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(biased) selection of topics discussed in this talk:

- Higgs-portal models

- MSSM

- KK DM in minimal UED

- Weight-philic DM

- Asymmetric DM (their indirect signals)

- Higgsogenesis



Wimps under pressure 
from the LHC, Fermi, Xenon, LUX ...

14 References
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.
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Strong constraints for heavy mediators especially on spin-
dependent cross section and  for light (< 10 GeV) wimps
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gluon coupling
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, 〈σv〉χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on 〈σv〉χχ→γγ . Limits are obtained in a neutralino
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Photon Line Searches Towards the GC 

HESS, PRL 110 (2013) HESS, PRL 110 (2013)

Gerrit Spengler

● Measure CR background flux from extended GC region
→ Fit with “smooth function” in energy

● Refit with line fluxes (folded with HESS energy resolution) on top of fitted CR background flux

→ Amplitude of fitted lines connected to annihilation cross section
     [For a given DM profile]

Best limits 
above 400 GeV

WIMP mass

HESS Galactic Center Dataset

400GeV

Marc Schumann (AEC Bern) – XENON 32
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Simple models severely constrained

e.g. Minimal Higgs-portal DM

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [65–86]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as
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The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H
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Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
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⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.
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FIG. 4. Limits on the DM–nucleon scattering cross sec-
tion at 90% CL, extracted from the BR(H ! inv.) limit
in a Higgs-portal scenario, compared to results from direct-
search experiments [63–70]. Cross-section limits and favored
regions correspond to a 90% CL, unless stated otherwise in
the legend. Favored regions for DAMA and CoGeNT are
based on Ref. [68]. The results from the direct-search exper-
iments do not depend on the assumptions of the Higgs-portal
scenario.

ZH production rate with mH = 125.5 GeV, is assumed.
The expected limit in the absence of BSM decays to
invisible particles is 62% at 95% CL (52% at 90% CL).

Within the context of a Higgs-portal DM sce-
nario [59], in which the Higgs boson acts as the media-
tor particle between DM and SM particles, the limit on
BR(H ! inv.) can be interpreted in terms of an upper
limit on the DM–nucleon scattering cross section [60].
The formalism used to interpret the BR(H ! inv.) limit
in terms of the spin-independent DM–nucleon scatter-
ing cross sections is described in Refs. [61, 62]. Figure 4
shows 90% CL upper limits on the DM–nucleon scat-
tering cross section for three model variants in which a
single DM candidate is considered and is either a scalar,
a vector or a Majorana fermion. The Higgs–nucleon
coupling is taken as 0.33+0.30

�0.07 [62], the uncertainty of
which is expressed by the bands in the figure. Spin-
independent results from direct-search experiments are
also shown [63–70]. These results do not depend on
the assumptions of the Higgs-portal scenario. Within
the constraints of such a scenario however, the results
presented in this Letter provide the strongest available
limits for low-mass DM candidates. There is no sensitiv-
ity to these models once the mass of the DM candidate
exceeds mH/2. A search by the ATLAS experiment for
dark matter in more generic models, also using the dilep-
ton + large Emiss

T final state, is presented in Ref. [71].
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Figure 11: Upper limits on the spin-independent DM-nucleon cross section s

SI
c�N in Higgs-

portal models, derived for mH = 125 GeV and B(H ! inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [70], XENON10 [71], XENON100 [72], DAMA/LIBRA [73, 74], CoGeNT [75],
CDMS II [76], COUPP [77], LUX [78] Collaborations.

using ZH production only using VBF and ZH production

�h,inv/�h < 58% @ 95%�h,inv/�h < 75% @ 95%

2 3 Data samples and Monte Carlo simulation

Figure 1: The Feynman diagrams for Higgs production in the VBF (left), Z(``)H (center) and
Z(bb)H (right) channels. The Higgs boson is assumed to decay invisibly.

In the following sections of this article, we present a brief overview of the Compact Muon
Solenoid (CMS) experimental apparatus, physics object reconstruction and datasets in Sec-
tions 2 to 4, followed by a description of the event selection and background estimation for
each of the three search channels in Sections 5 to 7. We then present the results of the searches,
and their combination, as upper limits on the production cross section times invisible branch-
ing fraction in Section 8. In Section 9 we interpret these cross section upper limits in terms
of a Higgs-portal model of dark matter interactions, and we summarize our conclusions in
Section 10.

2 The CMS apparatus

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the volume of the superconducting solenoid are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass-scintillator hadron calorimeter, each composed by the barrel and endcap detectors.
Muons are measured with detection planes made using three technologies: drift tubes, cathode
strip chambers, and resistive-plate chambers, embedded in the steel flux-return yoke outside
the solenoid. Extensive forward calorimetry complements the coverage provided by the bar-
rel and endcap detectors. Data are selected online using a two-level trigger system. The first
level, consisting of custom made hardware processors, selects events in less than 1 µs, while the
high-level trigger processor farm further decreases the event rate from around 100 kHz to a few
hundred Hz before data storage. The CMS experiment uses a right-handed coordinate system,
with the origin at the nominal interaction point, the x axis pointing to the center of the LHC, the
y axis pointing up (perpendicular to the LHC plane), and the z axis along the counterclockwise-
beam direction. The polar angle q is measured from the positive z axis and the azimuthal angle
f is measured in the x-y plane. The pseudorapidity, h, is defined as � ln[tan(q/2)]. A more
detailed description of the CMS apparatus can be found in Ref. [23].

3 Data samples and Monte Carlo simulation

The analyses presented here all use the 8 TeV data sample collected by the CMS Collabora-
tion during 2012, corresponding to an integrated luminosity of 19.5 fb�1 in the VBF chan-
nel, 19.7 fb�1 in the Z(``)H(inv) channel, and 18.9 fb�1 in the Z(bb)H(inv) channel. The
Z(``)H(inv) channel also uses the 7 TeV dataset collected during 2011, corresponding to 4.9 fb�1.
The uncertainty assigned to the luminosity measurement is 2.6% (2.2%) at

p
s = 8 (7) TeV [24].

Backgrounds arising from sources other than pp collisions are suppressed using a set of filters
that remove events due to anomalous calorimeter signals, beam halo identified in the muon

Invisible Higgs width constraints
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Figure 9: Left: fits to the invisible Higgs boson branching fraction under the two di↵erent

assumptions described in section 5.8. The full fit (continuos curves) is well approximated by

the universal fit (dotted curves). Right: upper limit on the spin-independent DM cross section

on nucleons as a function of the DM mass for scalar (green), Majorana fermion (red) and

vector (blue) DM. We adopted the 95% C.L. bounds BR
inv

< 0.19 (solid, eq. (25)) and < 0.28

(dot-dashed, eq. (26)). The shaded region is excluded at 90% C.L. by Xenon100 [25].

they have the explicit values b
3

= �7 and b� = 11/3: we call ‘pure dilaton’ this special model,

which gives a significant enhancement of h $ gg.

Models where a dilaton arises usually often contain also new light particles, such that b
3

and b� can di↵er from their SM values. Thereby we perform a generic fit where b
3

and b� are

free parameters in addition to ⇤. Then, our universal fit is adapted to the case of the generic

dilaton by setting

r ⌘ rW = rZ = rt = rb = r⌧ =
V

⇤
, rg ⇡ r(1� 1.45b

3

), r� ⇡ r(1 + 0.15b�) (24)

where V = 246GeV.

In our previous analyses [8, 9], the dilaton gave fits of comparable quality to the SM Higgs,

despite the significantly di↵erent predictions of the dilaton: enhanced �� rates and reduced

vector boson fusion rates. The first feature is no longer favoured by data, and the second

feature is now disfavoured: so we find that present data prefer the Higgs to the ‘pure dilaton’

at about 5� level. We then consider the generic dilaton, showing in fig. 8b that the allowed part

of its parameters space is the one where it mimics the Higgs, possibly up to a sign di↵erence

in rg and/or r�. The dilaton becomes identical to the SM Higgs in the limit b
3

= b� = 0

and ⇤ = V . This situation is not easily realisable in models, given that adding extra charged

particles increases b� rather than reducing it.
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from global fit:

The bound on the invisible Higgs boson decay width constrains the DM elastic scattering 
cross section  on nucleons for DM candidates with masses below Mh/2

 BRinv < 0.19 (solid line)

BRinv < 0.28 (dot-dashed)
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For example, they appear in models where the DM is charged under a hidden U(1) gauge

symmetry (spontaneously broken above the weak scale), exhibiting kinetic mixing with the SM

hypercharge [19]. These operators induce a three body decay h ! DM + DM + Z, where

for Z ! ⌫⌫̄ the decay would be completely invisible. They do not lead, however, to two

body invisible decay h ! DM + DM. The three body Higgs decay is kinematically allowed if

m
DM

< (mh �mZ)/2 ' 17 GeV. Such a light DM is subject to bounds from Z ! E
miss

measure-

ments at LEP [21]. Requiring the correct relic density this constrains m
DM

> 24(34) GeV for scalar

(vector) DM, and m
DM

> 14(31) GeV for fermionic DM with vector (axial-vector) interaction.

The operators in Eq. (8) are also subject to severe direct DM detection constraints from Z-

mediated DM scattering on nuclei (for details see Appendix A). In Fig. 1 we show the predicted

spin independent DM-nucleon cross sections (dashed blue lines) after requiring the correct thermal

relic density ⌦
DM

h2 = 0.1186± 0.0031 [20]. The shaded blue regions indicate the validity of EFT,

i.e., that ⇤ � 2m
DM

. With the exception of fermionic DM with purely axial-vector interaction

(cV = 0) all parameter space allowed by relic density is excluded by XENON100 [17] (dot-dashed

red lines). For fermionic DM with purely axial-vector interactions the spin-dependent cross section

is plotted in Fig. 1, bottom right panel, since the SI cross-section is velocity suppressed. The result

is compared to recent XENON100 bound on SD DM-neutron cross section [22], which excludes

m
DM

< 35 GeV and 50 GeV< m
DM

<150 GeV. Note that the XENON1T [23] is expected to

cover almost completely the remaining low DM mass window. In summary, the combination of

invisible Z decay and direct DM detection constraints excludes any appreciable B(h ! invisible)

from operators in Eq. (8).

Another possibility is to couple DM to scalar or tensor fermionic currents. These automatically

involve a Higgs field,

�S = H†D̄Q, H†ĒL, H⇤†ŪQ, �T
µ⌫ = H†D̄�µ⌫Q, H†Ē�µ⌫L, H⇤†Ū�µ⌫Q . (9)
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Figure 1: The spin independent DM-nucleon cross sections (dashed-blue) induced by Higgs vector current

operators (8) after requiring correct thermal relic density ⌦DMh2 = 0.1186± 0.0031 [20] for scalar DM (top

left), vector DM (top right) and fermion DM with vector (bottom left) couplings. Bottom right panel shows

the spin dependent cross section for fermion DM with axial vector couplings. The current XENON100 [17]

and projected future XENON1T bounds [14] are denoted by dot-dashed and solid red lines, respectively.

The shaded blue regions indicate where the EFT description breaks down (⇤ < 2mDM ).

possible operators, and as we will see a number of them are not excluded by direct and indirect

DM detection constraints.

The simplest e↵ective interactions generating h! DM+DM+X
SM

decays are built from the

Higgs vector current

H†

 !
D µH ⌘ H†

 �
DµH �H†

�!
DµH ! ig

2cW
(v2

EW

+ 2v
EW

h + h2)Zµ , (7)

where cW = cos ✓W , with ✓W the weak mixing angle. The operators of the lowest dimension are [16]

6

XENON100

XENON1T

Wh2=0.1186

30 50 100 200 300 500700100010-48

10-46

10-44

10-42

10-40

10-38

mDM HGeVL

s
nSI
Hcm

2 L

Scalar DM Hcf=1L

XENON100

XENON1T

Wh2=0.1186

50 100 200 300 500 700100010-48

10-46

10-44

10-42

10-40

10-38

mDM HGeVL

s
nSI
Hcm

2 L

Vector DM HcV=1L

XENON100

XENON1T

Wh2=0.1186

20 50 100 200 500 100010-48

10-46

10-44

10-42

10-40

mDM HGeVL

s
nSI
Hcm

2 L

Fermionic DM HcyV=1, cyA=0L

XENON100

XENON1T
Wh 2=0.1186

50 100 200 500 100010-42

10-41

10-40

10-39

10-38

mDM HGeVL

s
nSD
Hcm

2 L
Fermionic DM HcyA=1, cyV=0L

Figure 1: The spin independent DM-nucleon cross sections (dashed-blue) induced by Higgs vector current

operators (8) after requiring correct thermal relic density ⌦DMh2 = 0.1186± 0.0031 [20] for scalar DM (top

left), vector DM (top right) and fermion DM with vector (bottom left) couplings. Bottom right panel shows

the spin dependent cross section for fermion DM with axial vector couplings. The current XENON100 [17]

and projected future XENON1T bounds [14] are denoted by dot-dashed and solid red lines, respectively.

The shaded blue regions indicate where the EFT description breaks down (⇤ < 2mDM ).

possible operators, and as we will see a number of them are not excluded by direct and indirect

DM detection constraints.

The simplest e↵ective interactions generating h! DM+DM+X
SM

decays are built from the

Higgs vector current

H†

 !
D µH ⌘ H†

 �
DµH �H†

�!
DµH ! ig

2cW
(v2

EW

+ 2v
EW

h + h2)Zµ , (7)

where cW = cos ✓W , with ✓W the weak mixing angle. The operators of the lowest dimension are [16]



one can do the same exercise with other simple minimal DM 
models with Z-mediator, Z’ mediator...
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Wino dark matter under siege 

1307.4082, Cohen et al.5
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FIG. 1: The dashed red line shows �

�
�

0

�

0 ! W

+

W

��
v in cm3/s. The solid blue line shows

�

�
�

0

�

0 ! � �

�
v + 1

2

�

�
�

0

�

0 ! � Z

0

�
v in cm3/s. All three cross sections are computed in the

tree-level-SE approximation. One-loop e↵ects have been shown to reduce the cross section to line
photons by as much as a factor of 4 (see Sec. III B). The exclusion from Fermi (relevant for the
W

+

W

� channel) is the shaded red region, which is bordered by the dashed line. The exclusion
from H.E.S.S. (relevant for the � � + 1

2

� Z

0 channel) is the shaded blue region, which is bordered
by the solid line. These exclusion contours assume that the wino abundance is set by thermal
freeze-out. The H.E.S.S. limit is appropriate for an NFW profile, see Sec. III A. The shaded yellow
region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8]

and must be properly accounted for when computing the wino relic density, as well as its

present-day annihilation cross section. Following [1–4], we take the mass dependence for

most cross sections to be proportional to 1/M2

2

. However, we include the appropriate phase-

space and propagator factors for wino annihilations to W+W� and � Z0 today as they are

numerically relevant at low mass. This implies that our relic density is a slight overestimate

at O(100 GeV) masses. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,
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2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including

5
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Figure 1: Thermal relic density as a function of the LSP mass in our pMSSM model set, as
generated, color-coded by the electroweak properties of the LSP as discussed in the text.
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1402.5870, Rizzo.

Rizzo’s experiment:

- generates many millions of model points
- restricts to the 19-parameter MSSM

- subjects each of these to collider, flavor, EW precision, DM and theoretical constraints
-> 225k models survive:



range. SD experiments such as COUPP500 (LZ) will only be able to exclude only ⇠ 2(4)%
of the models in this set if no signal is seen.

Figure 3: Scaled spin-independent (left) and spin-dependent (right) direct detection cross
sections for our neutralino LSPs in comparison to current and future experimental sensitivi-
ties. The scaling factor accounts for the possibility that the calculated thermal relic density
of the LSP is below that measured by WMAP.

2.3 Indirect Detection: Fermi LAT, CTA and IceCube

Indirect detection can play a critical role in searches for DM and, in the case of null results,
can also lead to very strong constraints on the pMSSM parameter space. As is well-known [1],
searches for excess photons by both Fermi(from, e.g., dwarf galaxies) and CTA (from, e.g.,
the galactic core) can contribute coverage in di↵erent regions of the pMSSM parameter space
in the future. CTA, in particular, is found to be extremely powerful in the search for heavy
LSPs which are mostly Higgsino- or wino-like and that predict thermal relic densities within
an order of magnitude or so of the WMAP/Planck value; these constitute ⇠ 20% of the
present pMSSM model set. This role is of particular importance since these heavy LSPs are
currently outside the range of the 7 and 8 TeV LHC SUSY searches and might be di�cult to
directly access even at 14 TeV. Fermi, on the other hand, is found to be mostly sensitive to
the set of well-tempered neutralinos that are relatively light. In the results presented below,
the relevant analyses were performed by the Fermiand CTA collaborations themselves [1]
and required both the calculation of the photon fluxes for each of the pMSSM model points
under consideration as well as the corresponding modeling of the detector response in order to
compare to their expected DM search sensitivities. A complete discussion of the procedures
followed in this analysis and the corresponding details of these results can be found in Ref. [1].

In addition to these searches, IceCube/DeepCore can also make an important contribu-
tion to the pMSSM parameter space coverage. Neutralino dark matter can be captured,

8

- Applies direct detection constraints:

- Applies indirect detection constraints

- Applies LHC constraints



MSSM neutralino 1402.5870, Rizzo.

Figure 1: Thermal relic density as a function of the LSP mass in our pMSSM model set, as
generated, color-coded by the electroweak properties of the LSP as discussed in the text.

4

masses above ⇠ 250 GeV that saturate the relic density. However, for larger masses the
CTA coverage extends down to relic densities as much as a factor of ⇠ 10 or more below
the WMAP/Planck value. Fermi is seen to cover only the low LSP mass region with relic
densities not far from the thermal value, while IceCube can go to much lower relic densities
provided the LSP mass is below ⇠ 500 GeV or so. LZ has sensitivity throughout this plane
but does best for LSP masses below ⇠ 300 GeV, even for models with very low relic densities.
Of course, even for LSP masses up to 1-2 TeV, the LZ sensitivity remains reasonably good.
As noted already, the LHC is presently seen to be e↵ective mainly at lower LSP masses
below ⇠ 500 � 600 GeV. The LHC coverage is relatively uniform with respect to the relic
density, but of course the fraction of models excluded is very high in the case of very light
LSPs. Extending the LHC energy to 14 TeV will substantially improve its ability to find
heavy LSPs, as we will see below.

Figure 7: Thermal relic density as a function of the LSP mass for all pMSSM models,
surviving after all searches, color-coded by the electroweak properties of the LSP. Compare
with Fig. 1.
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Combining direct, indirect and LHC searches

before after

~ 75.5% of the models have been excluded by at 
least one of the searches 



Conclusion: Parameter space of WIMP theories 
significantly affected after combining direct, indirect 

and LHC searches



 The KK photon in minimal Universal Extra dimensions
has essentially remained untouched since its original proposal.

A wimp which has survived the slaughter (so far) :
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Status of Kaluza-Klein Dark Matter in 
models of Universal Extra Dimensions

1401.4176

Universal Extra Dimensions at a glance:
simplest X-dim models: SM embedded in 5D (flat)
key property: boundary lagrangians respect a space-time symmetry 

called Kaluza-Klein parity.
 As a result, the Lightest-Kaluza-Klein is stable.

Besides, Kaluza-Klein number conservation leads to weak bounds on the 
KK mass scale from EW precision constraints.
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the bulk theory has an exact remnant discrete symmetry, (�1)n, where n is the
KK number, called KK parity, which treats di↵erent KK modes di↵erently. This
symmetry insures that interaction vertices cannot involve an odd number of odd-KK
states and, therefore, a vertex with two SM particles (with n = 0) and one KK state
(with n = 1) is forbidden. As a result, the Lightest KK Particle (LKP) with n = 1
cannot decay into SM particles and is stable. Note that KK parity is a reflection
about the midpoint of the extra dimension combined with the orbifold projection.
For it to be an exact symmetry, one has to assume that the boundary lagrangians at
the two orbifold fixed points are symmetric. The minimal UED (MUED) framework
assumes that boundary operators are symmetric and that the coe�cients of the
localized operators vanish at tree level. As a consequence of these two assumptions,
KK parity is an exact symmetry and corrections to EW observables arise at 1-loop
order. This results in a rather weak bound on the KK mass scale compared to
other extra-dimensional constructions 1,11, namely R�1 & 680 GeV12,13. Besides,
the flavor structure of the bulk lagrangian, being the same as the SM one, includes
the GIM mechanism. Flavor physics constraints and other low-energy probes of new
physics, such as rare K and B decays and muon (g-2) were summarized in Ref. 8.
The quoted bounds are of the order R�1 & 250 GeV. Constraints from b ! s� were
first derived in 14 and from flavor changing neutral currents in 15,16. A stronger
bound R�1 & 600 GeV from B̄ ! Xs� was subsequently derived in 17, putting
flavor constraints at the same level as EW precision tests.

Generally, the spectrum of KK masses depends also on the values of boundary
terms at the cut-o↵ scale, which are not fixed by known SM physics. In this sense,
the values of the KK masses can be taken arbitrary and the UED scenario has
a multitude of parameters. Assuming vanishing boundary terms (this is the so-
called MUED hypothesis), the KK mass splittings are essentially due to radiative
corrections 18 and controlled by SM gauge couplings. For a light higgs (mh ⇠ 120

2.3 Detailed analysis of the spectrum

Armed with the masses computed in section 2.2, we are ready to plot the spectrum

and analyse its features. For each 5D field, the Z function is matched with the
results obtained in [11]. In order to e�ciently compare our results with the existing
literature, we fix the cuto� � = 20R�1 and the running scale µ = R�1. Furthermore,

we choose two benchmark values for the compactification scale R�1 = 800 GeV and
R�1 = 1500 GeV. As we will explain in section 4, these points are close to the edge

of the allowed region. The spectrum of the first KK level is shown in figures 1 and
2 for a Higgs mass mH = 120 GeV and these two values of R�1.
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Figure 1: The first KK level of the MUED spectrum for R�1 = 800 GeV, mH = 120 GeV,

⇤R = 20 and µR = 1, at tree level (left) and one loop (right).
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Figure 2: The first KK level of the MUED spectrum for R�1 = 1500 GeV, mH = 120

GeV, ⇤R = 20 and µR = 1, at tree level (left) and one loop (right).

First of all, the degeneracy of the tree-level spectrum is significantly lifted once
we include corrections. As expected, the lightest KK particle (LKP) is the gauge

boson P (1) which is at 99% composed of the B(1) boson because the electroweak
scale is much smaller than the radius. It is stable and hence is a good dark matter
candidate. The next-to-lightest KK particle (NLKP) for the parameters of figure 1

is a charged KK lepton, while as seen in figure 2, the KK lepton and the scalar a0 are

– 13 –

Fig. 1. MUED 1-loop mass spectrum of level-1 Kaluza-Klein particles for mh = 120 GeV, R�1 =
1500 GeV and ⇤R = 20. From Ref. 10.

assuming vanishing 
boundary terms, 

the KK mass spectrum 
is rather degenerate:

Belayev et al, 
1212.4858 
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Figure 1: �h2 as function of R�1 for mh = 120 GeV, �R = 20 (left) and �R = 50 (right)
including di�erent processes as specified on the figure. Here 1-loop stands for one-loop
couplings between level 2 and SM particles. The shaded region corresponds to the 3�
preferred region obtained by WMAP [13].

impact on the relic density, see Fig. 1. This is mainly because the new contribution from
the process �1h1+ ! h2+ ! tb̄ benefits from a resonance enhancement thus increasing
significantly the e�ective annihilation cross section. This result depends very sensitively
on the mass of the level-2 particle, a small downward shift in the mass, such as in the
MUED model used in [11], where the renormalization scale is set to µ = 2R�1 for the
level 2 masses, means that the pole e�ect is avoided at the LKP decoupling temperature.
When including the contribution of h2 and neglecting level 2 KK-particles in the final
state, the prediction for the relic abundance is close to the one obtained including only
annihilation processes.

When allowing level-2 particles in the final state, mainly �2 and h2, a2, a±2, the relic
abundance decreases sharply shifting the preferred value of the DM mass above the TeV
scale. This is due to the important contribution of the coannihilation channels (l1�1 !
l�2) that are enhanced by the exchange near resonance of the n = 2 KK singlet lepton.
Together these channels make up more than 50% of the (co)annihilation channels. As
previously, other coannihilation channels each contribute to a small fraction of the total
e�ective cross section. The contribution of the most important channels is illustrated in
Fig. 2, where we have summed the contribution of all leptons in the initial states and all
SM particles in the final state. Coannihilation channels involving lepton pairs contribute
around 15% and their contribution is comparable to the one of Higgs channels �1H1

at large values of R�1. Contributions of the order of a few percent are found for the
annihilation channels, �1�1, as well as coannihilations of the type l1H1, H1H1 or �1l1 into
only SM particles. This still leaves around 10% contribution from all remaining channels,
among these one finds notably channels involving gauge bosons such as V 1H1 or V 1l1.

The value of the cut-o� scale � has an impact on the mass of the KK particles through
logarithmic one-loop corrections, Eq. 11. Increasing the scale to �R = 50 leads to heavier
KK particles, in particular for KK lepton doublets and KK quarks, and has an impact on
�h2. For example when ignoring the level 2 particles in the final state the contribution
of coannihilation channels with KK leptons su�ers from a larger Bolzmann suppression
factor, this is partly compensate by an increase in the contribution of the h2+ pole (as

10

Fig. 3. ⌦h2 predictions in MUED calculated by micrOMEGAs, taking into account EW sym-
metry breaking e↵ects as well as level-2 KK particles (blue lines) as specified in framed caption.
From Ref. 9.

Ref. 23,24, all coannihilation channels with KK fermions and KK gauge bosons were
included. The net result is that even if the new coannihilations are Boltzmann
suppressed their e↵ect is still significant because the cross sections are mediated
by weak or strong interactions while the cross sections studied so far were purely
hypercharge-mediated processes. The conclusion was that in MUED, the LKP mass
should be within 500-600 GeV while in non-minimal UED models, freedom in the
KK mass spectrum allows an LKP as heavy as 2 TeVb.

Another important subsequent result was the inclusion of level-2 KK modes
which significantly increases the e↵ective annihilation cross section 26,27. The dom-
inant process contributing to the e↵ective annihilation cross section (at ⇠ 50 %) is
l1�1 ! l�2, as shown in Fig. 2. At the end, the prediction for the DM mass from the
relic abundance calculation in MUED is ⇠ 1400 GeV for ⇤R = 20, to be compared
to ⇠ 900 GeV when the e↵ect of level-2 is ignored. The most complete calculation
of the relic abundance of the KK photon was performed in Ref. 9 which showed that
the prediction for the DM mass is raised to ⇠ 1.3 TeV when taking into account the
e↵ect of level-2 KK modes. All coannihilation channels, including level-2 particles
were included. The final result is shown in Fig. 3 (see also Fig. 5 for low cuto↵ scale
⇤ = 5/R predictions). Interestingly, as we discuss next, the relevant mass range has
not yet been reached by the LHC but will be probed in the next 14 TeV run.

Concerning direct DM searches, they are presently insensitive to TeVish LKP. As

bThe e↵ect of KK gravitons and the corresponding bounds on the reheating temperature were
discussed in Ref. 25

Relic abundance calculation, state of the art

Belanger et al, 
1012.2577

 --->   M_DM ~ 1. 4 TeV  Lambda . R = 20
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The role of the 2nd level of KK excitation

Fig. 2. Dominant coannihilation process controlling the DM relic abundance in MUED.

GeV), the LKP is the KK hypercharge gauge boson B(1) 18 which behaves as a
viable alternative WIMP dark matter candidate19,20 comparable to the neutralino
in SUSY21. The corresponding KK spectrum is shown in Fig. 1 in the case R�1 = 1.5
TeV.

There is an additional degree of freedom which is missing in Fig. 1 and which
is usually ignored in the UED literature: the radion, the scalar component of the
higher dimensional graviton tensor. The natural scale of the radion’s mass 22 is
mr ⇠ (R�1)2/mPl. Thus, for 1/R at the TeV scale, the mass of the radion is at the
millieV scale. Models with flat TeV extra dimensions generally have an overclosure
problem, because the radion is e↵ectively stable and easily dominates the energy
density of the universe at late times, as extensively discussed in Ref. 22. It remains
to be explored whether the compactification dynamics could make the radion more
massive than the naive estimate to evade the cosmological constraints. This is the
assumption that is implicitly made in all the literature related to UED as the
radion physics is neglected. In the following, we will focus on dark matter and LHC
constraints on UED models, ignoring the radion.

3. Dark Matter

In contrast with supersymmetry where the mass spectrum is largely spread so that
at most a few additional particles participate in coannihilation processes with the
LSP, in MUED, the mass spectrum of KK particles is rather degenerate and there
are many coannihilation processes.

The viability and relic density of the B(1) LKP were first analyzed in 19 with
some simplifying assumption about the KK spectrum (only one co-annihilation
channel involving the KK right-handed electron eR was considered) and it was
shown that including coannihilation e↵ects increases the relic density, thus reduces
the mass for the DM particle. This is to be contrasted with the supersymmetric
case where coannihilation e↵ects tend to push the prediction for the mass of the
neutralino to higher values. The reason is that the annihilation cross section of the
KK photon is not helicity-suppressed and coannihilation cross sections (involving
KK eR) are typically weaker than the ones for KK photon self annihilation and
cannot compensate the increase in the number of e↵ective degrees of freedom. In

a key-
diagram:

in this mass range, no constraint from direct detection nor indirect 
detection
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realistic mass splittings. The situation is summarized in fig.1.2 where all
mass splittings below the respective limit curves are excluded.
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Fig. 1.2. a) Theoretical predictions for spin-independent LKP-nucleon cross sec-
tions for mh = 120 Gev and � = (mq1 � mLKP )/mLKP between 1% which is the
upper boundary of the respective shaded area and 50% which is the lower bound-
ary. Limits from CDMS and XENON10 as well as expected sensitivities from future
experiments are displayed. b) The black solid line accounts for all the dark matter
in the universe while the two black dotted lines show the bounds assuming that the
LKP would contribute only 1 % or 10% to the total amount of dark matter. The
green shaded region represents the preferred WMAP region. The yellow shaded
region should be covered by the LHC. Both plots are from Ref. (116).

Indirect detection through gamma-rays (30; 36; 68; 64; 69), neutrinos and
synchrotron flux (36), positrons (30; 59), antiprotons (66) or through an-
tideuterons (63) has also been considered. The neutrino spectrum from LKP
annihilation in the Sun was investigated in (59). An interesting feature of
KK dark matter is, in constrast with the neutralino, that annihilation into
fermions is not helicity suppressed and there can be a direct annihilation
into e+e� leading to a very valuable positron signal from LKP annihilation
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shown in Fig. 4, elastic scattering of the B(1) LKP and target nuclei arises from KK
quark exchange and higgs exchange 28,20,29, the latter being the dominant contribu-
tion for the typical mass di↵erence of the MUED scenario, (mq1 �m�1)/m�1 ⇠ 17%.
Direct detection does not appear the most promising way to probe B(1) LKP dark
matter as the sensitivity of near future experiments does not allow to probe realistic
mass splittings leading to DM-nucleon spin-independent elastic scattering cross sec-
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mass splittings below the respective limit curves are excluded.

q

B(1)

q(1)

B(1)

q

q

B(1)

q(1)

q

B(1)

q

B(1)

H

B(1)

q

Fig. 1.1. Leading Feynman graphs for e↵ective B(1)-quark scattering through the

exchange of a KK quark (both q
(1)
L and q

(1)
R ) and through the exchange of a zero-

mode Higgs boson. The diagrams for a Z(1) LKP are similar.

Fig. 1.2. a) Theoretical predictions for spin-independent LKP-nucleon cross sec-
tions for mh = 120 Gev and � = (mq1 � mLKP )/mLKP between 1% which is the
upper boundary of the respective shaded area and 50% which is the lower bound-
ary. Limits from CDMS and XENON10 as well as expected sensitivities from future
experiments are displayed. b) The black solid line accounts for all the dark matter
in the universe while the two black dotted lines show the bounds assuming that the
LKP would contribute only 1 % or 10% to the total amount of dark matter. The
green shaded region represents the preferred WMAP region. The yellow shaded
region should be covered by the LHC. Both plots are from Ref. (116).

Indirect detection through gamma-rays (30; 36; 68; 64; 69), neutrinos and
synchrotron flux (36), positrons (30; 59), antiprotons (66) or through an-
tideuterons (63) has also been considered. The neutrino spectrum from LKP
annihilation in the Sun was investigated in (59). An interesting feature of
KK dark matter is, in constrast with the neutralino, that annihilation into
fermions is not helicity suppressed and there can be a direct annihilation
into e+e� leading to a very valuable positron signal from LKP annihilation

Fig. 4. Leading Feynman graphs for e↵ective B(1)-quark scattering through the exchange of a

KK quark (both q(1)L and q(1)R ) and through the exchange of a zero-mode Higgs boson.

10
-11

10
-10

10
-9

10
-8

10
-7

400 600 800 1000 1200 1400 1600
LKP Mass (GeV)

R
es

ca
le

d 
LK

P-
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(p
b)

LUX (2013)

Xenon1T (Projection)

mUED (RR=20)

mUED (RR=5) Planck
(2013)
• •
• •

•
•

•
•

Mh = 125 GeV

Fig. 5. Rescaled LKP-nucleon spin-independent elastic scattering cross section ⇠ ⇥ �SI (in red)
where ⇠ = ⌦LKPh2/0.1103 for ⌦LKPh2 < 0.1103, ⇠ = 1 for 0.1103 < ⌦LKPh2 < 0.1289, ⇠ = 0 for
⌦LKPh2 > 0.1289, compared with the most stringent LUX 2013 bound (green) and the Xenon 1 T
projection (blue). The region between the bullets is consistent with the ⌦DMh2 range at 3� from
the latest Planck 2013 measurement. Plotting the rescaled LKP-nucleon cross section accounts for
the fact that experimental bounds are weaker if the LKP makes only a fraction of the total dark
matter energy density of the universe. Figure provided by M. Kakizaki, using micrOMEGAs 3.5.5,
updated from Ref. 9 (which includes level-2 KK modes and loop level couplings), for two choices
of cuto↵ scale. The dotted and dashed red lines correspond to two di↵erent choices of quark
coe�cients in the nucleon, see Ref. 9.

shown in Fig. 4, elastic scattering of the B(1) LKP and target nuclei arises from KK
quark exchange and higgs exchange 28,20,29, the latter being the dominant contribu-
tion for the typical mass di↵erence of the MUED scenario, (mq1 �m�1)/m�1 ⇠ 17%.
Direct detection does not appear the most promising way to probe B(1) LKP dark
matter as the sensitivity of near future experiments does not allow to probe realistic
mass splittings leading to DM-nucleon spin-independent elastic scattering cross sec-

1401.4176

mass range with 
correct relic 
abundance
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Figure 8: The principal decay channels of the n = 1 KK gluon as well as decay channels

of its subsequent decay products for R�1 = 800 GeV (top) and R�1 = 1500 GeV (bottom).
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Fig. 7. Main decay channels of the level-1 KK gluon and its decay products for R�1 = 1.5 TeV,
from Ref. 10.

4. LHC constraints

The main LHC signal comes from strongly produced KK gluons and KK quarks,
whose production cross sections at 14 TeV LHC are shown in Fig. 6. The mass
spectrum of MUED defines a very specific dominant decay pattern to leptons, in
contrast to SUSY theories which have instead a high quark multiplicity. The main
decay chains are shown in Fig. 7.

A study of the 4-lepton channel 41 shows that 10 fb�1 of LHC data at 14 TeV
enable to reach R�1 ⇠ 1.2 TeV, see Fig. 8. This mass range is still lower than the
mass relevant for Dark Matter, however, it was argued that with improvements in
the analysis one may hope to probe the relevant DM region with O(100) fb�1. In
the meantime, the 3-lepton channel was proven to be much more e↵ective10. As
illustrated in Fig. 9, the 8 TeV run can already set the most stringent bound so far
on MUED to ⇠ 1.2 TeV and it is expected that the entire relevant region will be
probed with the 14 TeV run 42. There have been no dedicated searches for UED by
ATLAS or CMS, and the limits in Ref. 41,10,42 are estimates by theorists. On the

cThis is also discussed in Ref. 30, where, on the other hand, the e↵ects of KK modes other than q1

(and especially the level-2 KK modes) are not taken into account in the relic density calculation.

Belayev et al, 
1212.4858 

LHC searches

production of KK quarks and gluons, that decay into multi-lepton patterns
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Alexander  Belyaev 45

      

“Exploring Universal Extra Dimensions at  the LHC”

mUED collider phenomenology with leptons

Small mass gap (as compared to MSSM) – much lower missing PT 

Quite a few PHENO papers, but there are no experimental limits!!!

the projected limit from this study: R
-1
 > 1.2—1.3 TeV

3-lepton signature – is very  promising:

 LHC@14 will eventually discover or close MUED!

preliminary

AB, Brown, Moreno, Papineau'12

[http://hepmdb.soton.ac.uk/][46] and have applied the combined set of cuts (4.3)–

(4.8) described above.

LHC @ 7 TeV: MUED reach for 3-lepton signature
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LHC @ 8 TeV: MUED reach for 3-lepton signature
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Figure 19: LHC @ 7 TeV (left) and LHC @ 8 TeV (right) exclusion and discovery potential

for MUED for di↵erent luminosities.
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Figure 20: Constant mass contours for n = 1 KK gluons (left) and KK quarks (right),

the latter using u
(1)
1,2 for illustration. (KK indices are suppressed.)

The results are shown in figure 19 in terms of exclusion (at 95% CL) and disovery

(5�) contours for
�

s = 7 and 8 TeV and di�erent luminosities. For both criteria,
exclusion and discovery, we define the statistical signal significance � as

� =
NS�

NB + NS
(4.9)

and require � � 2 for exclusion region and � � 5 for the discovery region. The
NS(B) = �S(B)L denotes the number of signal (background) events for an integrated

– 34 –

Fig. 9. MUED exclusion and discovery potential from the 3-lepton channel at LHC8 (left)10 and
LHC14 (right) 42.

5. Beyond the Minimal UED model

Mild departures from the minimal UED model lead to significantly di↵erent phe-
nomenology. A simple extension is to include boundary interactions localized on the
fixed points of the S1/Z2 orbifold at the cuto↵ scale ⇤50. The next-to-minimal UED
(NMUED) model considers in addition the presence of bulk mass terms51. It has
two extra parameters in addition to R and ⇤, a common boundary parameter r and
a common bulk mass µ for the third generation quarks, which allows for a slightly
lower compactification scale than in MUED, R�1 & 500 GeV from EW precision
tests and Higgs searches 52. It remains to be seen what are the constraints from
LHC searches and how they fit with DM predictions. In fact, in the presence of non-
trivial boundary localized terms, the LKP may rather be the first-level Z boson,
Z1, or the first-level neutral Higgs boson, H1, see Ref. 50. The phenomenology of
Z1 dark matter was studied in Ref. 29,53. Its preferred mass is typically larger than
B1, consequently it is more challenging to detect. H1 is also a viable WIMP can-
didate but with even worse detection prospects 54, essentially due to its suppressed
couplings to light fermions.

Another extension is to consider UED models with two extra dimen-
sions 7,55,56,57,58. This construction was motivated as the number of matter gener-
ations can be derived as a consequence of anomaly cancellation 59. Another special
property of 6D UED with compactification of the two extra dimensions on a T2/Z4

orbifold of equal radii (the so-called “chiral square”) is that proton decay is sup-
pressed to acceptable levels even for a baryon number violation scale in the TeV
range, as a consequence of the combination of standard-model gauge invariance and

LHC bounds and prospects

Best prospects in the 3-lepton channel
(no official ATLAS or CMS analysis). The 8 TeV 

expected to exclude up to M_KK~ 1.2 TeV.

Range relevant for DM will be probed in the 14 TeV run.
Belayev et al, 
1212.4858 

(but will be more difficult for  low Lambda.R values )
1401.7050



Reminder to the younger part of the audience:

Wimps were not invented to solve the DM puzzle.

Wimps were predicted as part of the spectrum 
of natural theories...

As of today, the logic has been reversed.
Which theorists still follow naturalness as a guiding principle?
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SUSY
[70 ies to now]
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ADD (large extra dim)

RS (Randall-Sundrum)
[99  to now]

[98-99]

  the attitude: 
Naturalness is what 

matters, dark matter is a 
secondary issue

Give up naturalness, focus on 
dark matter and EW 

precision tests. Optional: also 
require unification

R-parity→ LSP 

UED

Little Higgs
[2001  to now]

[2002-2004]

KK-parity→ LKP 

T-parity→ LTP 
[2003]

[2002]

“Minimal” SM 
extensions

[2004 to now]

assume discrete 
symmetry, 

typically a Z2 

  Lower your ambition (no 
attempt to explain the MEW/
MPl hierarchy); rather put a ~ 

TeV cutoff

Model building beyond the Standard Model: “historical” overview
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New symmetries at the TeV scale and Dark Matter

New TeV scale 
physics needed

to cut-off quadratically 
divergent quantum corrections to 

the Higgs mass

tension with precision tests of the 
SM in EW & flavor sector (post-

LEP “little hierarchy pb”)

introduce new discrete 
symmetry P

R-parity in SUSY, KK parity in extra dim, T 
parity in Little Higgs ...

Lightest P-odd particle is stable

DM candidate

the ~ 2000-2004 approach:
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 mass spectrum, 
interactions

Work !t  prope"ies of new degrees of  freedom

The stability of a new particle is a common feature of many models

relic 
abundance

 detection
signatures & rates

 dark matter candidates

 Standard Model 
Particles

 New Particles

 STABLE



29

 post LEP-2--> questioning of naturalness as a motivation for new 
physics @ the Weak scale

dark matter model building since ~2008: data driven 

+ various “hints” (?...):
DAMA, INTEGRAL, PAMELA, ATIC, Fermi line ...

focus on dark matter only and do not rely on models 
that solve the hierarchy problem

“minimal approach”:

Dark matter theory

dark matter model building until ~2004: mainly theory driven 
largely motivated by hierarchy pb: 

SUSY+R-parity, 
Universal Extra Dimensions + KK parity

Little Higgs models+ T-parity

(or ambulance chasing)



DM couples most significantly to particles with heavy 
masses, while couplings to light SM states are suppressed.

Weight-philic Dark Matter

Simplified model inspired by framework of composite Higgs and Top quarks



31

SU(2)L � SU(2)R SU(2)V

SU(3)c
QCD:

global symm. 

on u,d
stro

ng int.
U(1)Q

⊃

6           -          3    =  3 PNGB �±,�0

global symm. on 

techniquarks

SO(6)� U(1)x SO(5)� U(1)Y

SU(Nc)
Composite 
Higgs:

⊃ SU(2)�
U(1)Y

16           -         11    =  5 PNGB     H, S

SO(5)/SO(4) -> SM Higgs
SO(6)/SO(5) -> SM + Singlet 
SO(6)/SO(4) -> 2 Higgs Doublet Model

associated 
LHC tests

Higgs scalars as pseudo-Nambu-Goldstone bosons of new 
dynamics above the weak scale

New strong sector endowed with a global symmetry G spontaneously broken to H 
→ delivers a set of Nambu Goldstone bosons
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General structure -> Partial compositeness

EWSB

︴
 

︴ ︴

━━━━━━

W a
µ , Bµ

�

�±

�0, h

� �ex:    SO(5) → SO(4)

SM
sector

Lint = AµJµ + �̄O + h.c.

linear couplings  strong
sector(for more successful 

phenomenology)
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L #∂ qL + t̄R #∂ tR
+ Tr

{

Q̄ ( #∂ −MQ)Q
}

+ ¯̃T ( #∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)
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tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.
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heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):
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[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):
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mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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Consider models where annihilations in the early universe and annihilations 
today are controlled by different processes and are therefore naturally of 

different sizes

These DM theories can produce large gamma ray lines 
over suppressed continuum

e.g. tree level annihilations not kinematically possible today, although 
possible in early universe if DM close in mass with other particles in new 

sector.



 Large gamma-ray lines, naturally:
The “forbidden channel” scenario

 Jackson, Servant, Shaughnessy, Tait, Taoso,’09 

DM almost decouples from light SM particles while having large couplings to new heavy 
particles

MDM <             : tree level annihilations kinematically forbidden today (DM has small velocity 
in our galaxy today v/c~ 10-3) but allowed  in the early universe (v/c~ 10-1). 
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Figure 1: General topology studied in this paper. DM (⌫) annihilates through an s-channel scalar
� or vector V µ resonance and loop of new fermions  .

a close look at the 1-loop continuum. We carry out a thorough investigation of this question
by studying representative examples.

The plan is the following: in Section 2 we illustrate the idea with a very simple model
where DM annihilates via a scalar � into a heavy fermion  . We explore di↵erent choices
of couplings and gauge representations for  . We compute in detail all 1-loop annihilation
channels and determine the line-to- continuum ratio �line/�continuum, which characterizes the
strength of the line signal relative to the DM-induced continuum background, and provides a
useful analysis handle on any putative line signal [7]. Section 3 discusses the vector mediator
case, distinguishing vector and axial couplings. If DM has axial couplings, both vector and
scalar s-channel exchanges play an important role. We compute all one-loop contributions to
the continuum for various assumptions on the nature of the couplings (scalar, pseudoscalar,
vector, axial). We summarize our conclusions in Section 4. In the appendice, we collect the
expressions describing all of the one-loop annihilation processes. These results go somewhat
beyond the immediate needs of the current work, and are easily adapted to any WIMP model
whose interactions with the SM are primarily through an s-channel mediator.

2 Scalar Mediator Model

As a first example illustrating the forbidden channel scenario, we consider a model with
a minimal dark sector: in addition to the SM singlet DM (⌫), we include another Dirac
fermion  with vector-like SM gauge interactions which acts as the portal to the SM. ⌫ and
 can interact by exchanging a real scalar singlet �. We will eventually consider various
possibilities for the gauge quantum numbers of  , but begin by assuming that it is is a color
singlet and a doublet under SU(2) carrying the opposite hypercharge Y = 1/2 to the SM
lepton doublet. The relevant interactions are given by

L � �⌫(yS
⌫� + iyP

⌫��
5)⌫��  (yS

 � + iyP
 ��

5) �� yH  H⌫ + h.c (1)

where we have assumed as usual that a dark symmetry (parity or U(1)D) forbids ⌫ from
mixing with the SM neutrinos via interactions such as LH⌫, and the last term is responsible
for the decay of  ! h⌫, with yH is chosen to be small enough to avoid large  0 � ⌫ mixing
which can induce a large ⌫ � Z coupling excluded by direct DM searches but large enough
for  to decay before BBN. For this range of values, it is safely small enough as to be roughly
irrelevant for the remainder of our discussion.

2

We want to identify the generic conditions under which  large 
line signals occur and pay particular attention to the 1-loop 

continuum.

1302.1802



Case with scalar mediator:
Consider the very simple dark sector:
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Case with scalar mediator:

➙ p-wave suppressed for scalar DM coupling
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FIG. 15. Other plots for M=135 GeV. Here y�
p = 1, y�

s = 0 while y�
p is chosen either scalar or psuedoscalar.

Figure 3: Gamma ray line signal and continuum strength for scalar exchange models: top: the
(1, 2, 1/2) case; bottom: the (1, 2, -3/2) case.
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FIG. 15. Other plots for M=135 GeV. Here y�
p = 1, y�

s = 0 while y�
p is chosen either scalar or psuedoscalar.

Figure 3: Gamma ray line signal and continuum strength for scalar exchange models: top: the
(1, 2, 1/2) case; bottom: the (1, 2, -3/2) case.
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In terms of the dark symmetry, in the case  =  1/2,  is charged under the dark symmetry
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when  =  �1, we also assume it is uncharged and decays into SM states via a tiny mixing
with the SM right-handed lepton. In all cases, these couplings can be chosen small enough
that they do not play much role in dark matter searches or in determining the relic density.

In Figures 3 and 4, we show the (complete one loop) cross sections for the cases where  
has scalar (dotted) or pseudo scalar (solid) coupling. We illustrate the resonant dependence
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and  �� contributing to the line signal. When  is an SU(2) singlet,  =  �1, there is no
annihilation into WW , with the line to continuum ratio jumping to values as large as ⇠ 30.
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Since all of the channels experience the same resonant enhancement, the ratios do not
depend on M� (though as shown, together with the DM mass, it does control the absolute
values of the cross sections). Increasing M leads to the fall-o↵ in the absolute rates shown
on the figures. We have fixed the DM mass to 135 GeV for illustration, inspired by the
features in the Fermi LAT data from the galactic center [8–10]; the values of the ratios are
not very sensitive to this choice of mass and one can easily realize strong lines at other
energies.

This class of models therefore provides simple examples of potentially large gamma ray
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Figure 5: Examples gamma-ray spectra for three choices of parameters leading to the correct DM
relic abundance and for two choices of DM profiles.

annihilation into WW , with the line to continuum ratio jumping to values as large as ⇠ 30.
We illustrate the spectrum of a few promising cases in Figure 5.

Since all of the channels experience the same resonant enhancement, the ratios do not
depend on M� (though as shown, together with the DM mass, it does control the absolute
values of the cross sections). Increasing M leads to the fall-o↵ in the absolute rates shown
on the figures. We have fixed the DM mass to 135 GeV for illustration, inspired by the
features in the Fermi LAT data from the galactic center [11–13]; the values of the ratios
are not very sensitive to this choice of mass and one can easily realize strong lines at other
energies.

This class of models provides simple examples of potentially large gamma ray line sig-
natures. It is also easy to obtain the correct relic abundance in this setup. For non-zero
sin↵, the h-� mixing produces resonant enhancement of the annihilation cross section for
M⌫ ' Mh/2 ' 62 GeV, and for M⌫ ' M�/2. The width of � and its coupling to SM final
states are both controlled by sin↵. The resulting relic density is a complicated function of
the DM mass, as illustrated in Fig. 6. Typically, there will be regions around both the h
and � resonances with the correct relic abundance. Obviously, the regions around the �
resonance will also lead to large gamma ray line features. Since the  mass is slightly above
the DM mass, one could also invoke coannihilation between ⌫ and  . Similarly, when  
decays into SM states and it is slightly heavier than ⌫, ⌫⌫̄ !   ̄ annihilations are e�cient
in the early universe, although forbidden today. This is the forbidden channel idea proposed
in [3], where the role of  was played by the top quark.

We close this section with some brief discussion of collider and precision measurements.
Since all choices of  are vector-like, with at most extremely tiny mixing with SM fermions,
constraints to precision electroweak observables [14] are expected to be much weaker than
direct constraints from colliders. Since the  states contain charged particles which can
decay into leptons, low-background final states at the LHC are possible; however, these are
balanced by very small electroweak production cross sections. As a result, current experi-
mental constraints are rather weak, and new states as light as a few hundreds of GeV are
allowed. We expect that further high energy running of the LHC should eventually cover a
good portion of the parameter space.
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Figure 5: Examples gamma-ray spectra for three choices of parameters leading to the correct DM
relic abundance and for two choices of DM profiles.

annihilation into WW , with the line to continuum ratio jumping to values as large as ⇠ 30.
We illustrate the spectrum of a few promising cases in Figure 5.

Since all of the channels experience the same resonant enhancement, the ratios do not
depend on M� (though as shown, together with the DM mass, it does control the absolute
values of the cross sections). Increasing M leads to the fall-o↵ in the absolute rates shown
on the figures. We have fixed the DM mass to 135 GeV for illustration, inspired by the
features in the Fermi LAT data from the galactic center [11–13]; the values of the ratios
are not very sensitive to this choice of mass and one can easily realize strong lines at other
energies.

This class of models provides simple examples of potentially large gamma ray line sig-
natures. It is also easy to obtain the correct relic abundance in this setup. For non-zero
sin↵, the h-� mixing produces resonant enhancement of the annihilation cross section for
M⌫ ' Mh/2 ' 62 GeV, and for M⌫ ' M�/2. The width of � and its coupling to SM final
states are both controlled by sin↵. The resulting relic density is a complicated function of
the DM mass, as illustrated in Fig. 6. Typically, there will be regions around both the h
and � resonances with the correct relic abundance. Obviously, the regions around the �
resonance will also lead to large gamma ray line features. Since the  mass is slightly above
the DM mass, one could also invoke coannihilation between ⌫ and  . Similarly, when  
decays into SM states and it is slightly heavier than ⌫, ⌫⌫̄ !   ̄ annihilations are e�cient
in the early universe, although forbidden today. This is the forbidden channel idea proposed
in [3], where the role of  was played by the top quark.

We close this section with some brief discussion of collider and precision measurements.
Since all choices of  are vector-like, with at most extremely tiny mixing with SM fermions,
constraints to precision electroweak observables [14] are expected to be much weaker than
direct constraints from colliders. Since the  states contain charged particles which can
decay into leptons, low-background final states at the LHC are possible; however, these are
balanced by very small electroweak production cross sections. As a result, current experi-
mental constraints are rather weak, and new states as light as a few hundreds of GeV are
allowed. We expect that further high energy running of the LHC should eventually cover a
good portion of the parameter space.
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Summary of scalar case

pseudoscalar coupling of DM needed

ZZ and WW continuum can be sizeable 
depending on the charge assignments of     . 



Case with vector mediator:

Extend SM gauge sector by adding a U(1)’ 
gauge symmetry broken by the vev of �
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Figure 7: Representative one-loop annihilation channels in the vector model. The status of each
channel depending on the nature of the couplings is summarized in Table 2.

We will find that the one-loop cross sections in this setup are very sensitive to the vector
or axial nature of the couplings, as summarized in Table 2. If all couplings in the loop are
vector-like, there is no one-loop annihilation into two gauge bosons. In practice, an odd
number of axial vector couplings is required in the loop for the annihilation cross section to
survive in the non-relativistic limit. To avoid SM anomalies, we take  to have vector-like
couplings with respect to the SM gauge group, therefore, strong line signals require axial
vector couplings of the Z 0 to ⌫ or  (or both). This implies that both states are actually
hybrids of underlying states with di↵erent U(1)0 charges, married together by h�i. In order
to avoid mixed U(1)0-SM anomalies, we engineer this by including vector-like pairs3 of ⌫
with charges qL⌫ and qR⌫ = qL⌫ � q� and another vector-like pair of  fields with charges qL 
and qR = qL � q�. These charge assignments insure that Yukawa interactions with � are
allowed, and after obtaining a VEV, result in mass terms for the lighter of the two states in
each pair,

M = �S h�i, (5)

M⌫ = �S⌫ h�i. (6)

The heavier states (⌫ 0 and  0, respectively) can be heavy enough to be less relevant for
phenomenology, but their masses are bounded by perturbativity of the couplings to be less
than about . 4⇡h�i. We include them where relevant in all computations. The most
important terms in the Lagrangian read:

L � i ⌫̄ /D⌫ + i  ̄ /D (7)

� (⌫L(y
S
⌫� + iyP

⌫��
5)⌫R�+ h.c) � ( L(y

S
 � + iyP

 ��
5) R�+ h.c) ,

where

Dµ⌫ = @µ⌫ � ig⌫Z0
⇥
qR⌫ PR + qL⌫ PL

⇤
Z 0

µ ⌫ , (8)

Dµ = @µ � ig Z0
⇥
qR PR + qL PL

⇤
Z 0

µ  � igZZµ  � iQ 
e eAµ  . (9)

This module allows for tree level annihilation into Z 0Z 0, Z 0� and   , all of which would
lead to a large gamma-ray continuum. These potentially over-whelming contributions may
be suppressed by imposing M⌫ < MZ0 (i.e. �S⌫ < gZ0q�), M⌫ < (M� +MZ0)/2, and �S⌫ < �S .

3Note that when ⌫ has vector couplings to the Z 0, the heavier element of its pair is superfluous and can
be omitted from the model.
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Figure 7: Representative one-loop annihilation channels in the vector model. The status of each
channel depending on the nature of the couplings is summarized in Table 2.

We will find that the one-loop cross sections in this setup are very sensitive to the vector
or axial nature of the couplings, as summarized in Table 2. If all couplings in the loop are
vector-like, there is no one-loop annihilation into two gauge bosons. In practice, an odd
number of axial vector couplings is required in the loop for the annihilation cross section to
survive in the non-relativistic limit. To avoid SM anomalies, we take  to have vector-like
couplings with respect to the SM gauge group, therefore, strong line signals require axial
vector couplings of the Z 0 to ⌫ or  (or both). This implies that both states are actually
hybrids of underlying states with di↵erent U(1)0 charges, married together by h�i. In order
to avoid mixed U(1)0-SM anomalies, we engineer this by including vector-like pairs3 of ⌫
with charges qL⌫ and qR⌫ = qL⌫ � q� and another vector-like pair of  fields with charges qL 
and qR = qL � q�. These charge assignments insure that Yukawa interactions with � are
allowed, and after obtaining a VEV, result in mass terms for the lighter of the two states in
each pair,

M = �S h�i, (5)

M⌫ = �S⌫ h�i. (6)

The heavier states (⌫ 0 and  0, respectively) can be heavy enough to be less relevant for
phenomenology, but their masses are bounded by perturbativity of the couplings to be less
than about . 4⇡h�i. We include them where relevant in all computations. The most
important terms in the Lagrangian read:
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µ ⌫ , (8)

Dµ = @µ � ig Z0
⇥
qR PR + qL PL

⇤
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µ  � igZZµ  � iQ 
e eAµ  . (9)

This module allows for tree level annihilation into Z 0Z 0, Z 0� and   , all of which would
lead to a large gamma-ray continuum. These potentially over-whelming contributions may
be suppressed by imposing M⌫ < MZ0 (i.e. �S⌫ < gZ0q�), M⌫ < (M� +MZ0)/2, and �S⌫ < �S .

3Note that when ⌫ has vector couplings to the Z 0, the heavier element of its pair is superfluous and can
be omitted from the model.
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One-loop cross sections are very sensitive to the 
vector or axial nature of the couplings

all one-loop cross sections vanish if all couplings in the loop are vector-like

⌫

⌫

channel 
if DM 
and   

 both 
have 
axial 

couplings

��

 

g⌫Z0 = gV
⌫Z0 g⌫Z0 = gA

⌫Z0 g⌫Z0 = gV
⌫Z0 + gA

⌫Z0

g Z V V V A V+A V+A V V V V+A V V V
g Z0 V A V+ A V V V+A V A V+A V+A V A V+A

�� 0 0 0 0 0 0 0 0

�Z 0 0 0

�Z 0 0 0 0 0 0 0 0 0

�� 0 0 0 0 0 0 0 0 0 0

ZZ 0 0 0 0

ZZ 0 0 0 0 0 0 0

Z� 0 0 0 0 0

Z 0� 0 0 0 0 0 0

�� 0 0 0 0 0 0 0 0

Z 0Z 0 0 0 0 0 0

Table 2: One-loop DM annihilation channels in U(1)0 model due to a single fermion  running
in the loop, where  carries hypercharge 1 but is SU(2) singlet, for di↵erent combinations of
vector (V) and axial (A) couplings. Unlisted combinations lead to vanishing cross sections in the
non-relativistic limit.

Annihilation into �� is p-wave suppressed, and thus there is no particular need to impose a
relation between M⌫ and M�.

Representative one-loop annihilation diagrams are shown in Fig. 7. For a vector s-channel
mediator, the �� annihilation channel is non-zero only if DM has axial couplings (in which
case �-mediated diagrams also contribute; see the appendices for details). This is one place
in which our extended framework captures physics beyond what was studied in Ref. [3],
where the DM was assumed to have vector-like couplings, and the �� channel vanished. In
addition, there are potentially gamma-ray line signals at various energies from annihilation
into �Z, �Z 0 and/or ��. The V � final states proceed via s-channel vector exchange.

We classify di↵erent scenarios based on whether interactions of ⌫ and  with the Z 0 are
vector-like (V), axial-vector (A), or both (V+A). The various annihilation channels are listed
along with their velocity-dependence, in Table 2. To recap the generic features:

• One-loop annihilations mediated by an s-channel scalar require pseudoscalar couplings
of the DM.

• One-loop annihilations into �� mediated by an s-channel vector are possible only for
axial couplings of both the DM and  .

• One-loop annihilations into �� require s-channel scalar exchange with pseudoscalar
coupling of DM and scalar coupling of  .

• The �V channel mediated by an s-channel scalar requires vector coupling of  to V .

• The �� channel requires vector couplings of both ⌫ and  to the Z 0.
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Update of the model.

I. Z0 VECTOR MODEL
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FIG. 1.
Figure 9: Gamma-ray spectrum obtained from ⌫⌫̄ annihilation in the galactic center with M⌫ =
300 GeV and other parameters as indicated.

or �� may end up as the strongest of the line signals (with �� vanishing when the Z 0 goes
on-shell, as required by the Landau-Yang theorem [20]), whereas the one loop continuum is
rather anemic and is almost entirely made up of the Z� channel.

We show a representative two-peak gamma ray spectrum in Figure 11 for a case with
M⌫ = 330 GeV. For these parameters, the �Z 0 line is somewhat too faint to be observed
compared to the Z� continuum (��Z0 v = 1⇥10�29 cm3 s�1 and �Z� v = 4.5⇥10�27 cm3 s�1),
but there are two large lines from the �� and �� channels at energies of E� = 155 and 330
GeV, respectively, with cross sections ��� v = 8.5⇥ 10�28 cm3 s�1 and ��� v = 1.2⇥ 10�28

cm3 s�1.

3.4 A Purely Vector-Like Model

There is one further ingredient that is worthwhile to consider adding on top of the minimal
framework we have introduced so far. In theories where the ⌫ and  fields are composites,
the most natural situation is one with only vector-like couplings. As shown in Table 2,
this is not expected to lead to any observable line signals. However, such models often also
predict additional scalars which are unrelated to the U(1)0 breaking, and are singlets under
the SM, but have scalar interactions with the  fields. For example, composite Higgs models
based on the SO(6) ! SO(5) symmetry-breaking contain such a state S [22, 21]. Such an
additional state opens up the possibility of strong gamma ray lines from the �S channel
mediate by Z 0 exchange. In addition, one would also expect annihilation into ZS and Z 0S.
In order to simplify the discussion, we assume that the DM coupling to S is scalar, and
thus any additional mediation via S itself vanishes in the non-relativistic limit. This case
is summarized in Table 3 and illustrated with some representative quantitative results in
Figure 12.

To summarize this section, we have seen that in a simple model with vector mediator,
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Figure 8: One-loop annihilation cross sections and ratio to continuum for DM with vector cou-
plings.

3.2 Axial-Vector DM couplings

When the DM has Z 0 axial vector couplings, it opens the door for the �� channel and in
addition there are contributions from � exchange to the annihilation channels. We illustrate
this case in Figures 10, where we have chosen to switch o↵ the pseudo-scalar coupling of
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The        line  typically dominates��

�Z

Z�

is relatively very suppressed

is the dominant (but mild) continuum

This is a case where DM has vector-like couplings.
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Figure 10: Cross sections for models where the DM has axial vector couplings, as a function of: a)
h�i (with all couplings held fixed); b) yS⌫�/M⌫ (with all other parameters held fixed); c) yS �/M 

(with all other parameters held fixed).
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Figure 11: Two-peak Gamma-ray spectrum obtained from ⌫⌫̄ annihilation in the galactic center
with M⌫ = 330 GeV and other parameters as shown.
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Figure 11: Two-peak Gamma-ray spectrum obtained from ⌫⌫̄ annihilation in the galactic center
with M⌫ = 330 GeV and other parameters as shown.
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�⌫ : scalar �⌫ : pseudoscalar
� scalar pseudoscalar scalar pseudoscalar

�� 0 0

�Z 0 0

�Z 0 0 0

�S

ZZ 0 0

ZZ 0 0 0

ZS 0 0

Z 0S 0 0

SS 0 0

Z 0Z 0 0 0

Table 3: One-loop DM annihilation channels in the same U(1)0 model as Table 2 but in the case
where all gauge couplings of  and ⌫ are vector-like and assuming the existence of a gauge scalar
singlet S in the dark sector. We work in the non-relativistic limit � ! 0 so if the DM-S coupling
is scalar, there is only Z 0 mediation in the s-channel and only the �S, ZS and Z 0S channels are
non-vanishing. If the DM-S coupling is pseudoscalar then s-channel S mediates all 1-loop channels
if the  � S coupling is scalar and all of them except ZS, Z 0S and SS if the  � S coupling is
pseudo scalar.

Gamma ray lines are a fascinating, powerful probe of dark matter annihilations. Mapping
out the kinds of theories which naturally produce such features is an important step in
preparing for a discovery.
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A purely vector-like model
Signals from a scalar singlet S !

For instance well-motivated  in composite Higgs models based on SO(6)->SO(5)

Strong gamma-ray line from the        channel mediated by Z’�S

almost no continuum. 
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Figure 11: Two-peak Gamma-ray spectrum obtained from ⌫⌫̄ annihilation in the galactic center
with M⌫ = 330GeV in the case where the fermions  and  0 in the loop carry the same quantum
numbers as SM eR and have masses M 0 = 340 GeV, M = 374 GeV. The �Z 0 line is a bit too
faint to be observed (��Z0 v = 1⇥ 10�29 cm3s�1) but there are two large lines from ��, M� = 480
GeV and �� channels at energies E�� = 330 GeV and E�� = 155 GeV, with ��� v = 8.5 ⇥ 10�28

cm3s�1 and ��� v = 1.2 ⇥ 10�28 cm3s�1. The continuum is rather suppressed and dominated by
Z� annihilation (�v = 4.5 ⇥ 10�27 cm3s�1).
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Figure 12: One-loop annihilations mediated by Z 0 in the case where all couplings of DM and  to
the Z 0 are vector-like. A scalar singlet S in the dark sector generates a �S line signature. There
is no other channel but ZS and Z 0S if S has no pseudo-scalar coupling so that the s-channel S
mediation is absent.

fermions. We will explore the case in which the loop fermions mix with the top quark in a
future publication [16].
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Summary 

Both scalar and vector resonance models
can lead to large line signals as well as large line/continuum ratios

s-channel vector mediators require chiral couplings  to the fermion running in the 
loop whereas scalar mediators require pseudo scalar coupling to DM.



In the cases considered so far, we assumed that the new 
fermions        have negligible mixing with SM fermions

Next step: introduce mixing ...

 



2 The Dark Matter - SM connection via mass mixing

2.1 The top quark connection

We assume the existence of a new U(1)0 under which all Standard Model fields are uncharged
(including t̂R). We introduce SM singlets ⌫L and ⌫R which are charged under U(1)0 to play the
role of the WIMP, and in addition, a pair of fermions  L and  R, whose SM gauge quantum
numbers are identical to t̂R, but with equal charges under U(1)0. In this framework, the
additional ingredients are vector-like, and thus the SM and mixed SM-U(1)0 anomalies are
trivially absent. Depending on the charges of ⌫L and ⌫R, there may still be U(1)03 anomalies,
but these can be simply cancelled by adding SM gauge singlet fermions to the dark sector.

We consider the gauge invariant masses and Yukawa couplings of the top- sector [1],

yH
¯̂
Q3t̂R + µ ̄L R + Y � ̄Lt̂R (1)

where Q̂3 is the 3rd family quark doublet, H is the SM Higgs doublet, � is the Higgs
field responsible for breaking U(1)0, y and Y are dimensionless couplings, and µ is a gauge-
invariant mass term for  . If U(1)0 remains unbroken, h�i = 0, the mass eigen states are
M2

� = y2hH2i and M2
+ = µ2. Once � acquires a vev, this generates a Z 0 mass MZ0 = gZ0

� h�i
as well as a mass mixing term between the so-called “elementary” sector q̂ and the new
physics (charged under U(1)0)  sector. After diagonalization of the system, the fermionic
mass eigen states are:

✓
tR/L

TR/L

◆
=

✓
� sin ✓R/L cos ✓R/L

cos ✓R/L sin ✓R/L

◆✓
t̂R/L

 R/L

◆
(2)

with mass eigen values

M2
t/T =

1

2

h
µ2 + y2hH2i+ Y 2h�2i ⌥

p
�4µ2y2hH2i+ (µ2 + y2hH2i+ Y 2h�2i)2

i
(3)

and

tan ✓R =
µ2 � y2hH2i � Y 2h�2i+

p
�4µ2y2hH2i+ (µ2 + y2hH2i+ Y 2h�2i)2
2µY h�i (4)

tan ✓L =
µ2 � y2hH2i+ Y 2h�2i+

p
�4µ2y2hH2i+ (µ2 + y2hH2i+ Y 2h�2i)2
2yhHiY h�i (5)

Once we identify the lightest mass eigen state with the SM top quark t, we are left we
only two input parameters, which we choose to be yhHi and Y h�i and µ is given by

µ2 = m2
t

m2
t � y2hH2i � Y 2h�2i

m2
t � y2hH2i (6)

We show the contours of µ, MT , cos ✓R and cos ✓L in Fig. 1.
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FIG. 1.

II. Z0 VECTOR-AXIAL MODEL

Figure 10: Benchmark predictions for cross sections (as labelled in the plot) and the ratio of line
to continuum rates, as a function of the Z 0 mass. Note that the predictions corresponding to the
center panel are essentially unchanged if M⌫ = 150 GeV rather than M⌫ = 135 GeV, for the same
choice of hyHi and hY �i values.
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FIG. 9. M� = 100 GeV, MZ�=300 GeV, M� = 1.5 MZ� , g� = 3. 3-body is included.2�2 is calculated for a small mixing
therefore it is negligible. The correct relic density is not garanteed in the plane.
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Figure 11: Predictions for line signal rates and ratio to continuum for two choices of DM masses
in the plane of (yhHi, Y h�i). The shaded region is excluded by EW precision tests. In the bottom
plots, the choice of the DM and Z 0 masses guarantees that the correct relic abundance is obtained
for essentially the whole plane.

tiveness is limited by the constraints from precision data, which require at most a modest
level of mixing. In this Section, we consider a simple extension of the basic UV completion
presented above in which the heavy partner fermions  have axial couplings with the Z 0

even before mixing. Consequently, there are large line signals even in the “no-mixing” limit,
where the top coupling to the Z 0 coupling goes to zero (preventing annihilation into tt̄), and
allowing for dark matter masses well above the top mass.

We start with the previous UV completion of Section 2, and include a second vector-like
doublet  2 = ( 2L, 2R) = ( +

L , �
R) in addition to the original  1 = ( 1L, 1R) = ( �

L , +
R).

Both carry the same SM gauge charges as t̂R, and  1 also carries U(1)0 charge q1 = q� = 1,
whereas  2 has q2 = 0. For simplicity, we set the vector-like masses of  1 and  2 to zero
and assume that the Higgs Yukawa coupling between Q3L and  2R is negligible. We have

14

parameters giving 
correct relic abundance

large line/continuum 
ratio
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FIG. 19.Figure 12: Example of a gamma-ray spectrum obtained for hyHi = 177 GeV, hY �i = 200 GeV,
gZ0 = gV

⌫Z0 = 3, leading to a two-line signal at E� = 128 GeV from �Z annihilation with ��Zv =
2 ⇥ 10�27 cm3s�1 and at E� = 71 GeV from �� annihilation with ���v = 1.35 ⇥ 10�28 cm3s�1.
The dominant continuum is from WW and Zh annihilations, �WW v = 5.2 ⇥ 10�27 cm3s�1 and
�Zhv = 1.7 ⇥ 10�27 cm3s�1.

Yukawa interactions:

L = y HQ̂3t̂R + Y � �
L t̂R + � � �

L 
�
R + �0 � +

R 
+
R (14)

We recycle the formulae Eq. (2–4) for the mass eigenstates t and T , with the replacement
that the µ parameter is replaced by �h�i in the formula for tan ✓R/L. Imposing that the
lightest mass eigenstate has the SM top mass fixes the value of µ ⌘ �h�i. In addition to
t and T , there is another massive state T 0 ⌘  + that does not mix with t̂R and which has
mass given by MT 0 = �0h�i. In this way, we realize the existence of two massive states T and
T 0 with axial-vector couplings to the Z 0, even in the limit that the SM top quark is purely
unmixed.

With respect to the previous case, the couplings to the Z 0 and � are modified, whereas
the couplings to the Z and SM Higgs are not. In particular, tR no longer couples to the Z 0.
The modified couplings can be summarized:

gV
ttZ0 =

gZ0

2
c2
L, gA

ttZ0 = �gZ0

2
c2
L, gV

TTZ0 =
gZ0

2
s2

L, gA
TTZ0 = �gZ0

2
s2

L, (15)

gV
tTZ0 =

gZ0

2
cLsL, gA

tTZ0 = �gZ0

2
cLsL, (16)

yS
tt� = �Y cLsR + �cLcR, yS

TT� = Y sLcR + �sLsR, yP
tt� = 0, yP

TT� = 0 (17)

yS
tT� =

1

2
[Y (cLcR � sLsR) + �(cLsR + sLcR)], yP

tT� =
1

2
[Y (cLcR + sLsR) + �(cLsR � sLcR)]

(18)
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Are ! Dark Ma"er 
and baryon abundances related ?

 ΩΩDM≈ 5 ΩΩbaryons 
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Ma$er Anti-ma$er asymmetry of % universe:

characterized in terms of the 
baryon to photon ratio η ≡

nB − nB

nγ
~ 6. 10-10 

 10 000 000 001
Matter

 The  great annihilation between 
nucleons & anti-nucleons

 10 000 000 000
Anti-matter

1
(us)

n + n̄� ⇥ + ⇥ � � + � + ...

� � (mNT )3/2e�mN /T /m2
� � H � ⇥g⇥T

2/mPloccurs when

corresponding to a freeze-out temperature TF ~ 20 MeV�� H

� � H

�� H

nN

s

≈ 7 × 10
−20

109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:
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�dm

�b
� 5 Does this indicate a common dynamics?

PPC 2011

 INTRODUCE AN ASYMMETRY IN DM NUMBER DENSITY

 USE DYNAMICS TO RELATE THIS ASYMMETRY IN DM TO THAT 

IN BARYONS

 LEADING TO

 THE VALUE OF       DEPENDS ON THE DETAILS OF THE DYNAMICS 

CONNECTING DM AND BARYONS...SEE LATER

ndm � ndm ⇥= 0

ndm � ndm ⇥ nb � nb

C

�dm

�b
⇥ (ndm � ndm)mdm

(nb � nb)mb
⇥ C

mdm

mb

If 

Similarly, Dark Matter may be asymmetric

QDM(n
DM

− nDM) = Qb(nb − n
b
)

two possibilities: 
1) asymmetries in baryons and in DM generated simultaneously

2) a pre-existing asymmetry (either in DM or in baryons) is 
transferred between the two sectors

conservation of 
global charge:

if efficient 
annihilations: 

�dm

�b
� Qb

Qdm

mdm

mb

typical expected 
mass ~ GeV

Asymmetric dark matter 

• WIMP paradigm assumes symmetric DM 
– Equal DM and antiDM densities (or DM = antiDM) 

• DM can have an asymmetry (if DM antiDM) 
– DM becomes similar to baryon asymmetry 

Initial B 
asymmetry 

Initial DM 
asymmetry 

annihilation 

Residual 
asymmetric 
component 
remains 



 Higgs bubbles provide out-of-equilibrium dynamics

 Decay into the Higgs of RH neutrinos produce lepton asymmetry

Crucial role played by the Higgs in the 2 major theories of baryogenesis

-The Higgs is playing a central role in connecting the baryonic matter 
generation  to that of dark matter. 
This offers new opportunities for baryogenesis and dark matter generation. 

Servant & Tulin, PRL 111, 151601 (2013)New proposal

- in EW baryogenesis:

- in leptogenesis:

In particular, we present a mechanism of baryogenesis that does not rely 
any new sources of B or L violation beyond the Standard Model.



Starting observation:

In the early universe, at T>~ 100 GeV, before the EW phase transition, the 
thermal bath contains both Higgs particles and anti-Higgs particles since 
(since the Higgs doublet is a complex scalar) 

We can therefore define an asymmetry between H and H*, particles and 
anti-particles of the Higgs field, like we do for leptons and quarks.
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µ!i − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µ!i − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µ!i + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µ!i ≡ µ! and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µ!,

µe =
2Nf + 3

6Nf + 3
µ!, µd = −

6Nf + 1

6Nf + 3
µ!, µu =

2Nf − 1

6Nf + 3
µ! (1.53)

µq = −
1

3
µ!, µH =

4Nf

6Nf + 3
µ! .

The corresponding B and L asymmetries are

B = −
4

3
Nfµ! , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µ! . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

Yukawa interactions can 
induce a Higgs asymmetry

February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC
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1.1.3. Relating Baryon and Lepton Asymmetries

One more ingredient that is needed for leptogenesis is to relate lepton num-
ber asymmetry to the baryon number asymmetry, at the high temperature,
symmetric phase of the SM [1]. In a weakly coupled plasma with temper-
ature T and volume V , a chemical potential µi can be assigned to each of
the quark, lepton and Higgs fields, i. There are therefore 5Nf + 1 chem-
ical potentials in the SM with one Higgs doublet and Nf generations of
fermions. The corresponding partition function is given by,

Z(µ, T, V ) = Tr[e−β(H−
P

i µiQi)] (1.41)

where β = 1/T , H is the Hamiltonian and Qi is the charge operator for
the corresponding field. The asymmetry in particle and antiparticle num-
ber densities is given by the derivative of the thermal-dynamical potential,
Ω(µ, T ), as

ni − ni = −
∂Ω(µ, T )

∂µi
, (1.42)

where Ω(µ, T ) is defined as,

Ω(µ, T ) = −
T

V
lnZ(µ, T, V ) . (1.43)

For a non-interacting gas of massless particles, assuming βµi " 1,

ni − ni =
1

6
gT 3

{
βµi + O((βµi)3), fermions
2βµi + O((βµi)3), bosons .

(1.44)

In the high temperature plasma, quarks, leptons and Higgs interact via
the guage and Yukawa couplings. In addition, there are non-perturbative
sphaleron processes. All these processes give rise to constraints among
various chemical potentials in thermal equilibrium. These include [1]:

(1) The effective 12-fermion interactions OB+L induced by the sphalerons
give rise to the following relation,

∑

i

(3µqi + µ"i) = 0 . (1.45)

(2) The SU(3) QCD instanton processes lead to interactions between LH
and RH quarks. These interactions are described by the operator,∏

i(qLiqLiu
c
Ri

dc
Ri

). When in equilibrium, they lead to,
∑

i

(2µqi − µui − µdi) = 0 . (1.46)

EW Sphalerons convert 
asymmetries between baryon 
and lepton numberFebruary 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µ!i − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µ!i − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µ!i + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µ!i ≡ µ! and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µ!,

µe =
2Nf + 3

6Nf + 3
µ!, µd = −

6Nf + 1

6Nf + 3
µ!, µu =

2Nf − 1

6Nf + 3
µ! (1.53)

µq = −
1

3
µ!, µH =

4Nf

6Nf + 3
µ! .

The corresponding B and L asymmetries are

B = −
4

3
Nfµ! , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µ! . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

Total hypercharge of 
the plasma

Standard Model equations describing chemical equilibrium in the hot plasma 
relate chemical potentials of the different species :

a primordial asymmetry, say in leptons, induces a Higgs asymmetry though the 
equations of chemical equilibrium



In light of the recent Higgs discovery, it is tempting to ask under which 
circumstances the asymmetries produced in the early universe could have 
prevailed today and whether the Higgs asymmetry could have mediated the 
relic abundance of baryons or dark matter. 

Note: Higgs asymmetry is rapidly erased after the EW phase transition since 
the Higgs vacuum expectation value violates Higgs number, as opposed to 
lepton number, which is frozen in.

Case I: A primordial lepton asymmetry can lead to asymmetric dark matter

Case II: A primordial asymmetry in the dark matter can lead to baryogenesis

Now assume that the Higgs couples to the dark sector. The previous equations 
will be modified such that the visible and dark asymmetries become related 
through the Higgs portal.



L � 1

⇤2
(H†X2)

2 + yHX̄2X1H + h.c

Minimal illustrative example

 Just add to the Standard Model 2 vector-like fermions:
 a singlet X1 (Dark matter) and one EW doublet X2  whose role is to 
transfer the asymmetries between the visible and dark sectors
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B-L H H * X2 X 2 X1 X 1

B-L H H * X2 X 2 X1 X 1

B-L H H *
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X1 X 1

B

L

H H * X1 X 1

ThermalizationHT > Ttr,mX2 ,TewL

Higgs transfer
freeze outHT = TtrL

X2 decayHT ~ mX2L

EWPTHT = TewL

H asymmetry
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FIG. 1: Left: Schematic representation of the charge transfer dynamics of case I. A primordial B�L charge generates a Higgs asymmetry,
which subsequently flows to X2 by the Higgs transfer operator. When this operator freezes out at Ttr , the visible and X sectors are no longer
in chemical equilibrium and X charge is frozen in. Later, X2 ! X1H decays transfer the DM asymmetry to X1. Right: For case I, the red
solid lines represent the contours for the correct DM relic abundance for given ⇤2. The shaded area is excluded to guarantee m1 < m2 and
m2 & 100 GeV. For the smallest ⇤2 values that lead to a large range of DM masses at the (sub)TeV scale and m1 . xfTew ⇠ 3 TeV, the
symbols on the contours indicate the yH -dependent lower bounds on (m1,m2) for X1-X̄1 oscillations to start after X1 freeze-out.

Tosc ⇠ min(Tew,
p

�1Mpl), with no gauge scattering to de-
lay their onset. The “min” corresponds to the fact that �1 is
proportional to the Higgs vev and becomes nonzero only after
the EWPT. If ⇤1 ⇠ ⇤2 and Ttr < Mpl, then �1 & v2/Mpl

and Tosc ⇠ Tew. The only way to avoid erasure of the X1

asymmetry is if annihilation freezes out before Tew, requir-
ing either multi-TeV DM or an unusually small Tew ⌧ 100

GeV [5]. On the other hand, if ⇤1 � ⇤2, then �1 is sup-
pressed by ✓ ⌧ 1. In this case, imposing that X1 freezes
out before oscillating leads to lower bounds on m1 and m2,
which depend on the value of the Yukawa coupling yH . This
is illustrated in Fig. 1, where the symbols on the red contours
indicate the lowest allowed masses (for a given yH ) for the
asymmetry not to be erased by oscillations. There is no such
bound for m1 & xfTew ⇠ 3 TeV.

Case II — Asymmetry from the X sector: Next, we con-
sider an alternative case where an asymmetry from the X sec-
tor is transferred to the visible sector, thereby generating the B
asymmetry. At some initial time an X asymmetry is generated
(e.g., a heavy scalar may decay out-of-equilibrium, with CP-
violating rates for X1X1, ¯X1

¯X1 final states). The X1 asym-
metry generates a chemical potential for H , which flows to the
visible sector through Yukawa and sphaleron interactions (see
Fig. 2). As before, the resulting B asymmetry is determined
by requiring these interactions to be in chemical equilibrium
(with Y = 0), given by Eqs. (3-6). We have

nB

nX
=

12kX2

13kX1kX2 + 316(kX1 + kX2)

, (10)

even though B�L is zero. We also require that the dimension-
five operators are not in equilibrium, which otherwise would
wash out this asymmetry. That is, we do not impose Eqs. (7);
otherwise the only solution is nX = nB = 0.

The B asymmetry freezes-out at the EWPT. In the limit that
the EWPT is instantaneous, the B-to-X charge ratio is fixed
by Eq. (10) at Tew, given by

✓
nB

nX

◆

Tew

⇡
(

0.024 m1,2 ⌧ Tew

0.076

⇣
m2
m1

⌘3/2
e� m2�m1

Tew m1,2 � Tew
.

(11)
Values of nB/nX at Tew are shown in Fig. 2.

The finite duration of the EWPT causes additional washout
of nB . Since µH is rapidly relaxed to zero during the
EWPT (since the vacuum violates Higgs number), the B
asymmetry also relaxes away if sphalerons are still active.
The washout factor W has been calculated from the finite
temperature sphaleron rate after the EWPT to be W ⇡
exp(�10

10⇣7e�⇣
) where  ⇠ 0.001 is the fluctuation deter-

minant (for mh = 125 GeV) and ⇣ = Esph(Tc)/Tc gives the
sphaleron barrier energy at the critical temperature Tc [12].

Ultimately, the baryon asymmetry today is

nB/s = W (nB/nX)Tew
(nX/s)in , (12)

where (nX/s)in is the initial X charge asymmetry, and s
is the entropy density. Since (nB/nX)Tew . 10

�2 and
(nX/s)in . g�1

⇤ ⇠ 10

�2, we require W & 10

�6 to achieve

Case 1: Asymmetric Dark Matter from Lepto/Baryogenesis

  Such a scenario  does not require new states that carry baryon or lepton 
number, unlike other Asymmetric DM models.

Assume a primordial B-L asymmetry. It induces a Higgs asymmetry which flows 
into the dark sector



mDM ~ 10 GeV is a generic prediction 
whatever the value of ∧2 >~ 1010 GeV is.
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FIG. 1: Case I, left: The red solid lines represent the contours for the correct DM relic abundance for given ⇤2. The shaded area is excluded
to guarantee m1 < m2 and m2 & 100 GeV. For the smallest ⇤2 values that lead to a large range of DM masses at the (sub)TeV scale and
m1 . xfTew ⇠ 3 TeV, the symbols on the contours indicate the yH -dependent lower bounds on (m1,m2) for X1-X̄1 oscillations to start
after X1 freeze-out. Case II, right: (nB/nX)Tew

contours.

otherwise the only solution is nX = nB = 0.
The B asymmetry freezes-out at the EWPT. In the limit that

the EWPT is instantaneous, the B-to-X charge ratio is fixed
by Eq. (10) at Tew, given by

✓
nB

nX

◆

Tew

⇡
(

0.024 m1,2 ⌧ Tew

0.076

⇣
m2
m1

⌘3/2
e� m2�m1

Tew m1,2 � Tew
.

(11)
Values of nB/nX at Tew are shown in Fig. 1.

The finite duration of the EWPT causes additional washout
of nB . Since µH is rapidly relaxed to zero during the EWPT,
the B asymmetry also relaxes away if sphalerons are still ac-
tive. The resulting washout factor W can be estimated [10] as
W ⇡ exp(�10

10⇣7e�⇣
) where  ⇠ 0.001 is the fluctuation

determinant (for mh = 125 GeV) and ⇣ = Esph(Tc)/Tc.
Ultimately, the baryon asymmetry today is

nB/s = W (nB/nX)Tew
(nX/s)in , (12)

where (nX/s)in is the initial X charge asymmetry, and s
is the entropy density. Since (nB/nX)Tew . 10

�2 and
(nX/s)in . g�1

⇤ ⇠ 10

�2, we require W & 10

�6 to achieve
nB/s ⇡ 10

�10. This leads to a similar condition as in EW
baryogenesis, v(Tc)/Tc & 1, which is only weakly sensitive
to W . The dark mediator �, introduced for annihilation, can
in principle play a role to strengthen the EWPT as well.

Since nB is much smaller that the asymmetry in the X sec-
tor, oscillations are crucial for erasing the latter and obtain-
ing the correct ⌦dm. Oscillations begin at Tosc ⇠ Tew for
⇤1 . MPl, the DM asymmetry is erased before freeze-out,
and ⌦dm is determined by symmetric freeze-out by requir-
ing h�vi ⇡ 6 ⇥ 10

�26
cm

3/s. At the same time, we require

that the initial X asymmetry is generated at T ⌧ ⇤

2
1,2/MPl,

such that dimension-five interactions are never in equilibrium.
Clearly, the condition of having enough oscillations – without
equilibrating the asymmetries away – is easily satisfied for a
wide range of ⇤1,2 � 4 ⇥ 10

10 GeV and m1 ⌧ 10

8 GeV.
Symmetric annihilation & phenomenology: For asym-

metric freeze-out (case I), X1
¯X1 annihilation must be ef-

ficient enough to deplete the symmetric density, requiring
h�vi & 6 ⇥ 10

�26
cm

3/s [11]. For symmetric freeze-out
(case II), the lower limit must be saturated to give the cor-
rect relic density. In principle, X1

¯X1 can annihilate into SM
states directly through gauge interactions for ✓ ⇠ 1. However,
this also leads to a sizable spin-independent (SI) cross section
for X1 scattering with the neutron (n) through Z exchange:
�SI

n ⇡ µ2
nG2

F sin

4 ✓/(2⇡) ⇡ 7 ⇥ 10

�39
cm

2
sin

4 ✓ , where
µn ⇡ mn is the reduced mass. Current XENON100 limits
exclude 10 < m1 < 10

4 GeV unless ✓ < 0.1 or less, with the
strongest limit (✓ < 0.03) at m1 = 55 GeV [12]. For small
values of ✓, achieving a large enough h�vi is excluded.

The presence of a dark mediator � provides a means of effi-
cient annihilation through the t-channel process X1

¯X1 ! ��
for m� < m1. At leading order in the relative velocity v, the
cross section is �v ⇡ ⇡↵2

Xc(v)/m2
1, where ↵X is the cou-

pling, and c = 1 if � is a vector or c = 3v2/8 (v2/24) if �
is a (pseudo)scalar. A wide range of (m1, ↵X) can achieve a
sufficient cross section, although a larger coupling is required
for the scalar cases due to the p-wave suppression.

Electroweak X2 pair production can be studied at colliders,
provided it is kinematically accessible. The dominant decay
modes are X+

2 ! W (⇤)X1 and X0
2 ! Z(⇤)X1, with X1

escaping as missing transverse energy (MET). Recent CMS
and ATLAS analyses at 8 TeV (with 9 fb�1 and 21 fb�1, re-

contours for correct 
DM relic abundance
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FIG. 2: Left: Schematic representation of the charge transfer dynamics of case II. A primordial X1 charge generates a Higgs asymmetry,
which through spectator processes, biases electroweak sphalerons into generating B and L charge (even though B�L = 0). The B density
is frozen in for a sufficiently strong first order EWPT. Particle-antiparticle oscillations washout the X asymmetry after the EWPT, and DM is
symmetric at thermal freeze-out. Right: For case II, contours of (nB/nX)Tew

at the EWPT, as a function of m1,2. The final baryon asymmetry
today is (nB/nX)Tew

times a washout factor W (see text).

nB/s ⇡ 10

�10. This leads to a similar condition as in EW
baryogenesis, v(Tc)/Tc & 1, which is only weakly sensitive
to W . The dark mediator �, introduced for annihilation, can
in principle play a role to strengthen the EWPT as well.

Since nB is much smaller that the asymmetry in the X sec-
tor, oscillations are crucial for erasing the latter and obtain-
ing the correct ⌦dm. Oscillations begin at Tosc ⇠ Tew for
⇤1 . MPl, the DM asymmetry is erased before freeze-out,
and ⌦dm is determined by symmetric freeze-out by requir-
ing h�vi ⇡ 6 ⇥ 10

�26
cm

3/s. At the same time, we require
that the initial X asymmetry is generated at T ⌧ ⇤

2
1,2/MPl,

such that dimension-five interactions are never in equilibrium.
We find that the condition of having enough oscillations –
without equilibrating the asymmetries away – is satisfied for
⇤1,2 � 4 ⇥ 10

10 GeV and m1 ⌧ 10

8 GeV.
Symmetric annihilation & phenomenology: For asym-

metric freeze-out (case I), X1
¯X1 annihilation must be ef-

ficient enough to deplete the symmetric density, requiring
h�vi & 6 ⇥ 10

�26
cm

3/s [13]. For symmetric freeze-out
(case II), the lower limit must be saturated to give the cor-
rect relic density. In principle, X1

¯X1 can annihilate into SM
states directly through gauge interactions for ✓ ⇠ 1. However,
this also leads to a sizable spin-independent (SI) cross section
for X1 scattering with the neutron (n) through Z exchange:
�SI

n ⇡ µ2
nG2

F sin

4 ✓/(2⇡) ⇡ 7 ⇥ 10

�39
cm

2
sin

4 ✓ , where
µn ⇡ mn is the reduced mass. Current XENON100 limits re-
quire ✓ < 0.1 for the range 10 < m1 < 10

4 GeV (this limit is
a function of mass, with the strongest limit at m1 = 55 GeV
requiring ✓ < 0.03) [14]. For small values of ✓, achieving a
large enough h�vi is excluded.

The presence of a dark mediator � provides a means of effi-
cient annihilation through the t-channel process X1

¯X1 ! ��
for m� < m1. At leading order in the relative velocity v, the

cross section is �v ⇡ ⇡↵2
Xc(v)/m2

1, where ↵X is the cou-
pling, and c = 1 if � is a vector or c = 3v2/8 (v2/24) if �
is a (pseudo)scalar. A wide range of (m1, ↵X) can achieve a
sufficient cross section, although a larger coupling is required
for the scalar cases due to the p-wave suppression.

Electroweak X2 pair production can be studied at colliders,
provided it is kinematically accessible. The dominant decay
modes are X+

2 ! W (⇤)X1 and X0
2 ! Z(⇤)X1, with X1

escaping as missing transverse energy (MET). Recent CMS
and ATLAS analyses at 8 TeV (with 9 fb�1 and 21 fb�1, re-
spectively) have searched for 3` + MET final states charac-
teristic of X+

2
¯X0

2 production [15, 16], with ATLAS excluding
m2 . 320 GeV for m1 . 70 GeV. X0

2
¯X0

2 ! X1
¯X1Z

(⇤)Z(⇤)

can be studied in 4` + MET searches.
Due to particle-antiparticle oscillations, annihilation can

occur today, producing an observable signal in DM halos,
while annihilation at earlier times can modify reionization as
imprinted on the cosmic microwave background [17]. The
specific indirect and direct detection signals depend on the
spin and CP of �, and how it couples to the SM [18], with
additional possible correlations with electric dipole moment
searches [19]. Meditors with highly suppressed couplings to
the SM can be still be probed through astrophysical observa-
tions of structure [20].

Conclusions: With the discovery of the Higgs, it is im-
portant to ask what role this new boson may play cosmologi-
cally. In electroweak baryogenesis, the Higgs sector provides
nonequilibrium dynamics during the EWPT, while in lepto-
genesis, the Higgs is crucial for CP-violating decays. The
purpose of this paper was to investigate potential cosmolog-
ical aspects of a minimal SM-like Higgs boson within a new
framework for generating the dark matter and/or baryon den-
sities of the Universe. Existing baryogenesis scenarios rely on

DM is no longer 
asymmetric today

A theory of baryogenesis that does not require 
B nor L violation beyond the SM but by having an asymmetry 
trapped in spectator X2 we bias sphalerons into generating B+L.
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FIG. 2: Left: Schematic representation of the charge transfer dynamics of case II. A primordial X1 charge generates a Higgs asymmetry,
which through spectator processes, biases electroweak sphalerons into generating B and L charge (even though B�L = 0). The B density
is frozen in for a sufficiently strong first order EWPT. Particle-antiparticle oscillations washout the X asymmetry after the EWPT, and DM is
symmetric at thermal freeze-out. Right: For case II, contours of (nB/nX)Tew

at the EWPT, as a function of m1,2. The final baryon asymmetry
today is (nB/nX)Tew

times a washout factor W (see text).

nB/s ⇡ 10

�10. This leads to a similar condition as in EW
baryogenesis, v(Tc)/Tc & 1, which is only weakly sensitive
to W . The dark mediator �, introduced for annihilation, can
in principle play a role to strengthen the EWPT as well.

Since nB is much smaller that the asymmetry in the X sec-
tor, oscillations are crucial for erasing the latter and obtain-
ing the correct ⌦dm. Oscillations begin at Tosc ⇠ Tew for
⇤1 . MPl, the DM asymmetry is erased before freeze-out,
and ⌦dm is determined by symmetric freeze-out by requir-
ing h�vi ⇡ 6 ⇥ 10

�26
cm

3/s. At the same time, we require
that the initial X asymmetry is generated at T ⌧ ⇤

2
1,2/MPl,

such that dimension-five interactions are never in equilibrium.
We find that the condition of having enough oscillations –
without equilibrating the asymmetries away – is satisfied for
⇤1,2 � 4 ⇥ 10

10 GeV and m1 ⌧ 10

8 GeV.
Symmetric annihilation & phenomenology: For asym-

metric freeze-out (case I), X1
¯X1 annihilation must be ef-

ficient enough to deplete the symmetric density, requiring
h�vi & 6 ⇥ 10

�26
cm

3/s [13]. For symmetric freeze-out
(case II), the lower limit must be saturated to give the cor-
rect relic density. In principle, X1

¯X1 can annihilate into SM
states directly through gauge interactions for ✓ ⇠ 1. However,
this also leads to a sizable spin-independent (SI) cross section
for X1 scattering with the neutron (n) through Z exchange:
�SI

n ⇡ µ2
nG2

F sin

4 ✓/(2⇡) ⇡ 7 ⇥ 10

�39
cm

2
sin

4 ✓ , where
µn ⇡ mn is the reduced mass. Current XENON100 limits re-
quire ✓ < 0.1 for the range 10 < m1 < 10

4 GeV (this limit is
a function of mass, with the strongest limit at m1 = 55 GeV
requiring ✓ < 0.03) [14]. For small values of ✓, achieving a
large enough h�vi is excluded.

The presence of a dark mediator � provides a means of effi-
cient annihilation through the t-channel process X1

¯X1 ! ��
for m� < m1. At leading order in the relative velocity v, the

cross section is �v ⇡ ⇡↵2
Xc(v)/m2

1, where ↵X is the cou-
pling, and c = 1 if � is a vector or c = 3v2/8 (v2/24) if �
is a (pseudo)scalar. A wide range of (m1, ↵X) can achieve a
sufficient cross section, although a larger coupling is required
for the scalar cases due to the p-wave suppression.

Electroweak X2 pair production can be studied at colliders,
provided it is kinematically accessible. The dominant decay
modes are X+

2 ! W (⇤)X1 and X0
2 ! Z(⇤)X1, with X1

escaping as missing transverse energy (MET). Recent CMS
and ATLAS analyses at 8 TeV (with 9 fb�1 and 21 fb�1, re-
spectively) have searched for 3` + MET final states charac-
teristic of X+

2
¯X0

2 production [15, 16], with ATLAS excluding
m2 . 320 GeV for m1 . 70 GeV. X0

2
¯X0

2 ! X1
¯X1Z

(⇤)Z(⇤)

can be studied in 4` + MET searches.
Due to particle-antiparticle oscillations, annihilation can

occur today, producing an observable signal in DM halos,
while annihilation at earlier times can modify reionization as
imprinted on the cosmic microwave background [17]. The
specific indirect and direct detection signals depend on the
spin and CP of �, and how it couples to the SM [18], with
additional possible correlations with electric dipole moment
searches [19]. Meditors with highly suppressed couplings to
the SM can be still be probed through astrophysical observa-
tions of structure [20].

Conclusions: With the discovery of the Higgs, it is im-
portant to ask what role this new boson may play cosmologi-
cally. In electroweak baryogenesis, the Higgs sector provides
nonequilibrium dynamics during the EWPT, while in lepto-
genesis, the Higgs is crucial for CP-violating decays. The
purpose of this paper was to investigate potential cosmolog-
ical aspects of a minimal SM-like Higgs boson within a new
framework for generating the dark matter and/or baryon den-
sities of the Universe. Existing baryogenesis scenarios rely on



Tests?
Case 1 Case 2

indirect detection

direct detection

 invisible higgs decay

✔ ✔ ✔

✔ only for heavy DM ✔

✖ ✔

LHC searches of X2 ✔ ✔
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Effect of DM antiDM oscillations Cirelli-Panci-Servant-
Zaharijas ‘11

Rather generic is a small DM-number violating Majorana  mass term , e.g.

It introduces a splitting between X and Xc 
and leads to oscillations between DM and antiDM when δm ~ H~T2/MPl

re-equilibration of the initial 
asymmetry before freese-out

re-establishment of annihilations
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
Sec. 3.3) and in the case which includes elastic
scatterings (bottom left panel, Sec. 3.4). The
blue (magenta) line represents the comoving
population of n+ (n�), the black line their sum.
The arrow points to the value of the primordial
asymmetry, the green band is the correct relic
abundance (± 1⇥).

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)

In terms of these quantities, the Boltzmann equations read
⇧
�⌥

�⌃

⇥ ⇥(x) = �2
⇧⇥v⌃ s(x)
xH(x)

⇤
1

4

⇥
⇥2(x)��2(x)

�
� Y 2

eq(x)

⌅
,

�⇥(x) = 0,

(16)

which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇤ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.

7

�m ⇠ �†�/Mpl

i.e. at T~ <   >� at EW scale!
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Asymmetric Dark Matter decoupling in presence of oscillationsDM/anti-DM oscillations: 
A different relic decoupling scenario

General features of ADM 
WIMP decoupling:

1. Asymmetric ‘freeze-out’
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3. Annihilations recouple and 
lower the total DM density.
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Scaling of WIMP relic abundance
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DM oscillations are especially relevant for theories with
 DM-baryogenesis connection

Large masses 
allowed 

contours with correct 
relic abundance

CMB versus Fermi constraints
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Figure 6: Summary plots of the parameter space, showing also the constraints. The dotted
lines mark the contours along which a correct ⌦

DM

h2 can be obtained. Left: Oscillations and
annihilations only (⇠ = 0). Right: Including elastic scatterings (⇠ = 10�2). In both panels
we assume an initial asymmetry ⌘

0

= ⌘B and we show two indicative values of the oscillation
parameter �m. The solid black line at the bottom represents the standard case (⌘ = 0, �m = 0).
At some points on the contours, we provide the value of the ratio r defined in eq. (34). The shaded
blue regions are excluded by CMB constraints, the shaded pink ones are disfavored by gamma ray
observations with FERMI and the orange ones by observations with H.E.S.S. (see text). The
white areas above the solid black line are allowed.

have been extensively studied and stringent constraints set, in the energy injection versus
injection time plane. If the characteristic time t

osc

is longer than 0.1 s, we would in fact be
in a position to constrain the amount of energy stored in the dark sector before oscillations
start, i.e. the initial value of DM asymmetry ⌘

0

. However, once again, this possibility
appears to be ruled out in the set-up in which we are interested, since t

osc

. 0.1 sec on all
the regions of the parameter space which are not already ruled out by the other constraints
we discussed below.

Epoch of Reionization and CMB. Strong constraints are imposed on DM annihilations
from considering the e↵ect on the generation of the CMB anisotropies at the epoch of
recombination (at redshift ⇠ 1100) and their subsequent evolution down to the epoch of
reionization. The actual physical e↵ect of energy injection around the recombination epoch
is that it results in an increased amount of free electrons, which survive to lower redshifts
and a↵ect the CMB anisotropies [69]. Detailed constraints have been recently derived
in [70], based on the WMAP (7-year) and Atacama Cosmology Telescope 2008 data. The
constraints are somewhat sensitive to the dominant DM annihilation channel: annihilation
modes for which a portion of the energy is carried away by neutrinos or stored in protons
have a lesser impact on the CMB; on the contrary the annihilation mode which produces
directly e+e� is the most e↵ective one.

We reproduce in fig. 6 the constraints on our parameter space as obtained in [70], for
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Figure 3: Some illustrative cases of the time evolution of the populations of DM particles and
antiparticles. Notations are like in fig. 1, i.e. the blue (magenta) line represents the comoving
population of n+ (n�), the black line their sum. The arrow points to the value of the primordial
asymmetry, the green band is the correct relic abundance (± 1�). Notice that some plots have
linear scale while other have logarithmic ones, depending on structure which is necessary to show.
See text for more details.

� In Case B we keep the same m
DM

as in A, but we adopt a much smaller �m. The
comoving population of DM therefore sits for a longer time on the plateau determined
by the initial asymmetry ⌘

0

. However, when oscillations eventually start, annihilations
(which have a larger cross section of 60 pb) recouple and can lead to the correct relic
abundance. Case B displays therefore the same physics as in A, but delayed in time.
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DM scatterings delay the onset of oscillations
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Figure 6: Summary plots of the parameter space, showing also the constraints. The dotted
lines mark the contours along which a correct ⌦

DM

h2 can be obtained. Left: Oscillations and
annihilations only (⇠ = 0). Right: Including elastic scatterings (⇠ = 10�2). In both panels
we assume an initial asymmetry ⌘

0

= ⌘B and we show two indicative values of the oscillation
parameter �m. The solid black line at the bottom represents the standard case (⌘ = 0, �m = 0).
At some points on the contours, we provide the value of the ratio r defined in eq. (34). The shaded
blue regions are excluded by CMB constraints, the shaded pink ones are disfavored by gamma ray
observations with FERMI and the orange ones by observations with H.E.S.S. (see text). The
white areas above the solid black line are allowed.

have been extensively studied and stringent constraints set, in the energy injection versus
injection time plane. If the characteristic time t

osc

is longer than 0.1 s, we would in fact be
in a position to constrain the amount of energy stored in the dark sector before oscillations
start, i.e. the initial value of DM asymmetry ⌘

0

. However, once again, this possibility
appears to be ruled out in the set-up in which we are interested, since t

osc

. 0.1 sec on all
the regions of the parameter space which are not already ruled out by the other constraints
we discussed below.

Epoch of Reionization and CMB. Strong constraints are imposed on DM annihilations
from considering the e↵ect on the generation of the CMB anisotropies at the epoch of
recombination (at redshift ⇠ 1100) and their subsequent evolution down to the epoch of
reionization. The actual physical e↵ect of energy injection around the recombination epoch
is that it results in an increased amount of free electrons, which survive to lower redshifts
and a↵ect the CMB anisotropies [69]. Detailed constraints have been recently derived
in [70], based on the WMAP (7-year) and Atacama Cosmology Telescope 2008 data. The
constraints are somewhat sensitive to the dominant DM annihilation channel: annihilation
modes for which a portion of the energy is carried away by neutrinos or stored in protons
have a lesser impact on the CMB; on the contrary the annihilation mode which produces
directly e+e� is the most e↵ective one.

We reproduce in fig. 6 the constraints on our parameter space as obtained in [70], for
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Conclusion

Wimp physics: a fast-evolving field.

Still a lot more to explore.

Model builders definitely less free than 10 years ago.


