections is
beyond the scope of our study, but we estimate the size of these corrections in App. C.

3.5

Bino/Higgsino Dark Matter

In this section we consider the present and future status of non-thermal, multicomponent and thermal bino/Higgsino DM. Mixed bino/Higgsino has been studied in a
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variety of contexts and more recently has been re-examined in light of results from direct detection experiments [110, 111, 113]. Here we take a simplified model approach to
bino/Higgsino DM, decoupling all superpartners, other than the bino and Higgsinos, and all
Higgs-like scalars other than the SM-like state near 125 GeV. Thus DM is described by just
three parameters, (M1 , µ, tan β). Our analysis applies to this decoupled limit of the MSSM,
NMSSM and to Split Supersymmetry. At the end of the section we consider additional
effects that arise when the squarks are not decoupled. Some effects from non-decoupling of
the wino are illustrated in the next section. For simplicity we remove a physical phase by
imposing CP conservation on the neutralino mass parameters, but we study the effect of
the physical sign between µ and M1 . Our convention is to take β in the first quadrant and
choose M1 positive, allowing both signs of µ. Our numerical results here, and in Sec. 3.6,
use MicrOMEGAs 2.45 for cross-sections [22] and relic densities [134].
We may understand the results of the following subsections by considering the
variation of the SI and SD elastic scattering cross-sections within the bino/Higgsino parameter space, as shown in Fig. (3.3), arising from the tree-level exchange of a SM Higgs
of mass 125 GeV for SI and from the Z boson for SD. At large tan β (lower panel) the SI
and SD cross-sections become independent of the sign of µ. This happens because in this
regime the bino mixes negligibly with the down-type Higgsino and so the sign of µ can be
removed by a field redefinition and is unphysical. Both the SI and SD contours fall off with
increasing µ or M1 when the other parameter is kept fixed, as expected from the vanishing
of the bino/Higgsino mixing angle. As µ approaches M1 , the mixing angle maximizes, and
the contours show a ridge along the line M1 ∼ µ, with the cross-sections dropping off steeply
on both sides. This behavior can be understood from the discussion in section 3.4.1; the
ridge corresponds to the region with large mixing between the lightest two nearly degenerate states, given by eq. (3.8), from which it follows that the ridge becomes steeper at
large masses. Furthermore, this region of maximal scattering cross-section coincides with
the well-tempered line, since large mixing is also necessary to achieve the observed relic
abundance.
The black dashed lines show blind spots for SI scattering with chχχ = 0, arising
from the relation M1 + sin 2β µ = 0. For high tan β this occurs in a region where the SI
cross-section is highly suppressed by a small mixing angle, but at low tan β (upper panel) the
blind spot cuts a gorge in the ridge at negative µ. As we will see, the proximity of this blind
spot to the region with large mixing angles has important implications for the observability
of thermal DM, although the rapid variation of the contours implies an enhanced tuning of
the cross-section.

3.5.1

Non-thermal Dark Matter with Ωχ = Ωobs

We begin by considering the limits on bino/Higgsino DM without imposing that
thermal freeze-out provide the observed relic abundance. Fig. (3.4) depicts contours of
(th)
Ωχ /Ωobs —the ratio of the thermal yield of neutralino DM to the observed relic abundance—
together with current experimental constraints in the (µ, M1 ) plane at tan β = 2, 20. For
(th)
|M1 |  |µ|, DM is bino-like and Ωχ is over-abundant; for |M1 |  |µ|, DM is Higgsino-like
(th)
and Ωχ is under-abundant. In these regimes we have evaluated constraints assuming a
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Figure 3.3: Contours of the tree-level cross-sections for SI (solid red) and SD (dashed blue)
(th)
scattering of bino/Higgsino DM. The brown band denotes regions with Ωχ within ±3σ
of Ωobs . The black dashed line is the SI blind spot, chχχ = 0, arising from the relation
M1 + µ sin 2β = 0. The central gray region is excluded by LEP.
non-standard cosmological history in which entropy production or non-thermal DM pro(th)
duction, respectively, ensures a final neutralino abundance of Ωobs = Ωχ 6= Ωχ .
According to Fig. (3.4), thermal bino/Higgsino DM at low tan β is excluded up to
mχ ' 800 GeV for µ > 0 but practically unconstrained for µ < 0. At high tan β, however,
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Figure 3.4: Current limits on bino/Higgsino DM with Ωχ = Ωobs for tan β = 2 (upper),
(th)
20 (lower). Dotted brown lines are contours of Ωχ /Ωobs , and the brown band shows the
(th)
region having Ωχ within ±3σ of Ωobs . Regions above (below) the brown band require an
enhancement (dilution) of the DM abundance after freeze-out. Regions currently excluded
by XENON100, IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind
spot, chχχ = 0, and is close to (far from) the brown band for low (high) tan β.
thermal bino/Higgsino DM is excluded for mχ ' 500 GeV for either sign of µ. Meanwhile,
non-thermal bino-like or Higgsino-like DM is, at present, rather poorly constrained by direct
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detection on account of the relatively small mixing, and therefore small couplings to the
Higgs and Z. Conversely, indirect detection limits do exclude non-thermal Higgsino-like
DM above the W + W − threshold up to µ ∼ 250 GeV, but well-tempered DM, which has a
smaller annihilation cross-section, evades this bound.
The Fermi limit on DM annihilation to W + W − primarily comes from constraints
on photons created in the decays of hadrons. In order to obtain the Fermi exclusion region
shown in Fig. (3.4), we include the annihilation cross-sections to both W + W − and ZZ,
weighted by the relative hadronic branching ratios.
The structure of Fig. (3.4) follows from the fact that the leading experimental
constraint on bino/Higgsino DM is on SI scattering at XENON100. In general, thermal
neutralino DM tends to be the most constrained by SI direct detection, simply because DM
carries an O(1) fraction of bino and Higgsino that furnishes a non-vanishing coupling to the
Higgs. In contrast, parameter regions corresponding to non-thermal DM are more weakly
constrained, since pure bino and pure Higgsino DM do not couple directly the Higgs boson.
That said, even well mixed neutralino DM can be decoupled from the Higgs if the theory
parameters reside on the SI blind spot defined in Eq. (3.17),
chχχ ∝ M1 + µ sin 2β = 0,

(3.19)

which is only allowed for µ < 0. At low tan β, the SI blind spot occurs near the welltempering region, |M1 | ' |µ|. The tan β = 20 plot in Fig. (3.4) is approximately symmetric
under µ ↔ −µ, for the reasons noted earlier.
At present, limits on the SD scattering cross-section are dominated by IceCube
bounds. These provide a complementary constraint for lighter DM near the SI blind spots,
since SD scattering cross-sections are unaffected by the vanishing of the coupling to the
Higgs. As discussed in Sec. 3.2, IceCube provides bounds on DM annihilation to W + W − ; in
order to generate the exclusion regions in Fig. (3.4) and Fig. (3.5), we compare these bounds
to the DM annihilation cross-section into W + W − , Zh, and ZZ, weighted by their branching
ratio to neutrinos relative to W + W − . Previous studies [144, 145] have also considered limits
on neutralino DM annihilation from IceCube, using older data or projections.
Fig. (3.5) is identical to Fig. (3.4) except it depicts projected reach instead of
current limits. Comparing Fig. (3.5) and Fig. (3.4), LUX and XENON1T will provide a very
powerful probe of both thermal and non-thermal bino/Higgsino DM. Currently only narrow
wedges of the (µ, M1 ) plane are excluded. These wedges lie along the thermal band, but even
the exclusion of some thermal regions is marginal and subject to astrophysical uncertainties.
Over the next few years, LUX and XENON1T will explore most of the parameter space
with DM masses up to 1 TeV, and much of the region up to 2 TeV, offering a remarkable
opportunity for discovery. If no signal is seen, LUX will exclude a large fraction of thermal
bino/Higgsino DM and, XENON1T will exclude the entire parameter space of thermal
bino/Higgsino DM for tan β > 2, except for the case of almost pure Higgsino. Interesting
blind spot regions remain for lower tan β, as discussed in the following subsections.
On the other hand, even in the absence of a signal, significant parameter regions
for the non-thermal case will remain. Bino-like DM is permitted for µ < 0 near the SI
blind spot for bino-like DM defined in Eq. (3.19). Meanwhile, non-thermal Higgsino-like
DM is highly unconstrained at low tan β because it corresponds to the SI blind spot for
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Figure 3.5: Same as Fig. (3.4) except for future reach rather than current limits. The
dashed green lines show the projected SI reach of LUX, while the shaded regions give the
projected reach for XENON1T, both SI and SD. The shaded cyan region is the current
Fermi exclusion, as in Fig. (3.4).
Higgsino-like DM in Eq. (3.17),
chχχ ∝ −1 + sin 2β = 0.

(3.20)

Some of these allowed regions will be probed by experiments sensitive to the SD scattering
cross-section. Intriguingly, the case of non-thermal Higgsino DM at low tan β resides si-
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Figure 3.6: Limits and projected reaches for multi-component bino/Higgsino DM with
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(th)
Ωχ = Ωχ . Dotted brown lines are contours of Ωχ /Ωobs for tan β = 2. The light gray
regions are excluded by overabundance of neutralino DM, while the edge of this region has
(th)
Ωχ = Ωobs . In the remainder of the plane χ is just one component of multi-component
DM. The present limit from XENON100 is shown shaded, while the projected reaches of
LUX and XENON1T, both SI and SD, are shown as dashed lines.
multaneously in a blind spot for SI and SD scattering! Furthermore, this region allows low
values of µ, and therefore relatively natural theories of electroweak symmetry breaking. In
addition, large unnatural regions with µ > 1 - 2 TeV will remain viable, but require late
entropy production, especially for low M1 .

3.5.2

(th)

Multi-Component Dark Matter with Ωχ = Ωχ

≤ Ωobs

Here we repeat the analysis of the previous section under the assumption that the
(th)
present day relic abundance of neutralino DM is given by Ωχ = Ωχ , with the balance
of cosmological DM arising from some other source. Fig. (3.6) depicts both the current
limits and the projected reach for such multi-component neutralino DM, for tan β = 2.
(th)
Region shaded light gray have Ωχ /Ωobs > 1 and are thus excluded, while regions with
(th)
Ωχ /Ωobs < 1 have a depleted abundance of neutralino DM. Direct detection limits are
then ameliorated, since the rate of WIMP-nucleon scattering is proportional to the incident
(th)
flux of DM particles, and thus to Ωχ /Ωobs . DM annihilation cross-sections are suppressed
by the square of this ratio, making indirect detection limits irrelevant. The edge of the light
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(th)

gray shaded region has Ωχ = Ωobs and therefore has thermal bino/Higgsino DM, which is
explored for all tan β in the next sub-section.
It would appear to require a coincidence for otherwise unrelated stable particles to
have comparable relic abundances, as would be needed for multi-component neutralino DM
with an O(1) fraction of Ωobs . However, environmental selection may provide a possible
explanation [146, 147]. While the expected abundances in the various components depend
on multiverse distribution functions, it is likely that they are very roughly comparable.
Alternatively, multiple sectors of a theory may participate in the WIMP miracle, in which
case each WIMP would independently attain a thermal abundance near Ωobs . Consider for
example the case that the bino/Higgsino makes up a third of the total DM. Current limits
from XENON100 and IceCube allow any mass above the LEP exclusion limit. However,
XENON1T will probe a large and interesting region, pushing the mass up to about 500
GeV if no signal is seen. Much of the remaining space is dominantly Higgsino.

3.5.3

(th)

Thermal Dark Matter with Ωχ = Ωχ

= Ωobs

We now restrict our analysis to well-tempered bino/Higgsino DM. We fix the
(th)
value of M1 using the relic abundance constraint, Ωχ = Ωobs , reducing the parameter
space by one dimension. Thus we can show the entire parameter space relevant for thermal
bino/Higgsino DM in the (µ, tan β) plane. Fig. (3.7) depicts current limits and projected
reach for thermal neutralino DM as a function of these parameters. For µ > 0, SI direct
detection currently rules out thermal bino/Higgsino DM for µ . 650 − 800 GeV, depending
on tan β. µ < 0, however, is almost completely unconstrained, except for a small region
around the tt̄ threshold for DM annihilation at high tan β.
Future direct detection experiments will cover the entire well-tempered parameter
space for µ > 0, and almost all of it for µ < 0, with the exception of a region around the
blind spot cancellation given by Eq. (3.19). The DM coupling to the Z does not vanish at
the SI blind spot, however, so that SD direct detection will set complementary limits in this
region, with XENON1T probing up to µ ∼ −500 GeV.
Fig. (3.8) quantifies the fine-tuning of thermal bino/Higgsino DM. These plots
depict the sensitivity of the relic density and the SI scattering cross-section with respect to
the ultraviolet parameters in the theory—namely, M1 , M2 , µ, m2Hu , m2Hd , Bµ defined at the
weak scale—using the measure defined in App. B. As might be expected from the steepness
(th)
of the Ωχ curve in Fig. (3.2), well-tempering requires O(10%) tuning throughout the
parameter space. A similar, relatively mild tuning of the direct detection cross-section
is required to evade the upcoming LUX bounds on SI scattering. Evading the limits from
XENON1T, however, requires a cross-section tuning of at least 1%, suggesting that it would
be unlikely for thermal bino/Higgsino DM to remain hidden.
This tuning of the cross-section, however, is directly correlated with that required
to obtain the correct relic abundance at low tan β, since both a large mixing angle and a
small Higgs coupling require |µ| ' |M1 |. Furthermore, many theories, both natural and
unnatural, require small tan β in order to explain the 125 GeV Higgs mass, as in λSUSY
and Split Supersymmetry. Thus the region of parameter space which evades XENON1T is
exactly the same region in which one might expect to find oneself given both the Higgs mass
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Figure 3.7: Current limits from XENON100 and IceCube (top), expected reach of LUX and
IceCube (middle), and expected reach of XENON1T (bottom) for SI and SD scattering,
(th)
fixing M1 at every point to accommodate Ωχ = Ωobs . The black dashed line is the
blindspot, chχχ = 0.
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Figure 3.8: Relic density and SI cross-section tuning for well-tempered bino/Higgsino,
with the reach of LUX and XENON1T also shown in the second panel. Tuning of the
relic density is typically between 2 - 10%. If XENON1T does not see a signal, tuning of
the SI cross-section will be . 1%. The interpretation of this as being unnatural is unclear
however, as most of the region of 1 < tan β < 2 with µ < 0 has large ∆σ . We describe our
methodology for computing tuning in App. B.
and the observed relic abundance. In this case, perhaps a large tuning of the cross-section
should be unsurprising, since such a tuning is generic within the allowed parameter space.
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3.5.4

Squark Effects

Our analysis thus far has neglected the effects of squarks. For the natural theories,
however, it is reasonable to consider squark masses and µ that are not exceedingly large, so
as not to exacerbate fine-tuning in electroweak symmetry breaking. In many such scenarios,
the DM is mixed bino/Higgsino, and the effects of light squarks can play an important role
on the physics [148, 149, 150].
Fig. (3.9) depicts present limits and future reach for bino/Higgsino DM including
the effects of light squarks at tan β = 20 and µ < 0. The analogous constraints for µ > 0 are
more stringent. Here we have chosen degenerate 1st and 2nd generation squarks at m2q̃ , with
the 3rd generation decoupled for simplicity. Squarks of the first generation tend to have the
biggest effect because their exchange allows the bino to couple directly to valence quarks.
(th)
At each point in the plot we have fixed M1 to accommodate thermal DM, Ωχ = Ωobs .
In the limit of m2q̃ → ∞, this plot asymptotes to the current XENON100 limit shown for
bino/Higgsino DM in Fig. (3.7).
The bino/Higgsino/squark space of Fig. (3.9) can be divided into two regions, depending on whether the squarks are heavier, or lighter than the Higgsino. When the squarks
are lighter than the Higgsino, mq̃ < |µ|, the correct abundance follows from squark/bino
coannihilation. We find that this entire region of Fig. (3.9) is ruled out by XENON100.
When mq̃ > |µ|, the abundance follows from bino/Higgsino well-tempering, as in Figs. 3.2
and 3.7. In this region, we see that as the squark masses drop the XENON100 limit disappears. There are two important effects contributing to this, (1) the contribution to the
SI scattering amplitude from s-channel squark exchange destructively interferes with the
contribution from t-channel Higgs boson exchange, and (2) squark diagrams increase the
annihilation rate, leading to a smaller bino-Higgsino mixing angle and a smaller DM-DMHiggs coupling, when the relic density is fixed.
Interestingly, as the squark mass approaches the LSP mass, limits from supersymmetry searches at the LHC are also alleviated. In particular, we have plotted the limit on
the squark/bino simplified model of [151]. The purple dashed line represents the limit, presented by ATLAS, when the gluino is decoupled. The purple shaded region represents our
estimate of the limit, when mg̃ = 2 TeV, which is stronger due enhanced squark production
with a t-channel gluino. In order to estimate this limit, we have reproduced the ATLAS
search using Pythia 6.4 [12] for event generation, PGS for crude detector simulation [152]
and NLLfast for the NLO [153] and NLL [154] squark cross-sections. Both constraints are
somewhat weakened near the region of bino/squark degeneracy. Regarding future reach,
Fig. (3.9) indicates that the projected SI and SD constraints from XENON and LUX rule
out a large fraction of the allowed space of bino/Higgsino DM with a light squark.

3.6

Bino/Wino(/Higgsino) Dark Matter

We now consider the effects of including the wino in the spectrum. Compared
to the previous section, reintroducing the wino adds an extra parameter, so that now
we have a four dimensional parameter space of (M1 , M2 , µ, tan β). In general, the LSP
is now a combination of bino, Higgsino and wino, but much of our attention will focus
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Figure 3.9: Impact of squarks on thermal bino/Higgsino DM, with µ < 0 and tan β = 20.
(th)
At each point M1 has been chosen so that Ωχ = Ωobs , except in the gray region where
freeze-out always yields overclosure. The upper left region, where freeze-out is dominated
by squark-neutralino coannihilation, is excluded by XENON100. However, in the lower
right region the XENON100 limit becomes less powerful as the s-channel squark exchange
amplitude has the opposite sign to the t-channel Higgs exchange diagram. The purple
region is excluded by an LHC search for jets and missing transverse energy, with the gluino
mass fixed at 2 TeV. This ATLAS search becomes less powerful as the gluino mass is
increased, and the excluded region becomes bounded by the purple dashed line if the gluino
is decoupled. The currently allowed region, shown in white, mostly has a SI scattering crosssection that is not far below the current bound, so that LUX will have a large discovery
potential. In the absence of a signal at LUX (XENON1T) the only surviving region will be
the narrow band between the dashed green (red) lines.
on the case of a dominant bino/wino mixture. Even when the dark matter has a very
small Higgsino component, the value of the µ parameter is crucial for direct detection: in
the limit of decoupled µ, bino/wino dark matter has vanishingly small couplings to the
Higgs and Z bosons. While mixed bino/wino dark matter has been explored in the past
[106, 107, 108, 109, 30, 155], it has received substantially less attention than other limits
of neutralino dark matter. Part of the reason for this neglect is theoretical prejudice.
In particular, since thermal bino/wino dark matter originates via coannihilation, working
models typically require M1 ' M2 , which is disfavored by gaugino unification. Moreover,
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Figure 3.10: Phase diagram of neutralino DM in the (M1 , M2 ) plane, keeping µ fixed and
less than 1 TeV. The red, green, and blue regions correspond to DM that is mostly bino,
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wino, or Higgsino-like. The thermal abundance, Ωχ , equals the observed abundance, Ωobs ,
along the brown curve, which resides at the boundary of the bino region and wino/Higgsino
regions. Within the bino-like region, the thermal abundance is too large and dilution is
required; within the wino and Higgsino regions the thermal abundance is too small and
additional neutralino production is required.
as discussed in Sec. 3.3, the coannihilation region is exponentially sensitive to the mass
splittings in the theory. Obviously, non-thermal or multi-component bino/wino dark matter
require no such constraint on the masses, and have greater freedom to evade bounds.
In this section we present a detailed study of non-thermal, multi-component, and
thermal bino/wino DM, focusing on present limits and future reach. Once again, we remove
the physical phases in the neutralino parameters by assuming CP conservation. In contrast
with the previous section, however, there are now two physical, relative signs in the theory.
We continue to take β in the first quadrant, and we fix µ > 0 for non-thermal and multicomponent DM. For thermal bino/wino DM, however, we use the constraint on relic density
to fix M1 , which we take to be positive, allowing µ and M2 to have either sign.
Fig. (3.10) shows a schematic slice of the parameter space relevant for bino/wino
DM at fixed µ and tan β. For |M1,2 | < |µ|, the dark matter is dominantly either bino-like or
wino-like depending on the hierarchy between |M1 | and |M2 |. Even along the well-tempered
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Figure 3.11: Current limits and future reach for dark matter with Ωχ = Ωobs . The brown
(th)
band shows the region having Ωχ within 3σ of Ωobs . Regions with |M1 | larger (smaller)
than the brown band require an enhancement (dilution) of the dark matter abundance after
freeze-out. Regions currently excluded by XENON100 and FERMI are shaded in the lefthand figure, and the projected SI reach is depicted with dashed green lines for LUX and
in shaded red for XENON1T on the right. The horizontal (vertical) black dashed lines are
the SI blind spot, chχχ = 0, for bino-like (wino-like) dark matter.
line, dark matter is mostly bino, since the relic abundance is set by coannihilation with small
mixing angles. As |M1 | approaches |µ| at large |M2 |, the bino(wino)/Higgsino mixing angle
increases until we recover the well-tempered DM considered in the previous section. In the
limit of large |M1 |, we may have a mixed wino/Higgsino LSP for |M2 | ' |µ|, but the observed
relic abundance cannot be achieved for |µ|, |M2 | . 1 TeV due to the large annihilation crosssection to W + W − . The final possibility, also considered in previous sections, is a dominantly
Higgsino LSP if |µ| < |M1,2 |, which has an over-abundant (under-abundant) thermal relic
density for |µ| > 1 TeV (|µ| < 1 TeV). In this section we will focus on the upper and lower
triangles of Fig. (3.10), containing non-thermal or multi-component wino DM and bounded
by thermal bino/wino DM.

3.6.1

Non-thermal Dark Matter with Ωχ = Ωobs

Fig. (3.11) shows the current limits and future reach for neutralino dark matter in a
slice of the full parameter space, in particular in the (M2 , M1 ) plane at tan β = 2 and µ = 750
(th)
GeV. The narrow brown bands in these figures show regions with Ωχ within 3σ of Ωobs .
The four physically independent sign choices are realized by allowing M1,2 to range over
both positive and negative values, yielding four quadrants. The relic thermal abundance
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depends largely on gauge interactions, which are independent of the sign choice, so the
brown bands are largely the same in the four quadrants. The horizontal brown bands occur
at |M1 | = mh /2 correspond to annihilation of mainly bino dark matter through the Higgs
pole. The brown bands with slope near 45◦ have |M1 | ∼ |M2 | < µ correspond to bino/wino
dark matter, and are narrow because coannihilation is operative. As |M2 | increase these
bands flatten out and represent bino/Higgsino dark matter as the wino decouples. Here
the bands are thicker as coannihilation is no longer present. The nature of the LSP varies
across the (M2 , M1 ) plane of Fig. (3.11) as described in the beginning of this section. At
low |M2 | there is a light chargino that is excluded by LEP, as shown by the light gray band.
The dark gray area is also excluded because the LSP is a chargino.
The dark matter direct detection limits and reaches of Fig. (3.11) assume that
Ωχ = Ωobs throughout the plane. This requires that, for any M2 , regions with |M1 | larger
(smaller) than that giving the brown bino/wino or bino/Higgsino band requires enhancement (dilution) of the dark matter abundance after freeze-out. The shaded red region of
Fig. (3.11) is excluded by the recent XENON100 search for SI scattering of dark matter.
This region is highly asymmetric in the four quadrants because direct detection depends on
the Higgs coupling chχχ which depends critically on the sign choices. In particular, the blind
spots for SI scattering of Eq. (3.17), with chχχ = 0, occur when M1 = −µ sin 2β < |M2 |
and M2 = −µ sin 2β < |M1 |, as shown by the horizontal and vertical dashed black lines in
Fig. (3.11), respectively. A third blind spot occurs with 0 > M1 = M2 > −µ sin 2β. It is
only the quadrant which has no blind spot (M1 , M2 > 0) that is substantially constrained
by current direct detection bounds from XENON100, being largely excluded except for a
small region around the tt̄ threshold. On the other hand, the remaining sign combinations
of M1 and M2 are more or less unconstrained.
Thermal dark matter is excluded for mχ ≥ 500 GeV for M1 , M2 > 0. In contrast
with the limits from bino/Higgsino dark matter, limits on bino/wino DM actually become
more stringent at larger values of M1 and M2 . This behavior arises simply because SI scattering from Higgs boson exchange for bino/wino DM is mediated by the Higgsino fraction of
the LSP. As M1 and M2 increase, then at fixed µ, the dark matter acquires a larger Higgsino
fraction and SI scattering is proportionally larger. Present limits on thermal bino/wino DM
are weak because µ can be modestly decoupled while still accommodating a thermal relic
abundance. This is possible because the dominant process during thermal freeze-out is
coannihilation of bino-like dark matter with charged and neutral winos. Even for larger
values of µ than shown in Fig. (3.11), the dark matter can be thermally equilibrated with
the winos, permitting efficient coannihilation.
Finally, non-thermal wino-like DM is also constrained by Fermi gamma ray searches.
The blue region of Fig. (3.11) shows that dark matter being composed of winos is excluded
up to a mass of about 500 GeV. Compared to the limits described in Sec. 3.5, indirect
detection constraints are more stringent for wino-like DM than they were for Higgsinos due
to group-theoretic factors. As before, Fermi is currently unable to constrain thermal dark
matter, which has a smaller annihilation cross-section. For prior applications of Fermi limits
to non-thermal wino DM, see for example [156, 157, 158].
The right-hand plot of Fig. (3.11) is the same as the left except it shows future
reach rather than current limits. Here we see that XENON1T will exclude large swaths of
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Figure 3.12: Limits and projected reaches for multi-component dark matter with Ωχ =
(th)
(th)
Ωχ for tan β = 2, µ = 750 GeV. Dotted brown lines are contours of Ωχ /Ωobs . The
gray regions are excluded by overabundance of neutralino dark matter, while the edge of
(th)
this region has Ωχ = Ωobs . In the remainder of the plane χ is just one component of
multi-component dark matter. The present limit from XENON100 is shown shaded, while
the projected reaches of LUX and XENON1T, both SI and SD, are shown as dashed lines.
dark matter, leaving small patches corresponding to SI blind spots (aside from a small region
of very light non-thermal bino DM, which we will not consider further). In particular, the
horizontal and vertical black dashed lines denote the blind spots for bino-like and wino-like
DM, respectively. Consistent with Eq. (3.17), for larger values of tan β, these blind spots
arise at smaller and smaller values of |M1 | and |M2 |, respectively. Spin-dependent direct
detection limits, while not absent, are subdominant to SI limits throughout the plane of
Fig. (3.11) and are therefore not shown.
The contrast between the right and left plots is stark: currently TeV-scale neutralino dark matter is poorly constrained by direct detection experiments; but over the
coming few years we can expect a much deeper probe of the theory yielding a large discovery region. The absence of a signal will require either that parameters lie close to a blind
spot or that mass parameters are above the TeV scale. These conclusions persist with slices
through the parameter space at other values of µ and tan β.
The diagonal black dashed line denotes the M1 = M2 blind spot for bino/wino
DM. Interestingly, this cancellation region coincides with the parameter space which ac-
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commodates a thermal relic abundance. In the event that the bino/wino DM abundance
is anthropically selected, the fine-tuning imposed to acquire the correct relic abundance
automatically induces a cancellation in the SI scattering cross-section of dark matter—no
additional tuning is required.

3.6.2

(th)

Multi-Component Dark Matter with Ωχ = Ωχ

≤ Ωobs

Fig. (3.12) shows the same slice through parameter space as Figure (3.11), so that
the nature of the LSP in the various regions is as before. The key difference is that we
now assume that the relic LSP abundance is given purely by thermal freeze-out. Hence,
in addition to regions excluded by LEP searches for charginos and chargino LSPs, there is
also a large region excluded by the overproduction of dark matter—essentially the entirety
of the space containing a dominantly bino LSP. One quadrant is almost entirely excluded
by these considerations, although a narrow strip close to thermal dark matter is allowed.
(th)
Contours of Ωχ /Ωobs are shown as dotted brown lines. Regions shaded red have
been excluded by XENON100, while future projected reaches are shown by dashed lines.
Both the limits and the reaches are highly asymmetrical in the four quadrants, which can
be understood from the locations of the blind spots. For example, XENON1T can limit the
fraction of neutralino dark matter to less than 1% for M1,2 > 0, but does not reach 10% if
M2 is negative.

3.6.3

(th)

Thermal Dark Matter with Ωχ = Ωχ

= Ωobs

We now restrict our attention to thermal bino/wino dark matter, which once again
allows us to reduce the parameter space of interest by one dimension. As before, we solve for
M1 using the thermal relic constant, assuming M1 > 0. We consider slices of the remaining
parameter space at fixed µ and fixed tan β. Fig. (3.13) depicts limits and reach for thermal
bino/wino dark matter in the (M2 , tan β) plane at µ = −750 GeV. The SI blind spot for
bino-like dark matter is shown in the plot using the expression from Eq. (3.19).
As discussed in the previous section, there is no current limit from XENON100
given this choice of the sign of µ. Furthermore, both LUX SI and XENON1T SD limits
will only constrain the regions of parameter space with |M2 | & |µ|, which have a mixed
bino/Higgsino LSP. Spin-independent limits from XENON1T will cover much of the space
with M2 < 0, with the exception of a region around the SI blind spot. For M2 > 0, however,
the reach is weakened by virtue of the proximity of the M1 = M2 blind spot. Note that no
additional tuning is required beyond that which is needed to get the correct thermal relic
abundance, only a discrete choice of sign.
Finally, Fig. (3.14) shows the current limit and expected reach for thermal bino/wino
dark matter in the (M2 , µ) plane at tan β = 2. Because of the location of the SI blind spots,
Fig. (3.14) depicts much weaker constraints for negative µ than positive µ. For small tan β,
the blind spots occur mostly in the bino/Higgsino region of the plane, in which |M2 | . |µ|.
As tan β is raised, however the bind spots move to lower values of the gaugino mass relative
to µ, weakening the constraints on the bino/wino parameter space even further.
Currently, there are no limits from SI direct detection for µ < 0. XENON1T
will constrain bino/wino DM to lie near the −M1 = µ sin 2β blind spot for µ, M2 < 0;
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Figure 3.13: Limit and reach for thermal bino/wino in the M2 , tan β plane for µ = −750
GeV. M1 is fixed by requiring Ωth
χ = Ωobs . The black dotted lines correspond to the SI blind
spot for bino-like DM given in Eq. (3.19). The XENON1T SI and SD exclusion reach is
shown shaded in red and blue, respectively, while the LUX SI reach is shown with a dashed
green line. The LEP chargino exclusion is shaded in gray.
for M2 > 0, however, the proximity of the well-tempered line to the M1 = M2 blind spot
will once again weaken the constraints. SD direct detection sets complementary limits,
irrespective of the SI blind spots, but limits will remain relatively weak in the bino/wino
region of the parameter space even after XENON1T because of the relatively small mixing
angle.
Regardless of relative signs, the direct detection limits fall off as the magnitude
of µ is raised, since both the Higgs and Z couplings to dark matter are depleted as µ
is decoupled. Even at positive µ, current limits from XENON100 only exclude µ . 250
GeV, leaving large allowed regions with natural values of µ without requiring any tuning of
the cross-section. LUX and XENON1T will require µ & 600 and 1500 GeV, respectively,
when µ > 0. Evading these limits with large µ does not incur a fine-tuning penalty in the
cross-section; however, as shown in Fig. (3.15), it is not without cost. Bino/wino DM that
evades LUX with µ > 0 must rely heavily on coannihilation to achieve the observed relic
density. More than 90% (99%) of the total dark matter annihilation cross-section, weighted
by Boltzmann factors as in Eq. (3.6), must come from coannihilation in order to escape LUX
(XENON1T) limits with µ > 0. As discussed above, this coannihilation is exponentially
sensitive to the mass difference between the bino and the wino, leading to a ∼ 2% tuning
in the relic abundance. The left-hand panel of Fig. (3.16) shows how the relic abundance
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Figure 3.14: Current limits and future reach for thermal bino/wino dark matter in the
(M2 , µ) plane for tan β = 2. M1 is fixed by requiring Ωth
χ = Ωobs . The black dotted lines
correspond to the SI blind spot for bino-like DM given in Eq. (3.19). The XENON100
(XENON1T) SI and SD limits (reach) are shown shaded in red and blue, respectively on
the left (right) side of the figure. IceCube limits on dark matter annihilation to W + W −
are shown shaded in orange on the left, and the LUX SI exclusion reach is shown with a
dashed green line in the right-hand panel. The LEP chargino exclusion is shaded in light
gray. Darker gray regions correspond to overclosure via Higgsino-like DM heavier than 1
TeV.
tuning increases as µ is decoupled. The tuning increases as coannihilation becomes more
important before reaching a plateau around 1/50.
By way of contrast, the cross-section tuning, shown in the right-hand panel of
Fig. (3.16), takes relatively small values everywhere except close to the blind spots, where
it quickly increases to ∼ 1%. Note that in the lower right quadrant, it is possible to evade
XENON1T with a relatively mild tuning of the cross-section, about 5%, and any value of
µ consistent with the LEP bound, improving electroweak naturalness.

3.7

Conclusions

In this chapter we have presented a systematic analysis of the current limits and
projected reach for χ ∼ (b̃, w̃, h̃) neutralino DM using simplified models. For bino/Higgsino
and bino/wino(/Higgsino) DM we decoupled the heavier supersymmetric partners to yield
a parameter space of (M1 , µ, tan β) and (M1 , M2 , µ, tan β), respectively. We assumed CP
conservation, but studied all physically distinct choices of signs of these parameters. Fur-
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Figure 3.15: Contours of the fraction of dark matter annihilation cross-section, weighted
by Boltzmann factors as Eq. (3.6), coming from coannihilation are shown in purple, superimposed on the XENON1T SI exclusion reach shaded in red and the LUX SI reach in
dashed green. Once again, tan β is fixed to 2, with M1 fixed by requiring Ωth
χ = Ωobs .
thermore, we assumed that the recently discovered state near 125 GeV is the Higgs boson,
and that the other Higgs bosons are decoupled and yield subdominant contributions to the
DM scattering cross-section. We were then able to explore the current limits and future
reach directly in this minimal parameter space without resorting to scatter plots. This
simplified model for analyzing neutralino DM is a good approximation to a wide variety
of ultraviolet theories. Limits and reaches were presented for neutralinos comprising all or
just a fraction of dark matter. The case of thermal freeze-out of neutralinos yielding all
dark matter was emphasized, as this allows a reduction in the parameter space. In what
follows, we summarize out main results, and then discuss future directions.
Our results are detailed in Fig. (3.3) - Fig. (3.16), which depict present limits and
future reach within the theory parameter space of neutralino DM. However, direct detection experiments place bounds on the physical (mχ , σ) plane. For a proper comparison,
Fig. (3.17) depicts the image of thermal bino/Higgsino DM in the plane of physical parameters relevant to SI scattering. The µ > 0 region has been excluded by XENON100 for
values of mχ up to about 500 GeV, but the µ < 0 region is almost entirely unconstrained.
The LUX, SuperCDMS and XENON1T experiments will probe this µ < 0 region deeply.
The absence of a signal would require a cancellation in the scattering amplitude at the level
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Figure 3.16: Contours of fine-tuning of the relic abundance (SI scattering cross-section)
are shown in the left (right) panel, using the measure defined in App. B. The XENON1T
and LUX SI exclusion reaches are shown with solid red and green contours on the right.
of 1 part in 10 - 30.
For non-thermal bino/Higgsino DM only a small fraction of parameter space with
|µ|, M1 < 1 TeV has been excluded, as illustrated in Fig. (3.4). A large (small) fraction
of the parameter space for thermal DM has been excluded for µ > 0 (µ < 0), as can
be seen most clearly in the upper panel of Fig. (3.7). Future experiments, such as LUX
and XENON1T, have a large discovery potential, as they will explore the majority of the
parameter space with µ, M1 up to 1 - 2 TeV, as shown in Fig. (3.5). The hardest region to
explore has low tan β and µ < 0, as this lies close to a blind spot, where chχχ = 0. This is
illustrated for thermal DM in the lower panels of Fig. (3.7). Pure Higgsino thermal dark
matter will also evade discovery for M1 > 2 TeV, as shown by the vertical brown bands in
Fig. (3.5).
Fig. (3.6) depicts current limits and projected reaches for bino/Higgsino LSP which
is just one component of multi-component DM. Present constraints are quite weak, but LUX
and XENON1T will probe the fraction of LSP dark matter powerfully, especially at low
LSP mass, although with the usual blind spot caveat at low tan β.
The more general case of bino/wino/Higgsino DM is shown schematically in Fig. (3.10),
and contains the interesting possibility of bino/wino thermal DM. Fig. (3.11) shows the
present limits and future reach for non-thermal production in a slice of parameter space.
While three of the four quadrants are affected by blind spots and are currently unconstrained by direct detection, all four quadrants will be significantly probed by XENON1T
and LUX. Fig. (3.12) shows the same parameter slice for subdominant thermal DM where,
depending on the quadrant, XENON1T can probe neutralinos that comprise 10% or even
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Figure 3.17: The gray shaded areas depict target regions in the (mχ , σSI ) plane for thermal
bino/Higgsino DM, superimposed on the current limit from XENON100 and the projected
reaches for LUX and XENON1T. The edge of these gray regions at low mχ results from
the LEP requirement of |µ| & 100 GeV, while the largest value of mχ , just above 1 TeV,
corresponds to pure Higgsino LSP, and is present for both signs of µ. The upper dark shaded
region is for µ > 0 (here we fix M1 > 0) with the upper (lower) edge corresponding to low
(high) tan β. Much of the low mass part of this region has been excluded by XENON100.
The lower two regions, shaded in lighter gray, are for µ < 0. The boundary between the
µ > 0 and µ < 0 regions occurs at large tan β, where the sign of µ becomes unphysical.
In the µ < 0 regions the cross-section falls as tan β is reduced towards its value at the
blind spot, where M1 + sin 2β µ = 0. The contour between the two µ < 0 regions is given
by |M1 + µ sin 2β| = 0.1 M1 , roughly corresponding to a 10% fine-tuning in the scattering
amplitude. In the lower
√ region, for each order of magnitude further reduction in the crosssection, a factor of 10 more fine-tuning is required.
1% of DM. Fig. (3.14) shows a slice at tan β = 2 for the present limit and future reach for
thermal DM. For µ > 0 (µ < 0) the current limits are already quite strong (weak), but even
the combination of both SI and SD XENON1T results will leave significant regions at µ < 0
with |µ| < 1 - 2 TeV. In particular, the large open region in the lower right quadrant has
M1 close to M2 from the requirement of coannihilation and hence lies close to the M1 = M2
blind spot, where M1,2 have the opposite sign of µ.
Finally, our results suggest a variety of interesting directions for future work, which
we now summarize. In particular,
• The present analysis incorporates the critical effects of relative signs, but still assumes
CP conservation in the neutralino sector. The importance of these signs for alleviating
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direct detection limits suggest that similar effects can be expected of neutralino DM
with arbitrary CP phases. On the other hand, CP-violation in the neutralino sector
is stringently constrained by electron electric dipole moment (EDM) experiments,
subject to the masses of the scalar superpartners. It would be interesting to study the
interplay between DM direct detection and EDM experiments in CP-violating models
of neutralino DM.
• While the bulk of our analysis has been at tree level, our estimates in App. C suggest
that they are robust to one loop corrections. In particular, naive estimates indicate
that the projected reach of XENON1T will cover parameter regions for which one loop
corrections can be likely neglected. However, an explicit calculation of one loop effects
in the mixed bino/wino/Higgsino system will settle this issue, and have important
implications for DM in the post-XENON1T era.
• In this work, we have primarily studied constraints from direct detection experiments
and neutrino telescopes. An interesting avenue for future work is a more comprehensive analysis of the indirect detection constraints on neutralino DM from cosmic ray
and gamma ray observatories like the Fermi Telescope [122].
• Our analysis applies to neutralino DM that is a general mixture of bino, wino, and
Higgsino DM. However, many of our qualitative results—e.g the importance of relative signs—apply much more generally. It would be very interesting to study present
and future experimental results within the context of generic models of mixed singlet/triplet/doublet DM. While simplified models of this type have been considered
in a variety of contexts [140, 159, 160, 161, 162], their interplay with present and
future direct detection limits have been less systematically studied; in particular,
the analogous blind spot parameter regions have not been fully identified. A general
singlet/triplet/doublet simplified model would provide a theoretically inclusive framework for studying—and, in the absence of positive signals, excluding—a huge class of
WIMP DM models. Such an analysis would have important implications for mixed
singlino DM relevant to the NMSSM and its λSUSY variants.
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Chapter 4

Yukawa Unification
4.1

Introduction and Conclusions

For thirty years weak-scale supersymmetry has been a leading candidate for a
deeper theory underlying the Standard Model; it is motivated by a natural electroweak
scale, precision unification of the gauge couplings, and LSP dark matter from thermal
freeze-out. However, experiment has called into question the naturalness of the minimal
theory, first by the LEP2 bound on the Higgs mass and second by direct superpartner
searches and preliminary evidence for a Higgs boson with a mass near 125 GeV [24, 25]
from LHC data. As discussed in section 2.2, the latter implies fine-tuning of the weak
scale in the MSSM of at least 1%. Furthermore, LSP dark matter from thermal freeze-out
requires a heavy gravitino, further increasing the fine-tuning.
Thus LHC data suggests two very different schemes for supersymmetry with precise
gauge coupling unification:
• A natural weak scale. An extension of the minimal model is required, for example
by adding a gauge singlet superfield and/or violating R-parity. LSP dark matter
from thermal freeze-out may be lost or may require a considerable modification of the
theory.
• A fine-tuned weak scale. The minimal model survives, allowing LSP dark matter from
thermal freeze-out.
While both schemes were studied before the LHC, and while there are many avenues for
supersymmetry with a natural weak scale, the possibility of a fine-tuned weak scale is
growing in importance.
With a fine-tuned weak scale, the supersymmetry breaking scale m̃ becomes decoupled from the weak scale, so that discovery of superpartners at the LHC does not appear to
be necessary. For example, in Split Supersymmetry [105] the scalar superpartners can have
a mass m̃ many orders of magnitude larger than the weak scale, while only the fermionic
superpartners are in the TeV domain. Similarly in Anomaly Mediation [163, 164] without
sequestering, and in Spread Supersymmetry [147], the scalar superpartner mass scale m̃ is
larger than the weak scale by powers of an inverse loop factor (for early work along these
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lines see [165, 166]). In all these theories supersymmetry may well be out of reach at the
LHC.
Are there any experimental constraints that limit m̃? A Higgs mass near 125
GeV provides a constraint on m̃, but unfortunately only a weak one. For example, in Split
Supersymmetry m̃ < 105 TeV [167, 168]. More generally, at one extreme, with the Higgs
quartic boosted by large top squark mixing, m̃ ∼ TeV is possible. At the other extreme,
m̃ ∼ 1013 TeV is possible if the Higgs quartic arises entirely from SM loop effects [169],
although this may require a threshold to the quartic coupling at the unified scale. Flavorchanging and CP violating effects provide similarly weak constraints: if m̃ > 103 TeV,
virtual superpartners do not upset the successful CKM understanding of the SM even if
the squark and slepton mass matrices have arbitrary off-diagonal entries. However, this
is clearly not a firm limit since the flavor matrices may have a hierarchical structure with
small off-diagonal entries, as in the quark mass matrices.
In this chapter we constrain m̃ by requiring precise unification of the b and τ
Yukawa couplings at the mass scale of gauge coupling unification [31, 170, 171]. Thus, our
motivations for supersymmetry are the conventional ones, except naturalness is replaced by
Yukawa unification:
• Precise unification of the gauge couplings.
• Precise unification of the b and τ Yukawa couplings.
• Lightest Super Partner (LSP) dark matter from thermal freeze-out.

It seems significant that in the MSSM both gauge and Yukawa unification can result from very simple unified theories, for example, an SO(10) theory with each generation
in a 16-plet spinor, ψ, and the third generation masses arising from the single interaction
ψ3 ψ3 φ. If φ unifies the two Higgs doublets of the MSSM, Hu,d , then t − b − τ unification [172, 173] occurs, while if φ contains unequal components of Hu and Hd then b − τ
unification results. The smaller Yukawa couplings involving lighter generations may have a
more complicated origin, for example from higher dimensional interactions, radiative effects,
or environmental selection.
Ignoring supersymmetric threshold corrections, two-loop renormalization group
scaling in the MSSM yields b − τ unification with a precision of about 20% at tan β < 10,
and t − b − τ unification with a precision of about 10% at tan β ' 50. Given that the quark
and charged lepton masses vary over six orders of magnitude, this Yukawa unification is very
striking, perhaps the best hint we have of any symmetry structure underlying quark and
lepton masses, although evaluating its significance is not easy. In figure 4.1, the d/e, s/µ
and b/τ Yukawa ratios are shown as a function of scale in the MSSM, with superpartners
at 2 TeV and tan β = 50. The dashed lines ignore the finite (i.e. non-log) supersymmetric
threshold corrections, and the shaded bands include ±2σ uncertainties on the quark masses.
The d/e and s/µ Yukawa ratios at the unified scale are close to the Georgi-Jarlskog [174]
values of 3 and 1/3, but in this chapter we focus on the third generation. The solid line
shows the effect of including a 12% finite supersymmetric threshold correction for the b
Yukawa coupling, as needed for precise Yukawa unification.
We will conclude that the above three motivations for supersymmetry lead to
m̃ ∼ 1 − 10 TeV. Yet, once naturalness is ignored (or multiverse arguments are made
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Figure 4.1: Yukawa couplings ratios for d/e, s/µ and b/τ as a function of scale, µ. The three
dashed lines result from using the central values of the masses derived from experiment,
two-loop running in the MSSM [9] with all superpartners at 2 TeV and tan β = 50, but
ignoring the finite superpartner threshold corrections. The colored bands allow for ±2σ
uncertainties in the quark masses. The solid curve includes a 12% finite correction at the
TeV scale to the b Yukawa coupling. The running M S masses evaluated at mZ are taken
from Ref. [10].
for the weak scale and the dark matter abundance) one might question whether such a
supersymmetric theory is preferred over the SM with axionic dark matter. It is well-known
that gauge coupling unification occurs more accurately in the supersymmetric case; here we
stress that b/τ unification in the SM requires a unified threshold correction of 60% – a factor
5 larger than the supersymmetric threshold correction required for t − b − τ unification. The
combination of gauge and Yukawa unification is a powerful argument for (multi-) TeV scale
supersymmetry.
The key question becomes the origin of the 10 – 20% correction necessary for
Yukawa unification. Since unified threshold corrections are small for gauge couplings, ≤ 1%,
they are also expected to be small for Yukawa couplings. Although there is large SU(5)
breaking in the s/µ Yukawa ratio, this typically affects the third generation b/τ boundary
condition at the level of less than 1%. Thus, while it is possible to construct theories which
have the required b/τ correction arising entirely from either boundary condition or threshold
corrections at the unified scale, in a very wide class of theories the correction must arise
from the supersymmetric threshold.
A large 10 – 20% correction from the supersymmetric threshold could come from
logarithmic terms, with at least some superpartners far above the weak scale, or it could
come from finite threshold corrections. With m̃ at the TeV scale, figure 4.1 shows that
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Yukawa threshold.
a finite threshold correction is needed. We find that raising m̃ above the TeV scale does
not eliminate the requirement of a finite threshold correction, whether all superpartners
are raised together or Higgsinos and/or gauginos are kept at the TeV scale. Furthermore,
such large finite corrections are easy to obtain since they are enhanced by tan β, the ratio
of electroweak VEVs [173]. In particular, the leading contribution to the finite bottom
threshold in the heavy squark limit is
δbf in = −

g32 µM3
yt2 µAt
tan
β
−
tan β.
2
12π 2 m
32π 2 m2t̃

(4.1)

b̃

Two schemes allowing Yukawa unification at large tan β were introduced in Ref. [173].
For light squarks of a few hundred GeV individual contributions to δbf in are typically too
large, but there could be a cancellation. With somewhat heavier squarks the contributions
become suppressed, with δbf in ∝ µ/m̃ where µ is the Higgsino mass parameter, and can
give the desired 10-20% correction without a cancellation. Motivated by naturalness, many
studies of Yukawa unification have focussed on the light squark case (for example Refs. [175,
176, 177, 178]); although Tobe and Wells were early advocates of easing the naturalness
requirement, studying Yukawa unification with heavier squarks [179].
We concentrate on a Higgsino/bino LSP in the MSSM, so that the dark matter
abundance constrains the Higgsino mass parameter, µ ≤ 1 TeV. As the scale of supersymmetry breaking is increased above µ, the finite supersymmetric threshold corrections
to b/τ become suppressed, as they are proportional to µ/m̃. Since a large 10 – 20% finite
supersymmetric threshold correction is necessary for exact Yukawa unification, there is an
upper bound on m̃. For tan β = 50 we will see that this limits the third generation squark
mass to be less than about 2.5 TeV when At has the opposite sign of M3 , as is favored
by Renormalization Group (RG) scaling1 . As tan β is reduced this limit becomes stronger.
Thus the simplest supersymmetric scheme for Yukawa unification and LSP dark matter
imposes a powerful constraint on m̃, even when naturalness is ignored. When At and M3
have the same sign, the limit weakens to about 9 TeV for tan β = 50.
1

The gluino mass, M3 , appears in the RG for At (see equation 4.16) and drives it to have the opposite
sign unless At is chosen to have a large value in the UV.
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Furthermore, with m̃ . 1 TeV a variety of constraints make the theory implausible.
Yukawa unification with large tan β leads to excessive contributions to b → sγ and to δbf in ,
requiring cancellations in both cases. A Higgs mass near 125 GeV is hard to achieve,
and LHC bounds on squark production become stringent. Hence we are led to Yukawa
unification with squark masses in the several TeV range.
Since we are dropping naturalness, one might wonder if there is a supersymmetric
spectrum having squark masses many orders of magnitude above the weak scale that has
both gauge and Yukawa unification with small unified thresholds and LSP dark matter.
In split supersymmetry this is not the case, as the additional logarithmic supersymmetric
threshold corrections to b − τ unification have the wrong sign, while the finite corrections
essentially vanish [132]. Having only the Higgsinos at the weak scale leads to the same
situation, while keeping only the gauginos at the weak scale significantly degrades gauge
coupling unification.
The organization of this chapter is as follows. In section 4.2, we perform a model
independent analysis of b − τ unification. As a function of the supersymmetric threshold
corrections to the t, b, and gauge couplings, we find the parameter choices that give precision Yukawa unification with a small GUT-scale threshold correction. In section 4.3 we
discuss various aspects of the GUT-scale boundary condition and threshold corrections. We
begin in subsection 4.3.1 by showing that it is possible for the first two generations to have
non-unified boundary conditions, and to have the necessary CKM mixing with the third
generation, without generating large corrections to b/τ . Typically GUT threshold corrections are small, but in subsection 4.3.2 we discuss two possible sources of large corrections:
(1) a large value of yt near the GUT-scale (which results from low tan β) and, (2) the
threshold corrections that arise from Yukawa unification in an orbifold GUT.
Our detailed exploration of the MSSM parameter space begins in section 4.4,
where we determine which parameters yield both precision b − τ unification and a 125 GeV
Higgs mass. By imposing that bino-Higgsino dark matter does not overclose, µ ≤ 1 TeV,
we arrive at upper bounds on the stop and sbottom masses in the several TeV regime.
Having identified the allowed parameter space, we move on to study its phenomenology
in section 4.5. In subsection 4.5.1, we consider SUSY contributions to the rare B-meson
decays, b → sγ and Bs → µ+ µ− . For the parameters that give Yukawa unification, b → sγ
is an important constraint, but a large portion of the parameter space is allowed without
requiring fine-tuning. Meanwhile, we find that Bs → µ+ µ− is observably depleted in much
of the parameter space, and therefore provides a promising discovery handle. We present
the dark matter phenomenology in subsection 4.5.2. We determine the relic abundance
and direct detection cross-section within the parameter space that gives b − τ unification.
Although the present limits from direct detection are weak, we find that XENON1T will
probe a sizable fraction of the parameter space. In appendix D we consider how extra
charged states modify Yukawa unification. In appendix E, we describe our notation for
various flavor bases that are useful for understanding rare B-meson decays.
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4.2

Model-Independent Analysis of Threshold Corrections

In any scheme that embeds the SM in a supersymmetric theory at scale m̃ and has
quark-lepton and gauge coupling unification at scale MU , the couplings will receive threshold
corrections at both the supersymmetric and unified scales. In this section we present a
general analysis of the necessary size of the threshold corrections, without appealing to
specific supersymmetric spectra. Armed with the model-independent results of this section,
we will consider explicit spectra in section 4.4.
We match the gauge couplings, ga , with a = 3, 2, 1 for SU (3), SU (2), U (1) and the
third generation Yukawa couplings, yi with i = t, b, τ of the SM to those of the MSSM by
introducing threshold corrections δi,a
ytM SSM (MZ ) =

ytSM (MZ )
(1 + δt ),
sin β

M SSM
(MZ ) =
yb,τ

gaM SSM (MZ ) = gaSM (MZ )(1 + δa ).

SM (M )
yb,τ
Z

cos β

(1 + δb,τ )
(4.2)
(4.3)

Although we are interested in m̃ up to three orders of magnitude above the weak scale, for
simplicity we define the above thresholds at the reference scale MZ . The unified couplings
result from matching to the MSSM couplings at MU
y(MU ) = ybM SSM (MU )(1 + ) = yτM SSM (MU )
and

1
ḡ 2 (M

U)

=

1
ga2 (MU )

(1 + a )

(4.4)

(4.5)

whereP1/ḡ 2 is the average of 1/ga2 . The unified scale, MU , is defined by minimizing
2g = a 2a . Between the matching scales we evolve the couplings using two-loop MSSM
renormalization group equations [9], so that b − τ unification leads to a constraint between
the thresholds
 = (δi,a , tan β).
(4.6)
When specializing to t − b − τ unification, tan β is fixed by setting yt = yb at MU .
The SUSY threshold corrections, δi,a , depend on the superpartner spectrum and
log
at one-loop are the sum of terms proportional to the log of superpartner masses, δi,a
,
f in
and terms that are independent of logarithms of superpartner masses, δi,a
. Setting all
superpartner masses equal, gauge coupling unification is very precise, with g = 0.013(0.017)
for m̃ = 0.1(100) TeV. For superpartner masses in the range of interest to us, gauge coupling
unification is remarkably insensitive to the supersymmetric thresholds. On the other hand,
for the example shown in figure 4.1, with all superpartners at m̃ = 2 TeV, tan β = 50,
f in
and δt,b,τ,a
all set to zero, b − τ unification requires large unified thresholds,  = 0.23. We
now analyze more generally the constraint on the thresholds, (4.6), required for b − τ and
t − b − τ unification.
In practice the threshold δτ is small enough to be neglected, and δ1,2 have a
small impact on the b/τ ratio, relative to δ3 . Therefore, for simplicity, we set δτ,1,2 = 0
in this section, and we study (δt,b,3 , tan β). Furthermore, the dependence of  on δt is
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Figure 4.3: Contours of the GUT-scale threshold , as a function of the yb and g3 supersymmetric thresholds, for tan β = 10, 40. We define  by yb (1 + ) = yτ at the GUT
scale, and the red region with || < 0.02 has precision Yukawa unification. The blue contour
shows the logarithmic contribution to δb for a particular spectrum with degenerate scalar
masses, described in the text. The purple arrow represents the 2σ experimental uncertainty
on the bottom mass. The top Yukawa threshold, δt , is chosen to vary with δ3 , also assuming
a spectrum with degenerate scalars. For simplicity, we have set δ1 = δ2 = 0 since these
threshold corrections are numerically unimportant for Yukawa unification, and we have set
δτ = 0 since this threshold is typically very small.
significantly weaker than on δb,3 . Hence we use an approximation for δt , obtained by taking
all superpartners degenerate except the Higgsinos, which have mass µ = 500 GeV, and
ignoring finite threshold corrections to yt : δtapprox = δtapprox (δ3 ). Below, we will show that
deviating from this approximation for δt does not qualitatively change our results. Using
this approximation we can draw contours of  in the δb − δ3 plane as shown by the dashed
lines in figure 4.3, with tan β = 10(40) in the left (right) panel. These dashed lines are model
independent; for any values of δ3,b they yield the size of the unified threshold correction
necessary for b − τ unification. The dashed red line is the  = 0 contour that gives precise
b − τ unification without any unified thresholds, while the red shaded area corresponds to
unified threshold corrections with magnitude less than 2%. The running M S value of the
b quark mass is taken to be mb (mb ) = (4.19 + 0.18 − 0.06) GeV at 3σ [127]; the purple
line in figure 4.3 shows the 2σ experimental uncertainty in mb . We determine the DR
bottom mass, evaluated at MZ , using the 2-loop conversion from M S [180] and a 4-loop
approximation to running αs [181].
The blue contour in figure 4.3 shows the relationship between δ3 and δb that results
from ignoring all finite thresholds and using the supersymmetric spectrum, described above,
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Figure 4.4: The necessary value of tan β for t − b − τ unification (left), and the GUT-scale
Yukawa threshold,  (right), as a function of the yb and g3 thresholds. At each point, tan β
(shown as green contours to the left) is chosen so that yt = yb at the scale of gauge coupling
unification. On the right, the GUT threshold, , is defined by the relation yb (1 + ) = yτ .
As in figure 4.3, we set the g1,2 and yτ thresholds to 0 and δt is varied with δ3 assuming
degenerate scalar superpartners.
with degenerate scalars that was used to determine δtapprox (δ3 ). The superpartner mass scale
m̃ increases from top to bottom along the blue contour, taking values of (0.1,1,10,100) TeV
at the (circle, square, triangle, open circle). Note that the finite corrections to δtf in are
negligible since they are not tan β enhanced, and there are no finite corrections to g3 in the
DR scheme [182]. The absence of an intersection between the red and blue lines throughout
this range of m̃ and tan β implies that Yukawa unification requires  and/or δbf in to be nonzero. For example, δbf in = 0 requires rather large  = 0.2 to 0.3. Alternatively, for a given m̃
and tan β, one can use this figure to determine the required value of δbf in to yield  = 0 by
reading off the horizontal distance between the blue and red contours. As tan β decreases,
larger values of δbf in are required2 , and since δbf in ∝ tan β in this region of tan β, there is a
lower limit on tan β that allows  = 0. When we consider explicit spectra in section 4.4, we
will find that tan β > 10 is necessary when the stops and sbottoms are degenerate.
This analysis is extended to the case of t − b − τ unification in figure 4.4. In the
left panel, for each value of (δb , δ3 ) a value of tan β is determined by requiring yt = yb at
MU , yielding the green dashed contour lines. In the right panel the dashed lines give the
resulting contours for . The  = 0 contour is highlighted in red in both panels, with red
Larger δbf in is required at lower values of tan β because for larger tan β, yb is larger and its self-running
increases yb /yτ .
2
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Figure 4.5: The relationship between δt and δ3 (δt and δblog ) is shown to the left (right)
for various spectra. For all spectra we fix µ = 500 GeV, assume gaugino unification, and
use markers to indicate stop masses of mt̃ = 0.1, 1, 10, 100 TeV. For the blue spectrum,
the scalars and gluino are degenerate with mass m̃. For the red (green) spectrum, M3 =
1/3 (3) mq̃ . For the purple spectrum, M3 = mt̃,b , and the first and second generation squarks
are 5 times heavier than the stop and sbottom. In both plots, the variation among spectra
is remarkably mild, justifying our simplifying assumption (the blue spectrum) used to relate
δt and δblog to δ3 in figures 4.3 and 4.4.
shading denoting the region with || < 0.02. In both panels the blue contour shows the
relationship between δ3 and δb that results from ignoring all finite thresholds and using the
same supersymmetric spectrum as in figure 4.3. As m̃ is increased from 0.1 to 100 TeV,
 = 0 requires values of tan β from 51 to 48. For δbf in = 0, tan β is near 56. As with lower
values of tan β, sizable values of  and/or δbf in are required.
We conclude this section by testing the robustness of some of the assumptions that
we made in order to construct figures 4.3 and 4.4. In particular, we chose a specific spectrum
in order to relate δt to δ3 (which are shown on the right and left vertical axes, respectively)
and in order to draw the blue curve that relates δblog to δ3 . The left-side of figure 4.5 shows
δt (δ3 ) for alternative spectra having the gluino mass larger or smaller than the degenerate
squarks by a factor of three, or having the squarks of the first two generations a factor of five
heavier than those of the third generation. The variations among these spectral lines are
remarkably mild, justifying our approximate choice of δt (δ3 ) in figures 4.3 and 4.4. On the
right of figure 4.5, we show δt versus δblog for light and heavy gluino, and we see that there is
no variation in the functional dependence for different spectra (the only thing that changes
somewhat is the relationship between the scalar mass and the position in the δt − δb plane).
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Since δblog is a fixed function of δt , and δt is a nearly fixed function of δ3 , these plots together
imply that δblog is a roughly fixed function of δ3 . This means that the position of the blue
curve in figures 4.3 and 4.4, defined by δb = δblog , also shows only mild model-dependence.

4.3

Corrections from the Unified Scale

Over a wide range of parameters, a 10–20% adjustment to yb /yτ is required, as
shown in figures 4.3 and 4.4. A key question is how much of this correction originates
from the finite contribution to the supersymmetric threshold, δbf in , and how much from the
unified scale, . If the entire correction is accounted for by , then the combination of b − τ
unification and WIMP LSP dark matter does not constrain the scale m̃ of superpartner
masses.
The unified correction can arise from a tree-level breaking of the SU(5) boundary
condition, or from loop threshold corrections that depend on the spectrum of the states at
the unified scale
 = b.c. + th
(4.7)
and we consider these in turn.

4.3.1

Boundary Condition Corrections

We focus on unified theories where the dominant contribution to the b and τ
Yukawa couplings are equal, arising from an operator that preserves SU(5). In SU(5)
notation, this results from the operator T3 F̄3 H̄, where Ti , F̄i are the 10 and 5̄ matter fields
for the three generations i = 1, 2, 3. We allow SU(5) violation in interactions involving
(T2 F̄3 , T3 F̄2 , T2 F̄2 ) that lead to the CKM element Vcb and the mass ratios ms /mb , mµ /mτ .
From figure 4.1, SU(5) violation in these mass ratios is required. Given the comparable
magnitude of these three quantities – they are all within a factor of 2 of 1/30 – we also
allow SU(5) breaking in the mixing between the two heavy generations. At what level does
this SU(5) breaking feed into the b − τ boundary condition?
With the above assumptions, the Yukawa coupling matrices for the heaviest two
generations in the down (D) and charged lepton (E) sectors of the form


BD,E δ CD,E δ
yD,E =
y
(4.8)
A0D,E
1
where BD,E , CD,E are order unity and δ = 1/30 governs the scale of (Vcb , ms /mb , mµ /mτ ).
Theories with flavor symmetries acting on Ti but not F̄i lead to neutrino anarchy, and
to hierarchies in the up sector that are roughly the square of those in the (D,E) sectors;
furthermore, they have A0D,E of order unity. This leads to large 23 mixing angles on the
right-handed quarks and left-handed leptons, tan θD,E = A0D,E , giving a large correction to
the boundary condition: yb /yτ = (cos θE / cos θD )(1 + O(δ 2 )). Hence we assume that any
contribution to A0D,E larger than O(δ) is SU(5) invariant
A0D,E = A + AD,E δ,

(4.9)
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where AD,E ∼ O(1).
After rotating the right-handed states by θ, with tan θ = A, and redefining parameters, the Yukawa matrices take the form


BD,E δ CD,E δ
yD,E =
y.
(4.10)
AD,E δ
1
Many theories, especially those based on SO(10), have A = 0 and give this form directly.
This form is diagonalized by small O(δ) angles giving
b.c. =

δ2
2
(CE2 − CD
+ A2E − A2D ) ∼ 10−2 − 10−3 .
2

(4.11)

Hence, in theories of hierarchical charged fermion masses the simplest expectation is b.c. ∼
δ 2 ∼ Vcb2 ∼ 10−3 . However, to obtain ms /mµ ∼ 3 at the unified scale requires a ratio of
Clebsch factors of 3 [174], giving the possibility b.c. ∼ 32 δ 2 ∼ (mµ /mτ )2 ∼ 10−2 ; hence
the range given in equation (4.11). Such a Clebsch might originate in the 22 entry of the
Yukawa matrix and be transferred to CD,E via a large 23 rotation due to A ∼ O(1), or it
might be present in the original 23 entry.
A wide class of unified theories, having Yukawa matrices of (4.10), lead to b.c. <
0.01. In these theories b − τ unification requires (10–20)% threshold corrections from either
supersymmetric or unified scales.
It is important to note that theories having an SU(5) breaking contribution to the
33 entry of yD,E of order δ will typically give b.c. ∼ δ ∼ 3%. If this is further enhanced
it could allow b − τ unification without threshold corrections [183]. Consider an SO(10)
theory where the Yukawa interactions involving the third generation are
y ψ3 ψ3 φ + y 0 (cos θ ψ3 + sin θ ψ2 )2 φ0 ,

(4.12)

where the 16-plet spinors ψi contain Ti and F̄i . The multiplets φ and φ0 are 10 and 126
dimensional and contain components of the MSSM Higgs doublets φ ⊃ xa Ha , φ0 ⊃ x0a Ha ,
a = u, d. A weak triplet in φ0 acquires a vev leading to type II seesaw neutrino masses, with
θ ∼ 45o the atmospheric neutrino mixing angle. The coupling y 0 must be chosen such that
the weak doublet vev in φ0 yields Vcb , implying that the ψ3 ψ3 φ0 interaction leads to
b.c. = 4Vcb

x
x
∼ 0.1
1−x
1−x

(4.13)

where x = xu x0d /xd x0u .

4.3.2

Threshold Corrections

Contributions to the unified threshold correction th are typically comparable to
those that correct the gauge couplings, a , since they both arise at 1-loop, involve the same
couplings and the same logarithms of mass ratios. The success of precision gauge coupling
unification then implies that |th | < 0.02, so that it can be neglected. However, there are exceptions to this situation and we consider two in this sub-section. Some couplings contribute
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at 1-loop to logarithmic Yukawa thresholds but not gauge thresholds. The top Yukawa coupling is an example, but is usually not large enough to give significant contributions to th .
However, if tan β is sufficiently reduced these corrections can become important. Secondly,
in orbifold grand unified theories the KK towers at the unified scale do make substantial
corrections to gauge coupling unification, so it is important to understand how they may
affect Yukawa unification.
From the Top Coupling
At low tan β the top Yukawa coupling increases, changing the evolution of the b
quark Yukawa coupling in the direction of improving b − τ unification. This can allow the
squark mass scale to increase well beyond 10 TeV while keeping Higgsinos at the TeV scale
for dark matter. An example of this situation is shown in the left panel of figure 4.6 where
it is compared to the case of precision Yukawa unification at high tan β. The blue curves
show the evolution of yb with tan β = 20 for δbf in = 0 (dashed) and 0.23 (solid). The latter
case leads to precision unification with the τ coupling, shown by the red solid curve. The
squark masses are taken to be 2 TeV and this is an illustration of the precision Yukawa
unification discussed throughout this chapter.
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Figure 4.6: The left panel shows the evolution of the b Yukawa coupling in two schemes.
The blue curves are for tan β = 20 and squarks at 2 TeV, without (dashed) and with (solid)
finite supersymmetric threshold corrections. The green dotted curve has a split spectrum
with squarks at 103 TeV and tan β ≈ 1. The red solid curve shows the evolution of the τ
Yukawa coupling in both schemes. In each scheme the curves are normalized by the value
of the unified Yukawa coupling. In the right panel the solid blue curve shows the required
 for Yukawa unification in the scheme with the split spectrum as tan β is varied, and the
dashed purple line shows that the unified top Yukawa is rapidly increasing at low tan β.
The dotted green line illustrates the evolution of the b Yukawa coupling for an
entirely different possibility: split supersymmetry with squarks at 103 TeV. The fermionic
superpartners are at the TeV scale with µ = 0.5 TeV, M3 = 2 TeV and gaugino mass
unification. Since the A parameter breaks R symmetry it is expected to be of order the
gaugino masses and makes no relevant radiative contribution to the Higgs mass. Indeed,
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we take tan β ≈ 1 so that the entire Higgs mass arises from RG scaling of the Higgs quartic
between the top squark mass and the weak scale, requiring a stop quark mass of about 103
TeV for a 125 GeV Higgs mass. In this example all squark masses are set at 103 TeV. With
such heavy squarks there is an important logarithmic supersymmetric threshold to b/τ ,
which works against Yukawa unification [132]. Hence the need for very low tan β leading to
a large yt .
The effect of increasing yt is seen by comparing the dashed blue and green curves.
The difference in the running of these curves is most pronounced near the unification scale,
where the top Yukawa coupling in the tan β = 1 case is getting very large. The dashed
purple curve in the right panel of figure 4.6 shows yt2 /16π 2 at the unification scale; it is less
than 0.01 at large tan β and rises very rapidly to over 0.2 by tan β = 1.03. The corresponding
reduction in the size of the required correction  at the unified scale is shown by the solid
blue curve. Indeed at tan β = 1.03 no correction is needed. However, this cannot be viewed
as precision Yukawa unification since unknown threshold corrections of order yt2 /16π 2 = 0.2
are expected at this point, even if they are not logarithmically enhanced. Perhaps the
best one can do is near tan β = 1.05, where  = 0.06 is required and corrections of order
yt2 /16π 2 = 0.06 are expected. More generally the situation is clear: Yukawa unification at
low tan β does not have a precision that is controlled by the low energy theory, rather the
required 10–20% correction is coming from the unified scale where the top Yukawa coupling
is approaching its Landau pole.
From KK Towers in Orbifold GUTs
Precision gauge coupling unification can occur in theories where the unified symmetry is realized in higher dimensions but is broken by the compactification to 4d. The
higher dimensional symmetry forbids Yukawa couplings from appearing in the bulk, and
hence Yukawa unification can occur in such theories if the operator generating the b and τ
Yukawa couplings is located on a fixed point that respects SU(5). Such Yukawa couplings
do not have threshold corrections from KK modes because of locality. However, gauge couplings do receive corrections from KK towers, and this can alter the scale of gauge coupling,
and therefore Yukawa coupling, unification.
In the simplest 5d orbifold GUT [184] KK corrections improve gauge coupling
unification compared to 4d unification, and reduce the unification scale to 1015 GeV. The
b and τ couplings must therefore unify at this scale with  = 0, as shown for tan β near
50 by the green dashed line in figure 4.7. Similar figures apply for lower tan β. Thus
δbf in ∼ 0.1 − 0.15 is an absolute necessity in such theories.
Summary
We have argued that there is a wide class of unified theories having small boundary
condition and threshold corrections to the b/τ Yukawa ratio at the unified scale, || < 0.02.
Our analysis of supersymmetric threshold corrections in section 4.4 and the resulting collider, dark matter and B meson physics of section 4.5 applies to these theories. Nevertheless,
it is possible to construct theories where  is much larger. Such unified theories are required
if supersymmetry is broken to the SM at the unified scale, when  ∼ 0.6 is needed.
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Figure 4.7: Yukawa unification in an orbifold GUT with compactification scale Mc =
1015 GeV. The black contours show the b − τ unification quality, , evaluated at the
compactification scale, as a function of the yb and g3 threshold corrections. At each point,
tan β is chosen so that yt = yb at the compactification scale, and for simplicity we set the
g1,2 and yτ thresholds to 0. The green shaded region denotes where || < 0.02 in the orbifold
GUT. For comparison, the red shaded region shows where || < 0.02 in the 4D GUT, as in
figure 4.4.

4.4

MSSM Spectrum from Yukawa Unification and the Higgs
mass

In this section, we determine which supersymmetric spectra allow for third generation Yukawa unification and a Higgs mass of 125 GeV. In order to remove dependency
on unknown GUT physics, we simply assume that the GUT-scale threshold corrections to
yb /yτ are small enough to be neglected, || . 0.02. This assumption, which is motivated
by the observation that the gauge thresholds are also this small, applies to a broad class
of GUT models as described in section 4.3. Then, the success or failure of Yukawa unification depends entirely on the weak-scale SUSY spectrum, which must be chosen so that
δbf in ≈ 0.1 − 0.2, as we saw in section 4.2. The program of this section is to determine which
spectra satisfy this criterion. We will also impose the requirement that the LSP abundance
not overclose the universe, which when taken together with Yukawa unification implies, as
we will see, an upper bound on the scalar masses.
The most important threshold corrections for yb /yτ are the corrections to yb , yt ,
and g3 , as we discussed in section 4.2. For this section, we use the complete 1-loop SUSY
threshold corrections, as computed by Ref. [182]. The qualitative behavior of these thresholds is simple to understand. The g3 threshold is defined to be logarithmic only, in the DR
scheme, and the yt threshold is dominated by the log contribution. Therefore, both δt and
δ3 are negative, with size determined logarithmically by the overall SUSY mass scale. The
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yb threshold is a sum of the negative logarithmic piece and a tan β enhanced finite piece,
δbf in . As we found in section 4.2, the b and τ Yukawas unify when δbf in ≈ 0.1 − 0.2, where
δbf in is dominated by the gluino and chargino diagrams shown in figure 4.2, which is approximately given by equation 4.1. The most important SUSY parameters for determining
δbf in , and therefore whether or not the Yukawas unify, are,
mQ3 , mU3 , mD3 , At , M3 , µ, tan β.

(4.14)

Note that throughout this dissertation, we use the SUSY Les Houches Accord (SLHA)
conventions for the signs of these parameters [185, 186].
We check to see that Yukawa unification can be made consistent with a Higgs
boson of mass mh ≈ 125 GeV. Conveniently, the requirement that the correct Higgs mass
is generated radiatively by the SUSY spectrum allows us to reduce the SUSY parameter
space by one dimension. Recall that the tree-level Higgs mass is given, in the MSSM, by
m2h = cos2 2β m2Z ≈ m2Z (where we have taken the decoupling limit, mA  mZ , and used
the fact that in the parameter space of interest for Yukawa unification, tan β is large enough
that cos2 2β ≈ 1). Radiative corrections are required to raise the Higgs mass from mZ to
125 GeV. The leading 1-loop correction is given by,
"
!#
2
2
2
m
3
X
X
t
m2h ≈ cos2 2β m2Z + 2 yt4 v 2 log t̃2 + t2 1 −
≈ 125 GeV,
(4.15)
4π
mt
mt̃
12m2t̃
where v ≈ 174 GeV, m2t̃ = mQ3 mU3 , and Xt = At − µ/ tan β determines the amount of
left-right stop mixing. By solving equation 4.15, we can determine At for a given value of
mt̃ .
In practice, the RG improvement of equation 4.15 must be taken into account
to achieve accurate results. In order to determine the Higgs mass as a function of the soft
parameters, we use a version of Suspect designed to correctly handle heavy scalars, provided
to us by the authors of Ref. [11]. In this code, the Higgs quartic coupling λ is run from the
weak scale to the stop mass, mt̃ , using 1-loop RG and 1-loop thresholds computed both at
the weak scale and the stop mass scale. The result for tan β = 50 is shown in figure 4.8,
as a function of mt̃ and Xt /mt̃ . The red band shows the uncertainty coming from the top
mass, mt = 173.2 ± 0.9 GeV [187]. For small values of the A-term, Xt ≈ 0, we require
mt̃ ≈ 4 − 5 TeV. The smallest value of the stop mass corresponds to the regime known
as maximal mixing, where √Xt is chosen to maximize the second term in the brackets of
3
equation 4.15, Xt /mt̃ = ± 6. Here, we find mt̃ ≈ 900 GeV.
√ Moving to larger values of
|Xt |, the scalars drift up to heavier masses. For Xt /mt̃ = ± 12, the Xt dependent terms of
equation 4.15 cancel against each other. For larger values of |Xt |, the Xt dependent terms
are negative, and can be chosen to cancel against the log, allowing for heavier scalars.
We have seen that mh ≈ 125 GeV potentially allows for very heavy scalars for
special, large, values of At . In this part of parameter space, the large At leads to the
3
Note that near maximal mixing, the 2-loop contributions to mh are important for determining the stop
mass and there remains a large amount of uncertainty on the necessary stop mass, with different estimates
ranging from mt̃ ∼ 700−1000 GeV, see section 2.2. We do not include the 2-loop effects in this chapter, since
the public codes implementing the 2-loop Higgs mass [59, 63] are unreliable in the limit of heavy scalars.
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Figure 4.8: The values of the stop mass, m2t̃ = mQ3 mU3 and stop mixing, Xt , that lead to
mh = 125 GeV, with tan β = 50. The red band shows the uncertainty coming from the top
mass, mt = 173.2 ± 0.9 GeV. Here the Higgs mass is calculated at 1-loop, using a numerical
code [11] that allows for heavy stops by re-summing log(mt̃ /mZ ).
presence of a lower energy charge and color breaking vacuum [188], and our vacuum is
metastable. The criterion for global stability is A2t + 3µ2 < 3(m2Q3 + m2U3 ) [189]. If we take
mQ3 = mU3 = mt̃ and assume that√µ  At , mt̃ , then metastability corresponds precisely to
Xt past maximal mixing, |Xt | & 6 mt̃ , where we have used that Xt ≈ At at large tan β.
Splitting mQ3 from mU3 , while keeping the Higgs mass fixed, has the effect of increasing
the globally stable region. For Xt past maximal mixing, one must check whether or not
the lifetime of our vacuum is long enough to support the present Age of the Universe.
The numerical analysis of Ref. [190] found that our vacuum is sufficiently long-lived for
A2t + 3µ2 . 7.5(m2Q3 + m2U3 ). For degenerate mQ3 and mU3 , this would correspond to
√
Xt /mt̃ . 15, or mt̃ . 54 TeV for mh = 125 GeV. Unfortunately, the numerical analysis
of Ref. [190] was only performed for mt̃ . 2 TeV and needs to be extended to include the
part of parameter space relevant for mh ≈ 125 GeV. We leave this for future work, and for
now we tentatively consider the entire parameter space that gives mh = 125 GeV.
We show our primary result in figure 4.9: the SUSY parameter space that allows
for precise b/τ unification. As discussed above, we have related mt̃ and At by imposing
mh ≈ 125 GeV. For simplicity, we take degenerate stops and sbottoms (we will relax this
assumption below), mt̃ = mQ3 = mU3 = mD3 . The top row of plots show the value of µ
that leads to b − τ unification, as a function of Xt /mt̃ and M3 , for tan β = 50, 30, 15. The
first value, tan β = 50, leads to full t − b − τ unification, as we saw in figure 4.4, while
the lower values of tan β allow for b − τ unification only. The bottom row of plots shows
the corresponding value of mt̃ , as a function of the Xt /mt̃ axis, that gives mh = 125 GeV.
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Figure 4.9: The SUSY parameter space with third generation Yukawa unification, assuming
degenerate stops and sbottoms mQ3 = mU3 = mD3 , for tan β = 50, 30, 15. If tan β = 50,
then t − b − τ unification is possible; for the lower values of tan β only b − τ unification is
possible. We determine the stop mass as a function of the stop mixing, Xt , by demanding
mh = 125 GeV, as shown in the lower row of plots. In the upper plots, we show the value
of µ that gives Yukawa unification as a function of Xt and M3 . The green shaded area has
µ < 1 TeV, allowing for a bino-Higgsino LSP whose energy density does not overclose the
universe. If the LSP is wino-like and constitutes all of DM, then M2 ≈ 2.7 TeV and we
require µ > M2 , which is the area outside the purple contour.
The remaining SUSY parameters have sub-leading effects on Yukawa unification, but to be
definite, we fix M1,2 using the gaugino unification relation, 6M1 ≈ 3M2 ≈ M3 , all of the
other sfermions are fixed to mt̃ , and we take mA = 3 TeV.
The interplay between Yukawa unification and the cosmological LSP abundance
is key. As stated in the introduction, we consider high-scale mediation and conserved R
parity so that the LSP is stable and has an abundance in standard cosmology given by
thermal freezeout. The shaded green region with µ < TeV is the one of primary concern to
us, since it corresponds to the simplest DM possibility of bino/Higgsino LSP. Note that a
pure Higgsino has the correct abundance, Ωcdm h2 = 0.11 [127], when µ ≈ 1 TeV. A binoHiggsino admixture does not overclose, ΩÑ1 < Ωcdm , as long as µ < 1 TeV and µ . M1 ,
and a bino-Higgsino admixture typically has the correct abundance to constitute all of dark
matter in the so-called well-tempered regime, µ ∼ M1 [30]. Since the precise value of M1
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has little effect on Yukawa unification, anywhere within the green region can be made to
avoid overclosure simply by choosing M1 & µ.
There are several other possibilities for SUSY dark matter. A bino/Higgsino admixture can have µ > 1 TeV and still avoid overclosure if DM co-annihilates with a slepton
or squark or if DM annihilates through a heavy Higgs pole. Both of these options necessitate extra light scalars and require a tuning among masses to avoid overclosure. We will
not consider co-annihilation or heavy Higgs pole further in this thesis. Another option, that
does not necessitate tuning parameters to avoid overclosure, is that the LSP is wino-like,
with M2 < M1 , µ. Then the correct abundance for the wino to be all of DM is achieved for
M2 ≈ 2.7 TeV [130, 129], and lighter winos would contribute a subdominant portion of the
energy density. If we assume that a wino LSP contributes all of DM and demand Yukawa
unification then we must have µ > 2.7 TeV: this boundary is shown as a purple line in
figure 4.9.
Returning to the simplest possibility: that DM is a bino/Higgsino admixture, we
see from figure 4.9, that avoiding overclosure, µ < 1 TeV, leads to an upper bound on
the stop mass when we demand Yukawa unification. For tan β = 50, as is appropriate for
t − b − τ unification, we find that mt̃ . 2.8 TeV is required when At and M3 have opposite
signs, which corresponds to the right half of the plane shown in the figure. Here, the
gluino and chargino diagrams have opposite signs: see equation 4.1. We note that a relative
sign between At and M3 is favored by the renormalization group because M3 contributes
radiatively to At , driving it to have an opposite sign,


dAt
1
16 2
2
2
= 2
g M3 + 6|yt | At + |yb | Ab + . . . .
(4.16)
dt
8π
3 3
In order for At and M3 to have the same sign, there must be a large A-term in the UV to
compensate the radiative contribution from M3 . In this case, the two diagrams add and
heavier stops are possible, mt̃ . 8500 GeV. Since the thresholds are proportional to tan β,
lowering tan β has the effect of shrinking the allowed parameter space and necessitating
even lighter stops (also, recall from figure 4.3 that a larger δbf in is required at lower tan β).
For tan β = 30, we require mt̃ . 1400 GeV when At and M3 have opposite signs, and
mt̃ . 4600 GeV when they have the same sign. For tan β = 15, the region where At and
M3 have opposite signs is removed completely, and we require mt̃ . 2000 GeV when the
signs are the same. We find no b − τ unification at all when tan β . 10. We note that
with our sign conventions, nearly the entire parameter space with Yukawa unification and
µ < 1 TeV is where M3 is negative, so we have only shown this sign choice in figure 4.9.
So far, we have assumed that the stops and sbottoms are degenerate. We relax this
assumption in figure 4.10. On the left, we show a case with lighter right-handed sbottom,
mD3 = 1/3 mt̃ , where mt̃ = mQ3 = mU3 . On the right, we show the case with heavier
right-handed sbottom, mD3 = 3 mt̃ . The effect of splitting the stops from the sbottoms is
to change the relative size of the gluino diagram, which has sbottoms propagating in the
loop, to the chargino diagram, which has stops propagating in the loop. When the sbottoms
are lighter, as in the left diagram, the size of the gluino diagram is enhanced, leading to
a larger region with Yukawa unification. In this case, stops as heavy as 14 TeV allow for
Yukawa unification when At and M3 have the same sign. However, this implies that the
sbottom is lighter than 5 TeV, such that the requirement of one (somewhat) light scalar
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Figure 4.10: The allowed parameter space for Yukawa unification, as in figure 4.9, except
relaxing the assumption of degenerate stops and sbottoms. On the left, we consider lighter
right-handed sbottoms, with mD3 = 1/3 mt̃ and mt̃ = mQ3 = mU3 . On the right, we
consider heavier right-handed sbottoms, mD3 = 3 mt̃ . Lighter sbottoms enhance the size of
the gluino diagram of figure 4.2, leading to a larger region with Yukawa unification, while
heavier sbottoms deplete the gluino diagram and shrink the allowed region.
has not been circumvented. When the sbottoms are heavier, as in the right diagram, the
gluino diagram is depleted. In this case, we find no Yukawa unification when At and M3
have opposite sign, and when they have the same sign we require mt̃ . 5200 GeV.

4.5

Flavor and Dark Matter Phenomenology

In this section we discuss possible experimental signatures of supersymmetry with
Yukawa unification. We found in section 4.4 that most of the parameter space of Yukawa
unification (plus dark matter) has stops and sbottoms lighter than several TeV and therefore potentially accessible to experiments. We discuss the flavor signals and constraints in
section 4.5.1. As we will see, the large values of tan β necessary for Yukawa unification lead
to observable signals in B-meson decays. In section 4.5.2, we discuss the phenomenology of
dark matter within our parameter space.
Before we move on to discus flavor and dark matter, we briefly consider the exciting
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Figure 4.11: The total colored sparticle production cross-section, at LO, as a function
of the gluino mass and a common squark mass [12]. The red area is already excluded by
ATLAS, assuming the squarks and gluinos decay directly to a massless neutralino [13].
prospect of discovering superpartners at the LHC. Yukawa unification implies that the
stop and sbottom must be lighter than several TeV and therefore may be produced at
the LHC. The observability is highly dependent on the precise spectrum. The masses
of the superpartners will determine the production cross-section, and their spectrum will
determine which decays dominate and therefore whether or not low-background final states
(preferably with leptons and b-jets) are populated.
As a simple example of the overall SUSY production rate, figure 4.11 shows the
cross-section as a function of the gluino mass and a common squark mass, at center of mass
energies of 13 and 14 TeV. If a search in a low-background channel has an efficiency of
∼ 10%, then 50 events before cuts are more than enough for a discovery. For degenerate
gluino and squarks, this corresponds to a 100 fb−1 reach of 2.4 (2.3) TeV at 14 (13) TeV. It is
important to keep in mind that discovery is not guaranteed because while Yukawa unification
requires a light stop and sbottom, it does not require a light gluino (see section 4.4) and
the masses of the first and second generation squarks are unconstrained. Still, assuming
a simple scenario for supersymmetry breaking, the stop and sbottom masses are probably
near the masses of the other colored sparticles. Therefore, we find it highly encouraging
that the eventual LHC energy will be enough to probe most superpartner scales relevant
for Yukawa unification.

4.5.1

B-meson decays

In this section we consider the flavor violating signals of SUSY with Yukawa unification. We found in section 4.4 that the favored parameter space of Yukawa unification
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Figure 4.12: The leading, tan β enhanced, diagrams contributing to b → sγ and Bs →
µ+ µ− are shown above and below, respectively. There is a close relationship between the size
of these diagrams and the finite threshold correction to the bottom mass (see figure 4.2). In
the SUSY-CKM basis, the leading contributions of the gluino exchange diagrams on the left
are proportional to left-left down squark mass mixing, (δdLL )32 , while the Higgsino exchange
diagrams on the right are proportional to Vts , coming from the Higgsino vertex.
has stops and sbottoms with masses in the ∼ 1 − 10 TeV range. For superpartners at these
scales, generic squark soft masses are forbidden by ∆F = 2 processes such as K − K̄ mixing.
Therefore the soft masses must possess a special flavor structure, such as Minimal Flavor
Violation (MFV) [191, 192, 193] or a U (2) flavor symmetry [194, 195, 196] (or U (2)3 [197]).
Even if we do assume MFV, there are B-meson decays that receive tan β enhanced contributions [198]. This is highly relevant for Yukawa unification, because we found above that
t − b − τ unification requires tan β ≈ 50 and b − τ unification plus dark matter requires
tan β > 10. For now, we assume that CP phases are small and only consider flavor violating
effects. We will comment on the limits on CP violation at the end of this section.
The most constraining processes are b → sγ and Bs → µ+ µ− . The leading SUSY
diagrams, at large tan β, arise from gluino and Higgsino exchange, and are shown in figure 4.12. There is a tight relationship between the amplitudes for these processes and the
threshold correction to the bottom mass, which is generated by similar 1-loop diagrams, as
can be seen by comparing figures 4.2 and 4.12. Limits from B-meson decays are discussed
in many papers on Yukawa unification, see for example Refs. [175, 177, 179, 199]. These
references all consider unified scalar masses at the GUT scale. Our approach differs because
we allow for general soft terms at the weak scale, without specifying the high-scale boundary
condition.
We now consider the flavor structure of these diagrams. We work in the basis
where the fermion masses and squark soft masses have been diagonalized, with conventions
described in appendix E. In the limit of small left-right mixing, this corresponds to the
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squark mass eigenstate basis, and all flavor violation can be written in terms of the CabibboKobayashi-Maskawa (CKM) matrix and the gluino vertices, (W q )ij q̃i† qj g̃ (see Ref. [200] and
appendix E). Small left-right mixing is a good approximation in most of our parameter
space, because the squarks are heavier than 1 TeV and left-right mixing is suppressed by
v/m̃.
First consider the Higgsino diagrams contributing to b → sγ and Bs → µ+ µ− .
The diagrams for the two processes are proportional to the same flavor factor, but involve
different loop functions. Assuming that the Higgsino diagrams are dominated by stop
exchange, because of the A-term insertion,
c

u
d ∗
iMH̃ ∝ yb yt At Vts (W33
W33
) ≈ yb yt At Vts ,

(4.17)
c

where the second step assumes small mixing, so that the 3-3 entries of W u and W d are
close to 1. We see that the Higgsino diagrams have an irreducible contribution proportional
to Vts , arising from the Higgsino vertex connecting a strange quark and top squark.
Next we turn to the gluino diagrams. The leading contribution has the flavor
structure,




  c†
∗
T
∗
dc
d
≈ yb P3c W32
P3 + W d 23 P2
(4.18)
iMg̃ ∝ W d 2j Pj W d j3 yb W d 33 P3c W33
where Pi (P3c ) denotes the propagator of d˜i (d˜c3 ) and the second step assumes 1-3 mixing is
small enough to be neglected. Note that this diagram vanishes for degenerate squarks because of a super-GIM mechanism that follows from the unitarity of W d . For non-degenerate
d , which is an unknown factor of order V in
squarks, the diagram is proportional to W23
ts
theories with MFV.
It is also common to describe the flavor violation in the so-called SUSY-CKM
basis, where the entire quark superfields are rotated into the basis where the fermion masses
are diagonal. In this basis, it is useful to work in the mass-insertion-approximation when
flavor violation is small, in which case the leading contribution from the gluino diagram is
d by
proportional to the left-handed 2-3 mixing, (δdLL )32 . The factor (δdLL )32 is related to W23
equation E.6, and is expected to be of order Vts in theories with MFV. In general, the gluino
diagrams also contain terms proportional to the right-handed squark mixing, (δdRR )32 . This
mixing is suppressed in theories with MFV and here we assume that it is subdominant to
the contribution from left-handed squark mixing.
We now describe the experimental constraints, and reach, in some detail. We
will first discuss the constraint coming from b → sγ, which has already been measured
and agrees with the SM prediction. Then we will discuss Bs → µ+ µ− , which has not yet
been measured and, as we will see, may have a rate that differs significantly from the SM
prediction.
The branching ratio for b → sγ has been precisely measured by the B-factories to
be (3.55 ± 0.26) × 10−4 [201], which agrees with the NNLO SM prediction of (3.15 ± 0.23) ×
10−4 [14]. This presents a serious constraint on theories with large tan β, even for squarks
in the several TeV range, because the amplitude of the SUSY contribution is proportional
to tan β. Figure 4.13 shows the allowed region for Yukawa unification for tan β = 50, as
in figure 4.9 except now shown as a function of the stop mass and gluino mass. As before,
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Figure 4.13: The allowed region for Yukawa unification with tan β = 50, with the limit
from b → sγ overlaid. The y-axis is the gluino mass and the x-axis corresponds both
to the stop mixing, Xt and the stop mass, which is non-monotonic in Xt because after
fixing
√ mh = 125 GeV, the stop mass increases moving away from maximal mixing, Xt =
± 6 mt̃ (see figure 4.8). As in figure 4.9, the blue contours indicate the value of µ necessary
for Yukawa unification and the shaded green region is consistent with bino/Higgsino dark
matter, µ < 1 TeV. The red region is excluded, at 2σ, by b → sγ if 2-3 down squark
mixing is ignored, (δdLL )32 = 0, such that only Higgsino exchange contributes (we take
mA = 10 TeV so that charged Higgs exchange is decoupled). The red contours show the
minimum value of |(δdLL )32 |, in units of |Vts |, necessary to bring b → sγ in accord with the
observed branching ratio. The black, blue, and purple points are considered in more detail
in figures 4.14 and 4.15.
the blue contours indicate the values of µ necessary for Yukawa unification, and the shaded
green region has µ < 1 TeV and is therefore compatible with a bino/Higgsino LSP that
does not overclose the Universe. The red shaded area would be excluded at 2σ by b → sγ
if we were only to consider the irreducible contribution from Higgsino exchange, by setting
(δdLL )32 = 0, which turns off the gluino diagram. Note that for our numerical results, we
for simplicity use the mass-insertion-approximation results of Ref. [202].
If the Higgsino diagram were the end of the story, we would conclude that a large
portion of the Yukawa-unified parameter space is already excluded. However, it is important
to include the gluino contribution, which depends on the unknown coefficient, (δdLL )32 . We
show the branching ratio of b → sγ as a function of (δdLL )32 in figure 4.14 for the points
indicated by black, blue, and purple dots in figure 4.13. The shaded area of the plot is
excluded at 2σ and we see that each point is safe for a wide range of values of (δdLL )32 . We
find that no fine-tuning is necessary because the Higgsino and gluino diagrams are of similar
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Figure 4.14: The branching ratio for b → sγ normalized to the SM prediction of (3.15 ±
0.23) × 10−4 [14], as a function of (δdLL )32 in units of |Vts |. The left (right) side of each plot
corresponds to (δdLL )32 < 0 (> 0). The black, blue, and purple curves correspond to the
corresponding points in parameter space denoted on figure 4.13. The shaded gray region
is excluded by more than 2σ. Notice that for each point, the branching ratio of b → sγ is
consistent with the limit for a wide range of values of (δdLL )32 . We have taken mA = 10 TeV
so that charged Higgs exchange is decoupled.
size and their sum is easily consistent with the constraint. In figure 4.13, the red contours
indicate the minimum absolute value of (δdLL )32 necessary for b → sγ to be consistent with
observation, in units of |Vts |. In most of the parameter space, a value of O(Vts ) is sufficient.
We make a few technical comments about b → sγ before moving on. In addition to
the gluino and Higgsino exchange diagrams, there is a also a diagram with wino exchange,
where the wino mixes with a Higgsino. This diagram is proportional to the same flavor
structure appearing in the first factor of parentheses in equation 4.18. The wino exchange
is typically subdominant to gluino and Higgsino exchange, but we have included it in our
numerical analysis by setting the ratio M3 : M2 = 3, as is approximately satisfied by
spectra with gaugino unification. Our answers are not very sensitive to the choice of M2 .
A second comment is that we have been focusing on the allowed region of b → sγ where
the SUSY contribution is small. There also used to be an allowed region where the SUSY
contribution has the opposite sign of the SM contribution, but where their sum happens to
have the same magnitude as the SM contribution. This finely-tuned option is now excluded
by LHCb measurements of b → Xs l+ l− [203]. In the region we are interested in, the SUSY
contribution to b → sγ is small, and in this limit b → Xs l+ l− is not relevant.
More interesting than b → sγ, which is already observed to agree with SM, is the
potential to see an observable deviation in the rate for Bs → µ+ µ− . This process is predicted
to have the branching ratio (3.2 ± 0.2) × 10−9 in the SM [15]. The experimental limits have
been rapidly approaching this target, and LHCb now sets a 95% limit of 4.5 × 10−9 [204].
CMS is close behind with a 95% limit of 7.7 × 10−9 [205]. It is likely that we will know
very soon whether or not this rate agrees with the SM prediction or shows an observable
enhancement or, in the case of destructive interference with SM diagrams, depletion. The
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decay is generated by the 4-fermion operator,
Lef f ⊃ Cs mb s̄L bR µ̄µ,

(4.19)

and also the operator with a γ5 between the muons, and the corresponding operators derived
by flipping parity, L ↔ R.
The leading SUSY contribution is mediated by a heavy Higgs and has an amplitude
proportional to tan3 β [206]. This contribution follows directly from the flavor-violating
analogue of the finite threshold correction to the bottom mass, which induces, in mass
eigenstate, an s̄L bR H coupling. Therefore, the SUSY contribution to the coefficient of this
operator can be written directly in terms of the finite bottom threshold, dressed by the
appropriate flavor factors,
CSSU SY =

i
mµ tan2 β h LL
g̃
∗ H̃
(δ
)
δ
+
V
δ
ts b ,
d
32 b
v 2 m2A

(4.20)

where δbg̃ and δbH̃ denote the gluino and Higgsino contributions to the finite bottom threshold,
which are given by the two terms in equation 4.1. The size of the SUSY contribution is
highly sensitive to tan β and to the value of the heavy Higgs mass.
The current limit, and reach, for discovering Bs → µ+ µ− are displayed in figure 4.15, as a function of the squark mixing, (δdLL )32 , and the pseudoscalar Higgs mass,
mA , for the two points denoted by black dots in figure 4.13. The shaded gray regions are
excluded by b → sγ (note that we have included the charged Higgs contribution, which
effects the boundary of the excluded region for mA . 1 TeV). The shaded red area is excluded by the LHCb limit on BrBs →µ+ µ− . In nearly the entire parameter space this limit
is significantly stronger than the direct LHC limit on heavy Higgses. The strongest direct
limit is set by CMS on H → τ + τ − , requiring mA & 480 GeV when tan β = 50 [207]. The
(dark) blue region denotes values of the branching ratio of Bs → µ+ µ− 3σ (5σ) lower than
the SM prediction4 . We see that a large range of mA leads to an observable depletion for the
point with Xt < 0. The green regions denote values that are enhanced by 3σ and 5σ. This
reflects a much smaller portion of the available parameter space because of the proximity
of the stringent LHCb limit to the SM prediction.
So far we have assumed tan β = 50 in this section, as is appropriate for t − b − τ
unification. But we found that b − τ unification is possible as long as tan β > 10, and
one may wonder how lowering tan β impacts the limits from B-meson decays. In order to
explore this, we choose the example value of tan β = 20, and in figure 4.16 we show the
b → sγ limit on the left, for Xt < 0. Interestingly, we find that the b → sγ limit is stronger
at lower values of tan β: a larger fraction of the region with µ < 1 TeV is excluded by the
Higgsino-mediated diagram and therefore requires some cancellation between the Higgsino
and gluino diagrams. This might be seem surprising since the amplitude for b → sγ is
proportional to tan β. However, so is the finite threshold to the bottom mass, and the
4

Note that the 3σ and 5σ regions of figure 4.15 utilize the theory uncertainty of Ref. [15], where the
FBs uncertainty has been removed by assuming that the measurement of ∆MBS is SM-like. Any deviation
from the SM prediction needs to be treated with care because new physics can contribute to ∆MBS . In
SUSY theories with MFV, new contributions to ∆MBS can be neglected, relative to new contributions to
Bs → µ+ µ− , because they rely on R-R squark mixing, which is small.
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Figure 4.15: The reach for discovering a modification to Bs → µ+ µ− , for the two points in
parameter space denoted by black dots on figure 4.13, as a function of the heavy pseudoscalar
Higgs mass, mA , and (δdLL )32 in units of |Vts |. The shaded gray region is excluded, at 2σ,
by b → sγ. The purple contours indicate the branching ratio of Bs → µ+ µ− in parts per
billion. The red region is excluded at 2σ by LHCb with 1 fb−1 , BrBs →µ+ µ− < 4.5 × 10−9 .
The blue (green) regions have a branching ratio that is smaller (larger) than the predicted
SM cross-section of (3.2 ± 0.2) × 10−9 [15] by 3σ in the region of light shading and 5σ in
the region with darker shading.
b → sγ amplitude scales roughly as δbf in /m2t̃,b̃ . For a given value of µ, as tan β is reduced

the stop and sbottom masses must be lowered to keep δbf in large enough for b−τ unification,
resulting in a stronger b → sγ limit. In addition, as we lower tan β, a slightly larger δbf in
is required (see figure 4.3). Still, we find that only a mild cancellation is required between
the Higgsino and gluino diagrams to bring b → sγ in accord with the limit, for most of
parameter space, even as tan β is lowered.
We now turn to the Bs → µ+ µ− reach at lower tan β, which is shown to the
right of figure 4.16 for tan β = 20 and the point in parameter space denoted by a black
dot on the left side of the figure. We see that the LHCb limit, and region with a reach to
observe an enhanced or depleted branching ratio, are both pushed to lower values of mA
relative to the tan β = 50 scenario. This is because the amplitude for Bs → µ+ µ− scales
as tan2 β × δbf in /m2A (see equation 4.20), and the lower value of tan β is compensated by a
lower value for mA . Note that a large fraction of the allowed values of mA still lead to an
observable effect since the present limit is also reduced5 .
5
For tan β = 20, the LHC limit on the heavy Higgs is mA & 300 GeV [207], which is typically weaker
than the LHCb limit on B → µ+ µ− , as can be seen to the right of figure 4.16.
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Figure 4.16: The limit on b → sγ and the reach for Bs → µ+ µ− are shown for tan β = 20
on the left, and right, respectively. The left plot corresponds to the region with Xt < 0 and
all contours are as in figure 4.14. The right plot corresponds to the point shown as a black
dot in the left plot, and all contours and shading are as in figure 4.15.
We now discuss the relationship between Yukawa Unification and the SUSY CP
problem. As is well-known, supersymmetry with generic CP phases is highly constrained
by experimental limits on the neutron and electron Electric Dipole Moments (EDM). In
our parameter space, the sfermions have multi-TeV masses and this alleviates the SUSY
CP problem relative to realizations of SUSY with lighter sparticles. However, as we will
see, constraints from EDMs are still relevant.
First we consider the neutron EDM. Because the leading contribution to the
neutron EDM is generated by the same diagram as the left of figure 4.2 (except with
an external photon and the bottom quarks switched to down quarks), there is a close
relationship between the size of the neutron EDM and the gluino contribution to the finite
yb threshold correction, δbg̃ . We note that the phase from the A-term is less constrained
since diagrams analogous to the right diagram of figure 4.2 are suppressed by small CKM
elements. For approximately degenerate squarks we can write the relation between the
gluino contribution to the finite threshold and the neutron EDM [208] as
!


2 µM
2e
g
Md mb̃ 2
3
g̃
3
dn = Arg(µM3 ) −
tanβ
.
(4.21)
3
12π 2 m2
m2˜ md˜
b̃

d

Since the neutron EDM is bounded by dn ≤ 2.9 × 10−26 e cm [127] the bound on the CP
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violating phase goes as:
Arg(µM3 ) . 0.3

0.1
δbg̃

!

 m 2  m 2
d˜
d˜
,
3TeV
mb̃

(4.22)

where the last factor corrects for sbottom-sdown splitting. We see that a generic phase is
allowed for multi-TeV squarks and δbf in ∼ 0.1, as is required for successful b/τ unification.
The experimental limit on the electron EDM is stronger, de ≤ 1.05×10−27 e cm [127],
and is generally more constraining than the neutron EDM. The leading contribution to the
electron EDM comes from a loop mediated by charged Higgsinos and winos [208], which
lead to a bound on Arg(µM2 ),


50
mν̃ 2
Arg(µM2 ) . 0.02
,
(4.23)
tanβ
5 TeV
where, for simplicity, we have fixed µ = M2 = 1 TeV. We see that for tan β ∼ 50, as favored
for t − b − τ unification, the bound is stringent. The bound is alleviated for smaller values
of tan β (recall from above that b − τ unification works for tan β & 10 weakening the bound
on the phase to ∼ 0.1), or with a heavier sneutrino.

4.5.2

Dark Matter

We have seen that requiring Yukawa unification along with µ . 1 TeV, in order to
avoid overclosure by the thermal relic density of a neutralino LSP, places an upper bound
on the superpartner mass scale. In this section we consider the allowed parameter space and
the prospects for direct detection of the resulting WIMP dark matter. We shall assume that
the relic abundance of the LSP is given by thermal freeze-out. While the parameter space of
interest for Yukawa unification does contain single-species WIMP dark matter, we allow for
the more general possibility that the LSP makes up only a subdominant component of the
dark matter. Multi-component dark matter can be obtained, for example, by environmental
selection, which requires large, roughly equal relic densities for both WIMPs and axions due
to dangerous boundaries in both the dark matter relic density and the vacuum misalignment
angle [147]. Throughout this section we use a recent lattice value for the strange quark
content of the nucleon [16], fs = 0.069.
Figure 4.17 shows the region of parameter space with ΩÑ1 ≤ Ωcdm , computed
using MicrOMEGAs [134, 22], shaded in orange, with contours of relic density normalized
to Ωcdm = 0.111 (from Ref. [127]) in black. To be definite we once again fix M1,2 using
the gaugino unification relation, 6M1 ≈ 3M2 ≈ M3 . Since the neutralino annihilation and
elastic scattering cross-sections do not depend sensitively on M2,3 , this assumption will not
qualitatively affect our results as long as we have |M1 | < |M2,3 |, so that the LSP is a binoHiggsino mixture. The relic density contours show that the neutralino LSP makes up an
O(1) fraction of dark matter in a large portion of the allowed parameter space.
As in the previous sections, the dashed blue contours show the µ-parameter that
results from imposing (t−)b − τ unification and a 125 GeV Higgs. In both panels of the
figure, the lower boundary of the large orange regions corresponds to the “well-tempered”
neutralino [30]. Moving to larger |M3 |, the LSP becomes dominantly Higgsino-like, and
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Figure 4.17: The region of parameter space with ΩÑ1 ≤ Ωcdm are shown shaded in orange
for tan β = 50. We have taken mA = 10 TeV in order to remove the potential effects of the
heavy Higgs funnel and imposed gaugino unification, 6M1 = 3M2 = M3 . The dashed blue
contours show the value of the µ-parameter required to achieve b − τ unification, while the
black contours show the thermal relic density of the LSP normalized to the relic abundance
of dark matter, ΩÑ1 /Ωcdm . In calculating the relic abundance, we have taken all scalar
masses degenerate at mt̃ and fixed At = Ab = Aτ to the value required to obtain a 125 GeV
Higgs. All other A-terms are set to 0. The darker orange shading depicts the predicted
reach of the upcoming XENON1T direct detection experiment.
so the ΩÑ1 = Ωcdm boundary tends to follow the µ ≈ 1 TeV contour, as expected for
pure Higgsino dark matter. As the stop mass decreases, however, Higgsino dark matter
is required to be heavier on account of the increasing importance of stop- and sbottommediated annihilation channels whose amplitudes scale as yt2 . If the stop is lighter still,
mt̃ & mÑ1 , then it may coannihilate with the LSP in a small, fine-tuned region, resulting
in an even heavier neutralino.
The LSP may also be dominantly bino-like, in the case where it annihilates resonantly through an s−channel mediator. The Higgs and Z poles, respectively, are depicted
in the left side of figure 4.17 in the upper and lower islands below the large orange region.
Due to the assumption of gaugino unification, these regions contain a light gluino that is
ruled out by LHC data; however, relaxing that assumption would allow for a heavier gluino.
The allowed parameter space will be further constrained by upcoming direct detection experiments, such as the planned ton-scale liquid xenon detector [5], whose predicted
reach is shaded in figures 4.17 and 4.18 in dark orange. However, using the lattice prediction for the strange quark content of the nucleon [16], there is no limit from current
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Figure 4.18: Contours of direct detection cross-section are shown in purple, with the orange
shading and blue contours as in figure 4.17. In terms of the elastic scattering cross-section
off of protons, σp , we
 direct detection cross-section to be scaled by the LSP relic
 define the
density, σDD ≡ σp ΩÑ1 /Ωcdm .

direct detection experiments. Once again, we have used MicrOMEGAs to compute the
direct detection cross-section.
Contours
of the direct detection cross-section scaled by relic


abundance, σDD ≡ σp ΩÑ1 /Ωcdm are shown in purple in figure 4.18, in which σp is the
cross-section for elastic scattering of the LSP off of a proton.
We see from figure 4.18 that XENON1T should cover the entire well-tempered
region, up to and including mÑ1 = 1 TeV, at which point the LSP becomes dominantly
Higgsino-like. In this region the elastic scattering is dominated by Higgs exchange. Increasing |M1 | reduces the Higgs-exchange cross-section, since the LSP coupling to the
Higgs is proportional to the bino content of the neutralino. For pure Higgsino dark matter, the leading direct detection diagrams appear at one loop with a naive size of order
10−46 cm2 [128, 160]; however, a few groups [136, 137] find that an accidental cancellation between one and two-loop diagrams leads to a surprisingly small cross-section, σp . 10−48 cm2 ,
so that the tree-level Higgs exchange diagrams still dominate the one and two loop contributions over the entire parameter range of interest.
At sufficiently light squark masses, squark exchange diagrams with amplitudes
scaling like yt2 can become important. These diagrams destructively interfere with the
Higgs exchange contributions, and at large enough bino mass, they can dominate the elastic
scattering cross-section. This effect accounts for the tendency of the direct detection crosssection to decrease and then increase again as the gaugino mass is increased with mt̃ ∼
1 − 2 TeV. Here the direct detection cross-section is sufficiently small that this region
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of parameter space will not be probed by currently-planned experiments; however, UV
considerations prefer a lighter gaugino mass. RG running to low energies with a heavy gluino
pulls up on the squark masses, while Yukawa unification and dark matter requirements
bound the squark mass to be below ∼ 8.5 TeV or ∼ 2.5 TeV, depending on the sign of Xt .
Finally, we briefly comment on the effect of relaxing the assumption of gaugino
unification. If M1 is made larger relative to |M3 |, then the well-tempered region moves
to smaller gluino masses relative to the parameter space shown in figures 4.17 and 4.18,
increasing the size of the parameter space that contains Yukawa unification without overclosure. In this case LHC searches for the gluino may probe some or all of the well-tempered
contour. Furthermore, due to the shape of the µ contours, the well-tempered region would
extend to lighter squark masses. Deforming in the other direction, in which M1 is taken
lighter than M3 /6, the well-tempered contour moves to larger gluino masses. This decreases
the size of the parameter space, perhaps removing entirely the region with Xt > 0. However, in this case direct detection experiments are able to probe a larger fraction of the
overall space. Thus we consider the direct detection prospects in the interesting regions of
parameter space to be promising with the next generation of experiments.
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Chapter 5

Summary and Outlook
We have considered several implications of a 125 GeV Higgs on models of weakscale supersymmetry. To begin with, we studied the naturalness of the MSSM and NMSSM,
both in the small and large coupling regimes, finding an inverse relationship between finetuning and minimality. The most natural theories are relatively insensitive to the sparticle
mass spectrum up to a couple of TeV, so that the absence of SUSY signals in Run 1 of
the LHC does not necessarily point to an unnatural weak scale. If the weak scale is made
natural by large mixing in the Higgs sector, as in λ-SUSY, then Higgs couplings may be
modified at a detectable level, either in Run 2 or else at a future precision Higgs experiment.
A Higgs mass near 125 GeV is also interesting from the point of view of neutralino
dark matter. Direct detection experiments such as LUX and IceCube are just beginning to
probe dark matter scattering cross-sections consistent with Higgs exchange processes. We
have identified a number of parametric blind spots, regions of parameter space in which the
coupling of the dark matter to the Higgs is suppressed due to an accidental cancellation.
Thus, while future spin-independent direct detection experiments will probe much of the
neutralino DM parameter space, complementary experiments will be needed to provide full
coverage. Interestingly, the low tan β region favored by models such as λ-SUSY or Split
SUSY with a 125 GeV Higgs sits at a double blind spot, invisible to both spin-independent
as well as spin-dependent direct detection experiments.
Finally, we considered Yukawa unification as a potential constraint on SUSY models. In order to generate the finite threshold corrections needed to unify the 3rd generation
Yukawa couplings, there cannot be too large a mass hierarchy between the 3rd generation
squarks and the Higgsinos. If the µ parameter is required to be less than a TeV so as
to avoid over-closure of the universe, then we can bound the mass of the 3rd generation
squarks to a few TeV, potentially within reach of Run 2 at the LHC and certainly within
reach of the next generation of high-energy colliders. Furthermore, there may be interesting
flavor signatures: taking tan β ≈ 50, as required for t-b-τ unification, the branching ratio of
Bs → µ+ µ− is below that of the Standard Model in much of the allowed parameter space.
Each of these principles, naturalness, dark matter, and Yukawa unification, separately motivates searching for SUSY near the weak scale. Comprehensively studying weakscale supersymmetric models will require a multifaceted approach. Both precision measurements of Higgs physics as well as direct, high-energy probes will be required to determine
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the naturalness of the weak scale. Precision flavor physics measurements may provide evidence of Yukawa unification. The existence of blind spots in dark matter direct detection
experiments points to the need for complementary, indirect detection experiments. With
the next run of the LHC fast approaching and new data pouring in from dark matter experiments, combined with strong theoretical motivations for weak-scale SUSY, we appear
to be on the cusp of an exciting new era in particle physics.
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Appendix A

Strange Quark Content of the
Nucleon
It is well known that direct detection limits are sensitive to nuclear physics uncertainties, in particular the strange squark content of the nucleon. Higgs-mediated SI
scattering is proportional to |f |2 , where [22]
f≡

2 7 X
+
fq
9 9
q=u,d,s

fq ≡

hN |mq q̄q|N i
.
mN

(A.1)

The largest uncertainty comes from the strange quark content, fs , since fu and fd are small,
but different determinations have led to widely disparate values for fs , as we now review.
Throughout, our analysis takes fu = fd = 0.025 [16].
Traditionally [23], fs was determined using chiral perturbation theory to relate
fs to the pion-nucleon sigma term, ΣπN , which is extracted experimentally from the crosssection for low-energy pion nucleon scattering, leading to fs = 0.38±0.10. The MicrOMEGAs [22]
default value, fs = 0.26, is chosen to be near the 1σ lower bound based on these measurements of ΣπN . However, as first pointed out by Giedt et al. [16], direct lattice determinations of fs lead to a significantly smaller value, fs = 0.0532 ± 0.0085. More recent lattice
results [17, 18, 19, 20] confirm small values, finding fs between 0.009 − 0.046. This ∼ 3σ
tension between the ΣπN and lattice determinations of fs have led to widely divergent approaches in the theory community, with some authors using large values of fs based on ΣπN ,
and others adopting the lattice values. We note that this tension is now probably resolved,
in favor of the low values, because the most recent p − π scattering data, from the CHAOS
group at TRIUMF, lead to fs = 0.10 ± 0.15 [21], in agreement with the lattice results.
In Fig. (A.1), we show the effect on f 2 of the various choices for fs discussed
above. The cross-section does not change by a large amount between the different lattice
determinations. However, there is a large difference between the cross-section favored by
the lattice and the cross-sections resulting from the old determinations of ΣπN ; for example
the cross-section is increased by a factor of 2.3 when moving between the Giedt and default
MicrOMEGAs values. We view the lattice determination of fs to be most accurate (especially
in light of the new, lower, value for ΣπN ) and throughout this thesis we have used the value
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Figure A.1: The effect of fs on the Higgs-mediated SI cross-section, which is proportional to f 2 . We show the lattice determinations of fs from Giedt et al. [16] and more
recent groups [17, 18, 19, 20], as well as the value of fs resulting from the most recent
measurement of ΣπN [21]. The bands indicate the stated ±1σ errors on the Giedt and ΣπN
values, which are in agreement up to these errors. For comparison, we show the default
micrOMEGAs [22] and traditional chiral perturbation theory [23] values, which are based on
older measurements of ΣπN .
of Giedt et al. We note that many previous theory studies (for example [113, 213, 111])
have adopted the default MicrOMEGAs value, leading to liberal limits by this factor of ∼ 2.
We show the impact of varying fs on the XENON100 limit, for thermal bino/Higgsino
DM, in Fig. (A.2). We compare the Giedt et al. value to the default MicrOMEGAs value
and to the most conservative possible choice of fs = 0. We see that the choice of fs makes
a large difference at negative µ and large tan β, because in this regime the cross-section is
close to the XENON100 limit throughout much of the plane. We comment that the thermal
bino/Higgsino plane is the most sensitive of our results to the precise value of fs , and the
limit and reach contours throughout the rest of Ch. 3 are less sensitive to this choice.
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Figure A.2: The impact of different choices of fs on the XENON100 limit for thermal
bino/Higgsino DM, which was shown using the Giedt et al. value in the first panel of
Fig. (3.7). We compare the Giedt value to the default MicrOMEGAS value and fs = 0,
which is the most conservative choice.
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Appendix B

Dark Matter Fine-Tuning
In Ch. 3 we are agnostic about the possibility that the EW scale may be finely
tuned. But whether the weak scale is natural or not, it is interesting to identify when
fine-tuning enters DM properties. Such a tuning is a worry when DM is well-tempered to
produce the correct abundance, as discussed in Sec. 3.3, or if DM sits particularly close to
one of the blind spots we identified in Sec. 3.4.2. In this appendix we describe a quantitative
measure that tests the fine-tuning of Ω or σSI , independently of a possible EW tuning. We
applied the methodology described in this appendix to produce figures 3.8 and 3.16, above.
To start, let us denote the log quantities, pi which label parameters at the weak
scale:
exp pi ≡ {M1 , M2 , µ, m2Hu , m2Hd , Bµ}.

(B.1)

Then it is natural to define a log gradient defined as a directional directive with respect to
log parameters,
~ ≡ ∇i ≡ ∂ .
∇
∂pi

(B.2)

We can now define a vector in this space equal to the gradient of the electroweak symmetry
breaking vacuum expectation value,
~
V

~ log v 2 .
≡ ∇

(B.3)

~ is equal to the direction of steepest descent away from a particular value of v—thus,
Here V
it is the combination of ultraviolet parameters which most strongly affects electroweak
symmetry breaking. In order to remove dependence on the possible fine-tuning of the
electroweak symmetry breaking sector, we are interested in dependencies on parameters
~ . Explicitly, any v dependent observable can be written as
orthogonal to V
~
∇O
=

∂O ~
V + ...,
∂ log v 2

(B.4)

where we have used the chain rule and the ellipses denote dependencies on other parameters.
Thus our fine-tuning parameter, which is independent of electroweak symmetry breaking,
for a given observable O is defined by
~ ⊥ O|,
∆O ≡ | ∇

(B.5)

105
~ ⊥ is defined as the gradient of O within the subspace of the above parameters
where ∇
~ . In figures 3.8 and 3.16, we used ∆O , where O = Ω, σSI , to quantify tuning
orthogonal to V
in the thermal relic abundance, and SI cross-section, respectively.
We compute ∆O using tree-level relationships among the weak scale parameters,
with one exception. The D-flat direction of the tree-level scalar potential causes the aforementioned tuning to blow up as tan β → 1 (see, for example, [213]). We regard this
apparently infinite tuning as unphysical, because the D-flat direction is lifted by loop corrections (and, moreover, whatever physics beyond the tree-level MSSM accommodates the
Higgs mass). In order to lift the D-flat direction, we assume an MSSM-like completion and
add a quartic contribution ∝ |Hu |4 , with a size fixed to reproduce mh = 125 GeV. The
size of ∆O near tan β = 1 depends on the exact form of potential; however, any completion
that lifts the D-flat direction serves to regularize the tuning as well. We have verified that
adding a quartic contribution of the form |Hu Hd |2 yields similar results.
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Appendix C

Expected Size of Loop Corrections
To obtain our results we have only included the tree-level interactions of neutralino
dark matter. In most regions of parameter space this is a good approximation; however,
close to the blind spots that we identified in Sec. 3.4.2, the relevant tree-level couplings to
the Higgs and Z bosons vanish, in which case it is crucial to ascertain the importance of
one-loop corrections. While a full computation of one-loop corrections is beyond the scope
of the present work, the topic of this appendix is to estimate when loop corrections would
modify our results for SI scattering.
First, consider the case that DM is a pure eigenstate. If DM is pure bino, it is
inert (with decoupled scalars) and there are no radiative corrections to the Higgs coupling
to the neutralino. On the other hand, if DM is a pure Higgsino or pure wino, it has no Higgs
coupling at tree-level, but there are loop diagrams such as box diagrams with two gauge
bosons. The naive size of these loop corrections is 10−(46−47) cm2 ; large enough to probe at
XENON1T. However, a diagrammatic calculation including all one-loop and leading twoloop diagrams shows a surprising accidental cancellation among scalar and tensor scattering
operators generated by one-loop and two-loop effects [136]. For example, taking a pure
Higgsino (wino) with a mass of 500 GeV, and using the form factors of [16], the total crosssection is 6 × 10−50 (8 × 10−48 ) cm2 ; much too small to probe at XENON1T. Recently, this
accidental cancellation was confirmed in an effective field theory calculation [137].
The multiloop result of Refs. [136, 137] have not yet been generalized to mixed
states, as would be relevant for the blind spots. We can still estimate the maximum size
of the loop corrections. Consider the case of mixed bino/Higgsino. The bino component of
2 , where Z is the rotation matrix going from interaction to
the DM is given by sin2 θb̃ = Z11
ij
2
mass eigenstate. If sin θb̃ ≈ 0, 1, then the DM is close to a pure state and the cross-section
is small, as discussed above. This quantity is shown by green curves for non-thermal and
thermal cosmologies in the upper and lower panels of Fig. (C.1), respectively, and we see
that much of the parameter space is characterized by a nearly pure state. As the mixing
angle is increased, any possible enhancement to the cross-section is suppressed at least by
a factor of mixing angle squared. Therefore, we conservatively estimate the maximum size
of the cross-section to be,
σloop = |Z11 |2 (1 − |Z11 |2 ) × (2 × 10−47 cm2 ).

(C.1)
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Figure C.1: Estimated importance of loop corrections for bino/Higgsino DM, relative
to the XENON1T reach. Non-thermal and thermal DM are shown in the upper and lower
panels, respectively, with the XENON1T reach as in Fig. (3.5) (for tan β = 2) and Fig. (3.7).
2 , and loop corrections are
The green contours show the bino fraction of DM, sin2 θb̃ = Z11
known to be small when DM is a pure bino or Higgsino, sin2 θb̃ ≈ 0, 1. Blue contours show
the ratio of our estimated loop cross-section to the sum of the tree-level and XENON1T
reach cross-sections. A large value of this ratio would indicate where the XENON1T reach
estimate is sensitive to loop corrections, however we see that this ratio is small throughout
most of parameter space, indicating that our results are robust to loop corrections.
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Here, the number in parentheses reflects the size of the cross-section from the largest individual loop diagram contributing to the Higgsino cross-section from Ref. [136] (which
happens to be a box of W bosons contributing to the tensor operator). We stress that this
is simply an estimate of the maximum size; the full calculation is beyond our scope.
When are our results sensitive to the loop corrections? Consider the XENON1T
reach, shown for bino/Higgsino in Fig. (C.1). For the loop correction to be relevant, two
conditions must be satisfied, (1) the loop contribution must be large relative to the tree-level
scattering, and (2) the loop contribution must be large enough to probe at XENON1T. In
order to estimate when both of these conditions are met, the blue contours in Fig. (C.1)
show the ratio of σloop to the maximum of the tree-level cross-section and the XENON1T
limit. The loop correction is important when this quantity is large. However, this quantity
is less than 0.01 in the entire parameter space, except for small regions near the blind spot.
Even here, it is only at low µ that this ratio reaches 0.05, and its maximum value is near
0.2. Hence, unless our estimate Eq. (C.1) is too small by over an order of magnitude, the
loop corrections can be ignored for determining the reach of 1T detectors for bino/Higgsino
DM.
We have not included an estimate of the importance of loop corrections for mixed
DM with a large wino component. In this case there are competing effects; the bino/wino
DM typically has a smaller mixing angle than the bino/Higgsino case, further suppressing
any enhancement to the loop contribution coming from mixing, but the largest individual
loop diagram for pure wino scattering is an order of magnitude larger than for the pure
Higgsino case.
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Appendix D

Yukawa Unification with Extra
Charged Matter
Throughout Ch. 4 we have restricted to the minimal field content of the MSSM and
assumed that there is a desert between the superpartner mass scale and the scale of gauge
coupling unification. One might wonder how sensitive our results are to this assumption,
since the presence of new states will modify the beta functions of the gauge couplings
and Yukawas. One possible addition to the field content that preserves the success of gauge
coupling unification is the addition of complete GUT multiplets. In the context of an SU (5)
GUT, for example, there may be some number N of extra 5 + 5̄’s at an intermediate scale
Mmess . Extra charged messengers are typically included in models where supersymmetry is
broken at a low-scale and mediated to the SM sector by gauge interactions. Our main focus
in Ch. 4 has been non-gravitino DM and not low-scale SUSY breaking. Still, it is interesting
to consider Yukawa unification in models with gauge mediation, and even if SUSY is broken
at a high-scale, there may happen to be extra charged states present at intermediate scales.
In figure D.1 we show the necessary value of the δb and δ3 /δt thresholds, for
precision b − τ unification, including N = 0, 1, 2, 3 extra 5 + 5̄’s at Mmess = 100 TeV.
We choose tan β = 50, as appropriate for t − b − τ unification, and for simplicity we set
δ1,2 , δτ = 0 and δt = δtlog , as in figures 4.3 and 4.4. The blue curve indicates the value of δblog
that results assuming degenerate superpartners except for µ = 500 GeV, as in the figures of
section 4.2. We see that a significantly larger value of the finite bottom threshold is required
for b−τ unification in the presence of extra charged states. This effect is easy to understand:
the new fields increase the gauge coupling beta functions, leading to a larger value of g3
that pulls down harder on the bottom Yukawa, making the precision of b − τ unification
worse, before the finite bottom threshold is included. If one imposes bino-Higgsino DM
with µ < 1 TeV, then the larger finite bottom threshold implies that the stop and sbottom
must be even lighter than the minimal case with no extra charged states.
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Figure D.1: The required supersymmetric thresholds for b − τ unification in the presence
of extra charged matter. We fix tan β = 50 and show the values of δb versus δ3 /δt necessary
for precision b − τ unification with N = 0, 1, 2, 3 extra 5 + 5̄ with masses Mmess = 100 TeV.
The dashed lines indicate points with perfect unification,  = 0, while the shaded regions
denote || < 0.02. The blue contour indicates δb = δbf in , assuming degenerate superpartners
except for µ = 500 GeV. The distances between the blue contour and the dashed lines
indicate the necessary values of the finite threshold, δbf in , and we find that a larger finite
threshold correction is required in the presence of extra charged states.
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Appendix E

Flavor Bases
We define here the notation we use for flavor in section 4.5.1. We determined the
flavor-dependent factors entering the amplitudes for b → sγ and Bs → µ+ µ− using the basis
where the fermions are in mass eigenstate and the squark soft mass matrices are diagonal.
In the limit of small left-right mixing, this corresponds to the mass basis for the squarks
and, as we review below, all flavor violation can be parameterized by the CKM matrix and
the gluino vertices [200]. In the following, we specialize to the (s)quark sector, which is
relevant for B-meson decays, and will not consider lepton flavor violation, which can be
treated analogously.
As usual, the quarks are rotated from flavor to mass basis using unitary matrices
Lu,d and Ru,d ,
u → Lu u,

uc

→ Ru

uc ,

d → Ld d

dc → Rd dc ,

(E.1)

where V = L†u Ld is the CKM matrix. Meanwhile, we rotate the squarks to the basis where
the soft masses, m2Q , m2U , m2D , are diagonal in flavor space,
ũ → L̃u ũ,

ũc → R̃u ũc ,

d˜ → L̃d d˜
d˜c → R̃d d˜c ,

(E.2)

where L̃u = L̃d , R̃u , R̃d are unitary matrices. The basis with diagonal squark soft masses
is the mass eigenstate basis in the limit of small left-right mixing. Note that left-right
mixing is suppressed by the EW scale over the superparticle mass scale, v/m̃, and therefore
this basis is approximately equivalent to the mass eigenstate basis in the parameter space
relevant for Yukawa unification, m̃ ∼ 1 − 10 TeV.
In general, different rotations are needed to bring the quarks and the squarks to
mass eigenstate, and SUSY flavor violation arises due to this misalignment. After applying
the above rotations, flavor violation enters the vertices involving a quark, squark, and
gaugino or Higgsino. Flavor violation is encoded by the following unitary matrices,
W a = L̃†a La

c

W a = R̃a† Ra

a = u, d.

(E.3)
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Note that W u and W d are related by a CKM rotation: W u† W d = L†u L̃u L̃†d Ld = L†u Ld = V .
The gluino vertices for u, uc , d, dc are simply proportional to the corresponding W a matrices.
The charged Higgsino vertex, which also appears in section 4.5.1, takes the form,


c
T mu
uc † c
c
∗ T mu
˜
Q yu u H̃u ⊃ d Wd V
u + dV
W ũ H̃u+ ,
(E.4)
v sin β
v sin β
where mu is the diagonal up-type quark mass matrix. The same expression describes the
H̃d− couplings, with the replacements u ↔ d and sin β → cos β, V T → V ∗ .
Much of the literature on SUSY flavor uses a basis known as the SUSY-CKM basis,
where the entire quark superfields are rotated into the fermionic mass basis by the Lu,d and
Ru,d matrices. In this basis, the squark soft masses are non-diagonal. In the limit of small
flavor violation, it is useful to work in the mass-insertion approximation,

 LL
δdLR
δd
2
2
(E.5)
δd = RL RR ,
Md = m̃d (1 + δd )
δd
δd
and similarly for the up-type squarks. The SUSY-CKM basis is related to the basis described
above, with diagonal squark soft masses, by applying rotations with the W a matrices, which
diagonalize the δdLL and δdRR matrices,
†

diag(m2Q ) = m̃2Q (1 + W d δdLL W d )

c

c†

diag(m2D ) = m̃2D (1 + W d δdRR W d ),

where the unit matrix in equation E.5 results when mQ = mD .

(E.6)

