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1 Introduction

Recent observations of high-energy electron and positron cosmic ray spectra have generated
tremendous interest, as they might provide the first non-gravitational evidence for Dark
Matter (DM). The PAMELA [1] experiment reports an excess of positrons in the few GeV
to 100 GeV range, providing further support to the earlier results of HEAT [2] and AMS [3].
In addition, results from the ATIC [4] and PPB-BETS [5] balloon experiments suggest an
excess of electrons and positrons in the 300 GeV to 600 GeV range.

While these observations have conventional astrophysical interpretations, they may re-
sult from annihilations or decays of DM particles in the galactic halo. Indeed, the PAMELA
and ATIC data reinforce each other, since, for a certain range of DM masses, they have



a unified interpretation. However, DM explanations for the leptonic cosmic ray excesses
face two interesting challenges. First, for annihilating DM these signals require that the
annihilation cross-section for DM particles is typically two to three orders of magnitude
larger than that expected from the thermal freezeout of WIMP DM. On the other hand,
for decaying DM, the life-time of the DM particles must be extremely large, of O(10%26)
seconds. Second, the signals apparently require annihilations or decays dominantly into
leptons rather than hadrons, since there is no reported excess in anti-proton cosmic rays.
Inspite of these challenges, many papers with different models of DM have already appeared
in the literature, utilizing both annihilations [6-9] and decays [10-12].

For annihilating DM, many of these models try to explain the required large anni-
hilation cross-section by a Sommerfeld enhancement [13], which is operative at the non-
relativistic velocities (3 ~ 1073) in the galactic halo, while still having a standard thermal
relic abundance applicable at the time of DM freeze-out. There are several possibilities for
understanding why the products of the annihilation are dominantly leptonic rather than
hadronic. One possibility is kinematics: the annihilation products of the DM particles are
not heavy enough to decay into quarks, gauge bosons, and Higgs bosons, which have a large
hadronic branching ratio, and hence decay only to electrons and muons (and possibly taus).

Another possibility is a symmetry, rather than kinematics, to understand why the DM
annihilation or decay products are dominantly leptonic. In this work, we study a DM
sector coupling to the visible sector through Higgs messengers which couple to leptons due
to a symmetry. The plan of the paper is as follows. In the next section, we motivate this
possibility from a general perspective, stressing that this is a natural implementation of
the hypothesis that the DM is a WIMP, with mass and interactions broadly governed by
the mass scale of weak interactions. In section 3, we give the yukawa interactions for the
minimal leptonic Higgs theory, and write them in a mass eigenstate basis for both the Higgs
and the quarks and leptons. There are two Higgs scalars, h and H, one pseudoscalar, A,
and one charged Higgs boson H ", each with matter interactions that are determined by the
ratio of vevs tan # and the Higgs mixing angle a. These interactions are quite unlike those
of the usually considered two Higgs doublet model or of the MSSM. The LEP mass limits
for h, H, A and HT are given, as well as constraints that follow from the cosmic ray signals.

In section 4 the possible classes of DM annihilations and decays through the leptonic
Higgs states H, A and HT are discussed. The common feature is multi-7 final states. For
a particular annihilation channel the cosmic-ray electron and positrons signals are derived
and compared to the PAMELA and ATIC data. In general, if the PAMELA and ATIC data
result from enhanced galactic DM annihilation, then significant fluxes of photons [14-16]
and neutrinos [17, 18] are also expected. On the one hand this could allow for a crucial
confirmation of the DM nature of the signal, while on the other hand there is frequently
some tension with present limits on photon and neutrino fluxes. We calculate photon fluxes
in the leptonic Higgs model from DM annihilations in both the galactic center of the Milky
Way and in the dwarf galaxy Sagittarius, and also discuss the neutrino flux.

In section 5, we study the implications for Higgs signals at the LHC. The LHC Higgs
signals are necessarily correlated with the cosmic-ray signals, with the leptonic Higgs states
H,A and H' decaying dominantly to final states involving the 7 lepton. The collider



Figure 1. Three sectors and their interactions: the known quarks and leptons and their SU(3) x
SU(2) x U(1) gauge interactions, a Higgs sector and a WIMP Dark Matter sector.

phenomenology is very rich, and quite unlike that of conventional two Higgs doublet models,
such as the MSSM. In section 6, we study some simple models for the DM particle and
its couplings to the Higgs sector, including the cases that the DM particle is derived from
electroweak singlet and doublet fermions or scalars. Since our dark matter particle is heavy,
in the few TeV region, for DM annihilations the coupling strength to the leptonic Higgs
is typically quite strong. In addition, a Sommerfeld enhancement of the annihilation cross
section typically results from the exchange of the leptonic Higgs, which is lighter than
2Myy. In the case of DM decays, the long lifetime results partly from the symmetry that
forces one Higgs to be leptonic. We conclude in section 7.

2 The Higgs as a messenger of dark matter signals

What is our best guess for the structure of particle interactions at the TeV scale? In
addition to the known physics of quarks and leptons interacting via SU(3) x SU(2) x U(1)
gauge interactions, we expect new physics to include both a Higgs sector, responsible for
SU(2) x U(1) symmetry breaking, and a dark matter sector. While dark matter need not
be related to the TeV scale, the WIMP idea is intriguing: if the dark matter particle mass
is of order the TeV scale, the order of magnitude of the observed abundance results from
thermal freezeout using simple dimensional analysis. Thus we are led to the three sectors
of figure 1: the known sector of quarks and leptons and their gauge interactions, together
with the unknown sectors of the Higgs and WIMP dark matter.

What are the interactions between these sectors? Clearly the Higgs interacts directly
with the quarks and leptons and SU(2) x U(1) gauge interactions, as shown, to give the
observed masses. The interactions of the WIMP dark matter sector with the other two
sectors are more speculative. In fact, there need not be any; the WIMP could annihilate
to extremely light particles in its own sector. However, the WIMP idea is that the mass
scales of the dark matter and Higgs sectors are related, and this strongly suggests some
connection between these two sectors, as shown in figure 1. Indeed, it could be that the
Higgs and dark matter sectors are so closely connected that they merge. We assume that
any direct couplings between the WIMP sector and the quark and lepton sector are sub-
dominant, so that we are led to the pattern of connections of figure 1. The Higgs sector
is seen to be the messenger that makes the WIMP visible to us. The implications of this,
for cosmic ray signatures of dark matter is clear. The WIMP, x, will be observed via
annihilations or decays through the Higgs particles. A simple realization of this idea is to



introduce a singlet scalar to the SM, since the only gauge invariant renormalizable operator
is a coupling to the Higgs [19]. This can be extended to supersymmetric theories by adding
gauge singlet dark matter to the NMSSM [20)].

What are the implications of the cosmic ray signals for this picture? The exciting
thing is that the cosmic ray signals may shed light on the structure of the Higgs sector.
The signals will depend on the nature and interactions of the Higgs states. The ATIC data
suggests that the WIMP, , will be too heavy to be observed at the LHC, so that the collider
signals that could demonstrate consistency of the picture are those of the Higgs sector.

Could the Higgs sector simply be the single Higgs doublet of the Standard Model?
Depending on its mass, the Higgs would decay dominantly to pairs of top quarks, W
bosons, or bottom quarks. In either case, for any mass of the WIMP, the signal in e™ + e~
is smooth, and does not give the peak shown by the balloon experiments [21]. Hence the
Standard Model Higgs can lead to the PAMELA positron signal, but not the ATIC e™ +e~
peak. If the latter is ignored, there is still the issue of whether dominant hadronic decays
will produce a p flux larger than seen by PAMELA. For m, < 1TeV the p flux is apparenty
one to two orders of magnitude too large. However, the uncertainties in the p signal are
certainly an order of magnitude [22] and, by going to larger values of m,, the p spectrum
can be shifted to larger energies where there is no data. For decays to top or bottom quark
pairs, m, > 1TeV is in any case needed to explain the PAMELA signal. Values of m,,
around 100-200 GeV are possible for decays to W pairs, but this leads to some tension
with data from anti-protons and gamma rays and also requires that the energy loss rate
for positrons be larger [21, 23].

In this paper we concentrate on explanations of both the PAMELA et data and the
ATIC et + e~ peak. Quite generally this requires dominant cascades directly to charged
leptons [21], so that we are immediately led to a Higgs that couples predominantly to lep-
tons. Such Higgs bosons have received very little attention since they are not immediate
consequences of either supersymmetric or grand unified theories (although this is possible
with some model-building). For earlier work on Higgs bosons coupling to leptons with
different motivation, see [24]. However, a leptonic higgs is the most straightforward impli-
cation of assuming that the cosmic ray data is explained by the annihilation or decay of
WIMPs, x, through Higgs messengers, as illustrated in figure 1. Furthermore, the absence,
to very high accuracy, of flavor violation in the charged lepton sector suggests that there
is a single leptonic Higgs doublet, H;. Thus, the experimental consequences for cosmic ray
observations result from the connections below, while those for the LHC involve production
of leptonic Higgs states followed by their decay to tau leptons.

The ATIC peak in the e™ +e~ channel will be broader than in theories where the signal
results from x cascading directly to e or p. Also, there is the possibility of an energetic



gamma-ray and neutrino component of the cosmic rays component in the energy range 100-
1000 GeV. Both these signals could be detected in future experiments like GLAST /FERMI,
VERITAS4 (gamma rays) and Hyper-Kamiokande, ANTARES, KM3neT, ICE-CUBE
(neutrinos). These latter signals depend crucially on whether the cascade above results
from the annihilation or decay of halo dark matter. We consider both possibilities in
this paper.

Consider first the case that the cosmic ray signals arise from the annihilation of dark
matter in the halo to H; states. The size of the signal requires a galactic annihilation
cross section that is significantly larger than the annihilation cross section required for a
successful thermal freezeout abundance, so that a non-thermal production mechanism [25]
is necessary. In the absence of thermal freeezeout one might wonder whether the motivation
for WIMP dark matter is lost. Clearly the answer is no: the cosmic ray signals have directly
measured the annihilation cross section, and its order of magnitude is consistent with a
weak scale mass — the WIMP motivation is actually strengthened.

On the other hand, if the cosmic ray signals result from decays of the dark matter
in the halo, then the abundance of the dark matter could be given by the conventional
thermal freezeout of WIMPs. New physics is now needed to induce a dark matter lifetime
of order 10%6 seconds. In the limit of stability, the theory possesses two discrete symmetries:
one that prevents H; from coupling to quarks and another that ensures the stability of y.
The decay chain xy — H; involves the breaking of both discrete symmetries. If the discrete
symmetries are spontaneously broken at the weak scale v, then the dimensionless symmetry
breaking parameters may be of order v/M, giving a x decay rate of order I'y ~ v° /M4,
which is the desired rate for M ~ 10'6 GeV. While this is only a very rough order of
magnitude estimate, it can be considered to be an extension of the WIMP idea, that the

dark matter particle mass and interactions are governed by the weak scale.

In section 6 we will introduce some simple explicit models for the dark matter sector
and its coupling to the leptonic Higgs doublet. Many interesting proposals for DM sectors
coupling to the SM through the higgs messengers exist, such as hidden vector dark mat-
ter [26], SM mirror dark matter [27], or a hidden electroweak singlet DM sector strongly
coupled to the visible higgs sector responsible for electroweak breaking [28], to name a
few. However, for simplicity here we have only considered models in which the DM par-
ticle is a majorana fermion, or an electroweak singlet or doublet scalar which does not
qualitatively affect the electroweak breaking in the SM. Each model can be considered in
the “annihilation mode”or the “decay mode” depending on the absence or presence of the
higher dimensional interactions that induce decay. Since these symmetry breaking effects
are extremely small they will not affect the LHC signals of the model. Indeed, the main
effect is on the size of the high energy photon and neutrino signals in the cosmic rays. For
annihilations this depends on the square of the dark matter density, while for decays it is
only linear in the density. The photon and neutrino signals have a much larger support
from the center of the galaxy, or from satellite galaxies, while the lepton signal, because of
propagation effects, has support from regions of the halo close to us. Thus it is likely to
be the photon and neutrino signals that distinguish annihilations from decays. Moreover,
as we will see, the neutrino signals tend to be more robust than the photon signals.



3 The leptonic Higgs boson

Here we discuss the crucial features of the leptonic Higgs boson relevant for the PAMELA
data; we postpone a discussion of the Higgs potential until section V. Consider a two Higgs
doublet model with a symmetry that forces one Higgs doublet, H;, to couple to the charged
lepton sector and another, H,, to couple to quarks

Lyac =y QuuSH] +y Qi dSHy +y Li eSH, + h.c. (3.1)

where Q;,u$,dS, L;, ef are the quark and lepton fields with (i, j) being the family index,
and y,/ , _ are the Yukawa coupling matrices.
We assume that the primary cosmic ray positron spectrum arises from cascade chains

of the form

x(x) = H(A) - 77(71) — et 4+ ... (3.2)

where x is some neutral dark matter particle, and H and A are a scalar and pseudoscalar
of the Higgs sector, respectively. The chain could arise from either annihilation or decay of
the dark matter particles, and the relative strength of the chains via H and A can vary. To
suppress primary cosmic ray p, H and A must lie dominantly in the leptonic Higgs doublet
H;. Writing the neutral component of the two Higgs doublets as

hg + iag

Hl():vl+ \/5 ,

h .
l + Zal HO _ 'Uq + (33)

V2 !

the H, A and h states may be written as
H = cosah; +sina hy; A = cos Ba; —sin B ag; h =sina h; — cosahy (3.4)

where

tan = Y« 1; v+ vg = v? = (174 GeV)? (3.5)
Yq

and the mixing angle «, that diagonalizes the Higgs mass matrix, is also taken to be small,
sina < 1. (3.6)

While A is the only pseudoscalar, we call the scalar orthogonal to the higgs boson
H as h. Since it lies dominantly in H,, and since vy, > vy, it is the scalar most closely
related to electroweak symmetry breaking. It has many of the properties of the Standard
Model Higgs boson, except that its couplings to leptons are not standard. Also, precision
electroweak data do not require that my, is close to the present experimental bound, since
the other scalar states, and possibly the dark matter sector, may contribute to the S and
T observables. In addition there is a charged scalar, H*, that lies dominantly in H;. The
couplings of H, A, h and HT to quarks and leptons are proportional to the diagonal quark



and lepton mass matrices, 1My, qe:

= o (S i) S5t )
Lo = 22 (2 i+ dma) + S ome))
= i (o na) + cn)
L+ = % <_czisnﬁﬁ (uVermmgd® +uchudT) + :?jg(l/emeec)> (3.7)

where Voku is the CKM mixing matrix of the charged current quark interaction.

The LEP experiments have placed bounds on the scalars H, A and HT. The cross
section for the process ete™ — ZH is proportional to sin?(a— 3) and depends on my. The
limits on sin?(a — 3) are shown in figure 2c of [29] for the case that H decays dominantly
to 77, as we expect. For sin(a — ) = 0.3 the H mass cannot lie in the region (30 - 100)
GeV, but for sin(a — ) < 0.2 there is no limit. More importantly, the LEP experiments
have searched for the process ete™ — HA which is proportional to cos?(a — 3) ~ 1. In
the case that both H and A decay dominantly to 77 as we have, the limits are shown in
figure 4d of [29] and require that either my + m4 < 20 GeV, which is strongly excluded
by the width of the Z boson, or

mp +mag > 185GeV. (3.8)

If the charged Higgs, H', is lighter than the tb and W Z thresholds, it will dominantly
decay to Tv;, since the cs final state has a relative supression of tan* 3. Thus the limit set
by the ALEPH collaboration is [30]

mpy+ > 88GeV. (3.9)

In addition to these LEP constraints on the higgs masses, we require that the H, A —
77 branching ratios are dominant and at least 0.9. This is because the dark matter annihila-
tion or decay chain passes through H/A states and we need to satisfy the p constraint from

PAMELA. In particular to avoid final states involving electroweak gauge bosons we impose
Img —ma| < myz (3.10)
in order to suppress the mode H — AZ (A — H Z), and
mpy < 2my. (3.11)
to avoid H — 2W. Finally, we require
mp < 2ma (3.12)

in order to forbid the decay H — AA since such a cascade of H would lead to a less

prominant peak in the lepton cosmic ray spectrum for ATIC. To summarize, these



constraints impose limits on my and ma:

2m
TZ < ma < 2mw +my

m
TZ < mpg < 2mwy (3.13)
Under these conditions, H and A predominantly go to 77. The decay to bb is suppressed
due to the leptophilic nature of H and A.

How small should sin« and sin 8 be taken in order that the H and A couplings to

quarks are small enough to sufficiently suppress the p cosmic ray flux? For the mass range
we are considering in this paper, the dominant decays are to bb and 77. In this case, the

ratio of quarks to leptons in the decays of H and A is

m2
rf =3 m—g tan® o tan? 8 (3.14)
and )
rg‘ =3 m—;’ tan . (3.15)
m

2
There is considerable uncertainty in the limit that the PAMELA p data imposes on r,.
For example, a limit of r, < 0.1 can be satisfied by taking sina and sin 3 both < 0.25.
The limits on the mixing angles become much more stringent for the case of heavier H
and A, where decays to gauge boson or tt are possible. In this case, sin o and sin 3 has to
be sufficiently small. Although the required small mixing angles remain within acceptable
value (the 7 yukawa coupling does not become large), for simplicity and concreteness we
will not consider this case for the rest of this paper.

4 Astrophysics signals

DM particles in our galaxy and neighboring galaxies can annihilate or decay into Standard
Model (SM) particles leading to production of cosmic rays such as electrons and positrons,
protons and anti-protons, photons and neutrinos, which could be observed at the earth.
Therefore, an observation of these cosmic rays consistent with DM annihilation or decay
could serve as indirect detection of Dark Matter. However, a given framework for DM
trying to explain a signal from one set of experiments must also respect bounds set from
all other experiments.

In this section, we study the implications of the above framework for cosmic ray signals
— positrons and photons in particular. We also make comments about implications for the
cosmic neutrino flux from the Galactic Center (GC) at the end. In order to carry out the
analysis, we make the assumption, motivated in the previous sections, that DM particles
dominantly annihilate or decay into higgs particles which have dominant H; components.
This can be guaranteed by postulating a symmetry (either discrete or continuous)! and
mass range for H and A given in the previous section.

1Please see section 6 for some explicit models.



We see that the robust and distinctive feature of the above framework is production
of tau leptons which subsequently give rise to cosmic ray electrons and positrons, as well
as photons and neutrinos. However, the precise signal for cosmic rays depends on model-
dependent details. These can be broadly classified into five classes. For annihilating DM,
be it bosonic or fermionic, one has the following:

xx — HA(HH, AA) — 7771 (4.1)
For bosonic annihilating DM, it is also possible to have:
XX — HYH™ — Fro,v, (4.2)

whihc is forbidden at s-wave for a majorana fermion DM by CP conservation. On the
other hand, for decaying DM, the signals for fermionic and bosonic DM are different. For
bosonic DM, there are two possibilities:

X — HA(HH, AA) — 7777
X — TT (4.3)

The second possibility in (4.3) can arise if the DM particle mixes with H or A which decays
to 77. Finally, for fermionic decaying DM, one has the possibilities:

X — H(A)v — Trv
x — HYE S 77 1Fu l=e p, 1 (4.4)

In section 6, we will construct some simple models which exhibit all the above possi-
bilities. Although a wide variety of signals for cosmic rays can arise within this framework,
it is important to note that the annihilation and decay modes can be related. More pre-
cisely, for the same given state (for example, the 4 7 state in (4.1) and (4.3)), the signal
for positrons and electrons in the annihilation mode for a DM particle with mass m, and
cross-section (o v) corresponds to that for a decaying DM particle with mass 2m, and
lifetime 7, given by:

My
ps (o v)

(4.5)

TXFL’

where p, is the dimensionful constant appearing in the DM profiles.? The above holds
true to a very good approximation since the electrons and positrons observed at the earth
come from a short distance in the galaxy® where differences in the various DM profiles are
not important. Thus, the different dependence on the DM density profile (~ p for decays
versus ~ p? for annihilations) does not have a big effect.

2For a given profile, ps is constrained by requiring that py (r = 8.5 kpc) ~ 0.3 GeV /cm?.
3More on this in section 4.1.



4.1 Positrons (& electrons)

In this subsection, we will estimate the positron fraction (to be compared with PAMELA)
and the total flux of electrons and positrons (to be compared with ATIC) as a function
of the mass of the DM m, and that of the higgs particles my and m4, consistent with
the assumptions above. For concreteness, we will show the results for the annihilation
channel (4.1) in which DM annihilates to 4 7’s via two intermediate higgs particles H, A.
This can be easily translated to results for the first decay mode in (4.3) from arguments
mentioned above. Similarly, results for the second decay mode in (4.3) can be translated
from that obtained for the direct annihilation mode yx — 77 in [21]. We will review this
result and also comment on the annihilation mode in (4.2) and the decay modes in (4.4)
at the end of the subsection.

The cosmic-ray background of nuclei and electrons is believed to originate from super-
novae remnants but is not fully understood. The nuclei and electron spectra is assumed to
arise from an injected flux which follows a power law as a function of energy, and is then
propagated through the galaxy within some “propagation models”. In the course of prop-
agation through the galactic medium, a secondary component of electrons and positrons is
generated by spallation of the cosmic rays on the interstellar medium. The parameters of
the source spectra and the propagation models are constrained by fitting to astrophysical
data. For example, the nuclei source spectra and propagation parameters are constrained
by fitting to the proton data, the Boron-to-Carbon (B/C) ratio and so on. Since back-
ground positrons are dominantly generated from spallation of nuclei, this constrains the
background positron flux as well. The electron source spectra is mostly constrained from
experiments measuring the total electron flux. Thus, in the absence of a complete theo-
retical understanding of the processes involving the production and propagation of these
cosmic rays, there is a considerable amount of uncertainty in the background electron and
positron flux arising both from uncertainties in the nuclei and electron source spectra,
production cross-sections, energy losses, as well as those from parameters in the various
propagation models. It turns out that the uncertainty in the background electron spectrum
is larger than that in the propagation parameters at present. It is important to keep these
facts in mind when one tries to explain the data observed by PAMELA and ATIC.

In addition to uncertainties in the background flux, there also exist uncertainties in
the “signal” component assumed to arise from the annihilation or decay of DM particles.
Once the injection spectrum of positrons at the source is specified, the primary positron
flux @Efm at the solar system arising from DM annihilation in the Milky Way galactic
halo is found by solving a diffusion equation (with cylindrical boundary conditions for a
cylinder of half-height L=1-15 kpc and radius R=20 kpc) with a source function given by:

- A0, AN,
Qannlh( ) = 2Xm§< <U U> dE' (E)
Qltecay (B, 1) = ox(r) g, ANew (4.6)

My Tx dE’

where % o ¢t (E') is the injection spectrum of positrons produced from DM annihilations

,10,



or decay, and p,(7) is the density profile of DM in our Galaxy. As for the background,
uncertainties exist in the propagation parameters. Some of the most important parame-
ters include the half-height of the diffusion cylinder L, the parameters characterizing the
diffusion process - K = Ky AR, where K is the diffusion constant, 3 is the velocity of the
particle and R is its rigidity, defined as R = |p(GeV)|/Z with Z as the atomic number,
and the characteristic time for energy loss 7. Different sets of parameters {L, K¢, d} exist
which are consistent with astronomical data such as the B/C ratio, etc. The energy loss
time 7z has an uncertainty of about a factor of 2 [31]. The dependence on the DM profile
is weak since the positrons come from a short distance (O(1kpc)) where the different DM
profiles are quite similar. However, the average local DM density, i.e. p,(r = 8.5kpc)
is itself uncertain by a factor of 2 [32]. From (4.6), we see that this uncertainty can be
accommodated by a simple rescaling of the cross-section (or decay width).

Keeping the above facts about the signal and background fluxes in mind, we have
estimated the positron fraction and the total flux of electrons and positrons. For concrete-
ness, we have used the parameters for the MED propagation model for the background
and signal fluxes, as defined in [33]. The background electron spectral index a defined by
ok
vations of all experiments [8]. The normalization of the background electron spectrum is

~ E~% is taken to be 3.04, which is quite reasonable and is consistent with obser-

determined by a similar procedure as described in [8]. Finally, we have used the Bessel
approach to compute the Green’s function of the diffusion equation. In particular, we have
used an approximation to the Green’s function found in [11] to solve the equation. The
results of our analysis are shown in figure 2.

We see from figure 2 that the results for the positron fraction and the total electron
and positron flux are sensitive to the mass of the DM m, as well as the “Boost factor”
for electrons and positrons Bf,,. The results are qualitatively consistent with that of [7]
who have looked at a similar annihilation mode, although from a very different theoretical
motivation and with much lighter masses of intermediate scalars. One finds that a DM
particle with mass m, ~TeV may explain the PAMELA data; however the explanation
of both PAMELA and ATIC data requires that m, is about 4TeV and Bf; ~ 10000.
Also, it turns out that the above results have a mild dependence on the masses of the
intermediate higgs particles mg, m4 as long as 50 GeV < mp,ma < few 100 GeV, which
is the expected range of masses for H and A. Note that since the results depend on
astrophysical parameters such as the electron spectral index o and the propagation model
parameters as explained above, it is possible to fit the data for different (but comparable)
values of m, and boost factors B, by choosing a different combination of these parameters.
Also, if the ATIC data is ignored, the best fit values of the parameters m, and B will
be slightly different than when both data sets are taken into account. Hence, the above
results should only be taken as an estimate. We have not tried to optimize the fit (by a x?
analysis) by the choice of astrophysical parameters.

The boost factor Bf,, which is a combination of various factors, deserves some expla-
nation. More precisely, the boost factor is given by:

Bft:Bov‘

O

B,y - B, (4.7)
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Figure 2. Results for the positron fraction (7Top) as a function of energy for DM masses m, =
1TeV (dotted), m, = 1.5TeV (dashed) and m, = 4TeV (black) and mg, ma = 100GeV, in the
annihilation mode (4.1) with “boost factors” Bg., given by 1200, 1950 and 10000 respectively. The
PAMELA data points are shown in blue. The result for E3(®f%! + ®%l) (Bottom) as a function
of energy is only shown for m, = 4TeV. The ATIC data points are shown in blue while the HESS
data points are shown in red. The dot-dashed curve in both plots stands for the background. The
background electron spectral index « is taken to be 3.04 and the MED propagation model [33] is
used. Also, the reference values of the local DM density po and 75 are taken as 0.26 GeV/cm? and
10*® seconds respectively. The boost factor B, is explained below (4.7).

Here, B, is the enhancement factor in the cross-section compared to the “standard”

one {ov)sq = 3 x 10726em3 /s. B ump

(electron) signal due to clumpiness in the DM halo. Strictly speaking, B

corresponds to the enhancement in the positron
e fa :
Clump 18 @ function

€ of order few is

clump

of energy [34]. Over the relevant energy range of 1-1000 GeV, B
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reasonable. B, is a possible enhancement due to a factor of two uncertainty in the local
average DM density itself, as mentioned earlier. Note that a factor of two in pg appears as
a factor of four in B, because the flux goes as pg. Finally, the factor of two uncertainty in
the energy loss time 7 mentioned above can be folded into a possible enhancement because
the flux is directly proportional to 7g. Thus, Bf; ~ 10000 can arise in many ways. In
particular, it is perfectly compatible with B,, < 1000. In addition, the boost factor for
neutrinos will in general be different than that for positrons (electrons). All these facts
will be important when we look at constraints from photons and neutrinos in the following
subsections as well as the section on explicit models in section 6.

Moving on to the other annihilation and decay modes, the energy spectra for 7s and vs
in the annihilation mode (4.2) is expected to be roughly the same as in (4.1) because m,
and m, are both negligible compared to my+. This suggests that it should be possible to
fit the data for the same m, as for (4.1) but with twice the boost factor. However, due to
SU(2) invariance, we expect xx — AA, HH which gives rise to four 7, to also contribute
with the same cross section. Taking the sum of these modes to be the total cross section
and normalizing it to the standard thermal cross section, we need a factor of 4/3 relative
to the Bf; required for only the four 7 case. This implies Bf,; ~ 13300 for m, ~ 4TeV.

As explained earlier, the results for the annihilation mode (4.1) can be translated to
the first decay mode in (4.3). A DM mass of 4TeV with B, = 10000 corresponds to
decaying DM with m, = 8 TeV and lifetime 7, given by:4

~ T <1/Be -B,, - B ),%32 10% (/Be .B, -B ) 4.8
™ 2ps (o V)std Bot clump PO - TE ax S clump ~“po " PTE (4.8)

To get the results for the second decay mode in (4.3), one needs to translate the results

obtained for the direct annihilation mode xx — 77 in [21]. From [21], one finds that the
XX — 77 mode gives a good fit to the PAMELA and ATIC data for m, ~ 2TeV and
B¢, ~ 3000. This corresponds, for the second decay mode in (4.3), to m, = 4TeV and

i~ 5.3 %102 ((/BGy- Bro * B ) (4.9)

Finally, we comment on the fermionic DM decay modes in (4.4). [11] studied the
first decay mode in (4.4) and found that m, between 600 GeV and 1TeV can explain the
PAMELA data. It was pointed out in [12] that this decay mode can also provide a good
fit to both PAMELA and ATIC. The second decay mode in (4.4) is qualitatively different,
since the lepton [ is harder than the 7. For [ = e, pu this provides a contribution to the

lifetime 7, given by:

spectrum which is steeper than that coming from the 7, implying that it should be possible
to fit the data with a lighter m, and a smaller boost factor.

To summarize, therefore, even though the precise signal for astrophysics depends on
model-dependent details, the robust characteristic of the framework is that an annihilating
(decaying) DM particle with mass of 4 (2-8) TeV and Bf,; = O(10000 — 13000) (7, =
102526 5) can explain the PAMELA and ATIC results. We now study the consequences
for cosmic gamma rays and neutrinos which provide non-trivial constraints on the allowed
parameter space as well as give rise to potential signals for future experiments.

1\/B,, arises due to the fact that the flux goes as pj for annihilations but as po for decays.
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) =
Jannih Jdecay

Pgolar Tsolar Psolar T'solar

NEFW ~15x10° | =~ 28.9

Isothermal ~ 13 ~ 5.7

Table 1. Jopnn and jdecay for the NFW and Isothermal profiles of the GC in the Milky Way for
standard choices of astrophysical parameters, as in [12, 15].

4.2 Photons

In general, any model of DM which produces a significant number of electrons and positrons
in the local region of our galaxy in the energy range 10-1000 GeV (to explain the PAMELA
and ATIC signals), is expected to dominate the production of electrons and positrons in the
galactic center (GC) since the density of DM is expected to be much larger there. This will
in turn give rise to a large yield of photons from inverse compton scattering (ICS) in the
energy range 1-1000 GeV. In addition, there could be other mechanisms of photon produc-
tion from DM annhilations or decays, such as final-state radiation (FSR) of photons from
charged particle production, DM Bremsstrahlung, or from 7% produced from 7 decays.

The total yield of photons is higher for annihilations than for decays since the flux
D ~ pi for annihilations, while ® ~ p, for decays. This can be seen from the general
expresssion for the differential photon flux in a solid angle region A€:

o, 1 (ov) dN. -
— AQE) = — bi [ ==L ) Jamnin AQ 41
(dE7> (A By) = o 2m?2 Z (dE7>i Jannih (4.10)

annih

o, 1 1 dN. -
— AL E) = — bi | ==L ) Jdecay AQ
(dEv> (A9, Br) A my Ty ZZ: (dE’Y>i deeny

decay

1 _ 1
Janni = A dQ/ 2 r(s dS, Jeca = —/ dQ/ r(s))ds
"= 25 /A i [ RS T =36 [ 2 [ pr(e)

Here, Jommin (jdecay) corresponds to the integrated squared (linear) DM density profile
along the line-of-sight, and (%)i is the photon spectrum coming from DM annihilations or
decays for channel 7 with branching ratio b;. Because of the different parametric dependence
on py, (ﬁ) < <%> especially for “steep” profiles like NFW, etc. This
implies that the decay mode gives rise to a much weaker signal compared to that for the
annihilation mode. On the other hand, the decay mode satisfies the existing constraints
from various observations of gamma rays much more easily than the annihilation mode.
Table 1 lists the values of Jyynin and jdecay (normalized such that they are dimensionless)
for the GC for two qualitatively different profiles - the NF'W and Isothermal profiles.
Since the decay modes give rise to a much weaker signal, we will only show results for
the annihilation mode, the one in (4.1) in particular. All three sources mentioned above
will contribute to the total photon yield for our framework in general. For photon energies
E., <100 GeV, the contribution from ICS turns out to be the most important [7]. For £, 2
100 GeV, the contribution from 7° decay takes over and dominates over the ICS and FSR
< 100 GeV are subject

~

contributions. However, since the quantitative predictions for £,
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to various uncertainties in the ICS signal from astrophysics, we do not attempt to analyze
the above energy regime in this work. Having said that, GLAST /FERMI is expected to be
quite sensitive in this energy range [35]. So, a strong signal by GLAST /FERMI will provide
very strong evidence for significant high energy electron (positron) production in the GC.
For E, 2 100 GeV, one can study the detectability of photon fluxes from DM anni-
hilations or decays in Cerenkov detector based experiments such as VERITAS 4 which is
expected to have a very high sensitivity in this energy range. The differential flux sensitivity
of VERITAS 4 is expected to be ~ 8-1074— ~ 2.107° GeVem ™ 2s 'sr~! in the energy range
100-1000 GeV [35]. The top plot of figure 3 shows the predictions for the photon intensity
for the annihilation mode in the 100-1000 GeV range, where 7° decays dominate the photon
yield. From the figure, it can be seen that future experiments like VERITAS 4 have a very
good potential of detecting these very high energy gamma rays in the annihilation mode,
particularly for steeper profiles like NF'W. However, steep profiles may lead to some tension
with the flux observed by EGRET in the energy range 10-100 GeV. HESS has also made ob-
servations of gamma rays coming from the GC [36] and the Galactic Ridge (GR) [37]. How-
ever, these observations are not ideal for DM observations because of the large contamina-
tion from gamma ray point sources as well as from molecular gas which are not well known.
In addition, the effective Junnin relevant for these experiments is smaller because one has to
subtract “off-source” contributions [16]. So, we do not attempt to analyze constraints from
these observations although one could presumably still place some conservative bounds.
Another set of important constraints for £, 2 100 GeV comes from HESS observations
the dwarf spheroidal galaxy (dSph) Sagittarius [38] which is believed to have negligible
foregrounds, and hence is suitable for DM observations. Observations of other nearby
galaxies from MAGIC, CANGAROO and WHIPPLE give similar constraints, so we will
just study the constraints from HESS. HESS reports an upper bound on the integrated
gamma ray flux 7% = 3.6 x 1072 em=2s7! for E, > 250GeV [38]. From this, the
following upper bounds on the DM annihilation cross-section (decay width) can be derived:

87'1'(I)maX m2 47T(I)max m
(0 Vo = | o ) r. - <w7><>
JannihAQ N'y JdecayAQ ]\f,y
_ My dN.
where N, = </ —1 qu/> (4.11)
250 Gev A E

where AQ = 2 x 1075 is the HESS solid angle region. The quantity N, in (4.11), viz.
the number of photons above ~ 250 GeV, can be estimated from the differential photon
spectrum, as in [39]. At present, there is considerable amount of uncertainty in the DM
density profile, which can vary from a cusped profile (with various allowed values of the
cusps) to cored power-law profiles (with various values of the power-law exponent). We
will look at two qualitatively different profiles, a large-core profile and an NFW profile,
whose J (normalized such that they are dimensionless) values are listed in table 2. As

for the GC, one finds that <Jd¢> < < 2j nnih > Therefore, we will only study the

Psolar T'solar psolar Tsolar

constraints for the annihilation mode in (4.1)
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Figure 3. Top: The photon intensity spectrum from the Galactic Center in the annihilation
mode (4.1) for DM masses m, = 1.5TeV (B, = 1000) and m, = 4TeV (B, = 3000) with
mg,ma = 100 GeV. The black curves stand for the NF'W profile while the dashed curves stand for
the Isothermal profile. The boost factor for photons B, is explained below (4.12). Bottom: Upper
bound on B, as computed in (4.11), as a function of m, for the annihilation mode (4.1). The
black curves stand for the NFW profile while the dashed curves stand for the Large-Core profile

of Sagittarius. The parametrization in [39] for dé\;” is used. The shaded area corresponds to the

uncertainty in extracting the photon spectrum dd]\i” from Monte-carlo simulations.
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Jannih Jdecay

Pgolar Tsolar Psolar Tsolar

NFW ~1x10% | ~13x107*

Large Core | ~1.4x10% | ~ 1.2 x 107

Table 2. Jannin and jdecay for the NF'W and Large-core profiles of the Sagittarius dwarf spheroidal
galaxy for standard choices of astrophysical parameters, as in [12, 15].

The bottom plot of figure 3 shows the upper bound on B, as a function of m,
for the NFW and Large-Core profiles of Sagittarius in the annihilation mode (4.1). The
area below the curves is consistent with the HESS observations of Sagittarius. A correct
interpretation of these constraints requires some explanation. Taking into account the
possible enhancements in the signal from (4.11), one finds that the boost factor for photons
is given by:

Be

BY
clump
Bgot :BUU'leump'BPO :Bteot>I< <7B> (412)
clump ~TE
where we have used (4.7). In general, the boost factors arising from clumpiness in the halo is
different for electrons (positrons) and photons. This is because electrons and positrons ob-
served at the earth come from a short distance (since they lose energy very quickly) whereas

e

photons can come from very far away. This implies that B is close to the local clumpi-

clump
ness boost factor Bgf&fr}p while B(:,Ylump strongly depends on the direction of the gamma-ray
source relative to the earth [40]. So, BZlump could be smaller than from Bg,, . by a factor

around 1-10. Together with an uncertainty of a factor of two in B, this could give rise to
By, consistent with the bounds set by HESS. Note that the precise value of BE, required
to explain the PAMELA and ATIC data can itself be changed by optimizing over the as-
trophysical parameters consistent with the uncertainties. We have utilized the discrepancy
between Bglump and Bcelump and the uncertainty in B, in the top plot of figure 3, and have
taken B, as 1000 and 3000 for m, = 1.5TeV and 4 TeV respectively.® On the other hand,
if B;/lump is not sufficiently smaller than Bump> this would give rise to a tension between the
parameters required for explaining PAMELA and ATIC (in the annihilation mode (4.1))
and the bounds set by the HESS observations of Sagittarius. This tension is more severe

for the case of an NF'W profile of Sagittarius (a little more than an order of magnitude) .

To summarize, observations of gamma-rays from the Sagittarius dwarf galaxy by HESS
may provide strong constraints for the annihilation mode (4.1), primarily depending on the
(in the Sagittarius direction) and B On the

: eqq X .Y
ratio of clumpiness boost factors B Clump-

clump
other hand, the decay modes in (4.3) and (4.4) can easily satisfy these bounds. As is
obvious, the situation is reversed as far as prospects for future signals are concerned. The
annihilation modes (4.1) and (4.2) can give rise to observable signals from the GC, which

could be measured by VERITAS 4.

®These turn out to lie in between the upper bounds set for the NFW and Large Core profiles, as seen in
the bottom plot of figure 3.
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4.3 Neutrinos

A DM candidate which annihilates or decays to u’s or 7’s will also give rise to a significant
flux of neutrinos and can provide non-trivial constraints. It was noted in [17, 18] that
the neutrino flux from the direction of the Galactic Center (GC) provides constraints for
both annihilation and decay modes, with constraints for annihilation modes being much
stronger (especially for steeper DM profiles). The neutrinos coming from the direction of
the GC can be observed by detecting the muon flux induced by these neutrinos. A detector
in the northern hemisphere (such as Super-Kamiokande) can detect upward going muons
produced by neutrinos from the GC. One has to take into account that the three flavors
of neutrinos oscillate into one another while traveling through the galaxy. As was pointed
out in [41], the observed neutrino-induced muon flux is almost independent of m, for
annihilations (for fixed DM couplings, and small m, ). This is because both the neutrino-
nucleon cross-section and the muon range scale like energy while the DM annihilation signal
is proportional to 1 /mi Thus, in contrast to the photon flux (see (4.10)), the neutrino-

induced muon flux is proportional to the normalized second moment of the neutrino energy
d(I)H E \2 le’i
aE X (m_x) aE -
proportional to m,. For heavier DM masses, the neutrino-nucleon cross-section grows less

spectrum, i.e.

For decays, a similar argument implies that the flux is

steeply as well as the energy loss term for muons starts becoming important, implying
that the energetic muon flux is relatively suppressed [16]. It is also important to note that
the neutrino flux from the direction of the GC is much less sensitive to the uncertainties
in the DM profile, especially if one looks at the GC over a large-size cone centered at
the GC. Then a large fraction of the total DM annihilation signal is contained within the
observed region. Therefore, it is better to look at bounds set by Super-K for large-size
cones (~ 10°— ~ 30°) around the GC for robust results.

It was shown in [18] that the neutrino-induced muon flux from direct DM annihilation
to 7777 for m, ~ 2TeV, and B{,; ~ 4500 and an NFW profile which provides a good
fit to the PAMELA and ATIC data, is slightly above the upper bound set by Super-
K [42] for a cone-size of about 10° around the GC. When the DM annihilates via higgs
messengers to 7777, the neutrinos are softer than in the previous case. However, since
the electrons (positrons) are also softer, explaining the ATIC data requires that the DM
mass in this framework is quite heavy (= 4TeV for the annihilation mode) with a large
boost factor Bf,, (=~ 10000). This effect tends to compensate the effect of soft neutrinos
mentioned above [16] and one expects to get approximately the same neutrino flux as for
the direct annihilation case.® This naively implies that the neutrino-induced muon flux for
the annihilation mode (4.1) with an NFW profile of the GC is also above the bound set by
Super-K. However, as for gamma-rays, one has to keep in mind that B{; # Bf,; in general.

v
clump

photons, hardly lose energy and come from far away. Therefore, B

The clumpiness boost factor B is similar to that for photons because neutrinos, like

v
clump

dependent in general. To get more precise constraints from neutrinos coming from the
direction of the GC, one has to know the ratio of B (in the direction of the GC)” and

clump

is strongly direction-

5This has to be confirmed by explicit analysis.
It is expected that B, (GC direction) < B
the bounds.

~ B [40] which would help in relaxing

e
clump clump
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B¢... As for photons, the results for the annihilation mode (4.1) for the isothermal profile
and for all the decay modes (for most profiles) are within the bounds set by Super-K.

It is worth commenting about future experiments which are going to look at the neu-
trino flux coming from various sources. The Hyper-Kamiokande experiment, which is
expected to have a sensitivity bigger than Super-Kamiokande by about two orders of mag-
nitude, should be able to robustly detect a positive signal from DM annihilations (and even
decays in many cases) to neutrinos through higgs messengers. For small cone-sizes (< 2°),
future experiments like ANTARES [43] and KM3neT [44] show exciting prospects for the
framework. For example, ANTARES and KM3neT should be able to easily observe a sig-
nificant neutrino signal from the GC for the annihilation modes in (4.1) and (4.2) for steep
DM profiles (like NFW) because Jannin increases rapidly for small cone-sizes. The prospects
for the decay modes are not as promising since jdecay increases very slowly for small cone-
sizes. For high-energy neutrinos (2 TeV) arising within the framework, KM3neT may also
be able to identify tau neutrinos which would greatly help in suppressing the atmospheric
background since there are a lot fewer atmospheric tau neutrinos.

ICE-CUBE [45] does not look toward the GC, but will instead look for a neutrino-
induced muon flux arising from DM annihilation or decays of DM particles which accrete
in the earth and in the sun. [46] has studied the prospects for such a flux for direct DM
annihilations to neutrinos and also via annihilation to charged leptons such as taus. It
was found that direct DM annihilation to monochromatic neutrinos has good prospects
for ICE-CUBE. This implies that the production of neutrinos via cascade decays through
higgs messengers, as for modes (4.1), (4.2), (4.3) and the second mode in (4.4), are also
not promising. The first decay mode in (4.4), however, does lead to a monochromatic
neutrino, so one would expect that this provides much better prospects. As seen from
figure (2) in [46], discovery is possible for monochromatic neutrinos if the enhancement
factor in the annihilation cross-section compared to (ov)gq is Byy 2 100-1000 because
then the earth reaches equilibrium by the present time. However, the difference in the
leptonic higgs framework is that the monochromatic neutrino signal arises from the decay
of DM particles rather than their annihilation. Since the denisty of DM particles inside
the earth piarth is much larger than that in the galactic halo and since the flux in the
carth in contrast to as (p*r™h)?
reduced [47] and hence does not provide good detection prospects at ICE-CUBE.®

decay mode scales as p for annihilations, the flux is greatly

To summarize, observation of neutrinos originating from DM annihilations (or decays)
in the future will be crucial in greatly strengthening the DM interpretation of the PAMELA
and ATIC signals over conventional astrophysical sources like pulsars since those do not give
rise to a large flux of neutrinos. The annihilation modes (4.1) and (4.2) provide stronger
constraints, but also provide a greater potential for detectability in future experiments.
Therefore, these deserve more detailed studies. It is interesting to note that within the
decay mode, neutrinos provide a better opportunity for future detection of heavier DM
compared to photons since for a given DM density profile and decay width, % o m,y, for
neutrinos which is not true for the case of cosmic-ray photons.

8This is true even if one assumes the “best-case” scenario that the earth has reached equilibrium at the
present time due to a sufficiently large annihilation cross-section.
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5 Higgs physics - collider signals

We now move on to studying the Higgs sector in greater detail and potential signals
for the LHC. In order to do that, it is important to study the higgs potential which is
relevant for understanding the production and decay modes of the various higgs bosons.
As mentioned earlier, we work within the framework of a CP-invariant two-higgs doublet
model. After electroweak symmetry breaking, this gives rise to two CP-even higgs scalars
h and H, a CP-odd higgs scalar A, and a charged higgs scalar H*. The couplings of these
scalars to fermions was already discussed in section 3. In the following subsections, we
first study the higgs potential within the framework of a leptonic higgs and then discuss
signals at the LHC.

5.1 The Higgs potential

As stated in section 3, we consider a two higgs doublet model in which a symmetry forces
one of the higgs doublets, H;, to couple only to leptons, and the other higgs doublet, H,
to couple only to quarks. A simple example of such a symmetry is a discrete Zs parity, ),
under which H; is odd, H, is even, the left-handed leptons are odd, while the left-handed
quarks and right-handed quarks and leptons are even. Such an assignment enforces the
couplings mentioned above.

The most general CP-invariant two higgs doublet potential consistent with the above
parity can be written as:

1 1
V = —u2(HIHy) + ui (H H)) + §A1(H3Hq)2 + §>\2(HZTH1)2 + A3 (H) Hy)(H} H,)

g (H Hy)(HEH) + <%)\5(H1T H,)? + h.c.> : (5.1)

It is not fine tuned to have a vacuum where the vev of the H; is smaller than that of H,
by, say, a factor of three. A larger hierarchy of vevs can be naturally obtained as follows.
The above potential has an asymmetric phase where H, acquires a vev v = 174 GeV while
H; has no vev. This phase of the two Higgs doublet potential was studied in [48] for the
Inert Higgs Doublet model, where it was found that this phase has a parameter space of
comparable size to the standard phase, and depends essentially on the sign of ,uIQ. Suppose
one now introduces a small, soft, parity breaking interaction in the potential

AV = —(p’HJH, + h.c.). (5.2)

Inserting the vev of H, into this interaction generates a linear term in H;, and therefore a
vev for H; proportional to the small symmetry breaking parameter x2, which can naturally
be taken as small as desired. This will then guarantee that tan § and sin « are suppressed,
as required from the arguments in section 3. It is convenient to parameterize the small
parameter ;2 as pu? = 2ev? for later use. It is also helpful to list the number of independent
parameters. Equations (5.1) and (5.2) have eight parameters. However, electroweak sym-
metry breaking gives rise to one condition among these parameters, reducing the number
of independent parameters to seven. These can be taken as {1, A2, A3, A4, A5, €, 1}, In the
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linear approximation for sina and tan  (valid since both are small), the physical higgs
masses and the higgs mixing angle, sin «;, can be computed in terms of these parameters as:

my z2(et51)v2; mi ~ 2(\) v

1
my ~ 2 (etgl —Xs) 0% mi. ~ 2 <et§1 - 5()\4 + )\5)> v?;

(5.3)

where s, = sina and tg = tan 3, and « and 3 lie in the range —7/2 < a <7/2; 0 < < 7.
For A\12.5 = O(1), and p? = ev? < |w|* ~ |uyl* ~ v?, the parameter e = O(1)g.
From (5.3), this implies that under these conditions all higgs masses are comparable to
each other, up to factors of O(1). Also, depending on whether (e tgl) is smaller or greater
than Ay, my could be lighter or heavier than my. As we will show below, various choices
of these O(1) numbers, consistent with the constraints from LEP as reviewed at the end
of section 3, can lead to a rich phenomenology at the LHC.

5.2 Potential signals at the LHC

The leptonic higgs has very interesting collider phenomenology, with distinctive signal char-
acteristics that hold irrespective of the explicit DM model. If the ATIC data is confirmed,
then in our scheme the mass of the dark matter is too large for it to be made at the LHC.
Rather the LHC signals are encoded in the Higgs messengers, and cover a wide range of
dark matter models. Although H, and H; mix, the mixing is required to be small from
dark matter considerations, so that the characteristics of the leptonic higgs is kept intact.
In particular, the couplings of the mass eigenstate higgs bosons are shown in (3.7). Since
« and [ are both necessarily small, the higgs associated with EWSB, h, has SM couplings
to quarks but couplings to leptons that can be considerably larger or smaller than in the
SM. In the leptonic Higgs sector, H, A and H™' all have enhanced couplings to leptons
and suppressed couplings to quarks. This pattern of couplings is quite unlike that of the
MSSM where the fundamental distinction is between up and down/lepton couplings, rather
than between up/down and lepton couplings. The Higgs sector is as rich as in the MSSM,
and hence here we are only able to provide a limited survey of the interesting signals. We
choose to highlight the decays of the neutral higgs bosons to pairs of 7 leptons, as this is the
most direct link between cosmic-ray and LHC signals. In particular, we consider each of the
cases: Z* — HA — 41, H, h — 27 and h — 2A/2H — 47, in some detail and also briefly
mention other possible LHC higgs signals such as the 87 signal and the charged higgs signal.

5.2.1 The Z7* — HA — 7777 signal

The LHC signal for 77771 via H A production is particularly robust because the H A produc-
tion cross section is insensitive to the mixing angles o and 3, as they are both small, and
H, A decay to 77 with branching ratios larger than about 0.9. The cross section for HA
production at the LHC is dominated by s-channel Z exchange (Drell-Yan production) [50].
This is shown in figure 4.
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Figure 4. Cross-section for pp — Z* — H A — 47 as a function of my for different values of m 4
at /s = 14 TeV, computed with CalcHEP [49].

For example, with my = 100 GeV and m s = 80 GeV the cross section is about 350 fb,
while with my = ma = 160 GeV, the cross section is about 50fb. This is the same as
the cross section for HA production in the decoupling limit of the MSSM. However, in
the MSSM the 77 branching ratio of H and A is never larger than 0.08, and is frequently
significantly smaller, depleting the 7777 signal by at least two orders of magnitude, whereas
for the examples of H and A masses given above we expect about 10500 and 1500 7777
events (before imposing any cuts) with an integrated luminosity of 30 fb=!. The main
background for this signal is expected to be diboson (Z) production in which the Z’s decay
to 77. Given that the signal is independent of the mixing angles « and 3, and depends only
on my and m 4, which we expect to be bounded by about 2My, and m g 4+ my respectively
from earlier cosiderations, it will be very important to study a realistic simulation of this
signal with selection cuts and detector effects.

Before moving on, it is worth pointing out that the same Drell-Yan process will also
lead to H™H~ production with roughly the same cross-section; hence it could give rise to
an observable signal with sufficient luminosity for the dominant H* — 77y, and H~ —
7~ v, channels. This suggests a completely different strategy to search for charged higgs
bosons in contrast to that for the MSSM, which focusses on production of charged higgs
boson production in association with top quarks and then studying their hadronic (¢b) and
leptonic (77v) decay signatures.

5.2.2 The h,H — 77 signal

The two 7 signal from higgs decays has been studied in the SM. Although gluon fusion
is the dominant production channel for the higgs, the search strategy for the hgyy — 77
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mode consists of exploiting the vector boson fusion (VBF) channel for hgy production,
which has some distinct features that help to suppress the otherwise large backgrounds.
Higgs production in this channel is usually accompanied by two jets in the forward region
originating from the initial quarks from which vector bosons are emitted. Another feature
is that no color is exchanged in the central hard process, leading to low jet activity in
the central region. This is in contrast to most background processes. So, jet tagging in
the forward region together with a veto of jet activity in the central region can help in
achieving a high signal significance.

We estimate the oypp x BR(77) for h and H, and compare it with the SM case for

the same higgs mass. Since A does not couple to WW  one only has to consider h and H.
One finds:
sin® o
<sin2 ,6’)
1+ (2255 1) BR(hsu — 77)]

sin?(a — )
BR(hSM — 7_'7').

over(h) x BR(h — 77)  [o3kp x BR(hsy — 77)]

over(H) x BR(H — 771) ~ [o3}F X BR(hsm — 77)] (5.4)

For mpg,mp < 150 GeV, the existing studies for the SM can be used to estimate the
discovery potential in the proposed framework [51]. In these studies, the mode in which
one of the 7’s decays leptonically while the other decays hadronically is analyzed in detail
for an integrated luminosity of 30 fb~1. For this mode, [o4r x BR(hsm — 71 — 15)],
with | = e/p and j = jet, ranges between 45 and 155 fb for 145 > myg,, > 115 GeV. After
imposing various selection cuts to reduce the background, one gets between ~ 4 to ~ 10
events for the signal, compared to about ~ 1.5 to ~ 3.5 events for the background [51]. This
gives rise to a signal significance of about 30 —40 for 30 fb~! in the VBF production channel.

For h and H, the signal is modified as in (5.4). First, we identify a parameter region
that gives large signals for both h and H. A large value of sin «v relative to sin 3 is required,
while both angles must be small to account for the DM signals. As a benchmark, one could
take sina ~ o = 0.35 and sin 8 =~ § = 0.05 giving rise to :ig% ~ 7, and sin(a — ) ~ 0.3.

sina

From (5.3), such a value of 15 can be obtained by choosing O(1) numbers for the \’s and

e. For the same range of masses for the higgses h, H as used for hgy in [51], one finds for
the benchmark values:

over(h) x BR(h — 77) ~ (10 = 20) [0Vie x BR(hsy — 77)]
over(H) x BR(H — 77) = (1.1 -3) [UVBF x BR(hsm — 7'7')] : (5.5)

Thus, assuming that the results for the number of signal events scale in a simple way, one
gets a huge signal significance of ~ 400 to ~ 60c for the h mode, and a significance of
~ 440 to ~ 90 for the H mode, for 115 < mp, my < 145GeV in the VBF production
channel for a luminosity of 30 fb=!.

Of course, the benchmark values have been chosen to maximize the signal siginificance.
To get a better idea of the allowed parameter space, in figure 5 we show statistical signifi-

cance contours in the my — (sin «/ sin 3) plane for h and in the mpy — sin(a — 3) plane for
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Figure 5. Signal Significance contours for the h — 77 channel (left) and for the H — 77 channel
(right) for an integrated luminosity of 30 fb—!. Results from figure 14 in [52] have been used.

H. Aslong as |a| > 3,° while both are “small” (Ja| < 0.3), it seems reasonable to claim
that the 77 — [j channel (especially for the h mode) provides an extremely robust signal
and can be readily discovered at the LHC for higgs masses < 150 GeV. The above analysis
is valid for mp, mpyg < 2myy. For my, much greater than 2myy, the 77 — [j channel does
not seem promising as in this case h decays dominantly to WW and ZZ, which become
the best modes to search for.

5.2.3 The h - HH,AA — 7777 signal

A 47 signal is possible when my, > min{2m4,2mpy}, with h — AA or HH and subsequent
decays into four 7. The prospects for discovery through this mode are better when my <
130 GeV; otherwise the tt background becomes quite large and the branching ratio of
h — A or H goes down as well. So, we will first analyze the case 130GeV 2 my; >
min{2ma,2my}. The four 7 final state is expected to have smaller background than the
four b final state. Again, the most favored production channel is VBF for the same reasons
as in the previous subsection. The higgs-strahlung production channel with leptonic gauge
boson decay can also provide a nice trigger and better handle on the background. However,
the cross section for this channel is much lower than that for VBF.

A full simulation study of the 47 channel with the 7’s decaying into 4 p + 4v; + 4v,,
is currently under study at ATLAS [53] in the context of an NMSSM model in the VBF
production channel of a SM-like higgs with the higgs decaying to AA followed by the decay
to 47’s, just as in the proposed framework. It requires three leptons to be observed and
triggers on one or two high pr leptons. CMS, on the other hand, is investigating the

mode 4 7 — uiuiﬁfﬂa containing two same sign muons and two 7 jets in the context of

98 can always be chosen to lie in the first quadrant.
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the same NMSSM model framework [53]. Although a full study is currently unavailable,
some studies of benchmark points in the NMSSM have been performed [54]. In these
studies, the 47 channel is studied when two 7’s decay hadronically and the other two decay
leptonically. For example, a benchmark NMSSM model, which seems to be quite similar
to that for the proposed framework as far as the 47 channel is concerned, is given by:
{mp, =120GeV,my, = 7GeV,BR(h; — A1 A1) =0.99, BR(A; — 77) = 0.94} where the
h1 behaves as a SM-like higgs as far as coupling to quarks and gauge bosons are concerned.
A preliminary study of this benchmark model indicates that a signal significance of about
20 o could be obtained for an integrated luminosity of 300 fb=! [54].

In the proposed framework, one has a similar situation as the above NMSSM bench-
mark model for the 47 signal. The parameters my, BR(h — AA) and BR(A — 77) are
very similar to their counterparts for the above NMSSM benchmark model for my < 2myy .
One possible exception is the mass of A which could be much heavier than that for the
NMSSM model while still being consistent with a significant 47 signal. For mj;, = 120 GeV,
one expects to get a similar statistical significance (~ 200) as in the above benchmark
model for 300 fb~!. Since the proposed framework can have much heavier m 4, the two 7’s
from the decay of A are better separated implying that one could presumably get a better
significance by utilizing this feature. If the signal and background are assumed to scale in a
simple way, this would imply a statistical significance greater than 5 o even for a luminosity
of 30 fb—!. Therefore, for m;, < 130 GeV, the 47 channel may be used to make a discovery.

For heavier h, i.e. for my = 130 GeV, the above search strategy is not as promis-
ing because of the huge tt background, which begins to rise sharply at about M,,,, =
140 GeV [54]. Further studies from ATLAS and CMS are therefore needed to claim any
significance for my, 2 130 GeV. Finally, it is worth mentioning that in addition to studies
at ATLAS and CMS, there is a study based on the proposed forward proton detector at
the LHC, the so-called FP420 project [55]. This proposal utilizes the diffractive production
pp — pph and detects protons in the final state. The claim from this study is that the final
state basically consists of events with no backgrounds, implying that the masses of h and
A can be determined on an event-by-event basis.

Finally, we would like to point out an interesting possibility arising from h pair-
production. If my, > min{2m4,2mpg} as above, h pair-production could lead to a spec-
tacular 8 7 signal at the LHC. Higgs pair-production in the SM is dominated by gluon fu-
sion [56]. For example, for a 120 GeV higgs (hsnm ), the cross-section for hgyr pair-production
is about 35 fb. The cross-section for h pair production in our framework is the same as that
for the SM. This implies that one could get about 1000 87 signal events (before imposing
any cuts) for 30 fb~!. Again, a detailed analysis of this channel would be quite interesting.

6 Some simple DM models with leptonic Higgs

We now complete the picture in figure 1 by explicitly constructing the DM sector and the
couplings of this sector through the leptonic Higgs. To demonstrate the idea, we study
three models: the L — L — N model where the DM particle is Majorana fermion, and
models where the DM particle is a scalar, either singlet or electroweak doublet. In each of
these models, we consider both annihilation and decay modes.
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6.1 L—L°— N DM model

The dark sector in this model consists of a vector-like pair of lepton doublets L, L and a
sterile neutrino N. L has exactly the gauge charges of the lepton doublet in the SM. The
model has two Zy parities - a chiral lepton parity P, introduced in section 5.1 under which
H; and all the lepton doublets L, L¢ and L; are odd while all other fields are even, and a
dark parity Pp under which only particles in the dark sector, L, L® and N, are odd and
all other particles are even. Pp guarantees that the lightest particle among L, L and N
is stable and can be a dark matter candidate if it is neutral.

This model is similar to the model proposed in [57] except that it has an additional
higgs which couples predominantly to leptons. The gauge couplings of L and L€ are stan-
dard, and the other renormalizable interactions involving the dark sector are:

1
AL = mHLN +mH L°N + myLL® + smy N* (6.1)

The nature of the DM candidate depends on the spectrum of the dark sector which in turn
is determined by the mass parameters my, my and the higgs vev (H;) = v;. The charged
components x* in L and L¢ form a Dirac fermion with mass my. N and the neutral
components of L and L° mix after electroweak symmetry breaking. The three neutral
Majorana mass eigenstates (x1, X2, x3) and their corresponding masses (mq,mg, ms), are

given by:
1 (n1—m2)v; (m1+m2)v;
X3 V2(my+mr) \/i(;nN 2—m2L) N
xo | ~ | O(w/my) 1 Bl || (L - L)/V2 (6.2)
X O(u/my) —pi=m_ (L+L)/V2

4mp(myx—mpr)

ms ~ my + O(vf/mN)

(m —m)*
mo ~ mp, + 2mx + mL)Ul
2
mi ~ mp — Mv? (6.3)

2(mN — mL)

If my > mp, the spectrum becomes:
My < Myx < Miyy < Mg (6.4)

and one gets doublet dark matter. The splitting due to electroweak symmetry breaking
guarantees that the lightest Pp odd particle is always neutral, and the splitting between
x1 and y2 allows the model to evade the bound from direct detection by suppressing elastic
scattering through coupling to a Z boson.!°

On the other hand, if my < my, one gets:

Myy < My < Myt < My (6.5)

OElastic scattering through the higgs is also suppressed due to the suppressed couplings of the leptonic
higgs to quarks.
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and one gets singlet dark matter. Therefore, this model allows the DM particle to be
either a singlet or electroweak doublet. It is also possible to have decaying dark matter in
this model if the dark parity Pp is broken by a small amount. We now discuss both DM
annihilations and decays within this model. For simplicity, we assume that only one of
the modes is responsible for the cosmic-ray signals although in principle it is possible that
both modes are comparable.

6.1.1 Annihilating dark matter

The phenomenological consequences in the annihilation mode for singlet and doublet DM
are different. In addition to the differences in the cross-section, a doublet DM particle
has an unsuppressed coupling to the Z boson in contrast to a singlet one which doesn’t
couple to the Z. For singlet DM, it turns out that the dominant annihilation channel in the
s-wave is xYx — H A by a t-channel exchange of the heavier neutral partner of L and L°.
All other s-wave channels, such as ZZ, WW, Z-higgs, W-higgs, and fermion pairs (ff)
are suppressed because of the tiny mixing between the doublet and singlet components.
The HYH~, HH and AA channels are also suppressed due to CP invariance. For doublet
DM however, in addition to the yx — H A channel as before, annihilation to ZZ is also
potentially relevant because of the unsuppressed coupling mentioned above. Since Z has a
large hadronic branching ratio, the branching ratio of the doublet DM annihilating to ZZ
has to be much smaller than that to H A in order for it to be phenomenologically viable.

The annihilation cross-sections for doublet DM are given by:

2 .2\2 2
oo (xx — HA), = (n3 — i) 2)2 <1+O<mH,A>>

2 m 2m2
167 m3, (1+ 2k L
(D) g' mQZ
Z7)s = 140 —% 6.6
ov T X = 22)s 327 cos* Oy m2 < * <m% >> (6.6)

From the argument above, this implies a lower bound on the coupling (n3 — n?) (for
a given m, and m,s). We know from section 4 that in order to fit the PAMELA and
ATIC data, the DM mass m, is required to be around 4 TeV and the total boost factor for
positrons (electrons) B¢, needs to be around 10%. Taking into account the local fluctuation
of the DM density and other uncertainties which could naturally give rise to a boost factor
of about 10, this would imply an enhancement of about 103 from the cross-section itself. For
the doublet case, this naively implies that 73 —n? ~ 40. However, it turns out that there is a
mild Sommerfeld enhancement in this model due to formation of a wimponium bound state
by W-exchange. This enhances the cross-section by a factor of about 10 if the mass splitting
between y1 and x is less than 0.1 GeV [13]. From eq. (6.3), this small mass splitting can be
achieved with v; < 5 GeV corresponding to sin 3 ~ 3x 1072 (y, ~ 0.3). Therefore, a pertur-
bative cross-section (6.6) which is smaller than that naively required (without the Sommer-
feld enhancement) by a factor ~ 10 is also allowed. This in turn implies that a much smaller
n3 —n? is needed. For example, 71 < 72 ~ 3.5 can explain the PAMELA and ATIC data.
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Moving on to the singlet case, the annihilation cross-section to H A is given by:

m2, — m2)2
ov®) (xx = HA)s = %UU(D) (xx — HA),
N™L

This is suppressed compared to that for the doublet case by typically a factor of 10~#, which
would require the yukawa couplings 71,72 to be much larger than the strong coupling limit
to explain the observed data. Therefore, we do not discuss this case.

6.1.2 Decaying dark matter

It is interesting to consider this model in the decay mode since the annihilation mode is
subject to more stringent constraints from cosmic-ray photons and neutrinos as explained
in section 4. In order to have decaying DM in this model, the following Pp breaking terms
can be added to the Lagrangian (6.1) consistent with all gauge symmetries:

ALgecay = 01iH] LiN + 8o HI Le§ + 83, H) L°€§ + 8imy L; L + h.c. (6.7)

§’s are required to be extremely small to allow the DM lifetime to be around 102526
seconds. The particular form of the above interaction and the smallness of §’s can be
explained by symmetry arguments in several different ways.

The mass mixing term in (6.7) with coefficient §; dominates the decay process. There-
fore, the parity P, has to be suitably extended to give rise to sufficiently long decay lifetimes.
One simple possibility is to extend P, to the full chiral leptonic parity Fj, x Fj, where Hj is
odd under both, L; and N are odd under only P, while €7, L and L¢ are odd under only
P,,.. Then, the leading non-renormalizable operators are:

¢l Qbr ¢D

3
MUV

¢l Qbr ¢D

2
MUV

(ChHlTLZN + CQiHlTLef + 03Z-HlTLcef) + Cy44 L;L¢ (68)
where ¢;, ¢, and ¢p are scalar fields that are odd under P, P, and Pp respectively, and
are assumed to get vewvs of order the electroweak scale, leading to:

3 3

v v

/
6i ~ C44 ~ Cij —M3
Uuv

0ij (6.9)

EV S )
MUVmL

0’ values with the correct magnitude are naturally obtained for Myy ~ Mgur. For singlet
DM x = N, the dominant decay is through the yukawa couplings in (6.1) in which N
decays to a leptonic higgs and the dark doublet L, L¢ followed by the decay of L, L¢ by
mixing with the SM leptons L; through the mixing term in (6.7). Thus, the decay modes
in this case are given by:

X = (A H)+v— 177y
or

x — HE +1T — 75T, (6.10)

where [ = e, u, 7. This leads to different predictions for the electron and positron spectra
for different I. As discussed in section 4.1, this channel will give a different fit from both
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47 and 27 cases. In general, the spectra is expected to be a weighted average of the 4r,
27, 2p and 2e cases depending on the relative weight of channels with different /. This will
change the fit to PAMELA and ATIC and also the predictions for photon and neutrino
fluxes. We leave the detailed study of this case for future work.

If the DM particle is a doublet, its dominant decay mode is by mixing with the SM
lepton doublet L;. There is no constraint from any flavor experiments since the operators
are suppressed by the GUT scale. So all SM leptons L; are equally likely to mix with
the dark doublet. The possible decay channels in this case are y — Zv;, W*IT, H liT$.
Since the vector boson channels are not only not suppressed by tan § but also enhanced by
(my/mw)? for heavy DM (due to dominant longitudinal mode couplings at high energies),
these channels always dominate even for very small tan 3 (corresponding to y, ~ 1). This
case is close to the model recently proposed in [9]. However, since this case does not fit in
our original framework of the DM sector coupling to the visible sector through a leptonic
higgs, we do not discuss this case in section 4.

Finally, in order to suppress terms like:

L5 (HIL;N + H] Le§) (6.11)

which makes the DM particles decay dominantly to lgq, we also assume that there is a quark
parity P, in the quark-H, sector. If P, is exact, this operator is completely forbidden. How-
ever, the 2 term in the potential (5.2) breaks P,. In order to simultaneously generate the
12 term and suppress the above operator in a consistent way, we have to break the parity
spontaneously by ~ electroweak scale vevs. One way to do this is by introducing a scalar

¢4 that is odd under P, and F},. So the above operator is suppressed by % and is sup-
uv

pressed compared to the dominant decay mode (the fourth term) in (6.7). u? of the correct
magnitude is generated if u? = €(¢,){d,), where € is a technically natural small coefficient.

6.2 Singlet scalar DM model

A particularly simple form of dark matter is a singlet complex scalar field ®. The couplings
of ® to the SM is trivially constrained to the higgs sector, the extended higgs sector in
our picture. With a discrete symmetry & — —®, the most general addition to the scalar
potential is

AV = m3 10 + \OTO(H] H, + 2 H]H,) + N (21 ®)2. (6.12)

We assume the relative strength = of the quartic couplings to H, and H; is small, i.e.
x < 1/3, so that dark matter annihilates dominantly via H. lTHl to 4 7. Taking m¢ = 4 TeV,
to allow for an explanation of the ATIC as well the PAMELA data, we find a galactic
annihilation cross section relative to (ov)sq = 3 X 10~26cm3s~! by a factor By, ~ 50n°R,
where A = nn? and R is the Sommerfeld enhancement factor. An attractive yukawa
potential is generated between the annihilating ® particles by the exchange of the scalars
in both H; and H,, with a strength proportional to )\21)12 and a:Q)\Qvg, respectively. Since the
dark matter particle is expected to be about 30 times heavier than the exchanged scalar,
the resulting Sommerfeld enhancement factor can be significant. For example, n = 4, and
either z ~ 1/3 or v;/v, ~ 1/3, leads to a region where R is rapidly varying from 10 to in
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excess of 100. Hence B,, of order 10%> — 10%, as required to explain PAMELA and ATIC,
is possible, even for perturbative values of A\. As A\ is increased, the one-loop radiative
correction to the mass term H lT H; also increases, leading to a little hierarchy problem of
why the H and A states are significantly lighter than the dark matter ®. This is a general
naturalness problem for models with annihilation of heavy dark matter to leptonic Higgs
states lighter than 2Myy. The large coupling needed for a large annihilation cross section
leads to a large radiative contribution to the leptonic Higgs mass parameter from a loop
with internal dark matter particles.

We can also have a decaying scalar dark matter by introducing a Zg parity so that the
leading interaction that couples ® linearly to SM particles is the dimension 6 interaction

1
AL = —5—¢H®H H, + h.c. (6.13)
myv

Under the Zg symmetry, ® — —® and ¢p — €3 ¢p, while all SM particles transform
trivially. Taking the scalar ¢p to acquire a weak scale vev, and taking myy of order
100 GeV, leads to decays of ® to 47 with a lifetime of order 10?% seconds. This case would
require m,, to be around 8 TeV (see section 4).

6.3 Inert Higgs-doublet DM model

Finally, we consider the scalar DM to be an electroweak doublet. A simple example of this
is the inert Higgs Hj, first proposed in [58]. Extending this model, we have three Higgs-
doublets, H,, H; and Hj, where both H, and H; get a vev but the inert Higgs H; does
not. The Higgs doublets are all identical in the sense of gauge charges, but have different
masses and parities. The couplings of H; to fermions are forbidden by dark parity. Since
no symmetry can forbid the term (H}H 1)(H$Hq), we have no symmetry explanation of
suppressing the couplings of H; to the quark sector in this model. One can only claim that
it is not unreasonable to have such couplings being numerically suppressed. However, such
a possibility is at least naturally allowed within the framework of a leptonic higgs sector.

From now on, we concentrate on couplings to leptonic higgs. The relevant new terms
in the scalar potential are:

AV = m?H|H;+ H|HH H, — (H|H))(H H;) + (H H)? + c.c. (6.14)

We omit the O(1) coefficients in front of each quartic term to avoid use of new notation.
These terms allow the lightest Pp odd particle to be neutral after electroweak symmetry
breaking splits the doublet. The second quartic term splits the charged and neutral com-
ponents of Hy, while the last term in (6.14) splits the scalar and the pseudoscalar parts of
the neutral component in Hj, naturally evading bounds from direct detection. The DM
particles can annihilate to H lT H; — 471. However, similar to the doublet DM in the LL‘N
model, the ZZ annihilation channel is also present. In order to fit the ATIC data we
need some of these quartic couplings to be large and the mass splitting between the scalar
and pseudoscalar (and charged and neutral) components to be small (to provide a modest

Sommerfeld enhancement), requiring a hierarchy between these quartic couplings.
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A decaying scalar dark matter is also possible by introducing small dark parity breaking
term. Similar to the LL°N model, the lowest dimensional operator is the mass mixing term:

ALgecay = 5m2H}LHl + c.c. (6.15)

The corresponding term involving the quark Higgs can be forbidden by imposing an exact
quark parity as we did for the the LL¢N model. The desired small value for dm? can again
be obtained by extending P, to the full chiral lepton parity and the dark parity Pp to Z4 in
which H; has 2 units of charge. Then, the parity preserving non-renormalizable operator is:

(b%) ¢l ¢r

2
myv

The parities of these ¢’s are as defined in the LL°N model except the ¢p — i¢pp under
the Z, discrete dark symmetry. The possible decay channels are WW, ZZ, (A, H)h,
77 and the three-body decay to (A, H) hh. The vector boson channels are enhanced by

ALdecay = HH; + c.c. (6.16)

(my/mw)? as before but unlike the case for fermionic DM, these vector boson channels are
also suppressed by sin? 3. Therefore, the 77 channel can dominate when sin 3 is relatively
small. For example, for sin 3 ~ 1072 (y, ~ 1), the decay branching ratio to vector bosons is
about 5% for 4 TeV dark matter. The scalar decay channels come from quartic interactions
(for example A\3|H,;|*|H,|?) in the potential which can not be forbidden by any symmetry.
However, the two-body decay mode is suppressed by at least (v,/M,)? ~ 1073 while the
three-body decay mode is suppressed by an extra phase factor of ~ 1/272. For quartic
couplings not much bigger than unity, the 77 channel can dominate the decay. Since the
final state is 77, a 4 TeV decaying dark matter of this model is expected to fit the data well.

7 Conclusions and summary

In this paper we have explored the consequences of assuming that a leptonic Higgs mediates
the interactions between the dark matter sector and the Standard Model sector. The
motivation for this approach is two-fold. One is theoretical: the same TeV mass scale
underlies both the breaking of weak interactions and the dark matter annihilation rate,
indicating a close connection between the dark matter and Higgs sectors. The observational
motivation is that the cosmic ray signals are leptonic; in particular, the limits on a primary
p flux indicate that mediation via a Higgs with quark couplings should be sub-dominant.
We study the minimal case of a single leptonic Higgs, in which case its largest couplings
to matter must be to 7 leptons, with couplings to e and p that are sufficiently small to
play no role. The Higgs potential could lead to mass mixing between the states with
leptonic and quark couplings but, again, the absence of an exotic primary cosmic ray p
flux limits this mixing to be small. Hence, there is one neutral mass eigenstate scalar, H,
one pseudoscalar, A, and one charged scalar H* that maintain their dominant leptonic
couplings. This allows an important connection between the leptonic cosmic ray signals
and the expected Higgs signatures at the LHC. In both cases there are signals that arise
from the production of H, A and HT and their subsequent decays to 7 leptons. From LEP
limits and the leptonic cosmic ray signals we argue that the states H, A and HT are likely
to have masses in the range of roughly 100 GeV to 200 GeV.
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The leptonic cosmic ray signals, for both PAMELA and ATIC, could arise from a vari-

212 or dark matter decay to 7%, 72, 7%v, Tl

ety of channels: dark matter annihilation to 74, 7
via intermediate H, A and H T states. For concreteness we have computed the cosmic ray
signals for the case of annihilations xx — 7%, and the results are shown in figure 2. Good
fits to the PAMELA and ATIC data can be simultaneously obtained for m, in the region
around 4 TeV. We have also commented on all the other possible annihilation and decay
modes. The width of the peak in the leptonic signal around 600 GeV is larger than in the
case of annihilations or decays directly to e and p, and we expect this to be a common
feature of all modes involving 7s. Similarly we expect the signal in the positron fraction
to continue to energies larger than the present PAMELA data, and not to show a sharp
peak. Such an annihilation signal requires a large total boost factor in the annihilation
cross section of order 104, but essentially identical cosmic ray signals can result from dark
matter decays with lifetimes of order 10?¢ seconds.

We have computed the photon spectrum that results from annihilations of DM via
pairs of leptonic Higgs states to 7% in the dwarf galaxy Sagittarius. For a DM mass of
4TeV, HESS data places a limit of ~ 10% (~ 10%) on the relevant boost factor, By, for
the case that Sagittarius has an NFW (Large Core) profile. For this annihilation mode and
DM mass, the PAMELA and ATIC signals require a boost factor Bf., that is of order 10%.
However, these two boost factors are not identical in general, so further observations of hard
gamma rays from Sagittarius would provide a powerful probe of this annihilation channel.
We also compute the high energy gamma ray signal expected from DM annihilations in the
center of the Milky Way galaxy, as shown in the top plot of figure 3, which could be detected
by VERITAS 4. The annihilation channel to 47 also produces a galactic flux of neutrinos
which is in mild conflict with the bounds set by SuperK on upward going neutrinos through
the Earth, if the relevant neutrino and electron boost factors are identical. As before, these
boost factors can differ, so future neutrino measurements also offer the possibility of a
crucial independent verification of the DM origin of the charged lepton cosmic ray signals.
In addition, an observation of energetic cosmic neutrino flux strongly favors the dark matter
interpretation of the cosmic-ray signals over astrophysical ones (such as pulsars) in general
since astrophysical sources do not emit a large flux of high energy neutrinos.

For the decay modes, constraints from current gamma-ray and neutrino observations
are easily satisfied but at the same time these also lead to less promising prospects for future
experiments. For heavy decaying dark matter, neutrinos provide a better opportunity for
future experiments compared to gamma rays, since the neutrino flux is proportional to the
dark matter mass.

A common feaure of the cosmic ray signals discussed above is that the dark matter
particle has a mass in excess of 1 TeV and is not expected to be produced at the LHC. While
cosmic ray photon and neutrino fluxes allow discrimination between DM annihilation and
decay, the LHC probes a completely complementary feature of the theory — the production
and decay of the leptonic Higgs states H, A and HT. There is a very rich and distinctive
Higgs phenomenology; all the couplings of these states to matter and to electroweak gauge
bosons are determined by just their masses and two mixing angles, as shown in (3.7). The
74 signal for H A production via a virtual Z is particularly robust because it is insensitive
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to the values of the small Higgs mixing angle a and to the ratio of vevs tan 3. Depending
on the H and A masses this H A production cross section is typically in the (50-250) fb
region, and from the cosmic ray signals we know that the branching ratio to 7 is close to
unity. Detailed simulation studies are needed to estimate the observability of this 7* signal.

We have computed o xBR for the production of both the leptonic Higgs scalar H and
the Higgs boson h in the vector-boson (W W) fusion at the LHC followed by decay to 7
pairs. For mpg, my < 2My, discovery at the LHC is possible for a wide range of o and
B, provided |«| > [, via the channel 77 — [j, and for some regions of parameter space
the signal is very large allowing prompt discovery at the LHC. If m; > 2mpyg or 2mgy
the 72 signal for h production is lost, but the cascade h — HH, AA — 7* leads to a 47
signal instead. Comparisons with benchmark studies for 47 signals in the next-to-minimal
supersymmetric theory suggest that a 5o discovery may be possible with an integrated
luminosity of 30 fb~! for mj, < 130 GeV. Further simulation studies are needed, especially
for my, > 130 GeV where backgrounds from top quark pair production become important.
Other LHC Higgs signals, such as charged higgs pair-production by Drell-Yan followed by

their decay to 7+

v, and a spectacular 87 signal from h pair-production, are also possible
and would be quite interesting to study further.

Simple particle physics models of DM that couples to the visible sector via a leptonic
Higgs are very easy to write down. In the case that DM is a heavy lepton, the interaction
with the leptonic Higgs is via a yukawa coupling, allowing s-wave annihilations to H A.
On the other hand, scalar dark matter can annihilate via a quartic scalar interaction to
H or A pairs. In either case a large annihilation cross section is possible, aided in many
cases by a modest Sommerfeld boost factor; but in both cases the DM abundance must
be produced non-thermally. Alternatively, the DM could be produced thermally, with the
cosmic ray signals arising from decays. The long lifetime follows from a decay amplitude
that is suppressed by two powers of the ratio of the weak scale to the unified scale, which
arises from a combination of breaking the discrete symmetry that leads to near stability of
the DM and the discrete symmetry that ensures the leptonic nature of the Higgs.
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