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The scalar dark matter candidate in a prototypical theory space little Higgs model is investigated. We review
all details of the model pertinent to a relic density calculation. We perform a thermal relic density calculation
including couplings to the gauge and Higgs sectors of the model. We find two regions of parameter space that
give acceptable dark matter abundances. The first region has a dark matter candidate wit® gl®@asseV),
the second region has a candidate with a mass greate Q{00 GeV). The dark matter candidate in either
region is an admixture of agU(2) triplet and anSU(2) singlet, thereby constituting a possible weakly
interacting massive particle.
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[. INTRODUCTION weakly coupled or a “superweakly” coupled,. By super-
weak coupling we mean that it does not couple significantly

The “little Higgs” models provide a new mechanism to to standard modglSM) weak vector bosons, it only couples
stabilize the weak scale wherein the standard model Higgto the TeV scale vector bosons. A second preferred regime
boson is a pseudo Goldstone bogadr-4]. The mass of the €Xists where the dark matter candidate is heavy, with a mass
Higgs boson is protected by approximate nonlinear globagreater thard(500 GeV). The preferred couplings bif, in
symmetries. Subsets of these global symmetries are brokdhis regime vary from weafat my,  of O(1 TeV)] to super-
by couplings in the theory; however, this breaking occurs inweak [at my, of O(500 GeV)]. We discuss possible addi-
such a way that any single coupling preserves sufficient symyjonal effects on the relic density calculatisheyond cou-

metry to keep the Higgs boson massless. This ensures thgjings to the gauge and Higgs secoasd find that they will
there are no one-loop quadratic divergences to the Higggsually only strengthen our conclusions.

boson mass and allows a two-loop separation between the
weak scale and new physics. The propertie_s of these models Il. DARK MATTER CANDIDATES IN LITTLE HIGGS
allow for some distinct phenomenological signaturg$l. MODELS
The dark matter problem is one that has long been opti-
mistically tied to the theory of weak interactions. At the In terms of dark matter, LH models come in several vari-
present time, it is not certain exactly what constitutes theeties. Some LH models, referred to as “theory space” LH
dominant portion of the matter density in the Universe, butmodels[1—3], contain new possibly stable neutral particles.
its nonbaryonic nature is generally agreed upon. It happenslany other LH models, especially nontheory space models
that a stable neutral particle with standard model weak cou4], have no potential dark matter candidates associated with
plings and a weak scale mass gives roughly the corredhe little Higgs mechanism. For those theories that do con-
amount of thermal dark matter. Such an intriguing coinci-tain the possibility of new stable neutral particles, one can
dence should not be overlooked in any theory attempting tplace constraints on the LH model by requiring that this
explain the breaking of electroweak symmetry. Since littleparticle supply all of the necessary dark matter. In the very
Higgs (LH) models offer a mechanism to stabilize the weakleast, one must require that this particle not providere
scale, it is natural to ask if LH models have anything to saythan the required dark matter. If it provides less, then to
about the dark matter problem. explain the remaining dark matter there must be other stable
In this paper we investigate the possibility that LH modelsparticles from the ultraviolet completion to the LH model,
may explain the observed abundance of dark matter. We firgiotentially similar to particles in Ref8].
review some general features of theory space LH models that At this stage it is useful to state what specific character-
are related to a dark matter analysis. Then we specialize tistics of LH models allow for a possible dark matter candi-
the case of th&O(5) theory space LH model contained in date and to compare these with models of broken supersym-
Ref.[7]. Next we perform a relic abundance calculation in-metry. In models of broken supersymmetry, it is usudly
cluding couplings of the dark matter candidate to the gaugearity that keeps the lightest supersymmetric partit8P)
and Higgs sectors of the model. We find that a specific LHstable. One way to define the charge of a given particle under
model allows proper dark matter abundances in two distincR parity is R=(—1)?*38*L_Herej is the spin of the par-
interesting regions. First, the correct relic abundance igicle, B is the baryon number of the particle, ahdis the
achieved when the dark matter candidaldy, has mass lepton number of the particle. This results in every ordinary
0(100 GeV). Amass 0D(100 GeV) is allowed for either a particle being even undét parity and every supersymmetric
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partner being odd undeR parity. If R parity is a conserved standard model fields, including the Higgs, are even under
guantity, the lightesR-odd particle must be stable. This sta- this Z,. In addition, theory space LH models always contain
bility is one of the crucial ingredients that allows the LSP in scalars¢ and z, which are both odd under tt# symmetry.
models of broken supersymmetry to be a possible dark matFhus, the lightest of these two will be stable and will consti-
ter candidate. Since the present number density of a therméte the model's only hope for a thermal dark matter candi-
dark matter candidate is determined by the evolution of itglate. Interestingly enoughj and » are uncolored and also
abundance on a cosmological time scaley sizable viola-  transform under the electrowe&J(2)y><U(1)y as3, and

tion of R parity will result in no observable present-day relic 1o, respectively. So only thes can be considered a weakly
density. The other necessary ingredient for dark matter is th#iteractive massive particleVIMP). Regardless, there are
correct combination of mass and annihilation cross section. limportant similarities between particle characteristics that
is an intriguing, and much-studied, coincidence that a stabléXist in theory space LH models and characteristics that al-
particle with a mass of the order of the weak scale and anlow the LSP in broken supersymmetric theories to provide
nihilation rate dominated by weak processes gives a presef@ughly the correct amount of dark matter.

thermal relic abundance in the correct range to explain the After electroweak symmetry breakin@WsSB), ¢ and »
observed dark matter. In models of broken supersymmetngdecompose into

the lightest neutralino and sneutrino have just these addi- 0 4+ o

tional characteristics, on top of one of them frequently being ¢—=(87¢7), n—7. @

the LSP. , 0 0 . .
- . Typically the ¢° and ” mix after EWSB due to interactions
What characteristics of LH models might allow for the t .
. : .of the f h'¢h. We label th
right dark matter abundance? Are the requirements of St&bl&,t e form »h'é € label the mass eigenstatis and

) . 1 - Electrically charged particles cannot serve as dark mat-
ity, weak-scale masses, and weak coupling accurate and syt ¢ . - Th q ith
ficient to provide the correct relic density? We will find the er so one must requit,->my,. The ¢ an K .can either
necessity of weak-scale masses and weak coupling to geave the masses generated completely radlatlvely_or have a
model dependent. However, let us repeat that the issue &fee-level mass from an(} plaquette”[9]. Schematically,
stability is generally not a model-dependent question. Sincée mass matrix is of the form

cosmological time scales govern the annihilatiamd pos- 1

sible decay of a dark matter candidate, any such candidate =—2rm2 (24 m2 (192—=2m2 »0,°

with a lifetime shorter than the age of the Universe will have Evass™ = LM (87074 My, (777 20577

completely decayed by today, resulting in no relic abun- m2 6|2 )
dance. Fortunately some LH models do contain symmetries a4
that can protect the stability properties of some constituenfiip
fields.
Theory space LH models allow for a geometrical descrip- M5 ,=Ma+ma+mz+mg,
tion of the group and field content. Such a geometrical de-
scription can also be used to illustrate some of the symme- m? = m&+mz+mg,
tries of the models. For instance, many theory space LH
models contain &, symmetry that can interchange the non- mi,,= mz, (3

linear ¢ model fields among themselves. This symmetry is ) S )
visualized in Ref[2] as rotations of 90° on a square torus, Wheremg, ms, mg, andmy, are the masses from gauge
though the symmetry exists in many theory space LH modeléteractions, scalar interactions, electroweak symmetry
without such a simple visualization. For instance, this symbreaking, and possibly a tree-level mass from én
metry is contained in the modET] we study in greater detail Plaquette. Becausg is uncharged under the standard model
later on in this paper. Because the lightest Higgs boson i§auge interactions, it does not receive a mass from this sector
contained in these nonlinearmodel fields, th¢Z, symmetry ~ Of the theory. The gauge contribution is typically the largest
is broken once electroweak symmetry is broken by the detadiative contribution to the masses because

velopment of a Higgs vacuum expectation val(EV). In

2 2 2

the model we study in detail, the existence of the Higgs VEV 2 _ 3im2 o AT 2 N5 | AT
. ) : X 6= - Mwlog| ——|, mg=——=mjlogl —-|,

breaks this symmetry down t6,. It is the existence of this 8 my, 8 my,

symmetry that allows theory space LH models to contain
interesting dark matter candidates. , 1,

Given the freedom contained in many LH models, it is Mg= 7 Av", 4
possible that theZ, and consequerit, symmetries be ap-
proximate instead of exact. This is disastrous for the darkvith m,,=1.8 TeV andm, =1.5 TeV! Here ¢’ are the
matter candidates we investigate, as has been explaingé®avy scalars needed to cancel the quadratic divergences of
above. Therefore, our results apply only to models in which
these symmetries can be made exact. From here on we make——
the explicit assumption that at least thesymmetry is exact.  The constraints on the masses of these particles come from pre-
As a result of our assumption, the lightest particle chargedision electroweak constraints and limits on the breaking stale
under thisZ, will be stable. In theory space LH models, the [7,10,11.
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the Higgs quartic coupling antlv’ are the heavy gauge xngGxig;U(z)XU(l). (7)
bosons needed to cancel the divergences coming from the
standard model gauge bosons. The parametdetermines | terms of the vocabulary of moose diagrams, this setup is a
the weight of the Higgs potential to be defined in E-W)z- “two-site—four-link” model with each “site” being a gauge
As ZF'S“%LU is the magnitude of the two Higgs VEV®"  group[G andSU(2)x U(1), respectively and each “link”
=v1+v; for the two Higgs doublet model we study in detail peing a N&M field. Since each link is charged under the
in the next section. The cutoff of the theory s~4nf  gauge groups living at both sites, a geometrical picture can
~10 TeV andg is the gauge coupling related to the TeV pe drawn of the model as two dots connected by four lines.
scale vector bosons. The mass matrix #8rand 7° can be  This model is closely related to thex2 toroidal moose of
diagonalized by an orthogonal transformation with a mixingref. [1], which is a four-site model and is also easy to visu-
angle, 9, . If contributions from(} plaquettes are ignored, alize. One views the 22 toroidal moose as four dots, the
the lightest eigenvalue of the mass matrix is of ordercorners of a square, connected by link fields to make the
100 GeV. Including) plaquettes can lift the lightest eigen- structure of a toroid. The minimal moose is related to the 2
value up into the TeV range. X 2 toroidal moose through orbifolding by a translation
Depending on the full model, there can be a symmetryajong each of the diagonals of the<2 toroidal moose.
that interchanges®— 7° in the absence of gauge interac-  The gauge symmetries explicitly break the global symme-
tiOI’]S. For thESO(S) model we Study in the next Section, th|S tries_ The breaking Of th@ﬁ g|0ba| Symmetry iS accom-
symmetry just exchanges t§J(2); andSU(2), subgroups  plished by only theG gauge transformations. Similarly, the
of the SQ(5). 'I;h|s symmetry guarantees that the scateg) breaking of theGf; global symmetry comes only from the
and EWSB (ng) contributions betweers® and 7° exactly  SU(2)x U(1) gauge transformations. Since the gauge struc-
cancel in the calculation of this mixing angle, now given by tyre of the model is known, one can write down the kinetic
terms in the Lagrangian:

tan 29, ,=—. (5) 1
mg Li=> Z f2Tr D, X; DX/, (8)

This angle becomes small whetg, grows large. In this limit
the dark matter candidate becomes predominapfhlike =~ wheref is the pion decay constant of thedW. TheD , are
and does not have gauge interactions with the electroweatke covariant derivatives, to be defined more explicitly be-
vector bosons. However® does have gauge interactions low.
with the additional vector bosons of TeV-scale mass. Itis for Up until this point we have kept the gauge groBpun-
this reason we call this limit the “superweakly” interacting specified. We have done this because the minimal moose is,
limit. It is not uncommon to haven large enough to yield in some sense, modular. Many general properties are deter-
codd,,~0.95. mined irrespective of which group is chosen, as londzas
containsSU(2)X U(1). However, each group offers differ-
ent predictions for TeV-scale physics. As a result, some
choices lead to tension with measurements of precision elec-
The smallest theory space LH model is called the “mini- troweak observables. For instance, in the original minimal
mal moose”[3]. The total global symmetry structure of the moose[3], G was chosen to b8U(3). Thetheory resulting
theory is G X Gg)*. This global symmetry structure is the from this choice can be significantly constrained by precision
essential feature that protects the Higgs field from one-looglectroweak physic$10]. In Ref. [7] it was shown that
divergences. The theory contains four nonlingamodel  SQ(5) [or equivalentlySp(4)] has acustodialSU(2) sym-
(NIoM) fields X;,i=1,...,4. The presence of each metry that allows a simple limit where precision electroweak
NloM field breaks a globa6, X Gg symmetry down to the constraints are rather easily satisfied. There are several other
diagonal grougGp . Under global symmetry transformations groups that would work equally well such &U(4) or

A. The minimal moose

g. andgg, the NloM fields transform as SO(7), but wechoose here to only pursue tB€X5) model
" described in Ref[7]. This group has the added bonus that
Xi—0LiXORi- ®)  thereis a symmetry in the gaugeless limit that interchanges

¢° and 7° so that Eq.(5) is valid. Another important moti-
In some models there is also an exdgtdiscrete symmetry yation forSO(5) is that the approximaté, symmetry that is
that interchanges the biM fields. It is theZ, symmetry that  phenomenologically necessary to prevent unacceptably large
will result in a stable dark matter candidate. triplet VEVs can and will be lifted to an exact symmetry and

Only a subgroup of the entire global symmetry group iswill ensure the stability of the dark matter candidate.

gauged. InsideGg, SU(2)xU(1) is gauged while inside Even though th&O(5) model is relatively unconstrained
Gf, a group G is gauged that also contains &WU(2) by precision electroweak physics, some constraints from
X U (1) subgroup. The four MM fields break this extended such considerations do exist. The most important comes
gauge symmetry down to the diagonalJ(2)yXxXU(1)y. from the breaking of custodigdU(2) by electroweak sym-
The NlorM fields transform undegaugetransformations as metry breaking VEVs. This breaking of custodi8lU(2)
bifundamentals: places a limit of 700 GeV on the MM breaking scalef.
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The custodialSU(2) violation is proportional to sing, 0, . 01

where tanB=v,/v, is the ratio of the VEVs of the two tang= g5’ tang T 1D
Higgs boson present in the modske below To suppress

this effect, it is preferred foB to be relatively small. In the At low energy the minimal moose has the same physics as
7, symmetric limit that we are pursuing to find dark matter, any toroidal theory spadéd.,2]. At tree level, two orthogonal
there are no issues of triplet VEVs because there are noombinations of pseudo Goldstone boson multiplets are
trilinear couplings between the Higgs doublets and themassless. In terms of the linearized modes exp(x; /f), we
SU(2)y triplets. The effects upon the obliqu®and T pa- take the massless combinations to be-x3 and X,—X4.
rameters from the new, symmetric top sector would need Continuing to follow the conventions of Ré8B], these mass-

to be calculated in this model. However, it should be possibldess fields can be parametrized as

to make the effects small without significantly altering the

limits. In addition to the mildness of precision electroweak X1=X}=e? 0/, (12)
constraints, another benefit of this model is that it has a rela- _
tively minimal set of particles. Xp=X}=ed /T, (13

Let us explicity summarize some details about the sym-
metries and symmetry breaking in the model we are investiSo in terms of the massless modes, there are two
gating. TheSQ(5) minimal moose defined in Ref7] has  NloM fields, X=exp(x/f) andY = exp(y/f), called the little
the expected site group structuBx G’'=SQ(5)X[SU(2) Higgs fields, that transform as adjoints under the diagonal
XU(1)]. The[SO(5)]® global symmetry is broken by the global SO(5) symmetry. The low-energy Lagrangian in
SO(5)X[SU(2)*xU(1)] gauge interactions. The aforemen- terms of these fields is
tioned custodialSU(2) is approximate and comes about 2 2
from the gauging ofSU(2), in addition to the secondary _ 212 S 12 4
SU(2),, both from theSO(5). Thus, there exists a complete ELE_ZT”DMx' +ZTr|DMY| FAFTTXY XY,
set of SO(5) vector bosons witlsU(2), X SU(2), represen- (14
tations W'~ (3,,1,), W' ~(1,3), V~(2,,2). Due to the
embedding ofU(1)y inside the fullSO(5), theW" bosons  The covariant derivativd), acting onX andY, only contains
split into W™= and W3 W' is the field responsible for the standard modesU(2),,x U(1)y gauge fieldsX and Y
cancelling the quadratic divergence of tHé¢1)y gauge bo- also have interactions with the TeV-sca¥ andB’ vector
son. If it is assumed that tHeQ(5) gauge coupling is large, bosons, but these have not been included in &d). For
the standard modelV and B are mainly composed of the dark matter calculations, the most important interactions are
[SU(2)XU(1)] gauge bosons. The heavier orthogonal com-given by Eq.(14) and
binations, W' and B’ are thus mainly composed of the

SO(5) gauge bosons. The &M fields X; break SQ(5) Ly int=19 cot2«9(TrWl'LXT15”“X+TrW;’LYT15MY)
X[SU(2)XU(1)] down to the standard modeU(2)y
xU(1)y, thereby givingW’ and B’ masses in the TeV +HCcH+--- (15

range. At scale of th&V/’' mass, the entir&, symmetry is
still intact. As the energy scale is lowered, the standard Higgs ~ Lg/,«=ig’'cot26’(Tr B;LXTf)“X+Tr B;LYTf)/‘Y)
mechanism breaks electroweak symmetry and the Higgs
VEVs break?Z,— 7,. However, as previously mentioned, this tHCeA+- -, (16)
7, is sufficient to preserve the stability of the lightest eigen-
state of the ¢, ¢) system.

In the case ofSO(5) the covariant derivative acting on

where interactions involving more than one heavy vector bo-
son have been suppressed. The gauge mixing armgéesd

the NloM fields is ¢’ have been given in Eq.l1). Bounds from nonoblique
precision electroweak corrections require bétand 6’ to be
Dp,xi:&uxi_igsxiT[mn]W[sTLn] small [10,11,7,1,2,1]3 F(I)r simplicity we take the couplings
of XandY to W' andB’ to be identical to the couplings to
(g T AW, 2+ g, T W)X, (9)  the standard mod&V andB.

The potential in Eq(14), when expanded in terms of the
In this definition, WL are the gauge bosons of the group linearized modes to leading order, is
SQ(5), W'M'a are theSU(2) gauge bosons, ar)l:i/;;3 is the 5
U(1) gauge boson. Expanding thedll fields aroundX; VXy)=\Trxy]" 17
=1, one finds that the kinetic term contains mass terms fo

the Te\-scale vector bosons with [rhe linearized fieldsx andy, are adjoints under the unbro-

ken global Gp. Under the electroweak SU(2)y,
XU(1)yCGp, the linearized fields decompose into several

8ng2 Sg/2f2 . . |
2 _ 2 _ (10) representations. These representations inclégdend 7,

w = » Mg, == A . ) )
sinf26 sinf26 which are in the3; and 1, representations oSU(2)y
XU(1)y, respectively. The decomposition also contams
The mixing angle®) and ¢’ are defined as which is in the?2,, representation and is identified as the
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standard model Higgs field. There can be additional matteto lift the masses for the’s and »'s from the weak scale to
fields as well, but those are unimportant for our present disthe TeV scale without affecting naturalness.

cussion. It is important to remember that the mass matrix of the
The discreté’,, symmetry of the low energy theory in Eq. (#,¢) system is dominated by contributions from gauge in-
(14) takes teractions, and this frequently results in a lightest eigenstate
that is mainly»-like. Due to this strong dominance in deter-
X—Y, Y-=X' (18 mining the mass eigenstates, the gauge interactions also have

a dominant influence on the relic abundance, as will be
In Ref.[2] this symmetry is understood as 90° rotations on &clearly shown in the next section. For concreteness, we ex-
square torus. It is possible to lift this symmetry to the entireplicitly give the part of thep covariant derivative containing
high energy theory and also to make the symmetry exact, aégy;
is done in Ref[2]. In many models there will be a transfor-
mation that takeX— (1 X() and leaves they and ¢ fields  p 4
invariant but rotates the Higgs fields ®/™. For instance, ey

such a transformation can take the form @f=diag(—1, R 1 d, 5 igW2 0, —gWi o0

—1,1) forG=SU(3) [2] or Q =diag(—1,—1,—1,—1,1) for Tl w2 40 1,0 _ 0 :

our choice ofG=SQ(5) [7]. For the model of Ref(7], this V2V IgW,, by +gW, ey Tubxy

is just the Z, symmetry from theSU(2), subgroup of (21
SQ(5), different from theZ, symmetry of Eq.(18). After

electroweak symmetry breaking the discréje< 7, structure The charged and neutrah fields also have interactions
breaks, leaving only an exa#, symmetry: with the heavy vector bosons through interactions derived

from Eq. (16):
X—0xX'Q, Y—QY'Q. (19 i i
Lo ine=i9 COL20(Tr W, pID b+ Tr W), oD )

Under this symmetry, the standard model fermions and
Higgs bosons are even, while— — ¢ and »— — 5. This tHeA+- - (22)
symmetry will leave the lightest triplet or singlet scalar
stable and can result in dark matter. It is important to note  Lg/j,=ig’cot2¢' (TrB/,¢iD* ¢+ Tr B/, ¢ID*¢b,)
that to have a viable dark matter candidate it is necessary
both that theZ, be exact and that the dark matter candidate tHe+- - (23
be the lightest field transforming under tiig. Generally the o . )
stable scalars iX do not mix significantly with the stable ~ We have left theg in its SU(2) triplet form in Egs.(22)
scalars inY. This is because mixing is only generated at loop2nd (23), but decomposition inta~ and ¢° follows using
level through higher-order interactions with the Higgs bosor{he stgndard operations. One can easily fmd the interactions
and the top quark. Each little Higgs field,andY, contains a  involving ¢° by realizing that the neutral field comes only
neutral and a neutratp, so there are four electrically neu- from thea=3 part of ¢=¢*T* where T* are theSU(2)
tral mass eigenstates that come frop, and ¢, ,. The ~generators defined in the Appendix of REf].
interactions of thek andY fields are the same at tree level, so  The 7~ has no direct gauge interactions except for terms
the minimal moose has two almost identical copies of thdike g'?7°7°B;B’#. These terms do not contribute to an
neutral » and ¢ fields. Thus we typically have two nearly extent that suppresses the relic density into the cosmologi-
degenerate scalal andN, and the two heavier admixtures cally preferred range. . _ _
N; and N,. SinceN; and N, are nearly degenerate, the After the gauge interactions, the most important interac-
evolution of their relic abundances are intertwined. Evenfions come from the quartic potential. To determine the quar-
though the heavier of the tw@ssumed to b, for simplic- tic potential, one must _deflne t_he VEVs for the I|r_1ear!zed
ity) will decay into the lighter one quicklycompared to the modesx andy that contain the Higgs bosons. The directions
time scale involved in relic abundance evolutioboth play ~ ©f these VEVs are
important roles in the correct determination of the final dark
matter density. When we perform the relic density analysis _vcosBcogél) _ . vcosBsin(él) _ .
we take this complication into account. (x)= V2 T 2 ™,

It is also possible to deform the minimal moose by adding
Q) plaquettes. At low energies these deformations result in ) . )
terms being added to E(l4), of the form (y)= v sin cog £/2) o, Y sin B sin(£/2) Tv3

V2 V2 ’

Lopia= kFTrOXQX+ 1 f4TrQYQY+H.c. (20 (24)

These operators give tree-level masses for the scalarsd  where we are again using the generators in the Appendix of
¢ while leaving the Higgs field massless. They can be mad®&ef.[7]. The quartic potential cannot stabilize EWSB when
to be symmetric under the full, X7, high-energy discrete &=0,7 because this is precisely wherey]=0. In Ref.[7]
global symmetry. Furthermore, these deformations allow ughe angle¢ was taken to ber/2 to simplify the analysis, but
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it is possible that a symmetry can enforce this. In this papemy =my, and can annihilate, as mentioned before, through

we use this limit as a simplifying assumption. a mixture of weak and superweak gauge bosons and also the
Below we give the interaction potential for they(#)  Higgs bosons.We have given these interactions explicitly in

system that we use in part to compute the annihilation rate iIEqS_(14), (21), (22), (23), and(25). From this we can calcu-

the next section. This interaction pOtential can be deriveqate a therma”y averaged Cross Sect{m>_ The therma”y

directly from Eq.(17). Theh® is the usual lightest Higg$1®  averaged cross section is used in the evolution equation for

is the heavyCP-even Higgs and\’ is the CP-odd Higgs.  the number density d;, the Boltzmann equation:

Theh®—H° mixing angle «, is typically close tg3 with this

Higgs potential although our results are generally insensitive dn 5 a2

to this. Choosingr= 3 the potential is a —3Hn—(ov)[n“—(n°H“]. (26)

The Boltzmann equation shows that universal expansion
always dilutes the number density of a particle species, but
\ also that annihilations only become important once the par-

Y O/ 40_ _0\2 0_ _0\2 ticle species has diverted from equilibrium with the rest of
7 SIN2BHT (b= m) "+ (by = my)°] the Universe. One would naturally expect this departure from
thermal equilibrium to happen once the temperature of the

+)‘_UA0 0,0 (25) Universe has dropped below the mass of the parti€le,
<my;. Once the particle has decoupled from the surround-

ing thermal bath, the number density is still being diluted by
As can be seen in the above equation, it is only interactionghe Hubble expansion. This expansion eventually shuts off
with the CP-odd Higgs boson that allow thdl; and N,  the annihilation once the expansion rate, seHbylominates
eigenstates to coannihilat®ther than these interactions, the gyer the annihilation rate, set By=n(ov). After this event
cosmological development of their relic densities is indepenpccurs, called “freeze-out,” the number density of the par-
dent. ticle species is essentially frozen except for further dilution
On the surface, the physical Higgs sector of this modefrom the Hubble expansion. Thus, one of the most important
resembles that in the minimal supersymmetric standardaiculations to be done to determine a relic density is the
model(MSSM). However, one notable exception is the cou-calculation of the temperature at which freeze-out occurs,

pling of b quarks to the lightest Higgs boson. In the MSSM, T This temperature is determined iteratively through its
the coupling of the lightest Higgs boson bhas a fixed  gimensionless inverse-=my. /T
1

tanB dependence. In the minimal moose, there is a freedom

V= %hf’[cosz/awi’— )2+ S B( ¢y — 7y)?]

as to whether the lightest Higgs boson couple® tguarks
proportional to tarB or proportional to coB. This can have Xe=1In 0.038 mP'mN1<UU> 27)
a non-negligible effect on the relic density. In the analysis F VO, XE '

below, we choose the coupling to be proportional togan

but we indicate how the allowed LH parameter space woultHere g is the number of degrees of freedom for the dark

change had we chosen the coupling to be proportional tenatter candidatemp, is the Planck mass, amy is the num-

cotB. ber of effective relativistic degrees of freedom at the time of
freeze-out of the dark matter particle. For weakly interacting

Ill. CALCULATION OF RELIC ABUNDANCES cold dark matter candidates, one normally fings=20.
Having determined ov) and xg, the most important for-
Now we will use the general properties of the possible LHmula we need is
dark matter candidate to calculate its relic abundance. We

will include all of the interactions listed in the preceding 5 1.07x10° GeVv!
section. These would be expected to be the dominant contri- Qgmh*=—75 ] , (28)
butions. Subdominant contributions might be expected from 9, Merd (XF)

interactions with other heavy states in the theory. We will o 5

find that a proper relic density generally preféfsto have a whereJ(xg) _IXF<O-U>X dx.

larger mass than estimated in the literature on LH models, [N many supersymmetric theories, one findsgpy

though the notable exception exists of a superweak eiger=100 GeV. Recall that in supersymmetric theories, many of

state. the annihilation channels of neutralinos are suppressed by a

We start here by assuming thil , have some masses velocity factor of (1-4mj./s) because the initial state par-
ticles are fermions. Hergis the squared center-of-mass en-
ergy. This suppression is even more severe in neutralinos
2Here we use the termoannihilationto refer to interactions be-
tween twodifferent particle species in the thermal bath, such as

N;N,— X. When we speak of standaeshnihilation, we mean in- 3We remind the reader that we also include coannihilation effects
teractions between two particles of tlemme species, such as sinceN, is assumed to be degenerate in mass With These ef-
N;N;—X. fects are explained in more detail in Sec. Ill.
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FIG. 1. Relic density contours for LH models. The preferred 140

dark mattef22]. The heavier required masses can clearly be
seen in Fig. 1 where contours of constant relic density are 60
plotted in the (co&9,,,my ) plane. Here cG¥,4 is the mix-

ing parameter defined in the discussion leading up to(&q.

It is the mixing parameter that determines the admixture of . . o .
weak and superweak strength with whislh can annihilate. FIG. 2. Rellc density contours for LH mod_els. This _flgure is the
In this and following plots, the light shaddgdreen regions same as _Flg. 1 but magnified to show t_he finer deta_ll in the low-
are cosmologically preferred with 0.0@4)dmh2S0.129 mass region. The top plot also focuses in on the region with large
[23]. The dark shadeded) regions are cosmologically ex- COS .

cluded, having a relic densit4,,h?=0.129. In Figs. 1 and

2 we have chosen tgh=0.4, a moderate value that is still lie on m,/2= 6 or my, whereé is roughly 3 GeV. This
allowed by precision electroweak constraifd. We have behavior will be explained in the next paragraph. Between
also fixed the lightest Higgs mass to bhgo=136 GeV, the my, and myo, a preferred region exists with the aforemen-
heavy Higgs masses to lmg,,0=my+=m,=500 GeV, and tioned co%ﬁ,,(,,ao.s. Abovem,o, annihilation to arhh final

the heavy superweak gauge boson masses tope= mg, state again reduces the relic density beyond relevancy. Once
=1800 GeV. Furthermore, here we take the Higgs boson tabovem;o, one must go beyonle~500 GeV in order to

couple to theb quark proportional to tag. As mentioned find cosmologically preferred regions. Why are masses
previously, this is an arbitrary choice. We explain belowaround 400 GeV required abowme for a general mixed
what happens if this choice is instead changed tqscot N, ,? The single most important influence causing this char-
In Fig. 1 we can see that requiring the LH model to sup-acteristic is the aforementioned lack of suppression in the
ply all required dark matter allowsy, ~100 GeV for any  thermally averaged cross section, dueNig, being scalar.
value of co%f}w,, thus signaling a robust weak-scale dark First, belowmyy,, there are no efficient annihilation chan-
matter candidate. However, it is important to note thatnels to depletéN; except for resonant annihilation through
co§ﬁ,,¢>0.8 is required to havm,\,l not be constrained to the lightest Higgs boson. As this resonance is approached

relic density regions are displayed for tar-0.4. The light shaded
(green region illustrates a preferred value of 0.69@4,h?
=<0.129 and the dark shadéckd) regions are regions where dark
matter is overproduced) 4yh?=0.129. 120
m
because they are Majorana fermions, but the effect exists ir M
some annihilation channels of Dirac fermions as well. Be- (GeV)
cause the dark matter candidates are often scalars in theol 100
space LH models, this suppression factor is absent. There
fore, the annihilation is more efficient and higher masses are
required to achieve the correct relic density than in models
involving neutralino dark matter. This absence of velocity 80
suppression is also important in other models with scalar
dark matter candidatgd4—21] such as inelastic sneutrino
I
0 0.2 0.4 0.6 0.8 1

2
€08 * Onp
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from either above or below, the annihilation cross sectiorrectly from mixing angle effects on the gauge couplings of
rises rapidly until the dark matter constraint is satisfied for aN, ,. The main additional structure in this region is the slight
brief range inmy . This situation is different from other kink at 500 GeV, which is due to the production threshold

paradigms such as supersymmetry beca‘uﬁeas no direct for heavy HIggS final states. The region above 1000 GeV is
coupling to the neutral gauge bosons, so there can be r@xcluded experimentally because annihilation is not efficient
s-channel annihilation througi or . Second, oncem, ~ €nough to reduce the relic density appropriately. Itis possible
>myy, efficient annihilation occurs t&/*W~. Such signifi- that UV completions to this model may provide additional

cant annihilation depresses the relic density below preferreann'_h'latIon channels. Howev_erz the mass .Of the dark _ma_tter
values except for the high Cﬁ%ﬂ region. It is this high particle eventually becomes limited by partial-wave unitarity
-cas, ) -

co§ﬁ,,¢ region where thé\, is primarily anSU(2) singlet, CZ?Z':?S;'ZEZ?QS ﬁgiohra: a d'fkfl'CU|t t|rr|1edat\;10|d|ng| thlg qu'

so it cannot annihilate effectively "W~ . Abovemy,, the P u weakly coupled thermal relic o

preferred region gradually starts to prefer lower values ofass above 2 Tey24,23. ,

coL 9 , as my increases. This is becaus€ p,h? How sensitive are these regions of parameter space to the

~m/<er> S0 in lorder to keefph? constant for a higher assumptions we have made? The most robust regions are the
3 DM

mass, the thermally averaged annihilation cross section mugyperweak area betweean:SO GeV andle: 140 GeV
also increase. This trend continues untj| = mo. and the sliver of parameter space belowo/2, shown in
As was mentioned above, a region below 200 GeV existgetall in the bottom plpt in Fig. 2.' If one assumes thatlthe
with the right relic abundance. This region is below the qua_lrk couples proportional to cAtinstead of taig, then the
and h°h® production thresholds, so annihilation is not ex- entire region betweemyo/2 and my, becomes completely

i I\ efficient barri We display this | depleted of relevant dark matter, but the region between
remely eficient barring resonances. Ve dispiay this OW'mN =80 GeV andmy =140 GeV remains unscathed and
my, region in greater detail in the bottom plot of Fig. 2. ™1 1

- I the codd, independent sliver belownno/2 remains, but
Below my,, there are no efficient annihilation channels to 7% P ho

L . drops down to around 50 GeV. Additionally, if one takes a
deple_teNl except for resonant ann|h|_lat|on through the I|ght- very small value for tag, say around 0.1, then the preferred
est Higgs boson. As this resonance is approached from e'th%%md in the region between 400 GeV and 1000 GeV in Fig. 1
above or below, the annihilation cross section rises rapidl )

until the dark matter constraint is satisfied for a brief range i ets pushed up to values between 1700 GeV and 2000 GeV,

M This situation is different from other paradiams such a hough the existence of the band is robust. So, regardless of
Ny P 9 Sthe assumptions that are made, regions with an acceptable

supersymmetry becaudé; has no direct coupling to the rejic density exist belown,o/2 and between 80 and 140 GeV
neutral gauge bosons, so there can be-obannel annihila- o, large values of C(gg}w and also above 900 GeV for any
tion throughZ or y. This can be seen from the explicit ex- ygjue of Cogﬁw_

pression for the covariant derivative, H@1). Second, once park matter direct detection limits depend on the mass of
my,>myy, efficient annihilation occurs tW"W™. Such  the relic particle. Direct detection experiments are designed
significant annihilation depresses the relic density below preto best detect particles roughly in threy, =80-140 GeV

ferred values except for the highjeﬂ% region. Itis this  range? In this model, a mass in this range requires a high
high-cos,,, region where theN, is primarily anSU(2)  value of codd,,. To achieve this, it requires a large gauge
singlet, so it cannot annihilate effectively W"W™. Above  contribution to the mass which translates into heavier su-
my, the preferred region gradually starts to move towardsyerweak vector bosons. This is the limit that precision elec-
lower values of co%, asmy, increases. This is because troweak observables prefEf]. A study of direct and indirect
Qpuh?~m/{av), so in order to keefp,h? constant for a  detection prospects is beyond the scope of this paper, but is
higher mass, the thermally averaged annihilation cross sethe subject of current ongoing wofR6].

tion must also increase. The trend continues untj Since gauge contributions dominate the mass mafx

=myo. Finally, at myo, the h°h® production threshold is (3] for the neutral ¢, ¢) system, Eq(5) implies that large
crossed and the relic density is uniformly reduced below £0S¥,, happens easily. To investigate this region in more
relevant level. If one can imagine this parameter space absefietail, we have focused on large €8s, in the top plot in

of the thresholds and resonances, a general trend towar€d- 2. Taking this plot to represent the “natural” portion of
heavier masses at lower C’ﬁ§¢ is apparent ime1> My - the full parameter Space, we can see that over half of the

This continues for the entire parameter space and is due {8gion(the part with darker shading/red colorng ruled out

the strong cos),,, dependence in the couplings i¥f , to the
standard modelv=.

Between 200 and 400 GeV in Fid a region is visible “Direct detection possibilities for the superweakly coupled dark
without a significant relic density. This is due primarily to matter candidate are suppressed compared to typical supersymmet-
’ ric candidates for two important reasons. First, there are no inter-

efficient annihilation intatt and h°h? final states. Preferred mediate colored states that couple the candidate to nuclear matter.
regions arise again above 400 GeV and move towards th€econd, there are no couplings betwééry and the neutral weak
weak end of the mixed regiofiow cos'9,;) by 800 GeV.  vector bosons. Thus, nuclear scattering will occur dominantly
This region between 400 and 800 GeV is dominated by anthroughs-channel Higgs bosons, which is suppressed by Yukawa
nihilations toW" W™, so the cos},, dependence comes di- couplings.
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on cosmological grounds. Most of the rest of the parameteto approximate the thermally averaged cross section as
space has a relic density too low to be cosmologically rel-

evant. The regions with acceptable relic density can be nF9nfd

grouped into two categories. The first region occurs between <UU>=Z 9ii " eq eq’ (29
400 GeV and 900 GeV and is due mainly to final states " nen

WHW, tt, andh®h®. This region does not require any tight
relationship betweeiN; , and another particle. The second

) ) where theeq superscript denotes values at equilibrium and
category is the Iovsle region beIovmelz 200 GeV. If, for

] ) i andj denote particle species to be summed oWy &nd ¢,
example, we take c&§n¢=_0.95 and review Fig. 2, we find for this example From this formula we can see that just
that the dark matter candidate must take very specific masgyqing a coannihilator with equal annihilation cross sections
values: my, =Mmyo/2% 6,my,,Myo, or 40050 GeV. Again, 4 the original particle has little effect on the relic density. In

6 is a small number around 3 GeV. While it is possible forfact, this is the case for our analysis already. We have in-
cos”-ﬁ,ms to be large Wltho_ut_belng around 0.95, the p_re_dlcfuveduded the fact thaty, and 7, (as well as¢? and ¢>3) are
power of such a scenario in terms of dark matter is intrigu~,ery nearly degenerate in mass and can coannihilate. In order

ing. ] ) . for coannihilation to have a significant effect on the relic
In summary, we find that LH models with a general mixed gensity, it is necessary for some of the coannihilation chan-

N, state do not provide enough relic density to explain darke|s to dominate over the normal annihilation channels. This
matter unless either addition&) plaquettes are included to happens in minimal supergravityMSUGRA) when the
lift my,, or my, is chosen to have very specific values, jightest neutralino can coannihilate with the lightest stau
namelym,y, or my0/2+=3 GeV. However, we do find that the [29,3Q or stop[31]. It is also possible to have coannihilation
most likely scenario, that of a superweakly interactidg  with another neutraling32] both in MSUGRA in the “focus
with my,~100 GeV, is able to provide for the correct relic point” region [33] and also in RSUGRAa string-inspired
density, although the preferred region is quite narrow. extension of MSUGRA[34] and string-derived mode[$5].
In LH models, the net effect is expected to be qualitatively
similar to supersymmetric models. Including coannihilation
effects, like including additional annihilation channels, will
At this point it is natural to inquire about other contribu- reduce the relic density.
tions to the relic density calculations that might change our |t is also possible that significant entropy can be generated
results. As we will describe, additional effects will likely between the freeze-out temperatureNof and the present
only further reduce the available parameter space. Possibtemperature. When the relic density is calculated, the quan-
contributions fall into one of three categories: additional an-ity that is evolved is the number density per comoving vol-
nihilation channels, coannihilation channels, and entropyume. This is computed by dividing the number density by the
generation afteN; freeze-out. We will discuss each of these entropy densityXYy, =ny, /s. In making this redefinition, it

In turn. _ is assumed that entropy is neither added to nor removed from
~ There are almost certainly other ways that tNe par-  {he system under study. However, such an assumption about
ticles can annihilate. These new channels may come frorg,e entropy need not hold. If entropy is added to or taken
other loop-suppressed operators, or possibly from operatotgyay from the Universe, then the number density per co-
that appear in other specific models. Whenever new annihiyoying volume will not obey the simple standard evolution.
lation channels are allowed, one expects the thermally aveyy, terms of an existing relic density, the net effect will be to
aged cross se_ct|on to be increased. This will fur_thgr suppressiyltiply a particle’s relic density by a factor of roughly
the relic density oN,. We hav_e_alr_eady seen t_hls in Figs. 1 S/ Shew- Soid iS the entropy per comoving volume before
and 2 when the resonant annihilation and particle productiog,e entropy change occurred aSie,, is the entropy per
thresholds were crossed. , comoving volume after the change in entropy occurred. The
As mentioned previously, it is also possible for the massyng resylt is again a reduction in the relic density for the case
of ¢, (the lighter of$, and ) to be degenerate with the f entropy generatiofIn some sense this generic reduction
mass ofN; to within 5-10%. Such a scenario can occurin relic density is good because it also reduces the amount of
when the mass contributions coming from tfeplaquettes  parameter space that is excluded on cosmological grounds
dominate the mass matrices. While this situation is unlikelywhere(),,,h2>0.129). However, it also results in a reduc-
for light Ny’s, it is not unnatural for heaviN;’s, whose tion in the amount of cosmologically preferred parameter
masses can be prinicipally determined by plaquettes. spacgwhere 0.094 O 4,h?<0.129). Thus, only the regions
When this degeneracy happens, the two particles freeze oyith (),,,h2<0.094 are enlarged. Such regions do not supply
of equilibrium at about the same time, and the interactions Oénough relic density from th#l, , particles, so one might
#; can significantly affect the resulting relic density®f  have to appeal to dark matter candidates outside of the LH
[27,28. We can make the normal assumption tihgtdecays model to meet current dark matter density measurements.
into N; on a time scale much shorter than the Hubble expan-
sion time scale. Thus, instead of treating the evolution of the————
number densityn; of each species separately, we can evolve St is possible, however, to have both entropy production and relic
the total number densityn= Ny, + Ny To do this, we need density increase through the decay of a heavy mod@as37.

A. Other possible effects
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IV. CONCLUSION the mass of the dark matter parti¢i4]. By using a more

We have investigated the possibility of having a dark mat_refmed calculation assuming weak coupling, the limit can be

ter candidate arise from a little Higgs model. We found re—brought down to about 1.8 Tel25]. If there is insufficient

gions of parameter space that satisfy the relic density re(_jark matter from such theory space models and if the dark

quirement 0.094 0, h2=0.129. These regions require a matter is related to the weak scale, then it must come from

dark matter candidate that either has a mass between rougi‘ﬁ)gh ysics in the uItraV|'oIet and the particles must have masses
roughly O(f) or less if they are weakly coupled. However, it

Myo/2 andmpo or has amass above_ 400 GeV. The IOW'massshould also be noted that it is possible that dark matter can
pgrameter space addltlt_)nally requires th? candidate to ha\f)eriginate from axions or also a sector unconnected to the
either superweak coupling or very specific massemgf2 standard model except through gravity
§a3; d(?jz\r/kor;gqt\{\gr lgésn'asr.zqrglvégig'.f;egn.tnﬂogoﬂfnSstanér_ In conclusion, we have found viable dark matter in a pro-
o1 €S Involving N Sup totypical LH model. Requiring the correct relic density
§ymmetry and stems from thg LH dark .matter caqd|date bef'orces the LH model to one of three regions. Fiid,, can
ing a scalar and also not having any direct couplings to th ave masses ofio/2=3 GeV ormy, resulting in re‘sonant
neutral vector bosons. We discussed additional possible cor)- S . L
tributions to the relic density calculation of the dark matterand threshold annihilation, respectively. Second, it is pos

candidate. We found that the additional contributions tende ible to have a superweak, , with coSd,y~1 (where the
to result in an even lower relic abundance. gauge contributions dominate in thg-¢ mass matrix

The standard estimate for dark matter shows that WeakaStly’ the LH model can have large plaquettes to increase

couplings and masse3(10 GeV)- O(1 TeV) result in the M, However,. bqth theextreme superweak regime and
right order of magnitude for the dark matter abundance. Thi¥€ry large contributions fronf) plaguettes appear to over-
numerology indicates that dark matter might be related t&lose the Universe.

electroweak symmetry breaking or the physics stabilizing the

weak scale. In this note we have shown that it seems possible ACKNOWLEDGMENTS
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