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Standard Model/Theory
• SM is a gauge theory

• BEH particle 
responsible to 
spontaneously 
electroweak 
symmetry breaking

• Provide masses to 
quarks, leptons, and 
gauge bosons

2



E
ne

rg
y 

B
ud

ge
t

ρcr = 1.9 · 10−29 h2g cm−3

H0 = 100h km sec−1 Mpc−1

The Concordance Model of  Cosmology (ΛCDM) 

(
∑
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Ωi

)
− 1 =

k

H2a2

ρcr =
3H2

0

8πG

Ωi =
ρi
ρcr

ρ = ρrad + ρmat + ρΛ

Ωbh
2 = 0.02214± 0.00024

ΩCDMh2 = 0.1187± 0.0017

ΩΛ = 0.692± 0.010

Age/Gyr = 13.798± 0.037

h = 0.6780± 0.0077
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Few Clouds Shadow 
over the SM

• Neutrino Masses (Favor Problem)

• Baryogenesis/Leptogenesis (Matter-
Antimatter Asymmetry)

• Dark Matter (Missing Mass Problem)

• Dark Energy (Accelerating Universe, 
Cosmological Constant Problem)
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Motivations

χ

χ

f

f̄

DM annihilation

Indirect detection

Collider production

Direct
detection

Mediator SMDM

SM

SM

χ+ SM → χ+ SM
χ+ χ → SM + SM

Dark Crossing 
(4 Pillars of  Complementary DM Search)

SM + SM → χ+ χ
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ΩXh2 ≈ 3×10−27cm3s−1

〈σAv〉

WIMP miracle:

≈ 0.1 pb
〈σAv〉

ΩCDMh2(WMAP) = 0.1123± 0.0035

Put lower limits on 〈σAv〉

Freeze-out condition : n〈σAv〉 ≤ ȧ/a ≡ H

AA48CH13-Feng ARI 16 July 2010 22:3
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Figure 2
The comoving number density Y (left) and resulting thermal relic density (right) of a 100-GeV, P-wave
annihilating dark matter particle as a function of temperature T (bottom) and time t (top). The solid gray
contour is for an annihilation cross section that yields the correct relic density, and the shaded regions are for
cross sections that differ by 10, 102, and 103 from this value. The dashed gray contour is the number density
of a particle that remains in thermal equilibrium.

X: General dark
matter candidate

the number of dark matter particles become negligible, but interactions that mediate energy
exchange between dark matter and other particles may remain efficient.

This process is described quantitatively by the Boltzmann equation

dn
dt

= −3H n − 〈σAv〉(n2 − n2
eq), (5)

where n is the number density of the dark matter particle X, H is the Hubble parameter, 〈σAv〉
is the thermally averaged annihilation cross section, and neq is the dark matter number density in
thermal equilibrium. On the right-hand side of Equation 5, the first term accounts for dilution
from expansion. The n2 term arises from processes XX → SM SM that destroy X particles, where
SM denotes SM particles, and the n2

eq term arises from the reverse process SM SM → XX, which
creates X particles.

The thermal relic density is determined by solving the Boltzmann equation numerically. A
rough analysis is highly instructive, however. Defining freeze out to be the time when n〈σAv〉 = H ,
we have

n f ∼ (mX T f )3/2e−mX /T f ∼
T 2

f

M Pl〈σAv〉
, (6)

where the subscripts f denote quantities at freeze out. The ratio x f ≡ mX /T f appears in the ex-
ponential. It is, therefore, highly insensitive to the dark matter’s properties and may be considered
a constant; a typical value is xf ∼ 20. The thermal relic density is, then,

"X = mX n0

ρc
= mX T 3

0

ρc

n0

T 3
0

∼ mX T 3
0

ρc

n f

T 3
f

∼ x f T 3
0

ρc M Pl
〈σAv〉−1, (7)
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[From J. Feng’s Lecture] 

WMAP / PLANCK

〈σAv〉 = 3× 10−26cm3/sec

< σAv >

RELIC DENSITY OF A PARTICLE SPECIES

ΩCDMh2(PLANCK) = 0.1199± 0.0027

〈σAv〉 ∼ σweak ∼ 1 pb

x∗ = mχ/T
∗ ∼ 20
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)

EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)

SIMPLE (2012)

ZEPLIN-III (
2012)

CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±

 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Leff parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1σ/2σ) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Volkswagen Foundation, FCT, Région des Pays de la
Loire, STCSM, NSFC, DFG, Stichting FOM, Weizmann
Institute of Science, and the friends of Weizmann Insti-
tute in memory of Richard Kronstein. We are grateful to
LNGS for hosting and supporting XENON.
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the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keVee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the 118 kg
fiducial volume during the 85.3 live-day exposure are shown.
Lines as shown in Fig. 3, with vertical dashed cyan lines
showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, γ-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of γ-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v0 = 220 km/s; vesc = 544 km/s;
ρ0 = 0.3 GeV/c3; average Earth velocity of 245 km s−1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keVnr (the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2
are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1σ variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C.L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection efficiency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the difference between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6×10−46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
These results do not support such hypotheses based

LUX Oct. 31 2013

7.6× 10−46cm2 at 33GeV/c2 (90%CL)

2× 10−45cm2 at 55GeV/c2 (90%CL)
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10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.

1 10 210

AMS-02 

-1
10

PAMELA
Fermi

FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.

PRL 110, 141102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

141102-7

Positron Fraction 
AMS-02 

AMS-02, PRL 110, 141102 (2013)

Diffuse γ Rays from 
Satellite Galaxies 

Fermi-LAT 

vals are then obtained by requiring 2! lnðLpÞ ¼ 2:71 for a
one-sided 95% confidence level. The MINUIT subroutine
MINOS [33] is used as the implementation of this technique.
Note that uncertainties in the background fit (diffuse and
nearby sources) are also treated in this way. To summarize,
the free parameters of the fit are h!annvi, the J factors, and
the Galactic diffuse and isotropic background normaliza-
tions, as well as the normalizations of nearby point sources.
The coverage of this profile joint likelihood method for
calculating confidence intervals has been verified using toy
Monte Carlo calculations for a Poisson process with known
background and Fermi-LAT simulations of Galactic and
isotropic diffuse gamma-ray emission. The parameter
range for h!annvi is restricted to have a lower bound of
zero, to facilitate convergence of the MINOS fit, resulting in
slight overcoverage for small signals, i.e., conservative
limits.

Results and conclusions.—As no significant signal is
found, we report upper limits. Individual and combined
upper limits on the annihilation cross section for the b "b
final state are shown in Fig. 1; see also [34]. Including the
J-factor uncertainties in the fit results in increased upper
limits compared to using the nominal J factors. Averaged
over the WIMP masses, the upper limits increase by a
factor up to 12 for Segue 1, and down to 1.2 for Draco.
Combining the dSphs yields a much milder overall in-
crease of the upper limit compared to using nominal J
factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-
cludes Segue 1 and Ursa Major II, two ultrafaint satellites
with small kinematic data sets and relatively large uncer-

tainties on their J factors. Conservatively, excluding these
objects from the analysis results in an increase in the upper
limit by a factor $1:5, which illustrates the robustness of
the combined fit.
We recalculated our combined limits using, for the

classical dwarfs, the J factors presented in [35], which
allow for shallower profiles than Navarro-Frenk-White
assumed here. The final constraint agrees with the limit
from our J factors to about 10%, demonstrating the insen-
sitivity of the combined limits to the assumed dark matter
density profile.
Finally, Fig. 2 shows the combined limits for all studied

channels. The WIMP masses range from 5 GeV to 1 TeV,
except for the WþW& channel, where the lower bound is
100 GeV. For the first time, using gamma rays, we are able
to rule out models with the most generic cross section
($ 3' 10&26 cm3 s&1 for a purely s-wave cross section),
without assuming additional astrophysical or particle phys-
ics boost factors. For large dark matter masses (around or
above a TeV), the radiation of soft electroweak bosons
leads to additional gamma rays in the energy range of
relevance for the present analysis (see, e.g., [36,37]).
This emission mechanism is not included in the
Monte Carlo simulations for the photon yield we employ
here. While massive gauge boson radiation is virtually
irrelevant for masses below 100 GeV, our results for the
heaviest masses can be instead viewed as marginally more
conservative than with the inclusion of radiative electro-
weak corrections.
In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines multiple

FIG. 1 (color online). Derived 95% C.L. upper limits on a
WIMP annihilation cross section for all selected dSphs and for
the joint likelihood analysis for annihilation into the b "b final
state. The most generic cross section ($ 3' 10&26 cm3 s&1 for a
purely s-wave cross section) is plotted as a reference.
Uncertainties in the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the b "b channel, the "þ"& channel, the
#þ#& channel, and theWþW& channel. The most generic cross
section ($ 3' 10&26 cm3 s&1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J factor are
included.

PRL 107, 241302 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

9 DECEMBER 2011

241302-5

• No signals were found → upper limits for <σAv> from 
FermiLAT data while relic density provides lower limit. 
We can use these upper and lower limits to constrain 
DM model

• At face value: 25 or 40 GeV DM can be excluded by 
combining indirect detection using dSphs and relic 
density. First limits for DM cross section from gamma 
ray using dSphs!

Positron excess is confirmed!
No solid explanation yet for the rise.
More important results coming soon: 
proton flux, electron flux, positron flux, 
helium flux, and B/C.
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Outline

• Introduction ✔

• Effective Dark Matter Theory

• Scalar Dark Matter Models

• Dark U(1)D Sector

• Summary
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Particle DM Theoretical Candidates

• MSSM/NMSSM DM - LSP from R-Parity

• Kaluza-Klein DM in UED - K-Parity (LKP)

• Little Higgs DM - T-Parity (LTP)

• Scalar Phantom Model (Darkon Model) - Z2 Parity  

• Inert Higgs Doublet Model, Triplet Higgs Model, ...

• Hidden Sector Fermion, Extra Generation, ... 

• Axions, right-handed neutrinos, gravitino, axinos,
cosmic strings, quintessinos, Q-balls, ...

• Decaying Dark Matter (with lifetime longer than 
the age of  the universe)

• Asymmetric Dark Matter (ADM)

• Primordial Black Holes (PBH) proposed by Hawking in 1974
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DM Effective Operators

real or complex scalar, depending on the context. Also, f stands for a SM fermion, including

quarks and leptons. We will include all quarks and leptons in our analysis. We briefly discuss

in the Appendix a few hidden-sector models that can give rise to some of the operators used

in this work in certain limits. For dark matter of spin 1 and spin 3/2, the reader may refer

to the works in Refs. [27, 28].

The first set of operators that we consider is for fermionic DM. Its effective interactions

with a pair of fermions include vector-, axial-vector, or tensor-type exchanges, given by the

following dimension 6 operators

O1 =
∑

f

Cf
1

Λ2
1

(χ̄γµχ)
(
f̄γµf

)
, (3)

O2 =
∑

f

Cf
2

Λ2
2

(
χ̄γµγ5χ

) (
f̄γµf

)
, (4)

O3 =
∑

f

Cf
3

Λ2
3

(χ̄γµχ)
(
f̄γµγ

5f
)
, (5)

O4 =
∑

f

Cf
4

Λ2
4

(
χ̄γµγ5χ

) (
f̄γµγ

5f
)
, (6)

O5 =
∑

f

Cf
5

Λ2
5

(χ̄σµνχ)
(
f̄σµνf

)
, (7)

O6 =
∑

f

Cf
6

Λ2
6

(
χ̄σµνγ5χ

) (
f̄σµνf

)
, (8)

where Λi is the heavy mass scale for the connector sector that has been integrated out and Ci

is an effective coupling constant of order O(1) that can be absorbed into Λi. It is understood

that for Majorana fermion the vector and tensor structures are absent.

Next set of operators are for fermionic DM associated with (pseudo) scalar-type exchange

O7 =
∑

f

Cf
7mf

Λ3
7

(χ̄χ)
(
f̄f

)
, (9)

O8 =
∑

f

iCf
8mf

Λ3
8

(
χ̄γ5χ
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f̄f

)
, (10)

O9 =
∑

f

iCf
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9
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(
f̄γ5f

)
, (11)

O10 =
∑

f

Cf
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Λ3
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(
χ̄γ5χ

) (
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)
. (12)

6
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6

The mf dependence in the coupling strength is included for scalar-type interactions be-

cause this factor appears naturally from dark matter models with scalar exchange diagrams.

Another light degree of freedom that couples to the fermionic dark matter is the gluon field

O11 =
C11

Λ3
11

(χ̄χ)
(
− αs

12π
GµνGµν

)
, (13)

O12 =
iC12

Λ3
12

(
χ̄γ5χ

) (
− αs

12π
GµνGµν

)
, (14)

O13 =
C13

Λ3
13

(χ̄χ)
(αs

8π
GµνG̃µν

)
, (15)

O14 =
iC14

Λ3
14

(
χ̄γ5χ

) (αs

8π
GµνG̃µν

)
. (16)

For operators involving gluons, the factor of strong coupling constant αs(2mχ) is also in-

cluded because these operators are induced at one loop level and evaluated at the scale 2mχ

where mχ is the dark matter mass.

Finally, we also write down the corresponding operators for complex scalar DM.

O15 =
∑

f

iCf
15

Λ2
15

(
χ†←→∂µχ

) (
f̄γµf

)
, (17)

O16 =
∑

f

iCf
16

Λ2
16

(
χ†←→∂µχ

) (
f̄γµγ5f

)
, (18)

O17 =
∑

f
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)
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O18 =
∑

f

iCf
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(
χ†χ

) (
f̄γ5f

)
, (20)

O19 =
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Λ2
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(
χ†χ

) (
− αs

12π
GµνGµν

)
, (21)

O20 =
C20

Λ2
20

(
χ†χ

) (αs

8π
GµνG̃µν

)
. (22)

We note that for real scalar dark matter the vector couplings in Eqs.(17) and (18) are absent.

In what follows, we simply focus on the complex scalar dark matter. Note also that we have

redefined the coefficients of some of the operators, which are different from our previous

works [13, 24], such that they can conform with the normalization for the nucleon matrix

elements used in the literature for the direct detection experiments.

In Ref. [13], we showed that in the calculation of the annihilation cross section for the

DM relic density, the relative importance of each operator can be understood by considering

the nonrelativistic expansion of the operator and studying the velocity dependence. We

7

Cheung, Tseng, Tsai, Yuan, JCAP 1205 (2012) 001, arXiv:1201.3402;
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NR Reduction

• At present epoch, v/c ~ 10-3, NR limit is applicable

• Only 8 operators survive under NR reduction: 
O1,O4,O5,O7,O11,O16,O17 and O19

• Furthermore, only O1, O4 and O7 are independence 
because

• SI: O1 and O7; SD : O4 
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_
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1
2

The above effective operators are relativistically invariant and therefore appropriate for
the calculation in the relic density of the dark matter and its implication at collider physics.
However, for direct detection experiments, we need to have a nonrelativistic reduction of
these operators since the local dark matter velocity in the halo is of order (v/c) ∼ 10−3.
It is straightforward to demonstrate in the nonrelativistic limit only eight operators are
relevant for the direct detections. These are O1, O4, O5, O7, O11, O15, O17, and O19. One
can further show that only O1, O4 and O7 are independent, since we have the following
nonrelativistic reduction

O5 −→ O4 (2.21)

O11 −→ O7 (2.22)

O15 −→ O1 (2.23)

O17 −→ O7 (2.24)

O19 −→ O7 (2.25)

In table 1 we summarize some of the features of the operators discussed in this section. At
decoupling time, v/c ∼ 0.1 and hence non-relativistic reduction is no longer applicable. The
velocity scaling behaviours for each operator shown in the last column of table 1 for the
annihilation cross sections are just merely serving the purpose to illustrate the physics. For
our numerical work, we use the full expressions for the annihilation cross sections presented
at the appendix.

In our analysis in the following sections, we will treat one operator at a time. This
working assumption of treating one operator at one time may seem unreasonable. However
it is a matter of choosing between controlling the number of parameters and the assumptions
involved. If we treat each SM favor separately, then one operator at a time would mean the
DM only couples to one quark (say u quark) but not to the other (say d quark). It would be
very strange that the new physics only couples to up quark but not to the others. But if we
take more than one operators at the same time, the number of parameters will grow out of
control in such an analysis. On the other hand, we have summed over all SM fermions for
each operator. The quantum numbers of the new interaction for the SM fermions could be
very different from one another. It is entirely model dependent. There would be too many
parameters if we treat them all different. Even if we assumed different coefficients for each
SM generation, we would still introduce more parameters. Here in this work, we take the
democratic choice such that the coefficient for each SM fermion is of the same order, and we
have treated them the same. Therefore, we sum over all SM fermions in each operator.

We also note that the effective operators studied here in this work do not address the
issue of gauge invariance. Imposing SU(2) gauge invariance for the SM fermions would impose
certain relations among operators and hence their coefficients. Certain operators like those
with an explicit factor of SM fermion mass mf breaking SU(2) invariance explicitly can be
made covariant by introducing the Higgs field. Such issues have been partially addressed in
the literature, see for example in [6].

3 Relic density

In the standard cosmic picture, it is assumed that the DM particles were in thermal equi-
librium with the other SM particles via various fundamental processes such as χ̄χ ↔ PP̄
where P is any SM particles. At the high temperature Early Universe, the DM particles

– 7 –
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Cheung, Tseng, Tsai, and Yuan, JCAP05 (2012) 001. 
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O1 and O7

• Coherent spin-independent cross section
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increase gradually, except those for O17 and O18 which approach a constant. This can be
understood by looking at the nonrelativistic limits of the annihilation cross sections listed in
the last column of table 1. For O17 and O18, they are proportional to 1/Λ4 and independent
of mχ, while for all other operators they are proportional to either m2

χ/Λ
4, m2

fm
2
χ/Λ

6, or

m4
χ/Λ

6, from which we can see that the power of Λ2 in the denominator is one or two higher
than the power of m2

χ in the numerator.

4 Direct detection

The solar system moves around in the Galactic halo with a nonrelativistic velocity v ∼ 10−3c.
When the dark matter particles move through a detector, which is usually put under a deep
mine or a mountain to reduce backgrounds, and create collisions with the detector, some
signals may arise in phonon-type, scintillation-type, ionization-type, or some combinations
of them, depending on the detector materials. The event rate is extremely low because
of the weak-interaction nature of the dark matter. There are controversies among various
direct detection experiments. Both CoGeNT [44] and DAMA [45] observed some positive
signals of dark matter detection, which point to a light dark matter (∼ 5− 10GeV) with the
σSI ∼ 10−41 cm2. On the other hand, CDMS [36] and the most recent XENON100 [3] have
found nothing and disagreed with what were found by CoGeNT and DAMA. In the following
we will use the excluded regions of the XENON100 data [3] for spin-independent cross sections
(σSI), and XENON10 [37], ZEPLIN [38] and SIMPLE [39] data for spin-dependent cross
sections (σSD) versus the DM mass mχ in constraining the effective DM interactions.

We will be interested in the non-relativistic limit only and consider one operator at a
time. Thus possible interference effects among different operators are ignored.

4.1 Spin-independent cross section

Both O1 and O7 contribute to the spin-independent cross section. For a nuclei N with Z
protons and (A− Z) neutrons, the cross section can be obtained as

σSI
χN (0) =

µ2
χN

π
|bN |2 (4.1)

from O1 for Dirac DM where

µχN =
mχmN

mχ +mN
(4.2)

is the reduced mass and
bN = Z bp + (A− Z) bn (4.3)

with

bp = 2
Cu
1

Λ2
1

+
Cd
1

Λ2
1

, (4.4)

bn =
Cu
1

Λ2
1

+ 2
Cd
1

Λ2
1

. (4.5)

There is no Majorana case for O1.
For O7 with Dirac DM, we have

σSI
χN (0) =

µ2
χN

π
|fN |2 (4.6)
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where
fN = Z fp + (A− Z) fn (4.7)

with

fp,n =
mp,n

Λ3
7







∑

q=u,d,s

Cq
7 f

(p,n)
Tq +

2

27
f (p,n)
TG

∑

Q=c,b,t

CQ
7







(4.8)

and
f (p,n)
TG ≡ 1−

∑

q=u,d,s

f (p,n)
Tq . (4.9)

For Majorana DM with the same effective operator, one should multiply the above cross
section (4.6) by a factor of 4.

For O11 with Dirac DM, the result is the same as O7 with the following couplings

fp,n =
mp,n

Λ3
11

2

27
f (p,n)
TG C11 . (4.10)

For Majorana DM, multiply the cross section by a factor of 4.
For O15 with complex scalar, the result is

σSI
χN (0) =

µ2
χN

π
|bN |2 (4.11)

which is same as O1 with the following replacements for the couplings in (4.4) and (4.5)

Cu,d
1 −→ Cu,d

15 , (4.12)

Λ1 −→ Λ15 . (4.13)

For O17 with complex scalar, the result is same as O7

σSI
χN (0) =

µ2
χN

4π
|fN |2 (4.14)

with fN = Zfp + (A− Z)fn and the following replacement in (4.8)

Cu,d
7 −→ Cu,d

17 , (4.15)

Λ7 −→ Λ17 . (4.16)

For O19 with complex scalar, the result is same as O7

σSI
χN (0) =

µ2
χN

4π
|fN |2 (4.17)

with fN = Zfp + (A− Z)fn and

fp,n =
mp,n

Λ3
19

2

27
f (p,n)
TG C19 . (4.18)

In our numerical calculations, we will use the default values for f (p,n)
q and f (p,n)

TG given in
DarkSUSY [46].4

4For a recent re-evaluation of these hadronic matrix elements using the up-to-date lattice calculation results
of the strange quark σs term and its content in the nucleon, see ref. [47].
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O4
• Spin-dependent cross section (for Dirac DM)
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Figure 2. The lower limits on Λ due to (a) spin-independent cross section limits from XENON100 [3],
and (b) spin-dependent cross section limits from XENON10 [37], ZEPLIN [38] and SIMPLE [39].

4.2 Spin-dependent cross section

For O4 with Dirac DM, its contribution to the spin-dependent cross section can be obtained
as [48]

σSD
χN (0) =

8µ2
χN

π
G2

F Λ̄
2J(J + 1) (4.19)

where J is the total spin of the nuclei N , GF is the Fermi constant and

Λ̄ =
1

J
(ap〈Sp〉+ an〈Sn〉) (4.20)

with 〈Sp〉 and 〈Sn〉 the average of the proton and neutron spins inside the nuclei respec-
tively, and

ap,n =
∑

q=u,d,s

1√
2GF

Cq
4

Λ2
4

∆q(p,n) (4.21)

with ∆q(p,n) being the fraction of the spin carried by the quark q inside the nucleon p and n.
The following combinations of isosinglet a0 and isovector a1 are often seen in the literature

a0 = ap + an , (4.22)

a1 = ap − an . (4.23)

For Majorana DM with the same effective operator, one should multiply the cross sec-
tion (4.19) by a factor of 4.

For O5 with Dirac DM, its contribution to the spin-dependent cross section is the same
as O4 with the following replacements in (4.21)

Cq
4 −→ 2Cq

5 , (4.24)

Λ4 −→ Λ5 . (4.25)

There is no Majorana case for O5.
The current best limits on spin-independent WIMP-nucleon cross sections come from

XENON100 [3]. In ref. [3], the collaboration searched for DM candidates in their pre-defined
signal region, but only found 3 signal events with an expected background of 1.8±0.6. Based
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For Majorana DM with the same effective operator, one should multiply the cross sec-
tion (4.19) by a factor of 4.
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Constraints on Effective Interactions

• Our approach (adopted by other several groups as well): 
(1) assumption: the connector sector must be heavy and 
integrated out
(2) DM can be (real/complex) scalar or (Majorana/
Dirac) fermionic; vector and spin 3/2 DM not 
considered
(3) effective interaction of  WIMP DM with SM particles
(4) model independent study for a large class of  models

• Direct detection experiments can place upper limits on 
cross sections hence lower limits on effective scales Λ

• On the other hand, relic density will place upper limits 
on effective scales Λ 

• See for example, Cheung et al, JCAP 1205 (2012) 001.
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• CMS monojet events:

• For DM search:

• Observed upper limit (19.5 fb-1): 

For OD
5 , its cross section is the same as OD

4 with the following replacements in Eq.(27)

Cq
4 −→ 2Cq

5 , (28)

Λ4 −→ Λ5 . (29)

IV. MONOJET AND MONOPHOTON PRODUCTION AT COLLIDERS

Dark matter particles can be produced in hadronic collisions simply by crossing the Feyn-

man diagrams responsible for the SI or SD scattering between DM particles and nucleons.

However, it would only give rise to something entirely missing in the detection. We therefore

need some additional visible particles for trigger. One of the cleanest signatures is monojet

or monophoton production, which has only a high pT jet or photon balanced by a large

missing transverse momentum. The most precise measurements come from the CMS [14]

and the ATLAS [15] experiments at the LHC.

In our approach of effective DM interactions, we can attach either a gluon or a photon to

one of the quark legs of the relevant operators. For example, in O1,7 we can attach a gluon

or a photon line to the fermion line. For gluonic operators we can either attach a gluon line

to the gluon leg or attach the whole 4-point diagram to a quark line such that it becomes

a qg-initiated process. The final state consists of a pair of DM particles and a gluon or a

photon. We require the jet or photon to have a large transverse momentum according to

the pT requirement of each experiment.

For each effective operator Oi we calculate the value of Λi such that the SI cross section

is about 1.9 − 2.0 × 10−41 cm2. The results are shown in Table I. Under the assumption

that the dark matter interacts universally with the quarks, the DM-nucleon cross section is

about the same for proton and neutron (see Table I). We use a dark matter mass mχ = 10

GeV, and the results are not sensitive for mχ ∼ 8− 12 GeV.

The most recent monojet search was performed by the CMS collaboration [14] with an

integrated luminosity of 19.5 fb−1. It is almost the full data set before the shutdown. The

search for monojet events was using the following selection cuts:

pTj > 110 GeV, |ηj| < 2.4, %ET > 250− 550 GeV , (30)

among which the

%ET > 400 GeV (31)
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TABLE I. The fitted values Λi for the operators O1,7,11,15,17,19, which contribute to the spin-

independent scattering between DM and nucleon. The corresponding predictions for the number

of monojet events for each operator at LHC-8 for an integrated luminosity of 19.5 fb−1 are also

shown.

Operators Λi σSI
χN (×10−41 cm2) Number of Monojet events with 19.5 fb−1

(GeV) proton neutron LHC-8 Allowed/Ruled out

OD
1 2500 2.10 2.11 7.2 allowed

OD
7 85 2.00 2.00 2.3 allowed

OM
7 106.4 2.12 2.13 1.3 allowed

OD
11 50.7 1.88 1.88 8.6× 105 ruled out

OM
11 63.8 1.88 1.88 4.4× 105 ruled out

OC
15 2500 2.10 2.11 1.7 allowed

OC
17 175 2.00 2.01 1.8× 10−3 allowed

OR
17 250 1.84 1.88 8.7× 10−4 allowed

OC
19 117 1.89 1.90 332 allowed

OR
19 147.3 1.89 1.90 166 allowed

was used specifically for the context of dark matter. In Ref.[14], it was claimed that the

best expected limit was obtained with "ET > 400 GeV. We therefore follow their claim and

use "ET > 400 GeV. The observed upper limit on the number of events of the hypothetical

signal of dark matter is

Nobs < 434 . (32)

We simply compare this observed upper limit of number of events to the predictions implied

by the CDMS II result. The numbers of monojet events for all SI operators are shown in

the second last column of Table I, while in the last column we say “allowed” or “ruled out”

as compared with Eq.(32).

We note that our parton-level calculation gives similar numbers of events as the dark

matter model in the experimental paper [14].

We repeat the whole exercise for the SD cross section. It was shown in Ref. [16] that

a SD scattering between the DM and the neutron can explain the data with a SD cross

section of 10−35 cm2, which is six orders of magnitude above the SI one. We obtain the

9

LHC-8 Monojet Events

CDMS-II
In April 2013, CDMS-II reported 3 events were observed for 
a DM mass ~8.6 GeV and SI cross section of  1.9 ×10-41 cm2.
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From CDMS-II to Monojet
(Spin Independent)

TABLE I. The fitted values Λi for the operators O1,7,11,15,17,19, which contribute to the spin-
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9

(See Tseng’s talk)Kingman Cheung, Chih-Ting Lu, Po-Yan Tseng, and TCY, [arXiv:1308.0067]
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• Φ is Higgs doublet, χ is a real singlet

• Discrete Z2 symmetry: χ → −χ , others stay same

• Higgs-Singlet coupling ρ ⇒ All SM fields interact 
with DM χ through Higgs exchange

• Self-interacting coupling η, i.e. collisional DM

• Three new parameters: mχ, ρ, η

a two loop process in the model.

In the next section, we will briefly review the scalar phantom model of dark matter. In

section III, we present the global fitting for the relevant parameters of the model using the

various experimental constraints described above. In section IV, we discuss collider phe-

nomenology and the muon anomalous magnetic dipole moment of the model. We conclude

in section V. Some analytical formulas of the matrix elements needed in our analysis as

well as the expression for the muon anomalous magnetic dipole moment are collected in the

Appendix.

II. THE SCALAR PHANTOM MODEL

The simplest dark matter model (SZ) [1] (dubbed scalar phantom by the authors in [1])

is obtained by adding one real singlet scalar χ in addition to the Higgs doublet Φ to the SM.

The scalar part of the Lagrangian is given by

Lscalar = (DµΦ)† (DµΦ)− λ

(

Φ†Φ− µ2

2λ

)2

+
1

2
∂µχ∂µχ− 1

2
m2χ2 − 1

4!
ηχ4 − 1

2
ρχ2Φ†Φ . (1)

A discrete Z2 symmetry of χ → −χ while keeping all SM fields unchanged has been imposed

to eliminate the χ, χΦ†Φ, and χ3 terms. As a result it guarantees the stability of the χ

particle and hence it may be a viable candidate for WIMP (weakly interacting massive

particle) dark matter. Note that the χ4 term in Eq.(1) implies a contact interaction vertex

among the scalar dark matter.

The virtue of this model is its simplicity. Indeed, it represents the simplest realization of a

board class of models, in which we could add any number of singlet scalar χ to the standard

model, or the standard model augmented by a private Higgs sector [13]. The analysis given

here is in the spirit of seeing whether or not the simplest version of this kind of model could

now be ruled out.

After electroweak symmetry breaking, Φ develops a vacuum expectation value v =

µ/
√
λ = 246 GeV. After making the shift Φ(x)T = (0 , v +H(x)) /

√
2, the physical Higgs

field H obtains a mass mH =
√
2λv =

√
2µ and the last term in Eq.(1) becomes

− 1

2
ρχ2Φ†Φ −→ −1

4
ρv2χ2 − 1

2
ρvHχ2 − 1

4
ρH2χ2 . (2)

The first term on the right handed side of Eq.(2) implies the dark matter χ also pick up an

additional contribution of 1
2ρv

2 to its mass, thus m2
χ = m2 + 1

2ρv
2. We will assume m2

χ is

3

Others: 
J. McDonald, PRD50 (1994) 3637;
C.P. Burgess, M. Pospelov and T. ter Veldhuis, NPB619, 709 (2001);
Y. Cai, X.-G. He and B. Ren, PRD83, 083524 (2011); 
X.-G. He and J. Tandean, PRD, 88, 013020 (2013).

Simplest Scalar Phantom DM Model 
(Silveira and Zee, PLB161 (1985), 136)

⇐ Darkon
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Global Analysis on SZ Model

• Relic Density (WMAP)

• XENON100 (2011,2012)

• Fermi-LAT diffuse γ-rays from 10 dSphs

• Invisible Higgs width

• Higgs mass
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Profile Likelihood of  SZ Model

FIG. 1. The profile likelihood of (mχ, ρ) for the SZ model by the global fitting using WMAP relic

density [8], XENON100 [9], dSphs [10] and a 125 GeV Higgs [12] with an invisible branching ratio

less than 40%.

After hitting the stop criteria, we collect total 440682 samples, and plot 68% and 95%

profile likelihood confidence limit contours based on 138017 samples which are selected by

Nested Sampling algorithm [25]. The 68% and 95% confidence limit means that the total

likelihood is greater than 0.68 ∗ L(Best Fit) and 0.95 ∗ L(Best Fit), respectively. The total

likelihood function for our global fitting will be taken as

Ltot = Lrelic × Ldirect × Lindirect × LHiggs , (23)

and the effective total χ2
tot is given by

χ2
tot = −2 lnLtot . (24)

The result of the profile likelihood projected on the (mχ, ρ) plane is shown in Fig. (1).

We can clearly see that there are two branches: the vertical branch at low mχ region and

the horizontal branch hooked around at mχ >100 GeV. The shape of these two branches

is mainly due to the relic density constraint. However, XENON100 and dSphs also play a

10

Higgs resonance region

W+W- region

FIG. 2. The profile likelihood of the spin-independent cross section σSI
χp(0) for the SZ model

projected onto the mχ axis. The XENON100 limits [9] are overlaid for comparison. The projected

XENON-1T sensitivity is also shown.

significant role at the junction of the two branches, ρ ≈ 0.1 and 50 < mχ < 200, where

relatively large σSI
χp and σv can be easily produced. Furthermore, the hard cut due to

the Higgs invisible branching ratio can remove some of the parameter space points with

50 < mχ < 100 and 3 × 10−2 < ρ < 0.2. On the other hand, it is hard to satisfy our

constraints in the region mχ < 50GeV, because the χ2 in this region rises sharply due to

the Higgs boson mass and relic density constraints. The vertical branch in the figure is

mainly due to the Higgs resonance effect, which can efficiently enhance the dark matter

annihilation cross section when 2mχ falls near mH . Hence, the coupling ρ has to be small

correspondingly, in order to be consistent with WMAP data. On the other hand, when

mχ > mW , the χχ → W+W− channel dominates the annihilation cross section [2, 3, 26].

Therefore, we can see from the figure that in the 1 and 2 σ C.L. bands of the horizontal

branch the allowed ρ is roughly proportional to m2
χ (see Eq.(34) at the Appendix).

In Fig. 2, we show the profile likelihood on mχ - σSI
χp(0) panel against the experimental

11

XENON1T can probe most of  
the parameter space of  the 
model!

Spin-independent Elastic Cross 
Section
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γ-Ray Line in SZ Model (1 -loop)

FIG. 3. The annihilation cross sections for the gamma-ray line from χχ → γγ (left) and χχ → γZ

(right).

and ATLAS data [12] showed that the excesses seen in γγ, WW ∗, and ZZ∗ channels are

consistent with the expectation of the SM Higgs boson of 125 GeV, 2 we cannot allow the

invisible decay mode to be too large; otherwise the visible mode would become inconsistent

with the current data.

It is easy to show that the branching ratio for a visible mode would be its SM branching

ratio multiplied by (1 − Binv) where Binv is the invisible branching ratio defined earlier as

Γinv/(ΓSM+Γinv). In our scan in the previous section, we had required the invisible branching

ratio Binv < 0.4 such that each visible mode is reduced by an amount less than 40% so as

not to upset the current data. If the dark matter mass mχ > mH/2, the Higgs boson simply

behaves like the SM Higgs boson.

From our scan result in Fig.(1), a few typical points can be identified as follows:

1. Point A: mχ = 52.6 GeV, ρ = 0.028, mH = 125.3 GeV. The invisible branching ratio

is right at 0.4. The significance of this point is that the Higgs boson still has a large

branching ratio into χχ. The collider signature that we will discuss below consists of

a large missing energy.

2 The WW ∗ and ZZ∗ decay modes are slightly below while the γγ mode is somewhat higher than the SM

predictions.

13

Fermi-LAT γ ray data is not sensitive to most of  the parameter space yet.
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Inert Higgs Doublet Model (IHDM)
• Employs two doublets with a Z2 symmetry: 

All SM fields even, H2 odd.

• Scalar Potential with Z2 symmetry imposed

• DM candidate: S or A

• Parameter space of  scalar sector

3. These include: electroweak precision test constraints, W and Z width constraints, neg-

ative search for charginos and neutralinos from LEP-II that could restrict the inert Higgs

bosons masses, diphoton signal strength measurement as well as monojet constraint from

DM search at LHC. In section 4, we will discuss the relic density measurement by PLANCK

as well as DM direct detection and indirect detection constraints. In section 5, we present

our methodology for likelihood analysis and explain how all the constraints are included. We

present our numerical results in section 6. Future experimental constraints from LHC-14,

XENON1T and AMS-02 are discussed in section 7. We conclude in section 8.

II. INERT HIGGS DOUBLET MODEL (IDHM)

In this section, we briefly review the salient features of IDHM and discuss some existing

theoretical constraints.

A. Parameterization of the IHDM scalar potential

The IHDM [10] is a rather simple extension of the SM Higgs sector. It contains the SM

Higgs doublet H1 and an additional Higgs doublet H2. This model has a Z2 symmetry under

which all the SM fields and H1 are even while H2 is odd under Z2: H2 → −H2. We further

assume that Z2 symmetry is not spontaneously broken i.e. H2 field does not develop VEV.

These doublets can be parametrized as:

H1 =



 G+

1√
2
(v + h+ iG0)



 , H2 =



 H+

1√
2
(S + iA)



 (1)

where G± and G0 are the charged and neutral Goldstone bosons respectively, which will be

absorbed by the W± and Z to acquire their masses. This fixes v to be 246 GeV.

The scalar potential with an exact Z2 symmetry forbids the mass term −µ2
12(H

†
1H2+h.c.)

which mixes H1 and H2. Thus it has one fewer term than in THDM, i.e.

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†
1H2|2

+
λ5

2

{
(H†

1H2)
2 + h.c.

}
. (2)

The electroweak gauge symmetry is broken when H1 doublet gets its VEV: 〈HT
1 〉 =

(
0, v/

√
2
)
while 〈H2〉 = 0. This pattern of symmetry breaking ensures unbroken Z2 sym-

5
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P = {mh,mS ,mA,mH± ,λ2,λL ≡ λ3 + λ4 + λ5

2
}

Deshpande & Ma, 1978
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Global Constraints
• RC (Relic Density & Colliders)

These include relic density for DM from WMAP 7 years 
measurement, EWPT (S and T variables), Higgs mass from 
LHC, invisible width for Higgs decay (if  h → χχ is opened), 
signal strength for diphoton mode, and monojet plus missing 
energy events from the CMS. 

• ID (Indirect Detection)
The data set used in the global fittings include the Fermi-LAT 
γ-ray from 10 dSphs and Galaxy Center, the electron spectrum 
from PAMELA, the positron fraction e+/(e+ + e-) from 
AMS-02, as well as the total (e+ + e-) flux from Fermi-LAT 
and HESS and the antiproton flux from PAMELA.

• DD (Direct Detection)
Upper limit from XENON100 (2012) for the spin-
independent cross section versus DM mass.

• Theoretical Constraints
Perturbativity, unitarity, potential bounded from below, ... etc

24



Global Fits of  IHDM
Arhrib, Tsai, Yuan, and TCY, 1310.0358 

See Tsai’s talk for more details.
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Outline

• Introduction ✔

• Effective Dark Matter Theory ✔

• Scalar Dark Matter Models ✔

• Dark U(1)D Sector

• Summary
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Original Higgs U(1) Model As Dark Sector

• The Model

• SM Higgs and Dark Higgs Mixing

Chia-Feng Chang, Ernest Ma and TCY, [arXiv:1308.6071]

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
0
6
3
P
_
1
0
1
3
 
v
1

with

Lgauge = −1

4
!Wµν · !W µν − 1

4
BµνB

µν − 1

4
CµνC

µν − ε

4
BµνC

µν , (2)

Lscalar = |DµΦ|2 + |Dµχ|2 − Vscalar(Φ,χ) , (3)

and

DµΦ =

(
∂µ + ig

1

2
σaWaµ + i

1

2
g′Bµ

)
Φ , (4)

Dµχ = (∂µ + igDCµ)χ , (5)

where !W µ, Bµ and Cµ are the gauge potentials of the SU(2)L, U(1)Y and U(1)D with gauge

couplings g, g′ and gD respectively, and ε is the kinetic mixing parameter between the two

U(1)s [5]. The scalar potential in (3) is given by

Vscalar = −µ2
ΦΦ

†Φ+ λΦ

(
Φ†Φ

)2 − µ2
χχ

∗χ+ λχ (χ
∗χ)2 + λΦχ

(
Φ†Φ

)
(χ∗χ) . (6)

We pick the unitary gauge and expand the scalar fields around the vacuum

Φ(x) =
1√
2

(
0

v + h(x)

)
, χ(x) =

1√
2
(vD + hD(x)) (7)

with the VEVs v and vD fixed by minimisation of the following potential

Vscalar(v, vD) =
1

4
λΦv

4 − 1

2
µ2
Φv

2 +
1

4
λχv

4
D − 1

2
µ2
χv

2
D +

1

4
λΦχv

2v2D . (8)

Thus, we obtain

v2 =
µ2
Φ − 1

2
λΦχ

λχ
µ2
χ

λΦ − 1
4

λ2
Φχ

λχ

, v2D =
µ2
χ − 1

2
λΦχ

λΦ
µ2
Φ

λχ − 1
4

λ2
Φχ

λΦ

. (9)

In terms of the shifted fields h and hD, the scalar potential Vscalar can then be decomposed

as

Vscalar = V0 + V1 + V2 + V3 + V4
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The physical Higgs (h1, h2) are related to the original (h, hD) as

(
h1

h2

)
=

(
cosα sinα

− sinα cosα

)(
h

hD

)
, (17)

with the mixing angle

sin 2α =
2m2

12

m2
1 −m2

2

. (18)

We will identify the heavier Higgs h1 with mass m1 = 126 GeV as the new boson observed

at the LHC [3, 4], while the lighter one h2 has been escaped detection thus far.

In terms of the physical Higgs fields h1 and h2, the cubic term V3 is given by

V3 =
1

3!
λ(1)
3 h3

1 +
1

3!
λ(2)
3 h3

2 +
1

2
λ(3)
3 h1h

2
2 +

1

2
λ(4)
3 h2h

2
1 (19)

with the trilinear couplings

λ(1)
3 = 3

[
2vλΦ cos3 α + 2vDλχ sin

3 α +
1

2
λΦχ sin 2α (v sinα + vD cosα)

]
, (20)

λ(2)
3 = 3

[
−2vλΦ sin3 α + 2vDλχ cos

3 α +
1

2
λΦχ sin 2α (vD sinα− v cosα)

]
, (21)

λ(3)
3 =

1

4

[
24vλΦ sin2 α cosα + 24vDλχ cos

2 α sinα

+λΦχ (v cosα + vD sinα + 3v cos 3α− 3vD sin 3α)] , (22)

λ(4)
3 =

1

4

[
−24vλΦ sinα cos2 α + 24vDλχ cosα sin2 α

+λΦχ (−v sinα + vD cosα + 3v sin 3α + 3vD cos 3α)] , (23)

and the quartic term V4 is given by

V4 =
1

4!
λ(1)
4 h4

1 +
1

4!
λ(2)
4 h4

2 +
1

3!
λ(3)
4 h1h

3
2 +

1

3!
λ(4)
4 h2h

3
1 +

1

2! · 2!λ
(5)
4 h2

1h
2
2 (24)
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5

Kinetic Mixing

SM 126 GeV Higgs
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Rich Higgs Phenomenology

h1 → γDγD

h1 → h2h2

h1 → h2h
∗
2 → h2γDγD

h1 → h2h2h2

• Dark photon may decay to light leptons 
through mixings 

• h2 decays predominantly into two dark photons h2 → γDγD

• This model predicts: non-standard modes of  Higgs decay 
could be 4,  8, or even 12 leptons in the final states!

γD → l̄l (l = e, µ)

• Higgs mixings implies 
non-standard Higgs decay 
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Higgs Decay Width

• SM Higgs total width contains two pieces N
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Thus the total width of the heavier Higgs h1 is modified as

Γh1 = cos2 αΓ̂h + ΓNS
h1

, (31)

where Γ̂h is the width of the SM Higgs h, which has a theoretical value of 4.03 MeV. The

branching ratio for the non-standard modes of the heavier Higgs decay is

BNS
h1

=
ΓNS
h1

Γh1

, (32)

which should be constrained to be less than 22% or so. The partial decay width for the two

body decays are given by

Γ̂(h1 → γDγD) =
g2Dm

2
γD

8πm1

(
1−

4m2
γD

m2
1

) 1
2
(
3− m2

1

m2
γD

+
m4

1

4m4
γD

)
, (33)

and

Γ (h1 → h2h2) =

(
λ(3)
3

)2

32πm1

(
1− 4m2

2

m2
1

) 1
2

. (34)

For the three body decay h1 → h2h2h2, we obtain

Γ (h1 → h2h2h2) =

∫ xmax
1

xmin
1

dx1

∫ xmax
2

xmin
2

dx2
dΓ (h1 → h2h2h2)

dx1dx2
(35)

with the following differential decay rate

dΓ (h1 → h2h2h2)

dx1dx2
=

m1

1536π3
|M|2 (36)

where the matrix element is given by

M = λ(3)
4 +

1

m2
1

(
λ(2)
3 λ(3)

3

∑

i=1,2,3

(1− xi)
−1 + λ(3)

3 λ(4)
3

∑

i=1,2,3

(µ− xi)
−1

)
, (37)

with µ = m2
2/m

2
1 and x1+x2+x3 = 2. The range of integration for x1 and x2 is confined by

2
√
µ < x1 < 1− 3µ , (38)

x2
<
>

1

2
(1 + µ− x1)

−1
[
(2− x1) (1 + µ− x1)±

(
x2
1 − 4µ

)1/2
λ1/2 (1 + µ− x1, µ, µ)

]
(39)
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with the quadrilinear couplings

λ(1)
4 = 6

(
λΦ cos4 α + λχ sin

4 α +
1

4
λΦχ sin

2 2α

)
, (25)

λ(2)
4 = 6

(
λΦ sin4 α + λχ cos

4 α +
1

4
λΦχ sin

2 2α

)
, (26)

λ(3)
4 = −3

2
sin 2α

(
−2λχ cos

2 α + 2λΦ sin2 α + λΦχ cos 2α
)
, (27)

λ(4)
4 = +

3

2
sin 2α

(
2λχ sin

2 α− 2λΦ cos2 α + λΦχ cos 2α
)
, (28)

λ(5)
4 =

1

4
[3 (λΦ + λχ) + λΦχ − 3 (λΦ + λχ − λΦχ) cos 4α] . (29)

IV. NON-STANDARD DECAYS OF h1

The global fits [11–14] for the signal strengths of the various SM Higgs decay channels

from the LHC data imply the total width of the SM Higgs is about 4.03 MeV and the non-

standard width for the SM Higgs can be at most 1.2 MeV; in other words the non-standard

branching ratio for the SM Higgs must be less than 22%. One can use this result to constrain

the parameter space of the model.

We will compute the following non-standard processes h1 → γDγD, h1 → h2h2, h1 →

h2h∗
2 → h2γDγD and h1 → h2h2h2. Each of the h2 in the final state of these processes will

decay into two dark photons and each dark photon will give rise to two leptons through its

mixing with the photon 2. These non-standard processes will provide multiple leptons in

the final state of the standard model Higgs decay [9]. The contribution to the heavier Higgs

width from these non-standard processes is 3

ΓNS
h1

= sin2 αΓ̂(h1 → γDγD)+Γ(h1 → h2h2)+Γ(h1 → h2γDγD)+Γ(h1 → h2h2h2)+ · · · (30)

2 We note that h2 can decay to SM particles as well through its mixing with h1 and hence they are suppressed.

We take the branching ratio of h2 → γDγD to be 100%. See discussion after Eq.(40).
3 The four lepton modes from the first term h1 → γDγD followed by γD → ll̄ (l = e, µ) were studied in

details in [6].

6

• Non-standard contributions from dark Higgs U(1) sector

• The SM Higgs width is 4.03 MeV (Theory) while LHC constrains 
the non-standard Higgs width to be less than 1.2 MeV (20 % or so)
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Contour Plots for non-standard branching ratio 
for standard model Higgs 

Chia-Feng Chang, Ernest Ma and TCY, [arXiv:1308.6071]
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Goldstone Boson (GB) as 
Cosmic Neutrino Impostor 
• Temperature fluctuation in CMB depends on cosmic 

energy density hence on the effective number of  
neutrino species Neff

• Planck ⊕ WMAP9 Polarization ⊕ high-l  ACT & SPT: 

Neff  = 3.36 ± 0.34

• Weinberg (PRL 110, 241301, 2014) suggested GB may 
be masquerading as fractional (0.39) cosmic neutrinos, 
provided that they must remain thermal equilibrium 
with ordinary SM particles until after the era of  muon 
annihilation so that the Goldstone particle temperature 
matches with the neutrino temperature.

ρν = Neff
7

8

(
4

11

)4/3

ργ
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Why fractional 0.39?
• At equilibrium at high temperature, relative to neutrino+antineutrino, neutral 

GB counts effectively as follows
              g*=(2 + 2*7/8 + 1+ ...) = 2 ( 1 + 7/8 + 1/2 + ...)
                  ⇒ gGB/gν=(1/2) / (7/8) = 4/7!

• Suppose GB decoupled not far above muon annihilation, from that time on,
GB is then free propagating across the Universe with constant Ta.

• Just before muon annihilation,  cosmic entropy density is 
            s ~ (1 + 7/4 +7/4 + 3*7/8)T3 ~ (57/8) T3

Right after muon annihilation,
            s ~ (1 + 7/4 + 0 + 3*7/8)T3 ~ (43/8) T3

• To remain constant sa3, Ta must be increased by a factor (57/43)1/3 for 
particles still remain equilibrium like neutrino, photon and electron/positron.

• Despite GB went out of  equilibrium before muon annihilation, it still 
contributes to cosmic energy density (~T4) with an effective neutrino number 
ΔNeff = (4/7) * ((43/57)1/3)4 = 0.39!
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Global Dark U(1) Model

• Add a complex U(1) scalar singlet S to SM

L = (∂µS
†)(∂µS) + µ2S†S − λ(S†S)2 − g(S†S)(Φ†Φ) + Lsm

S(x) =
1√
2
(〈r〉+ r(x)) ei2α(x) Φ(x) =

1√
2

(
0

〈φ〉+ φ(x)

)

• SM/Dark Higgs Mixing:

• New couplings

(
H(x)
σ(x)

)
=

(
cos θ sin θ
− sin θ cos θ

) (
φ(x)
r(x)

)
m2

H ≈ 2λsm〈φ〉2 ,

m2
σ ≈ 2λ〈r〉2 ,

θ ≈ g〈r〉〈φ〉
m2

H −m2
σ

.

S. Weinberg, PRL 110, 241301 (2013)

Goldstone 
boson

Radial field SM Higgs

Higgs Portal

Two tadpole conditions can be written down using ∂V/∂r = 0 and ∂V/∂φ = 0 where V is

the scalar potential part of Eq.(5):

〈φ〉2 = 4λµ2
sm − 2gµ2

4λλsm − g2
, (6)

〈r〉2 = 4λsmµ2 − 2gµ2
sm

4λλsm − g2
. (7)

Taking the decoupling limit g → 0 from the above equations, we recover the SM condition

of 〈φ〉2 = µ2
sm/λsm as well as 〈r〉2 = µ2/λ.

The interaction fields r(x) and φ(x) are no longer mass eigenstates because of the mixing

term proportional to g. The mass term is

Lm = −1

2
(φ(x) r(x))



 2λsm〈φ〉2 g〈r〉〈φ〉

g〈r〉〈φ〉 2λ〈r〉2







 φ(x)

r(x)



 . (8)

We rotate (φ(x) r(x))T by an angle θ into physical fields:


 H(x)

σ(x)



 =



 cos θ sin θ

− sin θ cos θ







 φ(x)

r(x)



 . (9)

The physical masses of the H(x) and σ(x), and the mixing angle are given by

m2
H = 2λsm〈φ〉2 cos2 θ + 2λ〈r〉2 sin2 θ + g〈r〉〈φ〉 sin 2θ ,

m2
σ = 2λ〈r〉2 cos2 θ + 2λsm〈φ〉2 sin2 θ − g〈r〉〈φ〉 sin 2θ , (10)

tan 2θ =
g〈r〉〈φ〉

λsm〈φ〉2 − λ〈r〉2 .

In the small θ limit (θ ! 0.01 as will be shown later),

m2
H ≈ 2λsm〈φ〉2 ,

m2
σ ≈ 2λ〈r〉2 , (11)

θ ≈ g〈r〉〈φ〉
m2

H −m2
σ

.

We can now write down the interactions terms in the limits of θ & 1 and mσ & mH : 2

LHαα =
θ

〈r〉 H (∂µα)(∂
µα) ,

Lσαα =
1

〈r〉 σ (∂µα)(∂
µα) , (12)

LHσσ = −g

2
〈φ〉H σ2 .

2 In the coupling of Hσσ, the next leading term in θ is gθ〈r〉, which is suppressed by a factor of (〈r〉/〈φ〉)θ

relative to the leading term. However, when the ratio 〈r〉/〈φ〉 is large, this next leading term could be a

sizable correction to the leading term.

4
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• Recall non-standard Higgs width is 
constrained to be less than 1.2 MeV

• One can use this to constrain the parameter 
space of  the dark global U(1) sector

Muon Decoupling

• Hubble expansion rate ~ Goldstone Boson 
Annihilation to muon pair through Higgs exchange

could no longer keep up with the Hubble expansion. It was argued in [2] that the best sce-

nario for the Goldstone bosons to go out of equilibrium is at a temperature still above the

muon and electron masses but below all other masses of the SM. The temperature T of the

free Goldstone bosons would then just fall off like the inverse of the Friedmann-Roberston-

Walker scale factor a. Since the total entropy is conserved in the adiabatic expansion, after

the muon annihilation, the constancy of Ta for the Goldstone bosons implies they behave

like neutrino impostors contributing to the measured ∆Neff = (4/7)(43/57)4/3 = 0.39 [2],

which is consistent with the recent Planck result [12]. For this scenario to work, one must

have the annihilation rate of αα ←→ µ+µ− equals to the Hubble expansion rate at the

temperature kBT ≈ mµ, i.e. [2]
g2m7

µmPL

m4
σm

4
H

≈ 1 , (17)

where mPL is the Planck mass. From Eq.(11), one can express g2 in terms of θ, 〈φ〉/〈r〉 and

mσ. However, its dependence on mσ is rather weak for mφ & mσ. This muon decoupling

condition of Eq.(17) is shown in Fig. 1 for mσ = 500 MeV. Note that this muon decoupling

is not a constraint, but rather an interesting condition for the Goldstone boson to explain

∆Neff .

IV. DECAY OF THE σ FIELD

Because of the constraint from the Higgs invisible width and condition for muon de-

coupling in Eq. (17), the mass range of σ cannot be much larger than O(1) GeV [2]. We

therefore show the mass range from 1 MeV to 1000 MeV for σ from now on, and use 500

MeV when we need a typical value. The decay modes of such a light σ field are very similar

to those of a very light Higgs boson (! 1 GeV) [13]. The σ can decay into a pair of electrons,

muons, photons, pions and Goldstone bosons.

The formulas for the decays into e+e−, µ+µ− and γγ are the same as the Higgs boson,

up to a mixing angle. Thus, for the ff̄ final state, we have

Γ(σ → ff̄) = θ2
m2

fmσ

8π〈φ〉2

[
1−

4m2
f

m2
σ

]3/2
, (18)

in the small θ limit. For mσ < 1 GeV the only possibility for fermionic decays are f = e, µ.

The decay width for σ → γγ is the same as the one for the SM Higgs boson, up to θ2. We do
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As we have

• For g = 0.005, mH = 125 GeV, mσ ~ 500 MeV 
(Weinberg). Note that one can express g2 in terms of  
mixing angle θ, VEV ratio <Φ>/<r> and mass mσ.

Higgs Invisible Width
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Constraints

(Cheung, Keung, TCY, 1308.4235) 
( mσ = 500 MeV )

We show the ratio

f ≡ Γ(σ → ππ)

Γ(σ → αα)
= θ2

4

27

〈r〉2

〈φ〉2

(
1− 4m2

π

m2
σ

)1/2 (
1 +

11m2
π

2m2
σ

)2

(21)

in Fig. 1 for mσ = 500 MeV. In most part of the allowed region, the ratio f is well below

10−4, thus mostly the σ field decays into Goldstone boson. Nevertheless, if one goes to the

corner where 〈φ〉
〈r〉 is very small, we can achieve f ≈ 10−2 − 10−1. Such a large value of f

would imply very interesting signatures for the σ field and the Goldstone boson.

V. COLLIDER SIGNATURES

When the branching ratio B(σ → ππ) ≈ 20%, the collider signature would be very

interesting. The dominant production of the σ field is via the decay of the Higgs boson,

followed by the decays of the two σ fields. We can look for one σ decaying invisibly into a

pair of Goldstone bosons while the other one decays visibly into a pair of pions. Therefore,

we expect

gg → H → σσ → (ππ)(αα) , (22)

where the invariant mass of the pion pair is located right at mσ. The signature would be

a distinguished pion pair with mππ ≈ mσ plus a large missing energy carried away by the

Goldstone bosons α.

We perform a rough estimate of event rate here. The production cross section of the SM

Higgs boson the LHC-8 is about 19 pb [14], and the non-standard decay branching ratio

of the Higgs boson is limited to be less than about 20% [11]. Therefore, using the analysis

above we choose a currently allowed branching ratio of the Higgs boson:

B(H → σσ) ! 10% . (23)

The cross section at the LHC-8 with 〈r〉 = 7 TeV would be

σ(gg → H)× B(H → σσ)× B(σ → ππ)× B(σ → αα)× 2

≈ 19 pb× 0.1× 0.2× 0.8× 2 ≈ 600 fb . (24)

For LHC-14, one should multiply the above number by a factor of 2.8.

Since the intermediate σ boson is only O(1) GeV, its decay products would be very

collimated. The two α’s become missing energies, while the two pions are very collimated,
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Decay of  the σ field
• The dominant decay mode of  σ field is the invisible Goldstone pair.

• However, through Φχ mixing, the radial field can decay into SM 
particles.
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Collider Signature
• Higgs production: gg fusion or associated hW

• For light σ, the pion pair is very collimated with Mππ ≈ mσ, while 
the Goldstone boson α pair is invisible as MET.

• Possible Signals:

• a microjet (τ jet) + MET (charged pions not resolved)

• charged pion tracks + MET (if  charged pions can be resolved)

• 4 collimated photons + MET (neutral pions)

• For associated WH case, additional charged lepton may be act 
as an efficient trigger for the event

• Detailed detector simulation may be interesting.

gg → H → σσ → (ππ)(αα)

pp → WH → (lν)(σσ) → (lν)(ππ + αα)
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Cross Section
pp →H  →σσ→(ππ)(αα)

to resolve the pions, difficulties coming from the pile-up, pattern recognition, and track

reconstruction post real challenges for our experimentalists. A proper detector simulation

is called for before any realistic conclusion can be drawn.

TABLE I. Cross sections in fb for the gluon fusion process pp → H → σσ → (ππ)(αα) and the

associated process pp → WH → ($ν)(σσ) → ($ν)(ππ + αα) at the LHC-8 and LHC-14 with the

selection cuts described in the text. We choose mσ = 500 MeV.

〈r〉 B(σ → ππ) Cross Section (fb) LHC-8 Cross Section (fb) LHC-14

(TeV) gluon fusion WH gluon fusion WH

3 3.72× 10−3 0.16 0.013 0.39 0.024

4 6.58× 10−3 0.27 0.022 0.68 0.043

5 1.02× 10−2 0.42 0.034 1.05 0.067

6 1.46× 10−2 0.60 0.049 1.50 0.095

7 1.97× 10−2 0.80 0.065 2.00 0.13

To summarize, the logical possibility of the existence of a hidden sector of Goldstone

bosons masquerading as fractional cosmic neutrinos and communicate to our visible world

through the Higgs portal as suggested recently by Weinberg [2] is explored further phe-

nomenologically here. We have studied the constraints from the invisible Higgs search at

LEP-II, the invisible Higgs width derived from global fittings using all the LHC signal

strength data, and the condition of muon decoupling from evolution of our Universe. We

also studied Higgs decays into a pair of σ and its various decay modes. This interesting

idea of Goldstone bosons as cosmic neutrino impostors can be tested by searching for the

process of gg → H → σσ → (ππ)(αα) and the associated production WH → ($ν)(σσ) →

($ν)(ππ + αα) at the LHC-8 and LHC-14.
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• Dark sector physics is very rich. Dark particle can be generic dark 
matter, dark Higgs, dark photon, dark goldstone particle, ....

• Dark matter is NOT detected yet, despite strong evidences from 
cosmological/astrophysical observations involved many different 
scales.

• Many theoretical particle dark matter models can now be probed by 
direct detection experiments like LUX, XENON100, CDMS, etc. by 
indirect detection experiments like AMS-02, FermiLAT, etc. as well as 
LHC.

• Non-standard Higgs decay modes (in particular multilepton+MET, 
pion pair + MET ) are important to constrain dark Higgs, dark photon 
as well as dark Goldstone boson physics.

• Just like the two clouds of  blackbody radiation and luminiferous ether 
over classical physics at the beginning of  20th century led to the 
discovery of  quantum mechanics and relativity, the few clouds presently 
shadow over the two standard models of  particle physics and 
cosmology may eventually lead to revolutionary discoveries. 

• Keep one’s mind open for alternatives, like non-WIMP axions or pure 
gravity interpretation!

Summary
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