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Abstract
Higgs Physics and Cosmology
by
Alex Roberts
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Yasunori Nomura, Chair

Recently, a new framework for describing the multiverse has been proposed which is based on
the principles of quantum mechanics. The framework allows for well-defined predictions, both
regarding global properties of the universe and outcomes of particular experiments, according
to a single probability formula. This provides complete unification of the eternally inflating
multiverse and many worlds in quantum mechanics. We elucidate how cosmological parameters
can be calculated in this framework, and study the probability distribution for the value of
the cosmological constant. We consider both positive and negative values, and find that the
observed value is consistent with the calculated distribution at an order of magnitude level. In
particular, in contrast to the case of earlier measure proposals, our framework prefers a positive
cosmological constant over a negative one. These results depend only moderately on how we
model galaxy formation and life evolution therein.

We explore supersymmetric theories in which the Higgs mass is boosted by the non-decoupling
D-terms of an extended U(1)x gauge symmetry, defined here to be a general linear combina-
tion of hypercharge, baryon number, and lepton number. Crucially, the gauge coupling, gx, is
bounded from below to accommodate the Higgs mass, while the quarks and leptons are required
by gauge invariance to carry non-zero charge under U(1)yx. This induces an irreducible rate,
oBR, for pp — X — /¢l relevant to existing and future resonance searches, and gives rise to
higher dimension operators that are stringently constrained by precision electroweak measure-
ments. Combined, these bounds define a maximally allowed region in the space of observables,
(¢BR, mx), outside of which is excluded by naturalness and experimental limits. If natural
supersymmetry utilizes non-decoupling D-terms, then the associated X boson can only be ob-
served within this window, providing a model independent ‘litmus test’ for this broad class of
scenarios at the LHC. Comparing limits, we find that current LHC results only exclude regions
in parameter space which were already disfavored by precision electroweak data..

Recent LHC data, together with the electroweak naturalness argument, suggest that the top
squarks may be significantly lighter than the other sfermions. We present supersymmetric models
in which such a split spectrum is obtained through “geometries”: being “close to” electroweak
symmetry breaking implies being “away from” supersymmetry breaking, and vice versa. In
particular, we present models in 5D warped spacetime, in which supersymmetry breaking and
Higgs fields are located on the ultraviolet and infrared branes, respectively, and the top multiplets
are localized to the infrared brane. The hierarchy of the Yukawa matrices can be obtained while



keeping near flavor degeneracy between the first two generation sfermions, avoiding stringent
constraints from flavor and C'P violation. Through the AdS/CFT correspondence, the models
can be interpreted as purely 4D theories in which the top and Higgs multiplets are composites
of some strongly interacting sector exhibiting nontrivial dynamics at a low energy. Because
of the compositeness of the Higgs and top multiplets, Landau pole constraints for the Higgs
and top couplings apply only up to the dynamical scale, allowing for a relatively heavy Higgs
boson, including m;, = 125 GeV as suggested by the recent LHC data. We analyze electroweak
symmetry breaking for a well-motivated subset of these models, and find that fine-tuning in
electroweak symmetry breaking is indeed ameliorated. We also discuss a flat space realization of
the scenario in which supersymmetry is broken by boundary conditions, with the top multiplets
localized to a brane while other matter multiplets delocalized in the bulk.
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1 Introduction

1.1 The Cosmological Constant in the Quantum Multiverse

An explanation of a small but nonzero cosmological constant is one of the major successes of the
picture that our universe is one of the many different universes in which low energy physical laws
take different forms [24]. Such a picture is also suggested theoretically by eternal inflation [25] and
the string landscape [26]. This elegant picture, however, has been suffering from the predictivity
crisis caused by an infinite number of events occurring in eternally inflating spacetime. To
make physical predictions, we need to deal with these infinities and define physically sensible
probabilities [27].

Recently, a well-defined framework to describe the eternally inflating multiverse has been
proposed based on the principles of quantum mechanics [28]. In this framework, the multiverse
is described as quantum branching processes viewed from a single “observer” (geodesic), and the
probabilities are given by a simple Born-like rule applied to the quantum state describing the
entire multiverse. Any physical questions—either regarding global properties of the universe or
outcomes of particular experiments—can be answered by using this single probability formula,
providing complete unification of the eternally inflating multiverse and many worlds in quantum
mechanics. Moreover, the state describing the multiverse is defined on the “observer’s” past
light cones bounded by (stretched) apparent horizons; namely, consistent description of the
entire multiverse is obtained in these limited spacetime regions. This leads to a dramatic change
of views on spacetime and gravity.

In this paper we present a calculation of the probability distribution of the cosmological
constant in this new framework of the quantum multiverseE] We fix other physical parameters
and ask what values of the cosmological constant A we are likely to observe. In Section we
begin by reviewing the proposal of Ref. [28], and we then explain how cosmological parameters
can be calculated in Section 2.2 While the framework itself is well-defined, any practical cal-
culation is necessarily approximate, since we need to model “experimenters” who actually make
observations. In our context, we need to consider galaxy formation and life evolution therein,
which we will do in Section [2.3] We present the result of our calculation in Section 2.4, We
find that, in contrast to the case with some earlier measures [34], the measure of Ref. [28] does
not lead to unwanted preference for a negative cosmological constant—in fact, a positive value
is preferred. We find that a simple anthropic condition based on metallicity of stars is sufficient
to make the calculated distribution consistent with the observed value at an order of magnitude
level. We conclude in Section 4.5

Appendix [A] lists formulae for galaxy formation used in our analysis. Appendix [B] discusses

'For earlier studies of the cosmological constant in the context of geometric cutoff measures, see Refs. 7.



the anthropic condition coming from metallicity of stars.

1.2 Higgs Mass from D-Terms: a Litmus Test

Vital clues to the nature of electroweak symmetry breaking have emerged from the LHC. The
bulk of the standard model (SM) Higgs mass region has been excluded at 95% CL [11 2], leaving a
narrow window 123 GeV < my, < 128 GeV in which there is a modest excess of events consistent
with my, ~ 125 GeV. As is well-known, such a mass can be accommodated within the minimal
supersymmetric standard model (MSSM) but this requires large A-terms or very heavy scalars,
which tend to destabilize the electroweak hierarchy and undermine the original naturalness
motivation of supersymmetry (SUSY) [3, 4, [5]. Post LEP, however, a variety of strategies were
devised in order to lift the Higgs mass. In these models the Higgs quartic coupling is boosted:
either at tree level, via non-decoupling F-terms [0l [7, [§] and D-terms [9] [10], or radiatively, via
loops of additional matter [11, 12]. Already, a number of groups have redeployed these model
building tactics in light of the recent LHC Higgs results [5] [13] [14] [15].

The present work explores non-decoupling D-terms in gauge extensions of the MSSM. Our
aim is to identify the prospects for observing this scenario at the LHC in a maximally model
independent way. To begin, consider the MSSM augmented by an arbitrary flavor universal
U(1)x, which may be parameterized as a linear combination of hypercharge Y, Peccei-Quinn
number P(Q), baryon number B, and lepton number L. The Higgs must carry X charge if the
corresponding D-terms are to contribute to the Higgs potential, so X must have a component
in Y or PQ). However, P(Q forbids an explicit y term, so gauging P requires a non-trivial
modification to the Higgs sector which is highly model dependent. To sidestep this complication
we ignore PQ and study the otherwise general space of U(1)x theories consistent with a p term,

X = Y+pB—qL, (1)

where the normalization of X relative to Y has been absorbed into the sign and magnitude of
the gauge coupling, gx. We impose no further theoretical constraints, but will comment later
on anomalies, naturalness, and perturbative gauge coupling unification. As we will see, the
ultraviolet dynamics, e.g. the precise mechanism of gauge symmetry and SUSY breaking, will
be largely irrelevant to our analysis.

We constrain U(1)y with experimental data from resonance searches, precision electroweak
measurements, and Higgs results. Remarkably, non-trivial limits can be derived without exact
knowledge of seemingly essential parameters like gx, p, and ¢. This is possible because gx is
bounded from below by the mass of the Higgs while the couplings of the X boson to quarks,
leptons, and the Higgs are non-zero for all values of p and ¢. As a result, for a fixed value of the

X boson mass, myx, the theory predicts an irreducible rate, cBR, for the process pp — X — ¥/



(relevant to direct searches) and an irreducible coupling of X to the Higgs and leptons (relevant
to precision electroweak data).

Combining limits, we derive a maximal allowed region in the space of observables, (¢BR, m ),
outside of which is either unnatural or in conflict with experimental bounds, as shown in Figs. [0]
and [l If non-decoupling D-terms indeed play a role in boosting the Higgs mass, then the X
boson can only be observed within this allowed region—a ‘litmus test’ for this general class of
theories. Furthermore, we find that for natural SUSY, i.e. m; < 500 GeV, resonance searches
from the LHC [I6] are not yet competitive with existing precision electroweak constraints.

In Sec. we define our basic setup. Applying the constraints of gauge symmetry and
SUSY, we derive a general expression for the Higgs potential arising from non-decoupling D-
terms. Afterwards, in Sec. [3.2] we compute the Higgs mass and the couplings of the MSSM
fields to the X boson. We then impose experimental limits and suggest a simple litmus test for
non-decoupling D-terms. We conclude in Sec. [3.3]

1.3 Supersymmetry with Light Stops

One of the strongest motivations for weak scale supersymmetry is the possibility of making elec-
troweak symmetry breaking “natural,” i.e. a generic parameter region of the theory reproduces
observed electroweak phenomena. With the Higgs potential V (k) = m2?hth + A(hTh)?/4, the
minimization of the potential leads to v = (h) = y/—2m?/X and
2

mp 2
Mh _ p

2 ? ( )
where my, is the physical Higgs boson mass. In the Standard Model (SM) a generic size of |m?|

is expected to be at a scale where the theory breaks down, while in supersymmetric models
m? = |uf® + m, (3)

where p and m? are the supersymmetric and supersymmetry-breaking masses for the Higgs field.
Therefore, as long as these parameters are both of order the weak scale, the theory can naturally
accommodate electroweak symmetry breaking.

Improved experimental constraints over the past decades, however, have cast doubt on this
simple picture. In softly broken supersymmetric theories, supersymmetry-breaking masses are
affected by each other through renormalization group evolution; in particular, m; receives a
contribution

3m? M ess

~ 2 ~ o 2
om;, ~ 122 M In m (4)

where m, and m; are the top quark and squark masses, and My the scale at which su-
persymmetry breaking masses are generated. (Here, we have ignored possible scalar trilinear



interactions and set the left- and right-handed squark masses equal, for simplicity.) Requiring

no more fine-tuning than A, Egs. and lead to

my, 20%\'?/ 3
P S 42 — .
m; & 420 GeV (125 GeV) (Al) In Moness ®

On the other hand, recent observations at the LHC indicate:

~—

e Generic lower bounds on the first two generation squark masses are about 1 TeV [50].
e There are hints of the SM-like Higgs boson with my, ~ 125 GeV [51].

Therefore, if the hints for the Higgs boson mass are true, then it strongly suggests that the
squark masses have a nontrivial flavor structure, i.e. top squarks (stops) are lightﬂ

The above observation has significant implications on an underlying model of supersymmetry
breaking. This is especially because many existing models, including minimal supergravity, gauge
mediation, and anomaly mediation, invoke flavor universality to avoid stringent constraints from
the absence of large flavor violating processes. On the other hand, it has been realized that
naturalness itself allows sfermions other than the stops (and the left-handed sbottom) to be
significantly heavier than the value suggested by Eq. [53, B4, 55, (6, 57, B8]. In this paper,
we study a simple, general framework in which such superparticle spectra with light stops are
obtained naturally.

One strategy to yield such light stop spectra is to arrange the theory in such a way that being
“away” from electroweak symmetry breaking necessarily means being “close” to supersymmetry
breaking, and vice versa. This makes the lighter generations (particles feeling smaller effects from
electroweak symmetry breaking) obtain larger supersymmetry breaking masses, e.g. of order a
few TeV, while keeping stops light. Strong constraints from flavor violation still require the first
two generation sfermions to be flavor universal, but this can be achieved if these generations are
both strongly localized to the supersymmetry breaking “site,” and if mediation of supersymmetry
breaking there is flavor universal. The setup described here is depicted schematically in Fig. [1]

A simple way to realize the above setup is through geometry. Suppose there is an extra
dimension compactified on an interval, of which the Higgs and supersymmetry breaking fields h
and X are localized at the opposite ends. The SM gauge, quark, and lepton multiplets propagate
in the bulk. Now, if two generations are localized towards the “X brane” and (at least the quark

20ne way of avoiding this conclusion is to invoke a significant mixing of the Higgs field with another scalar field;
see [52]. In general, mixing of the SM-like Higgs field with another field can weaken the naive constraint, Eq. ,
obtained in the decoupling regime (at the cost of moderate cancellation in a scalar mass-squared eigenvalue).
Another possibility is to have a relatively compressed superparticle spectrum, in particular a small mass splitting
between the squarks and the lightest neutralino, in which case the lower bound on the (light generation) squark
masses becomes weaker.
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Figure 1: A basic scheme yielding light stop spectra. A theory has one “dimension,” of which
electroweak and supersymmetry breakings are “located” at the opposite ends. This dimension
may be geometric or an effective one generated through dynamics. The first two generation
fields are localized towards the supersymmetry breaking “site,” obtaining flavor universal super-
symmetry breaking masses and only small effects from electroweak symmetry breaking (small
Yukawa couplings). On the other hand, top-quark multiplets are localized more towards the
electroweak breaking “site,” obtaining a large Yukawa coupling but only small supersymmetry
breaking effects.

doublet and up-type quark of) the other generation is localized towards the “h brane,” then it
explains the (anti-)correlation between the spectrum of SM matter and its superpartners—the
hierarchy of the Yukawa couplings are generated through the wavefunction overlap of SM matter
with the h brane, while only the first two generation sfermions obtain significant supersymmetry
breaking masses through interactions with the X brane.

Another manifestation of this is through dynamics—the “dimension” separating two break-
ings in Fig. [I| may be generated effectively as a result of strong (quasi-)conformal dynamics.
Suppose there are elementary as well as composite sectors. In this case, particles in each sec-
tor interact with significant strength, but interactions involving both elementary and composite
particles are suppressed by higher dimensions of composite fields. This can therefore be used to
realize our setup, for example, by considering X and h to be elementary and composite fields,
respectively. The SM matter fields are mixture of elementary and composite states—two gen-
erations being mostly elementary while the other mostly composite. In this way, the required
pattern for the sfermion masses, as well as the hierarchical structure of the Yukawa couplings,
are obtained. In fact, this picture can be related with the geometric picture described above.
Since the strong, composite sector exhibits (approximate) conformality at high energies, the
dynamics is well described by a warped extra dimension, using the AdS/CFT correspondence.
(For applications of this idea in other contexts, see e.g. [59, 60, 61].)

In this paper, we present a class of models formulated in warped space, which can be in-
terpreted either as a geometric or dynamical realization described above. In the next section,



we present the basic structure of the models and interpret them as composite Higgs-top models
in the desert. We pay particular attention to how strong constraints from flavor violation are
avoided while generating the Yukawa hierarchy. In Section we analyze electroweak symme-
try breaking and present sample superparticle spectra; we also give some useful formulae for the
Higgs boson mass in the appendix. In section [£.4] we mention a realization of our scheme in a
flat space extra dimension. We conclude in Section [4.5

The configuration of supersymmetry breaking and matter/Higgs fields in our models is the
same as that in “emergent supersymmetry” models considered before [62, 63 64], where the
masses of elementary superpartners m are taken (much) above the scale of strong dynamics £’
In this picture, the quadratic divergence of the Higgs mass-squared parameter is regulated by
a combination of composite Higgsinos/stops as well as higher resonances of the strong sector
(Kaluza-Klein towers). Instead, our picture here is that the theory below the compositeness
scale is the full supersymmetric standard model, m < &, so that the quadratic divergence of the
Higgs mass-squared is regulated by superpartner loops as in usual supersymmetric models—the
strong sector simply plays a role of generating a light stop spectrum at some energy &’. This
alleviates the problem of a potentially large D-term operator [63], intrinsic to the framework of
Ref. [62], 63, [64].

Three interesting papers have recently considered light stops in supersymmetry [65], 66, [67],
which are related to our study here. Ref. [65] discusses supersymmetric models in which the
Higgs, top, and electroweak gauge fields are (partial) composites of a strong sector that sits at
the bottom edge of the conformal window. This can be viewed as an explicit 4D realization of
our warped 5D setup. (This “analogy” has also been drawn in that paper.) Ref. [66] considers
the scheme of flavor mediation, where supersymmetry breaking is mediated through a gauged
subgroup of SM flavor symmetries, leading to degenerate light-generation sfermions with light
stops. Ref. [67] discusses light stops in the context of heterotic string theory.

2 The Cosmological Constant in the Quantum Multi-
verse

2.1 Probabilities in the Quantum Mechanical Multiverse

Here we review aspects of the framework of Ref. [28] which are relevant to our calculation. In
this framework, the entire multiverse is described as a single quantum state as viewed from
a single “observer” (geodesic). It allows us to make well-defined predictions in the multiverse
(both cosmological and terrestrial), based on the principles of quantum mechanics.

Let us begin by considering a scattering process in usual (non-gravitational) quantum field

theory. Suppose we collide an electron and a positron, with well-defined momenta and spins:



te™) at t = —oo. According to the laws of quantum mechanics, the evolution of the state

e
is deterministic. In a relativistic regime, however, this evolution does not preserve the particle

number or species, so we find
U(t=-o00)=lete™) — W(t=+00)=celete ) +eu|pp )+, (6)

when we expand the state in terms of the free theory states (which is appropriate for ¢t — 400
when interactions are weak). The Hilbert space of the theory is (isomorphic to) the Fock space

M= @Hlp , (7)

where H1p is the single-particle Hilbert space. Various “final states,” |eTe™), |uTp™), -+, in
Eq. @ arise simply because the time evolution operator causes “hopping” between different
components of the Fock space in Eq. .

The situation in the multiverse is quite analogous. Suppose the universe was in an eternally
inflating (quasi-de Sitter) phase 3 at some early time ¢t = to. In general, the evolution of this
state is not along the axes determined by operators local in spacetime. Therefore, at late times,
the state is a superposition of different “states”

U(t=to) =[8) — U(t) =) c¢t)|(cosmic) configuration i), (8)
i
when expanded in terms of the states corresponding to definite semi-classical configurations.

The Hilbert space of the theory is (isomorphic to)
H = @ Hr, Hat = Hatbulk @ H M horizon s (9)

where H , is the Hilbert space for a fixed semi-classical spacetime M, and consists of the bulk
and horizon parts H g puk and Haghorizon- (The quantum states are defined on the “observer’s”
past light cones bounded by apparent horizons.) The final state of Eq. becomes a super-
position of different semi-classical configurations because the evolution operator for W(t) allows
“hopping” between different H , in Eq. @

As discussed in detail in Ref. [2§], any physical question can be phrased as: “Given what we
know about our past light cone, A, what is the probability of that light cone to have properties
B as well?” This probability is given by
Jdt (¥ IOAmBI‘If( )

Jat ()] Oal¥(t))

assuming that the multiverse is in a pure state |U(¢)). (The mixed state case can be treated

P(BJA) =

(10)

similarly.) Here, Q4 is the projection operator

Oa= Z |ova ) (el (11)



where |a4 ;) represents a set of orthonormal states in the Hilbert space of Eq. @D, i.e. possible
past light cones, that satisfy condition A (and similarly for O 4np). Despite the fact that the ¢
integrals in Eq. run from t = ¢y to oo, the resulting P(B|A) is well-defined, since |¥(t)) is
continually “diluted” into supersymmetric Minkowski states [2§].

The formula in Eq. (or its mixed state version) can be used to answer questions both
regarding global properties of the universe and outcomes of particular experiments. This, there-
fore, provides complete unification of the two concepts: the eternally inflating multiverse and
many worlds in quantum mechanics [ZS]EI To predict/postdict physical parameters x, we need
to choose A to select the situation for “premeasurement” without conditioning on x. We can
then use various different values (ranges) of = for B, to obtain the probability distribution P(z).
In the next section, we discuss this procedure in more detail, in the context of calculating the
probability distribution of the vacuum energy, = = py = A/87Gy.

2.2 Predicting/Postdicting Cosmological Parameters

In order to use Eq. to predict/postdict physical parameters, we need to know the rele-
vant properties of both the state |¥(t)) (or its bulk part phukx = Trhorizon |V (2)) (¥U(¢)]) and the
operators Oy and Ognp. Here we discuss them in turn.

In general, the state |¥(¢)) depends on the dynamics of the multiverse, including the scalar
potential in the landscape, as well as the initial condition, e.g. at t = t;. Given limited current
theoretical technology, this introduces uncertainties in predicting physical parameters. However,
there are certain cases in which these uncertainties are under control. Consider x = py. We
are interested only in a range a few orders of magnitude around pj obs >~ (0.0024 eV)* [36],
which is tiny compared with the theoretically expected range —M7, < pa & Mg, Therefore,
unless the multiverse dynamics or initial condition has a special correlation with the value of the
vacuum energy in the standard model (SM) vacua, we expect that the probabilities of having
these vacua in |W(t)) is statistically uniform in z within the range of interest. (This corresponds
to the standard assumption of statistical uniformity of the prior distribution of pa [24].) The
distribution of x = p, is then determined purely by the dynamics inside the SM universes,
i.e., the probability of developing experimenters who actually make observations of the vacuum
energies.

Let us now turn to the operators O, and O4np. In order to predict the value of the vacuum

energy which a given experimenter will observe, we need to choose Q4 to select a particular

3The claim that the multiverse and many worlds are the same has also been made recently in Ref. [35], but the
physical picture there is very different. Those authors argue that quantum mechanics has operational meaning
only under the existence of causal horizons because making probabilistic predictions requires decoherence with
degrees of freedom outside the horizons. Our picture does not require such an extra agent to define probabilities
(or quantum mechanics). The evolution of our ¥(t) is deterministic and unitary.



“premeasurement” situation for that experimenter, i.e.

A : a particular “premeasurement” situation

Ploa) dpy = P(B|A), { B : pp < vacuum energy < pp + dpa, (12)

where P(BJ|A) is defined in Eq. (10). Here, we have assumed that the number of SM vacua
is sufficiently large for py to be treated as continuous in the range of interest. In general, the
specification of the premeasurement situation can be arbitrarily precise; for example, we can
consider a particular person taking a particular posture in a particular room, with the tip of the
light cone used to define |¥(¢)) located at a particular point in space. In practice, however, we are
interested in the vacuum energy “a generic observer” will measure. We therefore need to relax
the condition we impose as A; in other words, we need to “coarse grain” the premeasurement
situation. In fact, some coarse graining is always necessary when we apply the formalism to
postdiction (see discussions in Ref. [28]).

What condition A should we impose then? To address this issue, let us take the semi-classical
picture of the framework, discussed in Section 2 of Ref. [28]. In this picture, the probability is
given by

P(BJA) = lim =272
(B|4) = lim =7 =,

where Ny is the number of past light cones that satisfy A and are encountered by one of the

(13)

n geodesics emanating from randomly distributed points on the initial hypersurface at ¢ = t,.
(This is equivalent to Eq. in the regime where the semi-classical picture is valid.) Since
we vary only py, all the SM universes look essentially identical at early times when the vacuum
energy is negligible. The assumed lack of statistical correlation between p, and the multiverse
dynamics then implies that we can consider a fixed number of geodesics emanating from a fixed
physical volume at an early time (e.g. at reheating) in these universes, and see what fraction of
these geodesics find the “premeasurement” situation A in each of these universes.

Given that we are focusing on the SM universes in which only the values of p, are different,
it is reasonable to expect that all the experimenters look essentially identical for different p,, at
least statistically—in particular, we assume that they have similar sizes, masses, and lifetimes.
With this “coarse graining,” the condition A can be taken, e.g., as: the geodesic intersects with
the body of an experimenter at some time during their life. In practice, this makes the probability
proportional to the fraction of a fixed comoving volume at an early time that later intersects
with the body of an observer. Note that the details of the condition A here do not matter for
the final results—for example, we can replace the “body” by “head” or “nose” without changing
the results because its effect drops out from the normalized probability. Thus, in this situation
(and any situation in which condition A can be formulated entirely in terms of things directly
encountered by the geodesic), the semi-classical approximation to the scheme of Ref. [28] can be



calculated as the fat geodesic measure outlined in Ref. [37] EI We emphasize that the consistent
quantum mechanical solution to the measure problem in Ref. [28] forces this choice on us.

We can now present the formula for P(ps) in a more manageable form. Since the prob-
ability for one of the geodesics to intersect an experimenter is proportional to the number of
experimenters and the density of geodesics, we have

P(p/\) X Z Nobs,a Pgeod,a) (14)

a € habitable galaxies

where Nopsq and peeod,q are, respectively, the total number of observers/experimenters and the
density of geodesics in a “habitable” galaxy a. Here, we have approximated that pgeodq 1S
constant throughout the galaxy a. Note that since we count intersections of experimenters with
geodesics, rather than just the number of observers (as in much previous work, e.g. [29]), our
results differ from such previous results by our factor of pgeod,q. Our remaining task, then, is
to come up with a scheme that can “model” Nops o and pgeod, reasonably well so that the final
result is not far from the truth.

2.3 Approximating Observers

In this section, we convert Eq. into an analytic expression that allows us to compute P(p,)
numerically. We focus on presenting the basic logic behind our arguments. Detailed forms of
the functions appearing below, e.g. F'(M,t) and H(t'; M,t), as well as useful fitting functions,
are given in Appendix [A]

Let us begin with Nyps,. We assume that, at a given time ¢, the number of observers arising

in a given galaxy a is proportional to the total number of baryons in a

dNobs,a

2 (1) 9 Nisal), (15)

as long as stars are luminous. This assumption is reasonable if the rate of forming observers
is sufficiently small, which appears to be the case in our universe. To estimate the number of
baryons existing in galaxies, we use the standard Press-Schechter formalism [38], which provides
the fraction of matter collapsed into halos of mass larger than M by time ¢, F'(M,t). Since the
amount of baryons collapsed is proportional to that of matter, we can use this function F' to

estimate the number of observers and find?]

Plon) % = [an farr 22 g ot (16)

4To our knowledge, no detailed study of the probability distribution of the cosmological constant according
to the fat geodesic measure has been published prior to this work.
°Note that the sign of dF//dM is negative because of the definition of F.
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The expression of Eq. does not take into account the fact that forming intelligent ob-
servers takes time, or that observers appear only when stars are luminous (which we postulate,
motivated by the assumption that we are typical observers). To include these effects, we use the
extended Press-Schechter formalism [39], which gives the probability H(¢'; M,t) that a halo of
mass M at time ¢ virialized before . The probability density P(ps) can then be written as

dF(M,t)
/dt/dM {H(t_tevol;M7t) _H(t_tburn;Ma t)}pgeod(Ma t)7 (17)

where teyo and t,u, are the time needed for intelligent observers to evolve and the characteristic
lifetime of stars which limits the existence of life, respectively.

The density of geodesics pgeoa (M, t) is proportional to that of a dark matter halo of mass M
at time ¢, which is given by its average virial density:

dF(M,t)\ " [* 2F(M,t')
Peeod (M, 1) = (W) /0 dt,pvir<t,)W7 (18)

where t, = min{¢, tsop (M)} with tgop(M) the time after which the number of halos of mass M
starts decreasing, i.e. when merging into larger structures dominates over formation of new halos:
d*F/dMdt|i,, ) = 0. (For the explicit expression of pyi, see Appendix ) In the interest of
speeding up numerical calculation, we approximate this by the virial density at the time when
the rate of matter collapsing into a halo of mass M, i.e. —d*F/dMdt, becomes maximum:

pgeod(Ma t) ~ pvir(T(M)) ) (19)
where 7(M) is given by
d*F(M,t
d&°F(M,¢t) —0. (20)
dMde> |,_

This approximation is indeed reasonable at the level of precision we are interested in: it works
at the level of 20% for t & 1.77(M) where the contribution to P(p,) almost entirely comes from.
Finally, there will be several additional anthropic conditions for a halo to be able to host
intelligent observers. For example, the mass of a halo may have to be larger than some critical
value My, to efficiently form stars [40], and smaller than M., for the galaxy to be cooled
efficiently |41, [42]. Considering these factors, we finally obtain from Egs. and

M
max dF ]\/[ t
/ dt/ dF(M, 1) {H(t — tevor; M, t) — H(t — tourm; M, 1)} pyi(T(M)) n(M, ),
tevol mm (21)
where N is the normalization factor. Here,

00 for pp >0
tr =

= /T 22
terunch = 8GN oAl for oA < 0, ( )

11



and we have put anthropic conditions besides Myin max in the form of a function n. Note that F,
H, and py;; (and possibly n) all depend on the value of the vacuum energy pa; see Appendix [A]

In summary, (dF/dM) (H |-, — Hl|i-t,,., ) ndMdt counts the (expected) number of ob-
servers in halos with mass between M and M + dM at time between ¢ and t + dt, and py;,(7)
is proportional to the density of geodesics in such a halo and time, and so Eq. gives the
probability by counting their intersections (as in Eq. (14)), with n implementing some anthropic
conditions. One well-motivated origin for n is metallicity of stars, which affects the rate of planet
formation (see e.g. Refs. [43, [44]). Here we simply model this effect by multiplying some power
m of integrated star formation up to time ¢ — t.,o, which we assume to be proportional to the
integrated galaxy formation rate for M > M-

n(M7 t) % (F(Mmim mm{t - tevob Estop}) - F(M> mln{t - tevob Estop}))ma (23)

where #p is determined by d{F (M, t') — F(M,t)}/dt|, = 0. (For the derivation of this
expression, see Appendix ) Motivated by the observation that the formation rate of certain

:tstop

(though not Earth-like) planets is proportional to the second power of host star metallicity [44],
we consider the case m = 2, as well as m = 1.E|

Another possible anthropic condition comes from the fact that if a halo is too dense, it
may not host a habitable solar system because of the effects of close encounters [46]. Following

Ref. [41], we assume this anthropic condition to take the form

1
N O1U; S . (24)

Ccr
where n,, oy, vy, and ., are the density of stars, critical “kill” cross section, relative velocity of
: . . 1/6
encounters, and some timescale relevant for the condition. Since n, o< pyir, V4 ~ vyir 0¢ M 1/ ?’pvi/r ,

and oy and t., are (expected to be) independent of M and py, this is translated into

0(4,0) = (o = pr00) (7)), (29

where ©(x) is the step function (=1 for z > 0 and = 0 for 2 < 0), and we have normalized M
by Mmin-
The value of pyay is highly uncertain. One way to estimate it is to follow Ref. [41] and take

_ Pvir 2 Tvir,MW M 1/3 Pvir 1/6
n, ~ (1 pc 3(—), O ~ Ty, Ut ~ Uyir ~ < > ( ) , (26
( P ) Pvir, MW f AU f myp Myrw Pvir, MW ( )

5There is observational data for metallicity of galaxies in our universe [45], which our crude model here does not
reproduce quantitatively. However, when we straightforwardly extrapolate the empirical data to other universes,
the same regions of the integrand in Eq. are suppressed/enhanced so that the effect on our calculation is
qualitatively the same. It must be noted, though, that the strength of the effect may change; e.g. P(pa) for our
model with m = 1 is qualitatively similar to the distribution obtained using the observation-motivated method
with m = 3.

12



where m,, is the proton mass, ray >~ 1.5 X 10® km is the Sun-Earth distance, and Pvir MW~
2 x 107 g/cm?, Typnw ~ 5 X 10° K, and Myrw ~ 1 x 10'2M,, are the virial density, virial
temperature, and mass of the Milky Way galaxy, respectively. Using t., ~ tevo = 5 Gyr, Eq.

leads to
Myw

Mmin
This corresponds to the constraint from direct encounters, i.e. the orbit of a planet being dis-

2/7
G ~ 9 % 107 pvir’Mw< ) ~3x 1072 g/em®. (27)

rupted by the passage of a nearby star. There can also be a constraint from indirect encounters:
a passing star perturbs an Oort cloud in the outer part of the solar system, triggering a lethal
comet impact [41]. For a fixed M, this constraint can be about four orders of magnitude stronger

than Eq.
Pmax ~ 3 X 107 g/em?; (28)

namely, our Milky Way galaxy may lie at the edge of allowed parameter space.

In our analysis below, we consider either or both of the above conditions Eqs. and . In
the real world, there are (almost certainly) more conditions needed for intelligent life to develop.
However, incorporating these conditions would likely improve the prediction/postdiction for py.
In this sense, our analysis may be viewed as a “conservative” assessment for the success of the
framework, although it is still subject to uncertainties coming from the modeling of observers.

2.4 Distribution of the Cosmological Constant

Our modeling of observers has several parameters which need to be determined phenomenolog-
ically: Eq. contains My, Miax, tevol, and tyum, while Eq. contains ppax. We take the
“minimum” galaxy mass appearing in Eq. to be

Mpin = 2 x 101 M, (29)

below which the efficiency of star formation drops abruptly [40]. For tey, and tyum, we take
them approximately to be the age of the Earth and lifetime of the Sun, respectively:

tevol =5 Gyr, tburn =10 Gyr. (30)

In our analysis below, we use Eqs. and ; we do not impose the constraint from galaxy
cooling, i.e. we set M,,.x = co. While the values of these parameters are highly uncertain, our
results are not very sensitive to these values. The dependence of our results on them will be
discussed at the end of this section. In Fig. [2 we present the normalized probability distribution
for the vacuum energy P(pa) as a function of py/paobs, under several assumptions about the

function n:

(i) “minimal” anthropic condition: n(M,t) =1

13



Ppr >0) P(ps <0)
No condition 97% 3%
Metallicity, m =1 87% 13%
Metallicity, m = 2 75% 25%
Pmax = 6 x 10726 g /cm3 92% 8%
Pmax = 4.5 x 10726 g/cm? 83% 17%
e =3 X 1072 g/em3 | 63% 37%

Table 1: The probability of observing a positive and negative cosmological constant, P(py > 0)
and P(py < 0), for six assumptions on the anthropic condition. In all cases, a positive value is
preferred over a negative one, consistent with observation.

(ii) metallicity condition: Eq. with m =1 and 2

(iii) maximum virial density condition: Eq. With fmax = {3 x 10726, 4.5 x 10726, 6 x
10726} g/cm?, which are {1,1.5,2} times the value in Eq. (28).

(The result with ppax given by Eq. is virtually identical to the case with the minimal
anthropic condition.) The left panel presents the effects of metallicity, showing (i) and (ii),
while the right panel those of pyax, with (i) and (iii).

Interestingly, in all cases, our predictions prefer a positive cosmological constant over a
negative one, as opposed to the situation in earlier measure proposals where strong preferences
to negative values have been found [34]. In Table , we provide the probabilities of having
pa > 0 (and < 0) in all six anthropic scenarios. The absence of an unwanted preference towards
negative p, is satisfactory, especially given that the measure of Ref. [28] was not devised to cure
this problem. It comes from the fact that the present measure does not have a large volume
effect associated with the global geometry of anti-de Sitter space, which was responsible for a
strong preference for negative p, in earlier, geometric cutoff measures [34]. In contrast with these
measures, the quantum measure of Ref. [28] does not count the number of events; rather, it gives
quantum mechanical weights for “situations,” i.e. quantum mechanical states as described from
the viewpoint of a single observer (geodesic). The preference towards a positive value comes
from the fact that for py > 0 some observers still form after vacuum energy domination, while
for pp < 0 it is not possible due to the big crunch.

Figure [2[ shows that P(p,) is always peaked near py = 0, with the distribution becoming
wider as the anthropic condition gets weaker. In Fig. [3), we plot the same distributions in
logarithmic scale for pa/pa obs, limiting ourselves to py > 0. To show the probability density
per tenfold, the vertical axis is chosen as paP(pa)/pa.obs- From these figures, we find that our
anthropic assumptions lead to results that are consistent with the observed value within one or
two orders of magnitude. In particular, metallicity alone is enough to bring the agreement to
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Figure 2: The normalized probability distribution of the vacuum energy P(ps) as a function of
PA/Probs. The left panel shows P(pa) with the metallicity condition, Eq. (23)), with m = 0 (i.e.
no condition; dashed, blue), m = 1 (dot-dashed, red), and m = 2 (solid, black). The right panel
shows P(ps) with the upper bound pmax, Eq. (25)), with fpmax = 0o (i.e. no constraint; dashed,
blue), 6 x 10726 g/cm? (dotted, purple), 4.5x 1072 g/cm? (dot-dashed, red), and 3x 10726 g/cm?
(solid, black).
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Figure 3: Same as Fig. [2] but the horizontal axis now in logarithmic scale. To show the proba-
bility density per tenfold, the vertical axis is chosen to be paP(pa)/pa,obs- The distributions are
normalized in the region py > 0.

an order of magnitude level. This is because mergers, which lead to an increase in metallicity,
are suppressed for larger values of py due to earlier vacuum energy domination. This result is
comfortable, especially given that the constraint from encounters is effective only if pyax is close
to the Milky Way value, as in Eq. . Given our crude treatment of observers, we consider
these results quite successful.

Finally, we discuss the sensitivity of our results to variations of Min, Mmax, tevol, and tpum,
which can be thought of as “systematic effects” of our analysis. In Fig. [d] we show the distri-
butions of P(py) with the m = 2 metallicity constraint, varying the values of Myin, Mmax, tevol,
and tpum, respectively. We find that, while the detailed shape of P(ps) does change, our main
conclusions are robust: (i) There is no strong preference to a negative vacuum energy; in fact, a

15



P(pa) P(pa)

0.15 ] 0.15
'Il
0.10 | Muin 0.10 Mumax
1y \
' A
0.05 \ 005)  [~\
h A :"\\\
\ :\\—-_ ______________ S \‘::‘h:\.—-_":“"\---._,_________: _________
-10 0 10 20 30 VP 0 10 20 30 4PN P
Plon) P(py)
0.15 0.5
1
0.10 Levol 0.10 / burn
\ A
A\
2\ I\
0.05 / W 005 N\
7N j .
T ) N
:—7/ \:"\h = I,//I T =
-10 0 10 20 30 PP i 0 10 20 30 aP NP

Figure 4: The normalized probability distribution P(ps) with the metallicity condition, Eq. (23),
with m = 2. In the upper-left panel, M,,;, is varied as 2 x 10" M, (solid, black), 6 x 10* M, (dot-
dashed, red), and 0.67 x 1011 M, (dashed, blue); and in the upper-right, M., as oo (solid, black),
10* My, (dashed, blue), 1013 M, (dot-dashed, red), and 2 x 10'2M,, (dotted, purple). The lower
left and right panels vary teyo and tpum as {(solid, black), (dot-dashed, red), (dashed, blue)} =
{5,1,0} Gyr and {10,7,15} Gyr, respectively.

positive value is preferred. (ii) The predicted distribution of p, is consistent with the observed

value at an order of magnitude level with the metallicity constraint.

2.5 Conclusions

In this paper, we have studied the probability distribution of the cosmological constant (or the
vacuum energy pp) in the multiverse, using the quantum measure proposed in Ref. [2§]. We
have found that this measure does not lead to a strong preference for negative p,, as opposed
to earlier measures proposed based on geometric cutoffs, because it does not experience a large
volume effect associated with the global geometry of anti-de Sitter space. Moreover, we have
found that a positive value of p, is preferred, consistent with observation.

We have found that a simple, intuitive condition based on metallicity is enough to reproduce
the observed value of p, at an order of magnitude level. This is comfortable because effects from

other possible anthropic conditions, such as the ones from encounters, are much more sensitive

16



: : ' : A PAob
10 20 30 40 50 60 VP
Figure 5: The normalized probability distribution P(p,) with a metallicity condition: Eq. (23))
with m = 2. The light and dark shaded regions indicate those between 1 and 20, and outside

20, respectively. The observed value py/paobs = 1 (denoted by a vertical line) is consistent with
the distribution at the 1o level.

to the details of the conditions. In Fig. [5| we present the normalized distribution P(py) with
the m = 2 metallicity constraint, where the 1 and 20 regions are indicated. We find that the
observed value is consistent with the calculated distribution at the 1o level.

It would be interesting to refine our analysis including more detailed anthropic effects, such as
those of star formation. Another possible extension of the analysis is to vary other cosmological
parameters, such as the primordial density contrast () and spatial curvature €, (at a specified
time), in addition to py. We plan to study these issues in the future.

3 Higgs Mass from D-Terms: a Litmus Test

3.1 Setup

We are interested in all U(1)x extensions of the MSSM consistent with a gauge invariant u
term. Mirroring [I7, 20], we go to a convenient basis in which the charge parameters, gy,
p, and ¢, absorb all of the effects of kinetic and mass mixing between the U(1)x and U(1)y
gauge bosons above the electroweak scale. Thus, mixing only occurs after electroweak symmetry
breaking, and the resulting effects are proportional to the Higgs vacuum expectation value
(VEV). Of course, kinetic mixing is continually induced by running, so this choice of basis is
renormalization scale dependent. However, this subtlety is largely irrelevant to our analysis,
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Figure 6: Litmus test: parameter space excluded by precision electroweak measurements (red), Higgs mass
limits (green), and LHC resonance searches (blue) at /s = 7 TeV. For ¢BR too large, gx > ¢gx max yielding
tension with precision electroweak and LHC constraints; for BR too small, gx < gx min yielding tension with
mp, = 125 GeV subject to the stop mass, shown here for m; = 0.5 TeV, 1 TeV, 2 TeV. See the text in Sec.
for details.

which involves experimental limits in a relatively narrow window of energies around the weak
scale. The advantage of this low energy parameterization is that it is very general and covers
popular gauge extensions like U(1)p, U(1)r, U(1)p-r, U(1),, and U(1)3z. Furthermore, it is
defined by a handful of parameters: my, gx, p, and q.

Next, let us consider the issue of anomalies. If p = ¢, then according to Eq. X is a
linear combination of the Y and B — L, which is anomaly free if one includes a flavor triplet of
right-handed neutrinos. If p # ¢ then the associated B + L anomalies can be similarly cancelled
by new particles. In general, these ‘anomalons’ can be quite heavy, in which case they can be
ignored for our analysis.

We now examine the non-decoupling D-terms of U(1)x and their contribution to the Higgs
potential. As we will see, these contributions are highly constrained by gauge symmetry and
SUSY. To begin, consider a massive vector superfield composed of component fields

{C7X’X7 )\7D}7 (31)

where X, A\, and D are the gauge field, gaugino, and auxiliary field, and C and x are the
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Figure 7: Same as Fig. |§| except with /s = 14 TeV, and stop mass contours m; = 0.5 TeV, 2 TeV.

‘longitudinal’ modes eaten during the super-Higgs mechanism. Under SUSY transformations,

C = C+ilex - &Y (32)

D — D+ 9,(—Ea" X+ \o"f). (33)

Eq. implies that m C' — D is a SUSY invariant on the equations of motion, @'0“8“5\ = my,
where m = m¢c = m, = mx is the mass of the vector superfield.

On the other hand, the auxiliary field D can be re-expressed in terms of dynamically propa-

gating fields by substituting the equations of motion. Since m C' — D is a SUSY invariant, this
implies that

D:mC+D1R+DUv+O(02), (34)

where Dig and Dyy label contributions from the (light) MSSM fields and the (heavy) U(1)x
breaking fields, respectively, with all C' dependence shown explicitly. The structure of Eq.
ensures that both the right and left hand sides transform the same under SUSY transformations.
In the normalization of Eq. (1)), H,q has charge +1/2 under U(1)x, which implies

Dy = %X(|Hu|2— \Hg)2+...). (35)

The effective potential for C' and the MSSM scalars is obtained by setting all other fields to their
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Figure 8: Contours of gx min Which set the lower bound on gy required to raise the Higgs mass to my, ~ 125
GeV. Values equal to the SM gauge couplings are highlighted.

VEVs, yielding

Vo= %DZ + %m%’? +tC. (36)
The first term is the usual SUSY D-term contribution, while the second and third terms arise
from soft SUSY breaking effects such as non-zero F-terms. Here we have dropped terms O(C?)
and higher because they are unimportant for the Higgs quartic. Note that the spurions m and
t depend implicitly on the VEVs of U(1)x breaking sector fields.

In the SUSY limit, » = ¢ = 0 and integrating out C' eliminates all Dig dependence in the
potential—no Higgs quartic is induced, as expected. If, on the other hand, ¢ # 0, then C' and
Dyvy will typically acquire messenger scale VEVs, yielding a huge tree-level contribution to my,
and mpy, through a term linear in Dig. To avoid a destabilization of the electroweak scale,
one usually assumes some ultraviolet symmetry, e.g. messenger parity, which ensures f = 0 and
vanishing VEVs for C' and Dyy. We assume this to be the case here, in which case there is no
D-term SUSY breaking.

On the other hand, SUSY breaking typically enters through m # 0, whose effects can be
characterized by a simple SUSY spurion analysis. Let us model m by an ultraviolet superfield
spurion for F-term breaking, #?F. This spurion can effect the scalar sector in two ways: through
the indirect shifts of scalar component VEVs, or through the direct couplings of 82F to super-
fields. In the former, the masses of C' and X may vary, but they do so together, and the states
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Figure 9: Contours of gx max which set the upper bound on gx dictated by precision electroweak constraints.
These limits depend primarily on the couplings of X to leptons, which are set by the g parameter.

remain degenerate. In the latter, only certain couplings are permitted between 62F and the vec-
tor superfield components. Simple # and § counting shows that X and D cannot couple directly
to 02F, while C' can. Hence, C' is split in mass from the remainder of the gauge multiplet by
F-term SUSY breaking.
Putting this all together, we rewrite Eq. as

vV = % (mxC 4 Dir)* + %(m% —m%)C?, (37)
where the coefficient of the second term is fixed so that m¢ is the physical mass of C'. Note that
the prefactor for C' in the first term is mx—this can be verified by explicit computation, and is
a direct consequence of the fact that X and D cannot couple directly to §2F. Integrating out C
yields our final answer for the effective D-term contribution to the Higgs potential

1
V = eDhy (38)
e = l—mix/m¢, (39)

which is a generalization of the specific examples in [, 10]. In the SUSY limit, m¢c = my
and the D-term contribution vanishes as expected. A positive contribution to the Higgs mass
requires positive €, which in turn requires that me > mx. Importantly, 0 < e < 1 independent
of the ultraviolet completion, which will be crucial later on when we derive model independent
bounds.
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Figure 10: Contours of 0BR/g% in pb for myx = 3 TeV and /s = 7 TeV. Irrespective of the U(1)x charge
parameters p and ¢, the rate is always non-zero.

3.2 Results

3.2.1 Experimental Constraints

In this section we analyze the experimental constraints on general U(1)y extensions of the
MSSM. The relevant bounds come from the mass of the Higgs boson, precision electroweak
measurements, and direct limits from the LHC.

e Higgs Boson Mass. Recent results from the LHC indicate hints of a SM-like Higgs boson
at around my, ~ 125 GeV. Taken at face value, this imposes a stringent constraint on theories
of U(1)x D-terms. In particular, combining Eq. with Eq. yields the mass of the Higgs

boson

2
2 _ 2 2 €9x 2
m; = mycos 203 <1 + 77+ 92) + dmy, (40)

where 0 < & < 1 independent of the ultraviolet completion. Here dm? denotes the usual radiative
contributions to the Higgs mass in the MSSM,

3my m?  X? X?
omj, = Cllog—5+ =5 (1 - —* 41
e 4202 (og m;  m? ( 12mz?) )’ (41)

where m; = (mglmg2)1/ 2 and X; = A, — pcot 8. In our actual analysis we employ the analytic

~+

expressions from [21] for the Higgs mass, which include two-loop leading log corrections.
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Figure 11: Contours of o/g% in pb for \/s = 14 TeV.

To simplify the parameter space, we take A; = 0 and p = 200 GeV. Our results will be
indicative of theories which have small A-terms, such as gauge mediated SUSY breaking. For a
given value of tan 8 and m;, the Higgs mass correction dm3 is then fixed. Using Eq. and
0 <e < 1, we find that gy is bounded from below in order to accommodate m;, ~ 125 GeV:

gx > 9X min, (42)

where ¢gx min is a function of (mg, tan ) shown in Fig. . For comparison, this figure includes
contours of the SM electroweak gauge couplings, ¢’ and g. At high tan 3, U(1)x is most effective
at lifting the Higgs mass, so the stop masses can be the smallest. Note that in certain ultraviolet
completions, € can be quite small, in which case gx min and thus gx will be much larger than the
SM gauge couplings.

Lastly, let us comment briefly on the issue of fine tuning. In Sec. we showed that non-
decoupling D-terms require the scalar C' to be split from the X boson at tree level. As a
consequence, the low energy Higgs quartic coupling behaves like a hard breaking of SUSY and
loops involving the components of the vector supermultiplet generate a quadratic divergence
which is cut off by my. Since the Higgs fields are charged under U(1)y, these radiative cor-
rections contribute to the Higgs soft masses at one loop and can destabilize the electroweak
hierarchy. In particular,

2 6 12
g mSm
5m§{u7d = 64)7(r2m§(10g< ;ic), (43)
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Figure 12: Limits from precision electroweak measurements (red solid), and LHC resonance searches for p = ¢
(blue dashed) and p # ¢ free (blue shaded), with m; = 0.5 TeV, corresponding to gx > gx,min = 0.54. Direct
searches only exclude regions already disfavored by precision electroweak constraints.

which applies to R-symmetric limit [I8, 19]. As required, when the components of the supermul-
tiplet become degenerate, these corrections vanish. Due to the loop factor in Eq. and the
relative smallness of gy required to lift the Higgs mass in Fig. [8) my can be quite large—even
beyond LHC reach—without introducing fine-tuning more severe than ~ 10%.

e Precision Electroweak & Direct Limits. Contributions to precision electroweak observables
arise from two sources: mixing between the X and Z bosons, and couplings between the X boson
and leptons. The former is always generated by electroweak symmetry breaking since the Higgs
is, by construction, charged under U(1)x. Meanwhile, the latter is also always present, since X
has an irreducible coupling to leptons. Concretely, since H, 4 has charge £1/2, this implies that
the composite operators QU°, QD¢ and LE° have charge —1/2, +1/2, and +1/2, respectively.
As a result, X has an irreducible coupling to both leptons and quarks. The branching ratio to
a single lepton flavor is:

5+ 12q + 8¢*
BR(X — () ~ 14
(X = 00 = 6 2ap 1 2457 + 720 T 51" (44)

where we have ignored kinematic factors and have assumed that the full MSSM field content
can be produced in the decays of the X boson. This is a conservative choice because decoupling
MSSM fields always increases BR(X — ¢/), yielding more stringent constraints. For example, if
X decays to the first and second generation squarks are kinematically forbidden, then BR(X —
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Figure 13: Same as Fig. but for m; = 2 TeV, corresponding to gx > gx min = 0.36.

0¢) will increase at most by a factor of ~ 1.2. Using Eq. , we see that the leptonic branching
ratio never vanishes for any finite values of p and ¢, and is strictly bounded from above at ~ 15%.

Applying the methods of [22], we performed a precision electroweak fit on the theory param-
eters, gx/myx and q. For simplicity, we assumed a decoupling limit in which the lighter Higgs
doublet drives the fit, so the Higgs sector is SM-like. As noted in [22], the resulting constraints
are dominated by the couplings of X to leptons and the Higgs and are thus independent of p to a
very good approximation. We have checked that our results match [20], which studies precision
electroweak constraints on anomaly free U(1) extensions. To accommodate 95% CL exclusion
limits, the gauge coupling is bounded from above by

gx < gX,maxv (45)

where ¢x max is a function of (¢, mx) shown in Fig. @ Bounds are weakest near ¢ ~ —0.7 which
is where the Y and L components of the X charge destructively interfere in a way that decreases
the effective coupling of the X boson to leptons.

Lastly, for LHC resonance searches we are interested in the rate of resonant production,
oBR for the process pp — X — ¢¢. The leptonic branching ratios are given in Eq. as a
function of p and ¢, while the production cross-section of X bosons from proton collisions can
be computed in terms of p with MadGraph5, including NNLO corrections from [23]. Remarkably,

oBR is non-zero for any value of p and ¢, as shown in Fig. [I0} which shows the rate normalized
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Figure 14: Allowed regions for U(1), and U(1)3g for p and ¢ fixed according to the exact GUT relations (solid
shaded) or fixed to their values when running down from a high scale (dashed).

to g% for a sample parameter space point, mx = 3 TeV at y/s = 7 TeV. This crucially implies
an irreducible rate for pp — X — ¢¢, which we constrain with 5/fb results from the LHC [I6].
For convenience, we also present the production cross-section normalized to g% in Fig. . By
multiplying by BR(X — ¢¢) from Eq. and g% which is bounded from Figs. |8 and @, one can
determine a simple estimate for the future LHC reach for X bosons. At 100/fb and /s = 14
TeV, the LHC can reach as high as mx ~ 6 TeV.

3.2.2 Litmus Tests

The experimental constraints enumerated in Sec. provide stringent and complementary
limits on the allowed parameter space of U(1)x theories. We can now combine these bounds in
order to identify various ‘litmus tests’ for non-decoupling D-terms.

To begin, consider Figs. and [13|, which depict experimentally excluded regions in the
(¢, mx) plane for m; = 0.5 TeV,2 TeV, respectively. The region below the solid red line is
excluded by precision electroweak measurements. This limit is to good approximation indepen-
dent of p, which controls the coupling of X to quarks. The region below the blue dashed line
is excluded by LHC resonance searches in the anomaly free case, i.e. p = ¢q. Allowing p # ¢ to
vary freely then floats the boundary of this exclusion within the blue shaded region.

For stop masses in the natural window, m; < 500 GeV, these plots imply that the LHC
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has not excluded any region of parameter space which was not already disfavored by precision
electroweak limits. Conversely, if natural SUSY employs non-decoupling D-terms, then the LHC
should not yet have seen any signs of the X boson. Given precision electroweak measurements,
my 2 2.2 TeV for natural SUSY. For heavier stop masses, Fig. shows that the LHC has
covered some but not very much new ground.

Let us now discuss Figs. [6] and [} At fixed values of the masses, mx and m;, we can scan
over the charge parameters, gx, p, and ¢, discarding any model points which are in conflict with
precision electroweak and Higgs limits. By this procedure, we obtain an ‘image’ of the viable
theory space on the observable space, (¢)BR,mx). Each dotted black contour in Figs. @ and
depicts a maximal allowed region in (¢BR, mx ) obtained via this scan for a given stop mass. Any
theory of natural SUSY which employs non-decoupling D-terms predicts an X boson residing
somewhere within the region corresponding to m; = 0.5 TeV. Since we have marginalized over
gx, p, and ¢, these exclusions are model independent.

The allowed regions in Figs. |§| and m are bounded at small and large cBR because ¢x min <
9x < GxX,max, Where gy min is a function of (mgz,tan ) and gx max is a function of (¢, myx). As
described in Sec. [3.2.1] the lower bound arises from the requirement that non-decoupling D-terms
sufficiently lift the Higgs mass up to m; >~ 125 GeV, while the upper bound arises from precision
electroweak constraints. Since the production cross-section of X bosons depends on gy, one can
translate this allowed window in gx into an allowed window in rate, cBRyi, < 0BR < 0BRax.

Because Figs. [0] and [7] were derived from a parameter scan, model points near the Higgs
boundary limit versus those near the precision electroweak boundary limit correspond to different
values of p and ¢. This results in different precision electroweak constraints for different stop
masses—an effect that is amplified on the near flat direction in m; that traverses diagonally
across the plot.

Note that the values of 0BRyi, depicted in Figs. [ and [7] are conservative—they coincide
with the parameter choice ¢ = 1 in Eq. . Because this corresponds to m¢c — oo, this choice
is rather unphysical. In general, ¢ < 1, in which case 0BR,;, will be substantially larger and
the allowed region will shrink.

Also, at a fixed value of cBR, increasing m x makes precision electroweak bounds more severe,
which is unintuitive from the point of view of decoupling. However, this occurs because in order
to keep 0BR constant with increasing my, the coupling gx must increase even faster, inducing
tension with precision electroweak measurements.

Alternatively, we can fix p and ¢ rather than marginalize with respect to them. GUT relations
provide a natural choice for the values of p and ¢:

Ul : p=q=-5/4 (46)
Ul)sr : p=q=—1/2. (47)
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However, running from high scales can induce kinetic mixing which offsets p and ¢, which are
intrinsically low energy parameters. For mgyr ~ 2 x 10'6 GeV, this can shift p = ¢ up to about
—1.2 for U(1), and down to about —0.8 for U(1)3x, although the precise numbers depend on
the GUT scale and matter content [20]. Because GUT values may be preferred from a top down
viewpoint, we present the allowed regions for these theories at /s = 14 TeV in Fig. depicted
as the colored wedges. As before, lower values of ¢BR are excluded by the Higgs mass results
(where here we have fixed m; = 0.5 TeV) while higher values of ¢BR are excluded by precision
electroweak constraints. Theories corresponding to the exact GUT values for p = ¢ in Eq.
are depicted by solid lines, while the dashed lines depict values of p = ¢ including running from
high scales. For both U(1), and U(1)sg, a narrow allowed region is prescribed, outside of which

is either unnatural or experimentally excluded.

3.3 Conclusions

In this paper we have analyzed a broad class of U (1) x extensions of the MSSM in which m;, ~ 125
GeV is accommodated by non-decoupling D-terms. We have assumed that U(1)x is flavor
universal and allows a gauge invariant p term, but impose no additional theoretical constraints.

Our main result is a simple litmus test for this class of theories at the LHC—if non-decoupling
D-terms are instrumental in lifting the Higgs mass, then experimental constraints imply that an
X boson can only be observed in the allowed region depicted in Figs. [6] and [} Crucially, for
natural SUSY this region is bounded from below in ¢BR for pp — X — ¢4, so we should expect
an irreducible level of X boson production at the LHC. Our check is very model independent,
since our input constraints have been marginalized over all charge assignments for U(1)x. Fur-
thermore, general arguments from SUSY and gauge invariance dictate the very particular form
for non-decoupling D-terms shown Eq. , so our results are also independent of the ultraviolet
details of U(1) x breaking. We have also presented an analogous litmus test which can be applied
for the specific GUT inspired models described in Fig. [14]

4 Supersymmetry with Light Stops

4.1 Formulation in Warped Space
4.1.1 The basic structure

In this section we present a class of models realizing the basic setup of Fig. [Il We formulate
it in a 5D warped spacetime with the extra dimension y compactified on an S'/Z, orbifold:

0 <y < mR. The spacetime metric is given by

ds? = ey, datdx” + dy?, (48)
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where k is the AdS curvature, which is taken to be somewhat (typically a factor of a few) smaller
than the 5D cutoff scale M,. The 4D Planck scale, Mpy, is given by M3 ~ M3 /k, where M; is
the 5D Planck scale, and we take k ~ M, ~ My ~ Mp,. For now, we take the size of the extra
dimension R to be a free parameter, satisfying kR 2 1. If we choose kR ~ 10, the TeV scale is
generated by the AdS warp factor: k' = ke ™% ~ TeV [68].

We consider that the SM gauge supermultiplets {V4, ¥4} (A = 1,2,3) as well as matter
supermultiplets {U;, ¥¢} (V = Q,U, D, L, E with ¢ = 1,2, 3 the generation index) propagate in
the 5D bulk. (Here, we have used the 4D N = 1 superfield notation; see e.g. [69].) Assuming

the boundary conditions
Va(+,+) ) ( Wi(+,+) )
) C ) 49
( Sal—-) we(—, ) (49)

the low-energy field content below the Kaluza-Klein (KK) excitation scale ~ k" is the gauge and
matter fields of the Minimal Supersymmetric Standard Model (MSSM). They arise from the
zero modes of V, and V,.

Now, suppose the supersymmetry breaking chiral superfield X is localized on the ultraviolet
(UV) brane at y = 0, while two Higgs-doublet chiral superfields H, and H, are on the infrared
(IR) brane at y = wR. Then the bulk matter and gauge fields can interact with these fields
through

L= 5@){ / d' Z{ﬁfj’-XTX\I/;r\I’j—i-(égX‘PZT\I/j+h.C.)}+Z{ / d2@€AXWf{WAa+h.C.}] (50)
0 A

and
L=0(y—7R) eg’TkR/dQG (9:5Q:U; H,, + yijiDde + 95 LiE;Hy) + hec., (51)

respectively, where W, are the field-strength superfields[]
In addition, we can introduce a singlet field S either in the bulk or on the y = 7R brane

with interactions
L = §<y _ 7TR) eBﬂkR{/dQQ (S\SHqu + f(S)) + hC}

+8(y) / a0 [° X1 X815 + (XSS +he) (52)

where f (S) is a holomorphic function of S, and the terms in the second line exist only if S is the
bulk field, {S,S°}. The introduction of S allows us to accommodate a relatively heavy Higgs
boson, including m;, = 125 GeV.

"We adopt the definition of the delta function fos i(y) = f:}f_g 0(y —mR) =1, where 0 < & < 7R.
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The Lagrangian for the free part of a bulk supermultiplet {®, ®} is given by
L = e—%y/c#e (BTD + O°Pt) + e_3ky{/d20 P° (ay + Mg — gk)tb + h.c.}
+6(y) / d*0 20T ®, (53)

where we have included a UV-brane localized kinetic term zg (> 0), which plays an important role
in our discussion. (A possible IR-brane localized kinetic term is irrelevant for the discussion.)
There are two parameters in this Lagrangian: Mg and z¢. The parameter Mg controls the
wavefunction profile of the zero mode in the bulk. For Ms > k/2 (< k/2) the wavefunction
of a zero mode arising from ® is localized to the UV (IR) brane; for Mg = k/2 it is flat (see
e.g. [70]). The parameter zg is important for a field with Mg R k/2; it controls how much of
the zero mode is regarded as the brane and bulk degrees of freedom. For z¢ Mg > 1, the zero
mode is mostly brane field-like, while for z¢ Me < 1 it is bulk field-like.

Our setup is realized by taking Mg 2 k/2 and ze Mg > 1 for the first two generations of
matter while Mg < k/2 for the third generation quark-doublet and right-handed top multi-
plets {Qs, Q5} and {Us, US}. This implies that the former are mostly brane field-like, while the
latter are bulk fields with the wavefunctions localized to the IR brane. (In the 4D interpre-
tation discussed in Section [£.1.3] these correspond to mostly elementary and composite fields,
respectively.) The zero-mode wavefunctions for the other third generation multiplets { D3, D},
{Ls, L5}, and {Es, ES} are more flexible, although they are still subject to constraints from fla-
vor physics, both to reproduce realistic Yukawa matrices and to avoid excessive supersymmetric
contributions to flavor violation.

More specifically, the wavefunction of the zero mode of the {®, ®¢} multiplet in Eq. is
given by

foly) = ! e~ Oa—byw (54)

—on _k
\/Zq:. + 2(Mql)_%)(l — e 2mR(Mo 2))

in the “conformal-field” basis, in which 5D scalar and fermion fields ¢ and v are rescaled from
the original component fields in ® as ¢ = e ¥ ®|; and 1, = e *®|y. The low-energy 4D theory
below ~ k' is obtained by integrating over y with this wavefunction. For the superpotential
terms, it leads to

Lip = /d20 (yisQiUjHy + yQiDjHy + 5, LiEjHy + ASH, Hy + f(S)) + h.c., (55)

where the 4D coupling constants (quantities without hat) are related with the 5D ones (with
hat) by

U o~ d _ ~d e _ e I\
Yi; = Yij LQ:TU;» Yi; = Yij LQ:TD;, Yij = Yij L, LE; A= )\IL'S, (56)
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and f(9) = f(xSS). Here, the factors z¢ (¢ = Q;, U;, D;, L;, E;, S) are given by

;1 €7ﬂ-RM‘I} for Mcb > %
\/Zli)‘f‘m
Ty = fq;.(ﬂ'R) ~ ﬁ for Mq; ~ g s (57)

\/2<§—Mq>) for M¢,<<§

where we have used zpke ™% < 1 for Mg < k/2, which is satisfied in the relevant parameter
region considered laterﬁ The case with brane S is obtained by replacing xg with 1.
For the supersymmetry-breaking terms, the 4D theory below ~ k' yields

Ly = /d49 {>nxtxwle; + S xTXSTs + (3 X wlw; + (XSS +he) }
v

v

+ Z{ / A0 EAXWIWaa + h.c.}, (58)
A
where

v A S ~S 2 4 ~U S ~S 2 F
Nij = Mij 70,785, n=nrs ij = Gij Tw, 7w, 7= rg, §a = &a, (59)

and the factors re are given by

1
1/%-%—%
Ty = f@(O) ~ ﬁ for Mq, ~ g . (60)

\/2(5 — My) e ™RGMe) for My < k

for Mg >>§

The case with brane S is obtained by rg — 0.

As will be discussed in Section [£.1.3] the models presented here can be interpreted, through
the AdS/CFT correspondence, as those of composite Higgs-top in the supersymmetric desert.
As such, small neutrino masses can be generated by the conventional seesaw mechanism. Specif-
ically, we can introduce right-handed neutrino supermultiplets {N;, Nf} in the bulk, with Ma-

jorana masses and neutrino Yukawa couplings located on the UV and IR branes, respectively:

L£=46(y) / a6 2? NiN; + 6(y — mR) e *™FF / d*0 9, L;N;H, + h.c. (61)
For My, ~ k/2, this naturally generates small neutrino masses of the observed size (assuming
the absence of tree-level neutrino-mass operators such as [d?6 (LH,)* on the IR brane) [71].
Alternatively, small Dirac neutrino masses can be obtained if we prohibit the Majorana masses
for N; and localize them to the UV brane [72].

8The expression Mg < k/2 here and after means that |[Mg| < k/2 or Mg < 0.
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4.1.2 Physics of flavor—fermions and sfermions

We now discuss the flavor structure of quarks/leptons and squarks/sleptons in more detail.
Suppose that all the couplings on the UV brane are roughly of O(1) in units of some messenger
scale M. In this case, Egs. imply that the zero modes localized to the IR brane
obtain only exponentially suppressed supersymmetry-breaking masses (at scale £'):

M@, b/ M, < 1. (62)

A main motivation to consider light stops is naturalness, Eq. . To keep this, we take mg, 7, S
(400 — 500) GeV (after evolving down to the weak scale). In order to satisfy constraints from
flavor violation, the right-handed bottom and first two generation squark masses should be in
the multi-TeV region [57, [73]. We therefore choose Mp, = k/2, and

mg, , ~ mg, ~ afew TeV, (63)
mi, 7, ~ My, S (400 — 500) GeV. (64)
The masses of Ly and Ej are less constrained, although we consider M Ls.Bs = k/2 in most
of the paper, leading to ms, 7,5 ~ afew TeV. With the mass splitting of Egs. , ,
the hypercharge D-term contribution does not have a large effect on the Higgs mass-squared
parameter to destabilize naturalness.

The masses of the gauginos are determined by parameters such as é A ﬁfj’- and zg, which
depend on a detailed mechanism generating operators in Eq. . Motivated by naturalness, in
this paper we take

mp &1 TeV, mg~1TeV. (65)

The gluino mass, mgz >~ M3, is chosen so that the stops do not obtain large radiative corrections
exceeding Eq. (64)), and that the theory is not excluded by the LHC data: mg 2 700 GeV [58].
The above equations - specify the superpartner spectra we consider.ﬂ

What about the flavor structure for quarks/leptons and those among the first two generation
sfermions? In this paper, we consider a theory in which all the nontrivial flavor structures are
generated from physics of the bulk (and on the IR brane). In the 4D “dual” picture discussed in
Section [4.1.3] this corresponds to the setup in which the nontrivial flavor structure is generated
through interactions of the elementary sector with the strongly-interacting composite sector.
This implies that all the flavor violating effects are shut off in the high energy limit, giving the

conditions

i o G oc (29)i) (66)

91n deriving these expressions, we have ignored possible contributions to the supersymmetry breaking masses
from the sector that stabilizes the radius of the extra dimension. This assumption is justified for certain ways of
stabilizing the radius; see, e.g., Ref. [64].
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in flavor space, 4,j = 1,2,3. In particular, in the field basis that (zy);; o d;;, which we can
always take, ﬁfj’- x C}‘g o 0;5. This can be achieved if the operators in Eq. are generated by
flavor universal dynamics, e.g. gauge mediation on the UV brane.

With the multi-TeV masses, the spectrum of the first two generation sfermions must be
somewhat degenerate, to avoid stringent constraints from flavor. From Eq. , we find that
the first two generation sfermion masses depend on ﬁfj{, (2w)ij, and (My);;. (Note that we take
the bulk masses larger than k/2 for the first two generations of matter.) In the field basis that
ﬁz‘lj’ and (zy);; are proportional to the unit matrix, 7;; = 7¥6;; and (2 )i; = 2¢0;;, the only source
of flavor violation comes from (My);;, which we can diagonalize by field rotation in flavor space:
(Mg);; = My,0;;. The effects of flavor violation are then of order

Amg;  Te, — Ty,

= (67)

~ ~ )
mi—i-mj T\pi+7’\1;j

multiplied by appropriate flavor mixing angles arising from diagonalization of the 4D Yukawa
matrices. Here, ry, are given in Eq. . Requiring that these effects satisfy constraints from
the K-K physics [74], we find, for example,

2ok 2 {15,12,4} for m = {1,4,10} TeV, (68)

for My,/k ~ 0.6 and My, /k ~ 0.7, which produces hierarchy of O(0.1) by the difference
of wavefunction profiles between W; and W,. Here, m represents the masses of the first two
generation sfermions, and we have assumed the maximal phase in the relevant matrix element.
While the precise constraint on zg depends on detailed modeling of flavor, we generically need
nonvanishing zy 2 O(10/k) in the case of the maximal phase in K-K mixing[]

The structure of the 4D Yukawa couplings can be read off from Eqgs. , . For a field
with Mg > k/2, we have a suppression arising from the wavefunction profile of the zero mode,
ep = e TMe=k/2) " contributing to the hierarchy of the Yukawa couplings [70, [75]. In addition,
fields with My, , = k/2 may have an additional suppression € = 1/v/2¢M, if zgk > 1. For
example, if we take Mp, 1., g, & k/2, then we find

2 2 2 2 2
€2€Q16U1 626Q1€U2 € €Q1 €2€Q16D1 €2€Q1€D2 €2€Q1€D3
Yu X €TE€Q UL €TEQ U, €€Q, ’ Ya X €7€QED; € €Q 6D, €€QyED; ) (69)
€ €U, € €U, 1 €€D, €€D, € €D,

2 2 2
€ €r,€p, € €L,€p, €€,€E,
2 2 2
Ye X | €€r,€m, €€r€m, €€n€m, |, (70)
2 2 2
€ €1,€R, € €3€R, € €[3€R,

10Tn the 4D picture of Section this corresponds to the case where the first two generations of matter
are mostly elementary, with the contributions of the strong sector to their kinetic terms suppressed compared to
those at tree level.
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where O(1) factors are omitted in each element, and e < 1 only if TR(Mg — k/2) > 1 and
€ < 1 only if zgk > 1. Therefore, with suitable choices for My,, the observed pattern of
the Yukawa couplings can be reproduced through physics of the bulk (i.e. the dynamics of the
strong sector in the 4D picture) while keeping approximate flavor universality for the first two

generation sfermion masses.

4.1.3 4D interpretation

Models discussed here can be interpreted as purely 4D models formulated in the conventional
grand desert, using the AdS/CFT correspondence. (For discussions on this correspondence, see
e.g. [59,[76].) In the 4D picture, the first two generations of matter are (mostly) elementary, while
the third generation quark-doublet and right-handed top multiplets arise as composite fields of
some strongly interacting sector, which exhibits nontrivial dynamics at an exponentially small
scale &~ k' = ke ™. (We mostly consider that the right-handed bottom and third-generation
lepton multiplets are elementary, although there is some flexibility on this choice.) This strong
dynamics also produces S, H,, and H, fields, together with superpotential interactions Wy =
ASH,Hy+ f(S) at k'. (We focus on the case of IR-brane localized S in this section.) Since the
Higgs-top sector is strongly coupled at k', the Landau pole constraint for the couplings in Wy
(and the top Yukawa coupling) needs to be satisfied only below k' [61], realizing the ASUSY
framework in Ref. [77].

Supersymmetry breaking is mediated at the scale M, giving TeV to multi-TeV masses
to the elementary sfermions as well as the gauginos. The effect of supersymmetry breaking in
the composite sector is diluted by the near-conformal strong dynamics [62], as long as operators
associated with this effect have large anomalous dimensions [63]. This therefore yields only
negligible soft masses for the composite fields at £’ H A composite field, however, may obtain
sizable supersymmetry breaking masses (only) if it mixes with an elementary state, which in the
5D picture corresponds to delocalizing the state from the IR brane.

The top Yukawa coupling is naturally large as the relevant fields are all composite. On the
other hand, the Yukawa couplings for the first two generations of matter are generated through
mixing of these states with fields in the composite sector, so are suppressed. The amount of
suppression depends on the dimension of the mixing operator, and thus varies field by field,
yielding a hierarchical pattern for the Yukawa matrices. Note that this way of dynamically
generating the Yukawa hierarchy does not contradict the stringent constraints on supersymmetric
flavor violation as long as supersymmetry breaking mediation at M,ess is flavor universal (e.g.

"Tn our models, supersymmetry breaking masses in the elementary sector, m ~ a few TeV, is smaller than the
compositeness scale, k' 2 10 TeV (see below). Therefore, the problem of a potentially large D-term operator [63],
intrinsic to the framework of Refs. [62] [63] [64], does not arise, unless this operator is generated directly by the
physics at Myess- The dilution of supersymmetry breaking effects in the composite sector has been studied
explicitly in Ref. [65] in a setup similar to ours, using Seiberg duality.
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Figure 15: The 4D interpretation of the models. The first two generations of matter are el-
ementary, while the Higgs and top multiplets arise as composite states at the scale of strong
dynamics, £’. The theory between &’ and TeV is ASUSY in Ref. [77] (with a modest Higgs-sector
coupling \), with light stops and left-handed sbottom.

as in the case of gauge mediation) and the contribution to the kinetic terms of the elementary
fields from the strong sector is small (which corresponds to the condition in Eq. in 5D). The
overall picture for the 4D interpretation described here is depicted schematically in Fig. [L5]

The value of the compositeness scale k' is constrained by phenomenological considerations. As
in Eq. , we take the stops light to keep electroweak symmetry breaking natural. On the other
hand, the LHC bound on the gluino mass for these values of stop masses is mz & 700 GeV, so
that we need a little “hierarchy” between m; and mg. Since mj; receives a positive contribution
from mj through renormalization group evolution, this bounds the scale &’ from above. The
precise bound is (exponentially) sensitive to the low energy parameters, but we typically find
that &’ must be below an intermediate scale; in particular, it cannot be at the unification scale.
The value of &' is also limited from above by Landau pole considerations for the couplings in
Wy
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The lower bound on £’ can be obtained for a fixed my by requiring that i1, tr, and by
are sufficiently heavy to avoid the LHC bounds. Assuming that these states decay either into
the lightest neutralino or the gravitino within the detector, which we would need anyway to
avoid a strong constraint on quasi-stable stops, the masses of ¢; and b, must be larger than
about 250 GeV [58]. Moreover, if the neutralino to which these states decay is lighter than
~ 100 GeV (or if they decay into the gravitino), then the mass of b, must be larger than about
400 GeV [78]. Since the running masses for these states, mg, and mg,, are vanishing at k" (up

to small threshold corrections), this limits &’ from below for a fixed my. In this paper, we take
k' = 10 TeV, (71)

so that the theory below the compositeness scale is the supersymmetric standard model with
the superpartner spectrum given by Egs. - . With these values of &/, other lower bounds
on k' coming from precision electroweak measurements and flavor/C'P violation induced by KK
excitations are satisfied [79]. (Note that the masses of the lowest KK excitations are given by
~ k')

Our models have the supersymmetric grand desert between k&’ and k ~ Mp;. Thus, if the
strong sector respects a (global) unified symmetry, then we can discuss gauge coupling unifi-
cation, along the lines of Ref. [80]. The prediction depends on the location of matter fields,
especially D3, Ly and FEs; in the minimal case where these fields have Mg 2 k/2, the three SM
gauge couplings approach at ~ 107 GeV, but with the precision of unification worse than that
in the SM (d¢%/g* ~ 15% at the unification scale). We do not pursue the issue of unification
further in this paper.

4.2 Electroweak Symmetry Breaking
4.3 Overview

As outlined in Section our theory above the compositeness scale k" is SU(3)c ® SU(2), ®
U(1)y gauge theory that has the elementary fields U 5 (and Ds, Ls, E5) and the strongly inter-

acting near-conformal sector. The beta functions for the gauge group are given by
by = leISSM N bg3+U3+Hu,d + bepr, (72)

where bopr is the contribution from the strong sector, which corresponds to 1/g2pk in the 5D
picture, and is universal if this sector respects a (global) unified symmetry. Supersymmetry
breaking masses for the elementary fields, including the gaugino masses M4, are generated at
M ess, and they are evolved down to k' by the renormalization group equations with Eq. .
The composite fields appear at k', which have vanishing supersymmetry breaking masses at that
scale (up to small threshold corrections of O(M3/167?) in squared masses).
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Physics of electroweak symmetry breaking is governed by the dynamics of the composite

sector and the gaugino masses. At scale &, the strong sector produces the superpotential
Wy =ASH,Hy+ f(S)+ -, (73)

for the Higgs sector, where the dots represent higher dimension terms which are generically
suppressed by the warped-down cutoff scale M! = M,e ™. In case M! is close to the TeV
scale, these higher dimension terms could affect phenomenology; for example, the term (H, Hy)?
can contribute to the Higgs boson mass [81]. Similarly, higher dimension terms in the Ké&hler
potential may affect phenomenology; for example, the terms STH,H; and STHIQD can lead to
a u term and down-type quark masses if S has an F-term expectation value.

In general, for relatively large values of £’ envisioned in Eq. , the effects of these higher
dimension operators are insignificant, except possibly for light quark/lepton masses. We there-
fore consider only renormalizable terms in the Higgs potential. In particular, in the rest of the
paper we focus on the case where Wy contains only dimensionless terms in 4D, and discuss how

electroweak symmetry breaking can work in our models. In doing so, we assume

M@, 03, H,, Hy ~ O’ (74)

at k', i.e. we ignore possible threshold corrections at that scale, which are highly model-dependent.
(We later consider dynamics at the IR scale in which non-vanishing m?% is generated at &' to
reproduce correct electroweak symmetry breaking.) This will illustrate basic features of elec-

troweak symmetry breaking in our framework, in the minimal setup.

4.3.1 Higgs sector: kSUSY

We consider a variant on the ASUSY model [77], which has the superpotential of the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) form:

Wy = ASH, Hy + gs?’. (75)

To distinguish from other ASUSY studies in which the s term does not play a dominant role, we
call this model kKSUSY. We assume that S, H,, and Hy are all localized to the IR brane, so we
require A and x to be perturbative only up to the scale k', which we take to be 10 — 1000 TeV.
For k' = 10 TeV, for example, we obtain \(Mz) < 1.8 for k(M) = 0.7; for k' = 1000 TeV,
AN Mz) < 1.1 for k(Mz) = 0.7.

Because of Eq. , the only relevant dimensionful parameters for electroweak symmetry
breaking are the gaugino masses, except possibly for the supersymmetry breaking mass for
the S field (which we will introduce in the next subsection). They set the scale for the soft
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supersymmetry breaking masses in the scalar potential

V = |AH,Hg+ &S** + |A\SH,|> + |\SH,4|?

+m3[S2 + m¥y |Ha[? +m2y, |Hal* + (AA\S H, Hy — gA,iS?’ +he)

12

2
+ L (Hlo"H, + Hlo" Ha)” + 5 (HL? — |HaP) (76)

through renormalization group evolution below k’. Successful electroweak symmetry breaking
requires all the S, H,, and H, fields to obtain vacuum expectation values, vy = (5), v, = (H,),
and vy = (Hy).

Once the singlet has a vacuum expectation value, vy, we obtain u = Av, and B, = AA\v, +
kAU = p(Ax+rp/N), where By, is the holomorphic supersymmetry breaking Higgs mass-squared.
We thus obtain the following Higgs mass-squared matrix (in the h,-hg4-s basis):

2 — 10V _ 1 0%V 1oV _ 1
Mscalar — 561}1‘3% -2 (81},01)]' - Uv_za_yz) - EX
_ 2B _ AA
92U12L + tanuﬁ (4)\2 - g2)vuvd - QBH 4/“}“ ()\ o ta,;.ﬁ - 2utai\16)
(472 — g®)v,vg — 2B, 703 + 2B, tan 3 dyvg (X — rtan g — 2Mytma) |
AA AA 8kB p(Ax+2E A3 Ay vy
(A~ i~ geg) oA tan g - My ) o (1 AR )

(77)
where g2 = g%+ ¢’?, and we have assumed that all three expectation values are real and nonzero.
For us, the A, and A, terms are small because they are generated essentially only through weak
renormalization group evolution below £'; |A) .| < O(10 GeV). Other than contributing to B,,,
they also contribute to singlet-doublet mixing and pseudoscalar masses, but we will ignore them
in the following discussion on the (non-pseudo)scalar spectrum, as the result is not very sensitive
to the values of such small A terms.

We now discuss important differences between kSUSY and the MSSM as well as previous
ASUSY /NMSSM studies [52, B2, 83]. They are illustrated in Fig. [16] where (tree-level) scalar
masses are plotted as a function of A\ for sample values of tan g, k, p.

e We see that s plays a crucial role in this theory because it appears in B, D xu®/A. It
determines the degree of decoupling of the SM-like Higgs from the heavier scalars. The
limit x = 0 leads to nearly massless modes and is therefore unacceptable. In fact, as we
shall see, we need k ~ \ for a successful theory of electroweak symmetry breaking.

e The new quartic term \?|H,H,|? leads to an extra doublet-doublet mixing which competes
against B,: M3y = (2A* — §*/2)v,vq — B,,. As long as 2)\*v,v4 < B, + g*v,v4/2, this leads
to the well-known enhancement of the Higgs mass in ASUSY, see Eq. . However, once
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Figure 16: Two representative plots of the scalar mass spectrum in kSUSY. The solid (black),
dot-dashed (red), and dashed (blue) lines represent the masses of the three mass eigenstates,
which at small A correspond to the SM, heavy-doublet, and singlet like Higgs bosons, respectively.
The horizontal (yellow) line shows m;, = 125 GeV, and the dotted (violet) line is the mass of
the lightest Higgs boson with singlet-doublet mixing turned off by hand. In the left figure we
see that A-doublet mixing is responsible for lowering the mass of the Higgs below its decoupling
limit, Eq. , rather than doublet-singlet mixing. This is a generic feature for tan 5 ~ 1. In
the right figure, we see that as we increase tan (3, singlet-doublet mixing sets in at lower A than
doublet-doublet mixing but that both are important in lowering the Higgs mass below Eq. .

222,04 > B, + G*v,v4/2, the absolute magnitude of the off-diagonal term now increases
with A which leads to lowering of the Higgs mass through the very same term. We call this
effect A-doublet mixing. We find that in KSUSY, this is the main effect that lowers the Higgs
mass at large A and small tan 5, rather than mixing with the singlet, see Fig. This is
different from Ref. [52], whose potential contains multiple extra free scales (B, the singlet
mass) which are potentially large. (Their benchmark point has B, = 4u* = (400 GeV)2.
In this region, A-doublet mixing accounts for only 15% of the lowering of the Higgs mass
below its decoupling limit, Eq. ; the rest comes from singlet-doublet mixing.) In fact,
in kSUSY, A ~ 2 is excluded for p ~ 200 GeV exactly for this reason: the Higgs becomes
tachyonic (i.e. the correct electroweak symmetry breaking vacuum disappears).

e The mass of the singlet-like scalar is not really a free parameter. It decouples together with
the heavy Higgs (B, — 00) but not independently. This kind of relation is to be expected
in a model with a scale-free superpotential, with A ~ k. It is simply an accidental feature
(due to the coefficient in M3;) that the singlet-like scalar is heavier than other scalars by

a factor of a few, in the limit of no mixing and A ~ k.
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e Doublet-singlet mixing now depends on a difference between A and x. We find that,
although the singlet-like Higgs is not very heavy, this greatly reduces mixing of the Higgs
doublet component with the singlet and can lead to decoupling of the SM-like Higgs from
the singlet for singlet masses as low as 400 GeV for tan § ~ 1.

In the limit of small A-doublet mixing (2\*v,vq < B, + g*v,v4/2) and negligible doublet-
singlet mixing, the tree-level mass of the SM-like Higgs boson is given by

m;, & M3 cos®23 + \?v?sin*28. (78)

In the appendix, we present analytical formulae for m;, that include both large A-doublet and
singlet-doublet mixings up to second order in an expansion in m2/m?% (light Higgs mass over
heavy Higgs mass); we also present the exact solution to mj in the regime where A-doublet
mixing dominates over doublet-singlet mixing as well as in the opposite case.

In Fig. (a), we present contours of the lightest Higgs boson mass, my, for typical values of
parameters, where we have added the one-loop top-stop contribution with m; = 450 GeV and
A, = 0. In Fig. (b), we show contours of the charged Higgs boson mass, which is given by

2B
2 _ “Pp o9 2
miy s = w28 Av7 + My, (79)

In the non-decoupling region (B, /v? 2 1) and for A > v/2/sin 24, the charged Higgs boson can
become tachyonic. On the other hand, its mass cannot significantly fall below 300 GeV due to
constraints from b — s7v. This provides an important constraint on our parameter space and
forces us to choose relatively low values of A < 1.

Another potential issue is a light pseudoscalar arising from an approximate R symmetry under
which S, H,, H; have a charge of 2/3. This symmetry is spontaneously broken by v, v, v4 0
that there is a light R-axion. This axion obtains a mass through loops of gauginos, mixing with
other axions, such as the QCD axion, and Ay, A.. In Ref. [84], it was determined that the A
terms provide the dominant contribution for 107 < |A, .|/v < 1, which we satisfy. The mass

of the R-axion due to the A terms is given in terms of an expansion in A, ,/v by

ot AA, c9s29A N kA
A 2 sin2p 3

2 ~

mAIN

= sin29,4) +O(43,). (80)

where tan 04 = p/(Avsin28) + O(Ay . /v). We see that the mass is the geometric mean of p and
A, times O(1) factors. Since we generically have |A,| > 1 GeV, the mass is in tens of GeVs,
so we are safe from the constraint from YT decays. Since A\, k are O(1), however, the Higgs can
also decay into the R-axion with a large branching fraction, if this decay mode is kinematically
allowed. Assuming m;, = 125 GeV, we find that this happens for |4,| < 10 GeV (neglecting
A,). Depending on parameters, we can have |A,| & 10 GeV, in which case decays of the lightest
Higgs boson are SM-like.
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Figure 17: Left: Contours of the lightest Higgs boson mass in A-tan 8 plane. We find the
expected rise of the Higgs mass with increasing A as well as the preference for low tan 5. The
A-doublet mixing effect is apparent for large A where the Higgs mass quickly drops to zero.
Right: Contours of the charged Higgs boson mass in the same plane. Relatively low values of A
are forced by the constraint from b — s, which requires my+ not much below ~ 300 GeV.

4.3.2 Sample spectra

We here present sample parameter points in kSUSY. To achieve successful electroweak symmetry
breaking, in particular to obtain a sufficiently large 1 = Av,, we introduce a negative soft mass-
squared for the singlet at k', m% ~ —(400 GeV)?. Such a term can arise naturally if there are
(additional) messenger fields f, f on the IR brane which couple to the S field in the superpotential
W = Sff [85]. Here f, f are assumed to be SM-gauge singlets and have supersymmetric and
supersymmetry breaking masses (roughly) of order k': My ~ VF s ~ K'. (This does not require
a strong coincidence because the characteristic scale on the IR brane is &' ~ M].) The A
terms generated by f, f loops are small for M; ~ VF 7, since both the A terms and the soft
mass-squared, m%, are generated at the one-loop order.

We present two sample spectra in Figs. and which correspond respectively to two
different choices of the compositeness scale, &' = 10 TeV and 1000 TeV. The relevant parameters

for electroweak symmetry breaking are A, r, m%, and the electroweak gaugino masses M 5. (We

2
Hy,Hg,Q3,03’
gluino mass is chosen to be small (but still allowed by the experimental constraint) to alleviate

choose m Ayetp = 0 at K, ignoring loop-suppressed threshold corrections.) The
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fine-tuning, and the bino is chosen to be the lightest observable-sector supersymmetric particle
(LOSP). For the gluino mass we add the one-loop threshold correction, which can be as large
as ~ 20% for the multi-TeV squark masses [86]. In this section, we assume that the gravitino
is heavier than the LOSP, so that the bino is the lightest supersymmetric particle. This is the
case for Myess & Mpy, or for Myess S Mp if there is additional supersymmetry breaking that
does not contribute to the MSSM superparticle masses but pushes up the gravitino mass above
the LOSP mass [87]. If the gravitino is lighter than the bino, somewhat stronger bounds on the
gluino mass would apply [88]. For example, if the bino decays promptly to the gravitino, then
the lower bound is myz ~ 900 GeV, instead of ~ 700 GeV.

In presenting the sample points, we also evaluate the amount of fine-tuning, adopting a
conventional criterion [89)

(81)

where A; = (m3,v?) and B; are UV parameters to be specified below. The A; correspond
to the (0pp,0u + Onpn,0a + Ons0s) and (U, + U4)/v directions in the three-dimensional v, v4, vs
space, respectively, where we define scalar mixing angles in terms of eigenvector overlap: h =
On.ny Pu+0n.n,ha+0n ss. In the case of A-doublet or singlet-doublet mixing, fine-tuning (e.g. due to
stops) may be much alleviated compared to the MSSM due to level repulsion which is generated
naturally through large off-diagonal elements in the mass matrix; in the case of singlet-doublet
mixing, this has been analyzed in Ref. [52]. We here point out that large-mixing, natural scenar-
ios with TeV-scale stops are typically accompanied by drastic deviations of Higgs couplings, so
if the Higgs has only moderate deviations from SM cross sections and decay rates, then natural-

ness generically requires light stops. In our analysis, we choose B; = (\, k,m%, M1, k', ys, ).

3.4.2.1 k' =10 TeV

The following considerations give a bottom-up picture of what is needed to generate a natural
superpartner spectrum (in the decoupling regime) [90, 58] that radiatively breaks electroweak
symmetry with &’ = 10 TeV:

e The fine-tuning constraint (A~' 2 20%) requires |u| < 210 GeV, m; < 410 GeV (for
degenerate stop masses without mixing), mz; < 790 GeV (at the leading-log level; the actual

bound is significantly weaker because of the effect of strong interactions), my; < 890 GeV,
mg S 2800 GeV, and m < 4 TeV.

e Electroweak symmetry breaking requires A, k ~ 0.7 at low energies, as discussed in the last
section; we also need m% ~ —(400 GeV)? to generate a sufficiently large p term.

In Fig.[18 we show a typical mass spectrum for & = 10 TeV, where the lightest Higgs boson
mass is evaluated with the one-loop top-stop contribution added. The production cross section
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Figure 18: A typical mass spectrum for a compositeness scale of k' = 10 TeV. The states

with mixing are labeled by their largest components. In the left diagram, the states are always
ordered from heavy to light. The gluino mass of mg; = 946 GeV in the table corresponds to
Mz = 801 GeV at the scale m; obtained using the MSSM renormalization group evolution.
The wino is relatively heavy, which is necessary to generate a mass for the light pseudoscalar
ma, > my/2 through the A, term, in line with recent hints of a Higgs discovery. If the wino is
much lighter, the Higgs would decay almost entirely to pseudoscalars.

o(gg — h) is modified relative to the SM due to non-decoupling stop contributions and A terms;
this sample point has an enhancement of 13%. Unlike in the MSSM, the decay rate of the Higgs
into bb is depleted in ASUSY relative to the SM rate. As expanded in m?/m?, the rate is given
by (see the appendix)

['(h — bb) on o AU |AZ02 — ME|
—_— < =1t 2 ) 82
T BD) an (3 sin“2f3 2B, (82)

For the & = 10 TeV spectrum, this formula gives 0.88, within 10% of the exact result, 0.96.
Because of this suppression, the branching ratios into other modes are enhanced. In particular,
we find that Br(h — v7) is increased by 4% with respect to the SM, resulting in an enhancement
of 0(g9 — h) x Br(h — ~7) of 18%. This effect of an enhanced v signal has been observed
for a different parameter space of ASUSY in Ref. [52]; however, here the effect is not large and
the decays are practically SM-like. Notice in particular the small mixing of the Higgs with the
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Figure 19: A typical mass spectrum for a compositeness scale of &' = 1000 TeV. Definitions are
as in Fig. [I§ The gluino mass of m; = 814 GeV corresponds to Mz = 710 GeV at the scale m;
obtained using the MSSM renormalization group evolution.

singlet as anticipated in section [4.3.1] For our ¥’ = 10 TeV point, decay rate times branching
ratio of both the heavy Higgs and the singlet into WW or ZZ is four orders of magnitude below
that of the SM Higgs of the same mass, which makes them invisible to SM Higgs searches. For
the fine-tuning parameter, we obtain A~! = 19%, consistent with expectations based on the
general argument.

The heavy Higgs decays into A,A,, A,Z, and tt, with A, decaying predominantly into bb. The
singlet decays into A;A,, A,Z, tt, and h*th~. Due to associated Z production, discovery of these
particles may be possible at ete”  colliders such as the ILC/CLIC.
3.4.2.2 Kk’ = 1000 TeV

The fine-tuning constraint will be more severe for £’ = 1000 TeV than for &' = 10 TeV
because of the large In(k’/TeV) = 6.9. Performing the same bottom-up analysis as in the case
of k' =10 TeV, we find:

e The fine-tuning constraint (A~' 2 10%) requires |u| < 290 GeV, m; < 370 GeV (for
degenerate stop masses without mixing), mg < 460 GeV (again at the leading-log level),
my S 800 GeV, mp < 2500 GeV, and m < 3.6 TeV.

For k' = 1000 TeV, the theory is expected to be fine-tuned at the 10% level.
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In Fig. we show a typical mass spectrum for &/ = 1000 TeV. We find that, as in the
k' = 10 TeV case, the phenomenology of the Higgs is mostly SM-like: the production cross
section o(gg — h) is enhanced by 9% relative to the SM; Eq. gives 0.92 as the decay rate of
the Higgs to bb with respective to the SM, whereas the exact result is 0.96. This translates into
an increase of o(gg — h) x Br(h — ) of 13% with respect to the SM. As for the heavy Higgs
or the singlet, we again find four orders of magnitude suppression of production cross section
times branching ratio into WW or ZZ compared to the SM Higgs with the same mass. We find
fine-tuning of A™! = 10% for this sample point, which is in agreement with expectations.

We find that if we relax our requirement of tuning slightly, we can choose k’ to be much larger
than 1000 TeV without conflicting with Landau pole constraints. We, however, note that two-
loop stop contributions to the Higgs quartic are negative and the theory will therefore require
larger A, k, so it is not obvious that this statement will hold at two loops. Using the tree-level
potential as the other extreme to the one-loop potential, one finds that large A\, x ~ 0.8 — 0.9 are
needed to push the Higgs mass high enough and one cannot take &” much higher than 1000 TeV
due to Landau pole constraints. The truth is expected to lie somewhere between the tree-level

and one-loop situations.

4.4 Flat Space Realization

We now discuss realizing our basic setup, Fig. (1], using a flat space extra dimension. An obvious
way to do this is to simply turn off the curvature in models of Section [4.1] The analysis then
goes similarly with the replacement & — 1/7 R, except that we now do not have a large desert
above the compactification scale, 1/R, so we cannot have the high-scale see-saw mechanism or
conventional gauge coupling unification.

In this section, we pursue an alternative realization, adopting supersymmetry breaking by
boundary conditions associated with a compact extra dimension [91]. Our model is essentially
that in Ref. [92]. Specifically, we consider an SU(3)c®SU(2),®U(1)y gauge theory in 5D, with
the extra dimension compactified on S* /Z5: 0 <y < wR. We introduce three generations of
matter and Higgs fields in the bulk, but localize the third-generation quark doublet, right-handed
top, and Higgs multiplets to the y = 7R brane:

MQS,US,Hde < = (83)

TR’
where Mg represents bulk masses as in previous sections. When supersymmetry is broken by

twisted boundary conditions with twist parameter «, we obtain

(8%
m@37037Hu7Hd < m‘i’1,2,D3,fz3,E3 - E’ (84)
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at the scale 1/R, where we have taken

| My, 4,035,185 K % (85)
This condition guarantees that the first two generation sfermions are nearly degenerate in mass,
avoiding stringent constraints from flavor violation.

To obtain the spectrum we want, we take a/R to be in the multi-TeV region. For the gauge
multiplets, we introduce sizable gauge kinetic terms on (one or both of) branes, which control
the size of the gaugino masses:

TRg: 4 a
gg,A R’
where g5 4 and g4 4 are the 5D bulk and 4D gauge couplings, respectively, with g4 4 given by

= oo (87)
944 Y954 Y04 Yra
in terms of g5 4 and the brane-localized gauge couplings at y = 0 and 7R, gp 4 and g. 4. We
take My to be in the sub-TeV region.
Introducing a singlet field S together with the superpotential A\SH,H;+ f(S) on the y = 7R

brane, the analysis of electroweak symmetry breaking goes as in the previous section, with the

My = (86)

identification
1 o

K — 5 m — 75 (88)

A negative soft mass-squared for S can be induced, for example, by introducing some bulk field
that has a Yukawa coupling to S on the y = 7R brane.

In the present model, the two circles in Fig. [1| are interpreted as the 5D bulk (left) and the

y = ™R brane (right), rather than the y = 0 and 7R branes as in previous models. Because of

Eq. , only a part of the Yukawa hierarchy can be explained by wavefunction profiles. With

Eqgs. , the Yukawa matrices obtain the following structure from the wavefunctions:

e € ¢ e e € e e é
Yo~ | € € € |, ya~ | € & & |, ye~ | € 2 & |, (89)
e € 1 € € € e e ¢

where O(1) factors are omitted in each element, and € = 1/v/7R is the volume dilution factor.
The structure beyond this must come from that of 5D Yukawa couplings between matter and

Higgs on the y = R brane.

4.5 Conclusions

In this paper we have presented supersymmetric models in which light stops are obtained while
keeping near flavor degeneracy for the first two generation sfermions. Such a spectrum is mo-
tivated by the naturalness argument together with the recent LHC data. Our construction is
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based on the basic picture in Fig. being “close to” electroweak symmetry breaking implies
being “away from” supersymmetry breaking, and vice versa. In models where the two sectors
correspond to the two branes at the opposite ends of a (warped or flat) extra dimension, the de-
sired superpartner spectra are obtained while reproducing the hierarchy in the Yukawa matrices
through wavefunction profiles of the quark/lepton fields. A relatively large Higgs boson mass,
including m;, = 125 GeV, can be easily accommodated if the scale of Kaluza-Klein excitations is
low. For models in warped space, the AdS/CFT correspondence allows us to interpret them in
terms of purely 4D theories in which the top and Higgs (and the left-handed bottom) multiplets
are composites of some strongly interacting sector. An alternative realization of the picture in
Fig. [1]is obtained by identifying the two sectors as the bulk of a flat extra dimension and a brane
on its boundary, and by breaking supersymmetry by boundary conditions, which we have also
discussed.

In the coming years, the LHC will be exploring the parameter regions of supersymmetric
theories in which the stops (and the left-handed sbottom) are light. If electroweak symmetry
breaking is indeed natural in the conventional sense, the LHC will find the stops in the sub-TeV
region. If not, and if the SM-like Higgs boson is confirmed with m; ~ 125 GeV, then we would
be led to consider that supersymmetry is absent at low energies, or it is realized in a somewhat
fine-tuned form, perhaps along the lines of scenarios considered in Refs. [93, 94, [95].
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A Press-Schechter Formalism and Fitting Functions

The Press-Schechter function F' is

d(t
F(M,t) = erfc (L) : (90)
V20(M,t)
where 0.(t) and o(M,t) are given by [41} [47]
1.629 + 0.057 ¢~ 23GNpat? for ppy >0
0e(t) ~ .\ 20 N (91)
1.686 + 0.165 (t h) +0.149 (t h) for py < 0,
with teunen defined in Eq. , and
o(M,t) ~Qs(M)G(t). (92)
Here, @) is the primordial density contrast,
0 or1—1/0.27
(M) ~ [(9.1 p2/3)702T 4 £50 5 log, (834 + 5~ /3) — 92} 0'27] , (93)

where p = MfQG%2 with & = pmagter/ny > 3.7 €V, and
4/ 0.82
0.206575 [tanh®/*(3 Hyt) {1~ tanh" ¥ (3 Hyt)}
G(t) ~ +1.437{1 - cosh—‘*/?’(gHAt)}} forpp >0 (94)
1/3 2.187 =1 27 -1
0.549 €3G 13 42/3 [1 +0.37( t ) ] [1 . ( t ) } for py < 0,

terunch terunch
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where Hy = /871G x|pal/3.

The function H in the extended Press-Schechter formalism is given by [39, 48]

H(t'; M, t) = — M]\;% dcj\i’(M/’t/’M’de/’ (95)
where 1 Su(tr)  6u(ta)
By b, Moy tz) = erfC(Q\/Q(s(M1)2 — 5(My)?) (G(t1) B G(b)))’ (96)

with s(M) and G(t) defined in Egs. and (94).

The virial density as a function of time can be fit, following Refs. [41 48], as the density
evolution of a closed universe, according to Birkhoff’s theorem. The virial density is then given in
terms of the density at turn-around rescaled by the ratio of the volumes, pyi; = (Ryir/Riwm)® Purn-
Here, R/ Riun — 2 at early times (t < 1/Hy) as well as for [py| — 0 at any fixed ¢t. For positive
pas Ryir/Riwn = 2/(V/3 — 1) =~ 2.73 at late times [49], while for negative pa, Ruir/Reum — 22/
for t — terunen. Our fit is given by

1
A1

sinh?2(3 Hat) ) 141 L
{(18ﬂ2pmatter(t)ﬁ> + (40.8 pA)1'41} for py > 0

sin?(2 Hyt) 123.6

97
(187‘-2pmatter<t> 3 ) 3 for pPA < 0 ( )
(§HAt)2 123.6+7(e4‘14m—1) )

pvir(t) =

where poatter 18 the matter energy density. This fit is accurate to better than ~ 5% and 2% for
pa > 0 and < 0, respectively[]

Finally, the time at which most of galaxies of mass M forms, i.e. the solution to Eq. , is
well approximated by the following fitting function:

1.880 + ¢y () M + es() M® + ¢5(a) M® for —10 < -2~ <0

3/2 - - - PA,obs
(M) /Gyr ~ % (@) + ¢ (a) BT + dh(a) P + (o) NS for 0< -2 <10 (98)
() + ¢ (a) M + (o) MP + &(a) M for 10 < —£4— < 100,
PA,obs

2For pa < 0, the approximation leading to Eq. 7 i.e. pyir & a few (pmatter +04 ), breaks down for ¢t /terunch =
0.8, where we should rather use py;, = 0 (since there is no stable structure forming). However, since py;, in Eq.
is small there anyway, using it up to t/tcrunch = 1 does not lead to a significant error.
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where a = (pa/paobe) (Qobn/ Q)P M = loggg gy, and

ci(r) = —0.311+ 1.276e"327* + 1.4121og;o {1 + |2|° 7},
c3(x) = 0.470 — 0.656 >™* — 0.317log;,(0.2 + |z|),

cs(x) = —0.0142 + 0.0381 27% + 0.00822 log;o(0.05 + |2]),
& = 1.880 — 0.00205 z,

/
o(x)
1(z) = 0.408 +0.569 =101 4+ 0.295 log;o (1 + z),

d(z) = 0277 —0.251e* — 0.125log;o(1 + ), (99)
() = —0.000889 + 0.0151 e~* — 0.00220logo(1 + ),

(r) = 1.880—0.00205z,
(z) = 0.767 —0.00293z — 230 2%,
i(z) = —0.530 + 0.000336 = + 0.847 z~01,
(z) = 0.106 — 0.0000118 2 — 0.125 2% — 0.0131 log,,(—5 + ).

This fit is accurate to better than ~ 5% for M 2 10" M, (but it becomes worse for smaller M,
e.g., the accuracy is ~ 12% at M ~ 6 x 10'°M). For 100 < pa/pa.obs < 150, we use the last
expression of Eq. , good to the level of ~ 10%; and for pa/pa ons > 150, we use

puie(T(M)) /(1072 g/cm?®) ~ (3.66 + 0.032 ) — (1.36 + 0.0013 o) M, (100)

which is accurate to the level of ~ 10% up to pa/pa,obs = 4500.

B Anthropic Condition from Metallicity

In this appendix, we derive the function n arising from the metallicity constraint, Eq. .
Suppose that in a merging tree of a galaxy j at time ¢, j is found to have progenitor galaxies
i =1,2,--- with varying masses M; at time ¢’ < ¢t. Note that this also includes accretion, i.e.
matter that was not part of galaxies of appreciable size, since F(M = 0,t) = 1 in the Press-
Schechter formalism, where accretion is treated as mergers of extremely tiny galaxies with a
large galaxy.

Now, let us assume that the relative mass fraction in j that came from ¢ and ¢’ is given
dF(M t)/dF (M, ,t)

, 1.e. the ratio of total amount of baryons at time t' in galaxies of type ¢
and i, respectlvely. This is true within the Press-Schechter formalism as long as M; » < M;,
since then the overdensities within spherical top-hat regions containing masses M, ; and M; are
independent of each other at early times. Once M, =~ M;, the assumption is not justified, but
in these regimes, there can only be a small amount of merging occurring from 4, ¢ to j, implying
little contribution to metallicity. The assumption, therefore, provides a good approximation.
Let z; (i =1,2,---) be the fraction of baryons in the universe that formed stars in halos of
mass M; at time t'. In our simple model, the star formation rate is proportional to the rate of halo
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formation for masses M > M,,;, and otherwise zero: dx;/dt’ oc ©(M;— My ) d*F(M;, t') /dM;dt'.
The increase in total metal content summed over galaxies of mass M; is taken to be proportional
to the star formation rate therein, dx;/dt, so the increase in (linear) metallicity dZ; is

dF(M;, )\~ dz; dF (M;, ¢')\ " d2F(M;, 1)
de t/ 19 _’Ldt/ (2 (2]
(t) o ( M, ) ar "\ an, dMdt

i.e. the total increase in metal content divided by the total mass. The increase in metallicity

O(M; — M) dt’, (101)

of galaxy j due to stars at time ', then, has to be weighted by the relative matter fraction of
galaxies i, as described above:

dF(M;,t") d?F(M; ")
> dF (M 1) X > dF (M 1) ’
i dM; i dM;

dz;(t') =

where we must normalize to the total mass of galaxy j at each time ¢'.
In the continuum limit, the sum over ¢ becomes an integral over masses. Therefore, the

metallicity of galaxy j of mass M at time ¢ is

i Md
Z(M, t) o dt/ fO dM'’dt’

M EEQLY) (A1 — M) _ /f i LLF(Myin, ') — F(M, ')} (103)
0 fOMdM’ AEO) 0 1 — F(M,t) 7

where t = min{¢, fstop}. The constraint that one cannot accumulate negative metallicity deter-
mines the timescale fstop as a solution to
d

AF (Moo, ) = F(M.#)}

=0, (104)

t :t~stop

at which time merging of galaxies of mass M.;, < M’ < M into those more massive than
M begins to dominate over formation of new galaxies in this mass region. Since merging into
larger structures is also occurring at earlier times, one expects that we slightly underestimate the
metallicity. However, in practice, the formation of new galaxies in this mass range and mergers
into structures beyond are well separated in time, so a simple cutoff at fsmp is sufficient.

Now, since F(M,t') < F(M,tyop) = erfc(1/+/2) =~ 0.317, the denominator of Eq.
is always between 0.68 and 1; in fact, it is very close to 1 in most of the parameter regions.
Therefore, we can safely ignore the denominator of Eq. and obtain

Z(M,t) < (F(Myin, ) — F(M,)). (105)

In general, the probability of forming planets is expected to be proportional to some power m
of the metallicity [43], 44]. This gives

n(M,t) = Z(M,t — teyo)™, (106)

which is Eq. in the text.
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Figure 20: The Higgs boson mass as a function of A for fixed values of tan # and &, given by
the exact tree-level formula (black, solid line), the first-order (red, dot-dashed) and second-order
(blue, dashed) analytical formulae in Eqgs. (107, [108). On the left, the piece-wise exact analytical
solutions for tan § = 1 are also shown as magenta, dotted lines. The second-order formula gives
a very good fit away from the point tan f = 1, A = A\, where the dotted lines cross.

C Analytical Formulae for the Higgs Boson Mass

We first describe the effects of A-doublet mixing in the non-decoupling regime, 2\?v,vy ~ B,, +
v,049%/2, in terms of an expansion in m7/m? (light Higgs mass over heavy Higgs mass) up to
second order. For this purpose, we suspend doublet-singlet mixing in this paragraph; it will be
discussed below. We find that to first order in the above mentioned expansion, the light Higgs

mass is given by

A2v? — M2
m; =~ M cos?23 + \v?sin®2f3 (1 — TZ sin 25) , (107)
o
where we have used the zeroth order result m3, = 2B,,/sin2/3. This approximation is valid to
within 10% for tan 8 2 2 with k = 1, p = 200 GeV. Performing the expansion to second order

in m3? /m3;, we obtain
2 .
o _ o 2B,— Mzsin2p
mh ~ mh,o 2B
n

1
— mio sin 23’ (108)

where mio is given by Eq. . We find that this second-order expansion gives the correct
Higgs mass to within 2%, 5%, and 10% for tan 8 > 2, 1.4, and 1.2, respectively, with x = 1,
p =200 GeV. The analytical formulae are compared with the exact tree-level values in Fig. [20]
As tan 3 approaches one, the gap between the light and heavy Higgs masses shrinks to zero at
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a value of A = Ay given by A\2,0? = B, + M%/2. This kink-structure cannot be faithfully
described by a perturbative expansion in m3?/m?. For tan 8 = 1, Eq. is an exact solution
for A < A, while m3 = 2B, + M% — X*0? for A > Auie. In the case of a large Higgs mass,

m3? > M2, a useful expression is

1 B
2 _ © : 2 2
my = 5 <m — \/(2>\2U2 S1n 25 — 2BH) + 4B’3 cot 25) . (109)

We now give an analytic formula for the correction to the Higgs mass from mixing with the
singlet in the limit of negligible A-doublet mixing, 2A\*v,vq < B, + §*v,v4/2, which corresponds
to the doublet-doublet decoupling regime. Performing again an expansion in m3 /m?, with m?

the M2, entry of the scalar mass matrix, one finds to first order

Apo? A ?
gm2 = — -+ (/\— </f+/\2—2> sin25) . (110)

2
mg

In the limit A, , — 0, this agrees with the result in Ref. [83].
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