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I describe supersymmetric theories in which the correct scale for electroweak symmetry breaking
is obtained without significant fine-tuning. In these theories, supersymmetry breaking occurs at
a low scale of order 100 TeV, and is transmitted to the supersymmetric standard-model sector
through standard-model gauge interactions. The Higgs sector contains two Higgs doublets and a
singlet field, with a superpotential that takes the most general form allowed by gauge invariance.
I discuss an explicit model constructed in 5D warped space with supersymmetry broken on the
infrared brane, and present the results of a detailed analysis of electroweak symmetry breaking
for this model. A new candidate for dark matter is also proposed, which arises from the extended
Higgs sector of the model.
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1. Introduction

Low-energy supersymmetry stabilizes the electroweak scale by enforcing a high degree of
cancellation among the radiative contributions to the Higgs potential, and also leads to a successful
prediction for the low-energy gauge couplings through gauge coupling unification [1]. However,
the fact that neither a light Higgs nor superparticles were discovered at LEP II requires relatively
large superpartner masses, which in turn produce a large negative contribution to the Higgs mass-
squared at loop level. This typically means that a significant fine-tuning among the parameters of
the theory is required to achieve realistic electroweak symmetry breaking.

Here I summarize Ref. [2], in which my collaborators and I presented a supersymmetric the-
ory in which this fine-tuning problem is essentially absent, while the most attractive features of
low-energy supersymmetry are preserved. An important ingredient is an extra contribution to the
physical Higgs-boson mass, beyond those given in the minimal supersymmetric standard model
(MSSM). This contribution arises from a coupling between the MSSM Higgs doublets and a singlet
superfield S, as in the NMSSM [3]. The form of the superpotential we consider, however, differs
from that of the NMSSM, and so there are new parameter regions to explore. Once we adopt a
low mediation scale for supersymmetry breaking and eliminate unified mass relations among the
superparticle masses, we find regions that have only a very mild fine-tuning.

2. The Supersymmetric Fine-Tuning Problem

I’ll first review the sources of fine-tuning in conventional supersymmetric theories, to moti-
vate the model-building that follows. The leading negative contribution to the Higgs-boson mass-
squared parameter in the MSSM comes from top quark and squark loops, and is approximately

m2
h '− 3y2

t

4π2 m2
t̃ ln(Mmess/mt̃) , (2.1)

where yt is the top Yukawa coupling, mt̃ represents the top square masses, and Mmess is the scale at
which supersymmetry breaking is mediated to the MSSM sector. If Mmess is near the Planck scale,
as in the minimal supergravity scenario [4], then this contribution is large, m2

h ' (500GeV)2 even
for m2

t̃ ' (300GeV)2. For moderately large values of tanβ , the electroweak scale is determined at
tree level by

M2
Z

2
'−m2

h −|µ|2, (2.2)

and the cancellation required between the two terms on the right-hand side is therefore at the
level of a few percent. The same conclusion is reached by a more careful renormalization group
analysis [5].

If we make the log of Eqn. (2.1) small by lowering Mmess, the most natural way to preserve
the supersymmetric desert while obtaining flavor-universal superparticle masses is by mediating
supersymmetry breaking by the standard model gauge interactions. Assuming that supersymmetry
is broken in a sector that respects a global SU(5) symmetry, the ratio of the top-squark mass to the
right-handed selectron mass is then

m2
t̃

m2
ẽ
'

(4/3)g4
3

(3/5)g4
1
' (7∼9)2. (2.3)
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The LEP II bound mẽ & 100 GeV then implies mt̃ & 700 GeV. Meanwhile, the bound on the right-
handed selectron mass combined with the requirement that the standard-model gauge couplings
do not hit a Landau pole below the unification scale tells us that the smallest Mmess can be in this
framework is roughly 20 TeV. These results again imply fine-tuning at the level of a few percent.
In fact, even if the unified mass relation of Eqn. (2.3) is not satisfied, the LEP II lower bound on the
mass of the lightest CP-even Higgs boson – which is 114 GeV in most of the parameter space [6] –
by itself requires mt̃ & (800−1000)GeV for natural values of the top-squark mass parameters [7],
and so the fine-tuning persists.

3. Basic Structure of the Theory

In light of the fine-tuning discussion above, we require that our model feature the following
properties: (i) the messenger scale should be low, Mmess ∼ 10− 100 TeV, (ii) there should be
an additional contribution to the mass of the light Higgs, beyond that given in the MSSM, and
(iii) the superparticle spectrum must not obey unified mass relations, as would arise e.g. if the
supersymmetry-breaking sector respected an SU(5) symmetry.

We want to implement these features in such a way that the successful prediction associated
with gauge coupling unification is preserved, and without reintroducing the supersymmetric flavor
problem. Finally, if possible, we want a viable dark-matter candidate to emerge – given the small-
ness of Mmess, the LSP will be the gravitino, with mass in the eV range, so ordinary neutralino dark
matter is not an option.

These considerations lead us to assume that supersymmetry is broken dynamically at a low
scale Λ ∼ Mmess ∼ 10− 100 TeV. We take the dynamical supersymmetry breaking (DSB) sector
to be charged under the standard model gauge group, so that supersymmetry breaking is commu-
nicated to the MSSM sector through gauge interactions, ensuring flavor universality of the squark
and slepton masses. To preserve coupling unification, we assume that the DSB sector respects an
approximate global SU(5) symmetry that is explicitly broken only by the standard model gauge
couplings. However, we take the global symmetry to be broken spontaneously by the strong dy-
namics of the DSB sector, at the scale Λ. This spontaneous breaking means that there is no reason
for the superpartner masses to obey SU(5) mass relations, as desired. Above Λ, the contributions
to the gauge coupling running from the DSB sector is still approximately SU(5)-symmetric, and
coupling unification remains intact.

If the DSB sector satisfies certain properties, the AdS/CFT correspondence [8, 9] suggests that
we can adopt a dual description in 5D AdS spacetime truncated by what we call the Planck and
TeV branes. The standard model gauge fields propagate in the 5D bulk, while quarks, leptons, and
the Higgs sector are localized to the Planck brane. Breaking supersymmetry by the IR dynamics
of the DSB sector corresponds in 5D to localizing supersymmetry breaking on the TeV brane. To
preserve the successful MSSM prediction for the low-energy gauge couplings, the 5D bulk must
respect SU(5), which is broken to the standard model subgroup at the Planck brane by boundary
conditions. In the 4D picture this corresponds to the fact that the DSB sector possesses a global
SU(5) symmetry, of which only the standard model subgroup is gauged. The spontaneous breaking
of the global SU(5) in the 4D picture corresponds to having boundary conditions that break SU(5)
to the standard model subgroup on the TeV brane.
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To get an extra contribution to the light Higgs mass, we introduce a singlet superfield S on
the Planck brane, and the superpotential coupling SHuHd . It is important for S feel supersymmetry
breaking somewhat strongly, and so we imagine that supersymmetry breaking is mediated to the
Higgs sector through a different set of bulk singlet P superfields that couple directly to the DSB
sector. We find that it is possible to construct the model so that it respects a Z2 symmetry under
which only the P fields are odd, and so the lightest P-type particle is a stable dark-matter candidate.

Taking just a single P field for illustration, the superpotential contains the terms

WH = λSHuHd +
η

2
SP2, (3.1)

The interactions of P with the DSB sector induce an effective supersymmetric mass term for P,
along with supersymmetry-breaking terms including a soft mass-squared, a B-term, and an SP2

A-term. Given our assumption about Mmess, we expect the typical energy scale of the coefficients
of these terms to be roughly 10 TeV or so. Loops of P fields generate effective superpotential terms
and soft supersymmetry-breaking terms for S. In particular, after integrating out the P multiplet we
get

Weff,S = L2
SS, (3.2)

and
Lsoft,S = −

(
L2

SCSS +λAλ SHuHd +h.c.
)
−m2

S|S|2, (3.3)

where L2
S, L2

SCS, Aλ and m2
S are coefficients. Note that there is a linear term in S in the potential, a

fact which becomes important when we study electroweak symmetry breaking. We also consider
the possibility that there are additional terms in the Higgs-sector superpotential, namely

δW =
MS

2
S2 +

κ

3
S3 (3.4)

where MS is a parameter of order the weak scale. The second term could be generated through a
superpotential coupling of the form S2X , if X is a bulk field that receives a weak-scale VEV through
its interactions with the DSB sector.

4. Electroweak Symmetry Breaking and Results for Fine-Tuning

Once we include soft masses-squared for the Higgs doublets, which come from gauge and top
loops, we can study electroweak-symmetry breaking and fine-tuning in this setup. Here I simply
summarize the results; the details of our analysis and a more extensive discussion of the results and
the phenomenology of this setup can be found in [2].

A renormalization group analysis indicates that we can take λ to be as large as 0.8 at low en-
ergies, and allow tanβ as small as 1.7 (for λ = 0.8). Also, by considering how they are generated
radiatively, we obtain approximate upper bounds on the parameters L2

S, L2
SCS, Aλ and m2

S. It turns
out to be advantageous to take m2

S > 0 to stabilize the VEV of S; the linear term in the potential for
S ensures that it is unstable at 〈S〉 = 0. Defining the fine-tuning parameter as the fractional change
of the weak scale in response to fractional changes of the fundamental parameters ai of the the-
ory, ∆ = mini |(ai/M2

Z)(∂M2
Z/∂ai)| [10], we find after minimizing the potential that the fine-tuning

can be as mild as ∼20% for this setup. Three sample parameter points, along with the resulting
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Higgs and superparticle spectrum and the associated fine-tuning, are shown in the tables below.
The parameter k′ is the scale of the TeV brane, which is closely related to the scale Λ of the DSB
sector. The ∆̃−1 quantity is a different (and better) measure of fine-tuning that takes into account
the generic sensitivity of the weak scale to the various parameters; see [2] for details. We find that
the parameter regions with reduced fine-tuning require the superparticles to be relatively light, so
this scenario would lead to a plethora of discoveries at the LHC.

A B C
λ 0.8 0.8 0.8

MS 317 0 0
κ 0 0.2 0

[L2
S ]1/2 −85 203 243

[L2
SCS ]1/3 −523 −464 −535
[Aλ] −21 21 25

[m2
S ]1/2 808 683 787

[m2
Hu

]1/2 −106 −102 −124
[m2

Hd
]1/2 192 192 193

k′ 8× 104 7× 104 7× 104

∆−1 19% 18% 12%
∆̃−1 26% 24% 22%

1

A B C
g̃ 305 307 328

χ±1 115 121 150
χ±2 297 314 332
χ0

1 103 88 56
χ0

2 193 162 132
χ0

3 288 221 200
χ0

4 353 262 263
χ0

5 365 321 336
H0

1 140 134 130
H0

2 298 304 332
H0

3 872 718 802
P 0

1 305 315 343
P 0

2 888 687 799
H± 288 293 323
ũL 309 317 337
ũR 294 281 289
d̃L 315 322 341
d̃R 272 270 285
ẽL 195 195 196
ẽR 203 153 105
ν̃L 186 187 188
t̃1 221 214 212
t̃2 385 387 404

Table 1: The masses for the superparticles and the Higgs bosons for three sample points
A, B and C given in Table ??. All masses are given in units of GeV.

1

Figure 1: For three sample points, values for the parameters of the model (left) and masses of the Higgs
bosons and superparticles (right). In the table to the left, [X ]n ≡ sgn(X) · |X |n, and all masses are in GeV.
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