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In this review we do not try to cover all the aspects of physics beyond the standard model (BSM),
instead our latest understanding on the BSM will be presented: i) The Higgs sector is likely related
to BSM, which can be confirmed at current running large hadron collider (LHC) or the future
colliders. Furthermore we pointed out that spontaneous CP violation can be closely related to the
lightness of the Higgs boson. ii) Top quark forward-backward asymmetry, which was measured by
Tevatron, might be the sign of BSM. We proposed a new color-octet particle ZC to account for
the observation and ZC can be further studied at the LHC. iii) If dark matter (DM) is utilized to
accommodate astrophysical observations, it ought to be observed at the high energy LHC and DM
produced at colliders should be the smoking gun signal. iv) Lithium puzzle might also be the sign
of the BSM. We briefly review the newly proposed solution to Lithium puzzle, i.e., the existence
of non-thermal component during the big bang nuclei-synthesis (BBN). The possible origins of the
non-thermal component can be dark matter or the new accelerating mechanism of normal particles.
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1 Introduction

Since the standard model (SM) formed in the late 1960s
and early 1970s, the research on the possible physics be-
yond the standard model (BSM) is always one of the
most active fields [1]. After fifty years, the SM has been
confirmed with high precision, which include numerous
discoveries and two of them are Higgs boson in 2012 and
top quark in 1995. One usually believes that the SM is
not the whole story for fundamental physics because it
does not contain gravity. Closely related to this issue is
that SM does not include the candidate of dark matter
(DM), which is required by astrophysical observations.

However there are no confirmed BSM signals until
now. The seemingly natural extensions of SM, for ex-
ample adding the extra gauge bosons and fermions, have
been severely constrained. One may wonder where one
can discover the BSM. The realistic ways are to pre-
cisely measure the properties of Higgs boson and top
quark, which are two of the least known particles. Once
deviations from the SM predictions are found, we can
infer possible BSM information. Moreover the DM is
not discovered yet. Normally DM signal can be classified
into 3 categories: indirect, direct and collider. Details
description on DM signals will be described in Section 4.
We should emphasize that the interplay between collider
physics and astrophysics is always the driving force to
uncover the secretary of Nature.

In this paper, we do not try to cover all aspects of
BSM, instead we would like to depict our current un-
derstanding on this subject. In Sections 2/3/4/5, Higgs
physics, top quark, dark matter and lithium puzzle will
be briefly described respectively, and the last section con-
tains discussions and conclusions.

2 Higgs physics

2.1 Higgs sectors as the hiding place for BSM

Recently ATLAS [2] and CMS [3] at Large Hadron Col-
lider have discovered one new particle around 125 GeV
with compatible properties with Higgs boson in the SM
of high energy physics. However there are still plenti-
ful room for BSM [4]. In fact, the scalar sector is the
least known one and relative insensitive to the past mea-
surements. Higgs sectors can be the natural place (in a
sense at electro-weak scale) to hide BSM, which could
be uncovered at LHC and future high energy/intensity
colliders.

Though current measurements on Higgs boson are not
so precise, the mass of Higgs boson is approximately fixed

without any doubt. Based on the mass information, the-
oretically there is one question: Why the new particle
is so light compared to the possible BSM scale, say O(1
TeV) or higher?

2.2 Why Higgs boson is light?

In the SM, the mass of Higgs boson is a free parameter
and could be enormous. The great success of the renor-
malizable SM indicates that there should exist large hier-
archy between electro-weak and the higher scale, based
on the renormalization group flow analysis of K. Wilson.
The Higgs boson, as the spin-0 scalar, tends to get con-
tributions from the higher scale and becomes enormous.
Therefore the pursuit of underlying reason why the Higgs
boson is light is quite natural. Even before the direct con-
firmation of the light Higgs boson, one has inferred the
similar Higgs boson information from the precision mea-
surements at LEP and Tevatron. Moreover the new ideas
have been proposed in order to account for the lightness
of the Higgs boson. For example, the lightness of Higgs
boson could be protected by supersymmetry. In the min-
imal supersymmetric model (MSSM), the mass of Higgs
boson can be expressed as mH < mZ | cos(2β)| at tree
level, where mZ is the Z boson mass and β is the angle
defined by tanβ = v2/v1. Here v2 and v1 are the vacuum
expectation values (VEV) of the two Higgs fields intro-
duced in MSSM. In the little Higgs models, the lightness
of Higgs boson is protected by the approximate global
symmetry and is treated as the pseudo-Goldstone bo-
son. Though the supersymmtry and little Higgs models
are quite intriguing, the experimental search for their
companions, namely the gluinos and squarks in super-
symmetric models and extra gauge bosons W ′ and/or Z ′

in little Higgs models, has failed. Recently we revealed
another interesting connection between lightness of Higgs
boson and the CP spontaneous violation [5].

CP violation is required in order to account for the
matter and anti-matter asymmetry in the Universe, as
pointed by Sakharov [6] several decades ago. In the SM,
CP non-conservation does exist in the CKM matrix.
However such CP violation is not sufficient to accom-
modate the observed asymmetry [7]. Seeking additional
source of CP violation is one of the most important mo-
tivations of B-factories, super B-factories and LHCb. In
the SM the origin of CP violation in CKM matrix can
be traced back to the complex Yukawa interaction among
Higgs field and fermions. Besides such explicit CP vio-
lation, CP non-conservation can also be traced back to
the complex vacuum, as pointed by Lee [8, 9] long time
ago. Now that the required additional CP violation and
Higgs boson obtain mass via the same mechanism, i.e.,
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the spontaneous symmetry breaking, is the Higgs boson
mass intimately related to such CP violation? In the
following we will show that, taking a simplest sponta-
neous CP violation model as the example, the mass of the
lightest neutral Higgs boson is closely related to CP vio-
lation phase of the vacuum. Provided that the SM is not
CP-violated, the lightest neutral Higgs boson would be
massless, sharing the same characteristic with the neu-
tral Goldstone boson. In reality we require additional
CP violation from complex vacuum, as a consequence,
the neutral lightest Higgs boson becomes massive and
the other neutral Higgs bosons are much heavier than
the lightest one. In this sense we relate the lightness of
Higgs boson to the complex vacuum. For the most gen-
eral spontaneous CP violation models, we argue that the
lightest neutral Higgs boson can have the exact the same
feature as in the simplest case.

2.3 Spontaneous CP violation and lightness of Higgs
boson in two Higgs doublets model

One decade ago, we have investigated the simplest spon-
taneous CP violation model [10, 11] and applied it to
the B-meson decay, especially in the large tanβ case.
The motivations of this model are as following. If one
insists the natural flavor conservation (NFC) condition,
a minimum of three Higgs doublets are necessary in or-
der to have spontaneous CP violation [12–14]. Provided
that NFC is given up, the CP can be explicitly violated
in the Higgs potential. However we are only interested
in the spontaneous CP violation and investigate its con-
nection with Higgs boson mass. In this paper we will
investigate the properties of the Higgs potential for the
simplest case of spontaneous CP violation, i.e., only in-
troducing two complex Higgs doublets without obeying
NFC condition. In the previous works, we have intro-
duced additional terms which break NFC condition only
softly [10, 11].

For two complex Higgs doublets Φi (i = 1, 2) with
hypercharge Y = 1,

Φi =
(
φ+

i

φ0
i

)
; Φ†

i =
(
φ−i
φ0∗

i

)

φ0
i and φ±i represent neutral and charged complex com-

ponent of Φi, the most general CP-invariant Higgs po-
tential can be written as

V (Φ1,Φ2) = V2 + V4

It would be better to divide Φ†
i Φj term as real and

imaginary parts separately: Re(Φ†
i Φj) ≡ Reij and

Im(Φ†
i Φj) ≡ Imij in order to classify the terms conve-

niently. For i = j imaginary part is 0. Under CP trans-

formation, only imaginary part for i �= j changes sign.
Hermitian and CP invariant require

V2 = m2
1Re11 +m2

2Re12 +m2
3Re22 (1)

with m2
i (i = 1 − 3) the real parameters.

Hermitian and CP invariant also require

V4 = Re11(λ1Re11 + λ2Re12 + λ3Re22)

+Re12(λ4Re12 + λ5Re22)

+λ6Re2
22 + λ7Im2

12 (2)

where λi (i =1–7) are real parameters.
We assume that the minimum of the potential is at

〈Φ1〉 =
(

0
v1

)
; 〈Φ2〉 =

(
0

v2eiξ

)
(3)

which breaks the gauge group SU(2)L ⊗U(1)Y down to
U(1)em and the CP invariance. We can define tan β =
v2/v1, v

2 = v2
1 + v2

2 . In the end the v is determined by
the mass of weak gauge bosons, as usual.

The requirement of the stationary point of the poten-
tial leads to the following constraints:

∂V

∂v1
= 2v1(m2

1 + 2λ1v
2
1 + λ3v

2
2)

+(m2
2 + 3λ2v

2
1 + λ5v

2
2)v2 cos ξ

+2λ4v1v
2
2 cos2 ξ + 2λ7v1v

2
2 sin2 ξ = 0 (4)

∂V

∂v2
= 2v2(m2

3 + 2λ6v
2
2 + λ3v

2
1)

+(m2
2 + 3λ5v

2
2 + λ2v

2
1)v1 cos ξ

+2λ4v
2
1v2 cos2 ξ + 2λ7v

2
1v2 sin2 ξ = 0 (5)

∂V

∂ξ
= sin ξv1v2 × (2(λ7 − λ4)v1v2

× cos ξ −m2
2 − λ2v

2
1 − λ5v

2
2) = 0 (6)

For sin ξ, v1, v2 �= 0, we can solve the equations to get

m2
2 = 2(λ7 − λ4)v1v2 cos ξ − λ2v

2
1 − λ5v

2
2 (7)

m2
1 = −[2λ1v

2
1 + (λ3 + λ7)v2

2 + λ2v1v2 cos ξ] (8)

m2
3 = −[2λ6v

2
2 + (λ3 + λ7)v2

1 + λ5v1v2 cos ξ] (9)

After substituting those conditions into Higgs potential,
we trade v1, v2, ξ with m2

1,m
2
2,m

3
3. It should be empha-

sized that ξ = 0 is the trivial solution of the station-
ary conditions! In this case Eq. (9) does not necessarily
hold [cf. Eq. (6)], the would-be-eliminated parameter by
this equation will eventually control the mass of pseudo-
scalar, usually denoted as A in literature.

The potential minimum conditions require that at the
stationary point

∂2V

∂v1∂v1
> 0
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det
(

∂2V

∂xi∂xj

)
> 0

det
(

∂2V

∂yi∂yj

)
> 0 (10)

where xi = v1, v2 and yi = v1, v2, ξ.
Now we switch to the spectrum of the physical

Higgs bosons. The charged part can be written as
(φ−1 , φ

−
2 )M(φ+

1 , φ
+
2 ) where the mass matrix

M = −λ7

(
v2
2 −v1v2e−iξ

−v1v2eiξ v2
1

)
(11)

The mass eigenstates of G− and H− can be written as

G− = eiξ sinβφ−2 + cosβφ−1 (12)

H− = eiξ cosβφ−2 − sinβφ−1 (13)

with

mG± = 0; mH± = −λ7v
2 (14)

As usual the charged Goldstone boson G± will be ab-
sorbed by charged gauge bosons.

For the neutral part, in the basis of {Im(φ1), Im(φ2),
Re(φ1),Re(φ2)} the symmetric mass matrix M can be
expressed as

M11 = (λ4 − λ7)v2
2 sin2 ξ

M12 = λ5v
2
2 sin2 ξ

M13 = [λ2v1 + (λ4 − λ7)v2 cos ξ]v2 sin ξ

M14 = [(λ4 − λ7)v1 + λ5v2 cos ξ]v2 sin ξ

M22 = 4λ6v
2
2 sin2 ξ

M23 = [2(λ3 + λ7)v1 + λ5v2 cos ξ]v2 sin ξ

M24 = [λ5v1 + 4λ6v2 cos ξ]v2 sin ξ

M33 =
1
2
[8λ1v

2
1 + 4λ2v1v2 cos ξ

+(λ4 − λ7)(1 + cos(2ξ))v2
2 ]

M34 = (2λ3 + λ4 + λ7)v1v2 cos ξ

+
1
2
[2λ2v

2
1 + λ5v

2
2(1 + cos(2ξ))]

M44 = (λ4 − λ7)v2
1 + 2λ5v1v2 cos ξ

+2λ6v
2
2(1 + cos(2ξ)) (15)

From mass matrix M , we should note one important
feature in the limit of ξ → 0. In this limit, the whole
mass matrix can be decomposed into zero and a non-
zero M ′

2×2 matrices as

M =
(

02×2 02×2

02×2 M ′
2×2

)
(16)

This feature can be understood because we have ap-
plied the constraint of Eq. (9), which is not required
for the case of CP conserving ξ = 0. One less free pa-
rameter drives one of physical neutral Higgs boson mass-
less, sharing the similar feature with neutral Goldstone
boson G0. This point can be shown by rotating away
Goldstone state G0 = cosβImφ0

1 + sinβ cos ξImφ0
2 −

sinβ sin ξRe(φ0
2). We can obtain mass matrix N3×3v

2 in
the basis of⎛

⎝− sinβIm(φ0
1)+ cosβ cos ξIm(φ0

2)− cosβ sin ξRe(φ0
2)

Re(φ0
1)

sin ξIm(φ0
2) + cos ξRe(φ0

2)

⎞
⎠

(17)

Here the matrix N can be expressed as

N11 = (λ4 − λ7) sin2 ξ

N12 = −[λ2 cosβ + (λ4 − λ7) cos ξ sinβ] sin ξ

N13 = −[λ5 sinβ + (λ4 − λ7) cosβ cos ξ] sin ξ

N22 = 4λ1 cos2 β + 2λ2 cos ξ sinβ cosβ

+(λ4 − λ7) cos2 ξ sin2 β

N23 = [2λ3 + 2λ7 + (λ4 − λ7) cos2 ξ] sinβ cosβ

×λ2 cos ξ cos2 β + λ5 cos ξ sin2 β

N33 = (λ4 − λ7) cos2 β cos2 ξ + 2λ5 sinβ cosβ cos ξ

+4λ6 sin2 β (18)

In the limit of ξ → 0, we can expand the determinant of
mass matrix as

det(Nv2) = sin2(2β)ξ2v6[λ3
7 + (2λ3 − λ4)λ2

7

+(λ2
3 − 2λ3λ4 + λ2λ5 − 4λ1λ6)λ7 − λ1λ

2
5 − λ2

3λ4

+λ2λ3λ5 − λ2
2λ6 + 4λ1λ4λ6] +O(ξ3) (19)

The mass of the lightest neutral Higgs boson mass can
be written, in the leading order of ξ, as

mh1 = f(λi, β)ξv (20)

The mass eigenstate of this neutral Higgs boson ap-
proaches − sinβIm(φ0

1)+cosβIm(φ0
2), orthogonal to G0.

Compared with the mass of the SM Higgs boson which
is solely determined by λ and VEV, the lightest neutral
Higgs boson here is also determined by the CP viola-
tion parameter ξ. In the limit of ξ → 0, the lightest
neutral Higgs boson and the neutral Goldstone boson
both are the mixing states of Im(φ0

1) and Im(φ0
2), shar-

ing the same massless feature. Provided that the SM is
not CP-violated, the lightest neutral Higgs boson would
be massless. The reality is that the SM is CP-violated1) ,
therefore the lightest neutral Higgs boson is massive. In

1) Here we refer to the additional CP violation. In fact, the CKM CP violation phase can also be traced back to the complex vacuum.
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this sense, the lightness of the lightest Higgs boson is
intimately connected to the spontaneous CP violation.

The next question is: Does the mass of the physical
lightest neutral Higgs boson in the most general sponta-
neous CP violation models also approach 0 in the CP in-
variant limit? The answer is yes if the ξ = 0 is the trivial
solution to equations of the stationary conditions! The
arguments are as following. Provided that the original
Higgs potential is CP-conserving with certain symmetry.
In order to realize the spontaneous symmetry breaking,
which gives mass to gauge bosons and induces CP vio-
lation, the stationary condition for ξ will eliminate one
free parameter in the Higgs potential as in Eq. (6). If

ξ = 0 is the trivial solution, the would-be-eliminated pa-
rameter must be associated with ξ in the mass matrix
[c.f. Refs. [15] or [18]]. In the limit of ξ → 0, at least one
neutral Higgs boson shares the massless nature of neu-
tral Goldstone boson. Such behavior indicates that the
lightness of the Higgs boson can be traced back to the
spontaneous CP violation phase of the vacuum.

In the following, we show explicitly the neutral Higgs
mass spectrum, especially the lightest one. One can di-
agonalize the 3 × 3 real symmetric mass matrix via

Vn. Nv
2.V T

n =
1
2
diag(m2

h3
,m2

h2
,m2

h1
) (21)

assuming mh1 � mh2 � mh3 .

⎛
⎝ h3

h2

h1

⎞
⎠ = V T

n

⎛
⎝ cosβ(cos ξIm(φ0

2) − sin ξRe(φ0
2)) − sinβIm(φ0

1)
Re(φ0

1)
sin ξIm(φ0

2) + cos ξRe(φ0
2)

⎞
⎠ (22)

Here matrix Vn can be parameterized by three an-
gles θi(i = 1 − 3) with 0 � θi � π/2. The phys-
ical quantities can be chosen as (v, tanβ, ξ,mh1 ,mh2 ,
mh3 , θ1, θ2, θ3,mH±) in accordance with the degree of
freedom in Higgs potential. Because the analytical trans-
formation from λi to Higgs boson masses and the mixing
angles are too lengthy to be useful here, for our purpose,
we choose a set of λi parameters to illustrate the connec-
tion between Higgs boson masses with ξ, especially for
mh1 . The benchmark point is chosen as

v = 175 GeV, tanβ = 1, λ7 = −4, λ1 = 4, λ2,3,4,5,6 = 1

This point satisfies the physical requirements. The light-
est Higgs boson mass mh1 , mh2 and mh3 are depicted
as a function of ξ in Figs. 1–3 respectively. From the
figure it is quite clear the dependence of light Higgs
approaches massless for the CP conserving case. More
importantly, besides the lightest Higgs boson, the other
neutral Higgs bosons are much heavier. These three fig-
ures clearly demonstrate the crucial role of the sponta-
neous CP violation parameter ξ.

Fig. 1 Lightest Higgs boson mass mh1 [in GeV] as a function of
ξ.

Fig. 2 mh2 [in GeV] as a function of ξ.

Fig. 3 mh3 [in GeV] as a function of ξ.

2.4 Perspective on Higgs physics

To summarize, we reveal the intimate connection be-
tween the spontaneous CP violation and the lightness
of the Higgs boson, which was discovered recently by
ATLAS and CMS. In the limit of CP conserving case,
the lightest Higgs boson degenerates with the massless
neutral Goldstone boson. Such connection implies that
there should be more Higgs sectors and additional CP
violation arising from the complex vacuum. The newly
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discovered state with mass around 125 GeV is not a pure
CP-even scalar as in the standard model. Instead it is a
mixing state of CP-even and CP-odd. Besides the light-
est neutral Higgs bosons, there are more much heavier
neutral Higgs bosons. We demonstrate this point in the
CP-spontaneously broken two-Higgs doublet model and
which can be true in the more complicated case. We
should emphasize that this is not the phenomenologi-
cal study of the specific model, instead, a toy realization
our proposed connection between the complex vacuum
and the lightness of the Higgs boson. Further investiga-
tions on this direction will be carried out. For the two-
Higgs doublet model, current experiments are insensitive
to neutral Higgs bosons because the couplings are usu-
ally severely suppressed by mf/mW for light fermions. It
is not hard to find allowed parameters. On the contrary
the couplings of top quark with Higgs boson are not sup-
pressed. However the huge QCD backgrounds may bury
the signal. Besides the neutral Higgs bosons, there are
charged Higgs boson which can be consciously produced
at LHC [10, 15, 16].

Last but not least, besides the current running collid-
ers, dedicated Higgs factory may be needed in order to
precisely measure the detailed information of the light-
est neutral Higgs boson. The whole Higgs spectrum and
couplings can only be revealed at the next generation
colliders.

3 Top forward-backward asymmetry

3.1 Overview

Being the heaviest particle in the SM, the top quark
has some unique properties to make it a good probe to
study the new physics. For example, the Yukawa cou-
pling between top quark and the Higgs boson is the most
strong among the quarks and Higgs boson and it can
significantly change the production and the decay of the
Higgs boson; the top quark sometimes is called the bare
quark as it decays so fast after its production before the
hadronization. Spin information is inherited by its decay
products. Except these unique features, the so called the
top quark forward–backward asymmetry AFB is consid-
ered to be one hint of the new physics.

The top AFB is defined as

AFB ≡ N(cos θ > 0) −N(cos θ < 0)
N(cos θ > 0) +N(cos θ < 0)

(23)

in which θ denotes top quark polar angle in a certain
frame. Such frame can be taken as the laboratory frame,
or usually as the tt̄ rest frame. Sometimes it is called

the Charge Asymmetry AC if t and t̄ CP conservation is
assumed. Experimentally, both the CDF and D0 collab-
orations have measured the top AFB for several times by
utilizing different integrated luminosity data. Excess has
been observed compare to the SM predictions. The latest
experimental results have been shown in Table 1. It can
be seen that the experimental measured result is about
2.2σ larger than the SM NLO predicted value. Such an
excess has attracted lots of discussion and is one of the
most hot research points about the top quark physics.
As the integrated luminosity is increasing, in a recent
paper [19], the CDF collaboration has shown the polar
angular distribution of the top quark. Such distribution
can maintain more information than the half plane inte-
grated forward-backward asymmetry. Discovered at the
pp̄ collider Tevatron, people are eager to see the cross-
check results at the pp collider LHC. Disappointedly, the
SM predicted top AFB (usually are called the charge
asymmetry AC at the LHC) is very small (about 0.1%)
and the LHC has difficulty to achieve such experimental
accuracy in recent measurements [20, 21].

Table 1 The latest top AF B experimental results at the Teva-
tron [17, 18].

L(fb−1) AF B (EXP) AF B (SM NLO) deviation

CDF 9.4 0.164 ± 0.045 0.066 ± 0.020 2.2σ

D0 5.4 11.8 ± 3.2% 4.7 ± 0.1% 2.2σ

In SM, the top AFB origins from the Next-to-Leading
Order QCD processes, as shown in Fig. 4. Possible cor-
rections can be contributed from i) interference with the
QED process, Eg. AFB can be changed from 0.076 to
0.080 [23]; ii) resummation of the Log terms to all orders.
The AFB is stable to this correction, Eg. AFB can be
changed from 7.14+0.67

−0.54% to 7.16+1.05
−0.68% [24]; iii) NNLO

QCD process. Although some people have declared the
realization of full calculation of the NNLO QCD top pair
cross section, the numerical results is still unviable in lit-
erature [25]. The AFB is more complicated as it needs
the angular distributions rather than the total cross sec-
tions.

For explanations beyond the SM, there are quiet a
few studies, which includes a flavor changing t-channel
Z ′/W ′ [26, 27], the axigluon [28], and many other mod-
els. Review of the new model explains can be found in
Ref. [29]. However, generally speaking, such explains are
all facing very stringent constraints from the experiment
point of view. That is they should not only give the cor-
rect total AFB numbers, but also should predict the cor-
rect differential distributions. Most of the explains are
ruled out by the distribution of dAFB/dY , dAFB/dMtt̄,
and dσ/dMtt̄, where Y is the rapidity, Mtt̄ is the top
pair invariant mass and σ is the cross section.

Yang Hu, et al., Front. Phys., 2013, 8(5) 521



REVIEW ARTICLE

Fig. 4 Origin of AF B at O(α3
s) in SM QCD [22]. (I) Virtual diagrams, (II) Real diagrams.

During recent years, our group have made a series
study of the top quark forward–backward asymmetry,
which includes: the high order correction of the t-channel
Z ′ model, the new observable AOFB and AE defined at
the LHC, and our proposed explain of the color-octet
axial-vector like boson ZC .

3.2 The high order correction of the t-channel Z ′

One of the widely studied explanation of the top AFB ex-
cess is the t-channel Z ′ model, which is proposed in Ref.
[26]. By introducing a flavor changing Z ′ between the up
and top quark, asymmetric top distribution can be gen-
erated by the interference between the SM uū→ g → tt̄

and the t-channel uū → tt̄, as shown in Fig. 5. Fur-
ther more, the contribution of this interference on the
symmetric cross section can be canceled with the self-
conjugate term by the t-channel uū→ tt̄ diagram. How-
ever, such a t-channel Z ′ may change the shape of the
distribution dσ/dMtt̄. It can be found that such a dis-
tribution can not fit the experimental data very well.
In the low energy region (2mt < Mtt̄ < 500 GeV), the
predicted cross section values are lower than the experi-
mental measured values; while in the high energy region
(Mtt̄ > 500 GeV), the predicted cross section values are
larger than the experimental data. We made an analyt-
ical calculation of the high order O(α2

sαX) correction in
the t-channel Z ′ model [30]. The motivation is to study
whether the higher order corrections can improve the fit
between t-channel Z ′ model and the experimental data.
The result is shown in Fig. 6. It can be seen that the
deviation between t-channel Z ′ prediction and the ex-
perimental data is reduced, but cannot be eliminated.
The above mentioned deviation seems to be a generic
feature for the t-channel explanation mechanism. Thus
we got the conclusion that the t-channel Z ′ model cannot
give a correct dσ/dMtt̄ differential distribution. Besides,
such a scenario could also predict the same sign top pair
events by the t-channel uu → tt process, which has al-

ready been excluded by the measurement in Ref. [31].
Nevertheless, such a model is in some sense a bench-
mark model and it is still used by the experimentalists
in some recent analysis [19].

Fig. 5 The interference diagrams between SM and t-channel Z′.

Fig. 6 Differential cross section as a function of Mtt̄ for different
levels [30].

3.3 New observable defined at the LHC

The excess of top AFB was discovered at the pp̄ collider
Tevatron. To cross check this experiment independently,
it is necessary to measure similar observable at the LHC.
However, additional problem will occur as the LHC is
a pp collider. Opposite to the Tevatron, the symmetric
gg → tt̄ component is dominant in the top pair produc-
tion and it will contribute in the denominator to make
the asymmetry very small (at 0.1% level). Thus, it is
very necessary to study whether their exists a better ob-
servable to exhibit the mechanism of the asymmetric top
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productions. We defined two new observable to study the
top asymmetry at the LHC.

3.3.1 AOFB

AOFB is defined as

AOFB =
F− +B−
F+ +B+

≡ σA

σ
(24)

with

F± = (σ(ΔY > 0) ± σ(ΔY < 0))|P z
tt̄

>P z
cut,Mtt̄>Mcut

(25)

B± = (σ(ΔY < 0) ± σ(ΔY > 0))|P z
tt̄

<−P z
cut,Mtt̄>Mcut

(26)

where ΔY ≡ Yt − Yt̄, P z
tt̄ is the top pair’s z direction

momentum.
We call it the one-side forward-backward asymmetry

because after applying the P z
tt̄ cut, only one side of the

top pair events are survival. The key feature of AOFB is
that, at the LHC, usually the momentum of the valence
quark is larger than that of the sea quark. If we take the
momentum of the u quark as the positive z direction, the
events with P z

tt̄ > 0 will be similar as the Tevatron pp̄

case, where the u quark moves to the positive z direction
and the ū quark moves in the opposite z direction. Fig-
ure 7 shows the AOFB as a function of P z

cut at the LHC
with

√
s = 14 TeV.

Fig. 7 AOF B as a function of P z
cut at the LHC with

√
s =

14 TeV.

3.3.2 AE

The above AOFB is defined in the tt̄ rest frame. We also
studied an asymmetry observable which is defined in the
laboratory frame. The edge charge asymmetry is defined
as [32]

AE(YC , Ymax)

≡ σt(YC < |Yt| < Ymax) − σt̄(YC < |Yt̄| < Ymax)
σt(YC < |Yt| < Ymax) + σt̄(YC < |Yt̄| < Ymax)

≡ σA
E(YC , Ymax)
σE(YC , Ymax)

(27)

where YC is a critical cut on the rapidity and Ymax is
the largest rapidity that the detector can cover. A intu-
itive picture of this definition is that, at the LHC, due
to the longitudinal boost of the top quark pair, the top
quarks are more likely to be located in the edge region in
the detector with large rapidity, and the anti-top quarks
are more likely to be located in the central region in the
detector with small rapidity. The mechanism of the ori-
gin of the asymmetry is the same as shown in Fig. 4 in
the SM, and the direction information is also extracted
from the feature that in the proton the valence quark’s
momentum is probably larger than that of the sea quark.

3.4 The color-octet axial-vector like boson

Besides the high order correction in the t-channel Z ′

model and the definition of new observable at the LHC,
we also proposed a new explanation of the excess of
the top quark AFB. We introduced a new color-octet
axial-vector boson ZC , where Z indicates that it is a
charge neutral particle like the Z boson, and the label
C means it carries color octet charge. The mechanism of
the additional asymmetry can be explicit by the follow-
ing squared invariant amplitude:

∑
Color,Spin

|M|2 =
CACF

2

{
4g4

s(1 + c2 + 4m2)

+
8g2

s ŝ(ŝ−M2
ZC

)
(ŝ−M2

ZC
)2 +M2

ZC
Γ 2

ZC

2gq
Ag

Q
Ac

+
4ŝ2

(ŝ−M2
ZC

)2 +M2
ZC

Γ 2
ZC

(gq
Ag

Q
A)2(1 + c2 − 4m2)

}

(28)

where CA = 3, CF = 4/3, gs is the strong coupling
constant, m = mt/

√
ŝ, β =

√
1 − 4m2, c = β cos θ. in

which the first term is the contribution from SM gluon
mediation; the second term is the interference between
qq̄ → g → tt̄ and qq̄ → ZC → tt̄; the last term is the self-
conjugation of the ZC mediate process. Some characters
can be described of the ZC explanation. i) The addi-
tional asymmetry comes from the interference between
gluon and ZC process. This can only change the angular
distribution of the produced tt̄ events and has no contri-
bution on the total tt̄ cross section. ii) The third term of
ZC self-conjugation can contribute to the tt̄ total cross
section. However, this contribution can be suppressed by
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adopting proper coupling factors. iii) The breit-wigner
propagator of ZC shows that ZC can only impact on its
near mass peak region. Actually, our primer idea was to
introduce an near top pair production threshold particle
to replace the usual heavy (> 1 TeV) axigluon.

The best fitted parameters are mZC = 440 GeV,
gQ

A = 3.0 and gq
A = 0.07 [33]. This is based on the old

data which can be replaced by the current more accurate
experimental results. In a recent study [34], we update
such fit and the best fit diagrams are shown as Fig. 8.
Further more, we studied how to cross check this new
color-octet axial-vector boson at the LHC. The so-called
color flow method is utilized, in which a measurement
named the pull is defined as [35]

t =
∑
i∈jet

P i
T |ri|
P jet

T

ri (29)

where ri = (δyi, δφi) = ci − J , and J = (yJ , φJ ) is the
location of the jet and ci is the position of a cell or par-
ticle with transverse momentum P i

T . Pay attention that
t is a two dimensional vector and it can be written as
t = (ty, tφ) = (|t| cos θt|, |t| sin θt). θt is the pole angular
determined by the two components of t.

Fig. 8 The differential distributions with best fit ZC parameters.
The experimental data are come from Ref. [17].

Figure 9 shows the comparison of polar angular θt of
the pull vector at the Tevatron and the LHC. It can be
seen that by adopting the new method, our explanation
ZC can be distinguished successfully from the SM at the
colliders.

3.5 Perspective on top forward-backward asymmetry

In this paper, we review our studies of the top forward-
backward asymmetry excess discovered at the Tevatron.
The research includes, i) The high order correction of
the t-channel flavor changing Z ′ explanation. Our studies
show that such a model has difficulty to produce correct
dσ/dMtt̄ distribution so it is disfavored. ii) We defined

Fig. 9 The distribution of polar angular θt of the pull vector t
at the Tevatron (a) and LHC (b).

two new observable AOFB and AE which can be mea-
sured at the LHC to cross check the top AFB excess.
Such observable can be about a few percent level, com-
pare to the usual charge asymmetry at 0.1% level. iii) We
proposed a new explain which introduce a color-octet
axial-vector like boson ZC with its mass near the top
pair threshold. Such a new particle can produce all ex-
perimental differential distributions successfully. We also
studied how to measure ZC ’s properties at the LHC by
the color-flow method.

4 Dark matter

4.1 Evidence for dark matter

The first evidence of DM was proposed by Zwicky in
1930s [36]. The observation of the unexpected large ra-
dial velocity dispersion of galaxies in the Coma cluster
suggests that it contains more unknown non-luminous
matter. Another famous direct evidence of dark mat-
ter comes from the observations of spiral galaxy rotation
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curves. The rotation velocity of a test object around the
center of a galaxy is proportional to

√
M(r)/r with the

orbit radius of r and the mass of M(r) within r. It is ex-
pected to decrease quickly as 1/

√
r if the test object is far

from the galaxy center. However, the observed rotation
curves remain flat at large radii. Such evidences of the
non-luminous matter were first found in the Andromeda
galaxy in 1930s [37], and were strongly supported by the
observations of many galaxies in 1970s [38, 39].

The observations of X-ray emissions from the hot gas
in the galaxy clusters show that the gravitation provided
by visible matter alone cannot keep the gas in hydro-
static equilibrium. The observations of the lensing ef-
fects predicted by general relativity also suggest the ex-
istence of non-luminous matter. Since the above results
are measured through gravitational effects, some mod-
ified Newtonian dynamics (MOND) models were also
proposed to interpret these observations and no extra
non-luminous matter was needed in such scenarios. An
important strong support to the DM hypothesis is the
observation on the “Bullet cluster” consisting of two col-
liding galaxy clusters [40]. The X-ray image, which mea-
sures the distribution of the gas, shows an obvious lag
compared with the gravitational lensing image. This ob-
servation cannot be explained by MOND, but it can be
easily understood in the DM scenario, where the DM
components can pass through each other without colli-
sion, while the gas components have viscous effects.

The standard cosmology model ΛCDM has been es-
tablished in the last decade from the observations of
the cosmic microwave background radiation [41, 42], the
distance-redshift relation of the Type Ia supernovae [43,
44] and the large scale structure surveys [45, 46]. Re-
cently, the results from the Planck collaboration show
that our Universe consists of 68.3% dark energy, 4.9%
baryonic matter and 26.8% DM [42].

4.2 The production and the candidates of dark matter

Although we have so many gravitational evidences for
DM from astrophysics and cosmology, we still do not
know the particle physics properties of DM. The DM
candidates should satisfy the following requirements (see
e.g. Ref. [47]):

• They are electrically neutral and colorless particles.
• They are stable in the scale of the Universe lifetime.
• They have the correct relic density ΩDMh

2 ∼ 0.1
where ΩDM ≡ ρDM/ρ0 is the DM density over the
critical density and h is the Hubble constant.

• They are cold or warm (not extremely relativistic)
at the structure formation epoch.

In the standard model (SM), neutrinos seem to be the
possible DM candidates since they are neutral and in-
teract weakly. However, their relic density calculated by
Ωνh

2 ∼ ∑
mνi/(90 eV) ∼ 0.1 requires neutrino masses

to be ∼ 10 eV, which are inconsistent with the exper-
imental limits. Therefore, the SM could not provide a
suitable DM candidate. This fact implies the existence
of new physics beyond the standard model (BSM).

The most popular DM candidates are the neutral
weakly interacting massive particles (WIMPs) (see e.g.
Ref. [48]). In such scenarios, DM particles are produced
as a thermal relic of the Big Bang [49]. In the early
Universe with high temperature, both the SM particles
and the WIMPs are in thermal equilibrium χχ̄ ↔ f f̄ .
When the Universe temperature decreases below the
WIMP mass, the collisions of the SM particles cannot
produce WIMPs efficiently and the number of WIMPs
is highly suppressed. If the expanding rate of the Uni-
verse is larger than the annihilation rate of the WIMPs,
the WIMPs could hardly annihilate with each other and
would “freeze out” completely with a constant relic den-
sity. This process can be described by the Boltzmann
equation

dn
dt

= −3Hn− 〈σv〉(n2 − n2
eq) (30)

where n is the number density of DM, neq is the number
density in thermal equilibrium, H is the Hubble parame-
ter, and 〈σv〉 is the thermally averaged annihilation cross
section.

The DM relic density can be approximately obtained
by

ΩDMh
2 ∼ 3 × 10−27cm3 · s−1

〈σv〉 (31)

This means the WIMPs thermally produced with 〈σv〉 ∼
3×10−26cm3·s−1 would have correct DM relic density. In
particular, the required value can be easily acquired for
the WIMP by 〈σv〉 ∼ α2/m2 with a mass of m ∼ O(102)
GeV and a interaction coefficient of α ∼ O(10−2). This
feature, often called “WIMP miracle”, is an important
reason why the WIMPs are the most well-motivated DM
candidates. WIMPs as the DM candidates have been pro-
posed in many popular BSM models, such as the light-
est supersymmetric particle (LSP) in the supersymmetry
(SUSY) model [50] and the lightest Kaluza–Klein parti-
cle in the universal extra dimension model [51]. In these
models, WIMPs are stable due to some extra discrete
symmetries. They have the masses of 100 GeV∼1 TeV
and weak interaction with the SM particles, and could
be tested at collider experiments. The other possible DM
candidates include sterile neutrinos [52, 53], axions [54],
etc.
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To determine the nature of the DM particles, we
should detect the interactions between the DM and SM
particles beyond the gravitation. There are three kinds
of methods to detect such interactions, namely, direct,
indirect and collider detections. The direct detection de-
tects the scattering between the DM and the SM par-
ticles via the nuclear recoil signatures in the detector.
The indirect detection searches for the energetic cosmic-
ray (CR) particles, such as photons, neutrinos and anti-
matter particles, induced by the annihilations or decays
of the DM particles. The collider detection is to detect
the DM particles produced at high energy colliders. It
is essential to combine all the experimental results and
achieve a complete picture of DM.

4.3 Direct detection

The direct detection is to detect the nuclear recoil signa-
tures induced by the scattering of DM particles off the
target nuclei in underground detectors [55]. For the DM
particle with a mass of ∼ O(102) GeV and a local veloc-
ity of ∼ 10−3c, the typical energy scale of the scattering
is O(10) keV. The expected differential event rate per
nucleus is

dR
dER

=
ρχ

mχ

∫ vmax

vmin

d3v f(v)v
dσ(v, ER)

dER
(32)

where ER is the nuclear recoil energy, ρχ is the local DM
mass density, f(v) is the DM velocity distribution in the
lab frame which can be derived from the DM velocity
distribution in the Galaxy frame, dσ/dER is the cross
section of the scattering between DM particles and tar-
get nuclei. The DM velocity distribution in the Galaxy is
usually assumed to be the Maxwell–Boltzmann distribu-
tion. The upper limit of the DM velocity is determined
by the escape velocity of DM in the Galaxy vesc, which
is typically taken as 500–600 km·s−1.

Different interactions between DM particles and nuclei
require different experimental materials and technics. For
the majorana DM fermions, there are two typical opera-
tors describing the interaction between the DM particles
and quarks, namely, scalar interaction χ̄χq̄q and axial-
vector interaction χ̄γμγ5χq̄γμγ5q (see e.g. Ref. [50]). In
the realistic DM models (e.g. SUSY model), these two in-
teractions could be mediated by the Higgs and Z bosons,
respectively. In the non-relativistic limit, the scalar inter-
action does not depend on the spin of the nucleon. The
scattering cross section would be coherently enhanced by
a factor of A2, where A is the atom number of the nu-
cleus. This means heavy nuclei are suitable to detect such
spin-independent (SI) interaction. For the axial-vector
interaction, the γiγ5 components lead to a three dimen-

sion vector current which is proportional to the particle
angular momentum. Therefore, this interaction is spin-
dependent (SD). Compared with SI interaction, there is
no coherent enhancement for SD interaction. Since the
nucleus spin is contributed by the un-paired nucleon,
only the nuclei with an odd number of nucleons, such
as 19F, 127I and so on, can be used to search for SD
interaction.

There are three kinds of signatures induced by nu-
clear recoil events, namely, scintillation, ionization, and
phonons. Some experiments only search for one kind of
signal, while some detectors can measure two kinds of sig-
nals which are helpful to reduce the backgrounds. The di-
rect detection experiments should be located in deep un-
derground to shield from the CR background. The main
backgrounds are electronic recoil events induced by the
gamma-rays and electrons emitted from the radioactive
isotopes in the surrounding rocks, air and the detector
apparatus. Therefore the good shielding and high purity
of the materials are required for experiments.

Some collaborations, such as DAMA [56], CoGeNT
[57] and CRESST-II [58], have reported anomalous
events which may be produced by DM. The DAMA col-
laboration has detected a modulation signature with a
very high confidence level in the 2–6 keV energy inter-
val in a long time. This observation can be interpreted
by the annual modulation of the DM-nucleus scatter-
ing due to the Earth rotation around the Sun, where
the DM particle has a small mass of ∼ 10 GeV and a
large SI scattering cross section of ∼ O(10−40) cm2 [59,
60]. The results from CoGeNT and CRESST-II can be
marginally consistent with the DAMA result in the light
DM scenario. However, such results conflict with the null
results from the other experiments, such as XENON [61,
62]. The experimental uncertainties [63] and astrophysi-
cal uncertainties [64, 65] are difficult to relax the tensions
among different experiments. Many new exotic DM mod-
els have been proposed in the literature, such as inelastic
scattering DM [66, 67] and isospin violation DM [64, 68].
However, there is still no consistent interpretation for all
the observations.

As shown in Fig. 10, the most stringent constraint on
SI DM-nucleon cross section is set by XENON, which is
a dual phase noble liquid detector located in Gran Sasso
[62]. Since the detector only observes the recoil signa-
tures above a threshold energy, it is not sensitive to the
light DM particles. For a DM particle with a mass of
55 GeV, the upper-limit reaches 2 × 10−45 cm2. In the
future, the sensitivity of XENON will be improved by
a magnitude of two orders [77]. Note that the XENON
results have excluded some preferred parameter regions
of the CMSSM. In particular, the pure higgsino DM is
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strongly disfavored due to the large SI interaction with
nucleons.

Fig. 10 Constraints on the SI DM-nucleon scattering cross sec-
tion by XENON100. Also shown are results from DAMA [56, 59],
CoGeNT [57], CRESST-II [58], CDMS [69, 70], EDELWEISS [71],
SIMPLE [72], COUPP [82], ZEPLIN-III [73], and XENON10 [61],
together with the preferred regions in CMSSM [74–76]. Reproduced
from Ref. [62].

Figure 11 shows the recent limits on the SD DM-
nucleon scattering cross section given by XENON100
[78] and other experiments. Since the nucleus spin is car-
ried by the un-paired proton or neutron, different nuclei
have different sensitivities for the SD DM-proton and
DM-neutron interactions. The superheated liquid exper-
iments containing 19F, such as PICASSO [81], COUPP
[82] and SIMPLE [72], set the most stringent constraints
on the DM-proton scattering cross section2) . The most
strong limits on the DM-neutron cross section are given
by XENON100.

4.4 Indirect detection

4.4.1 Antimatter particles

DM annihilations in the Galaxy would produce charged
antimatter particles, such as positrons, anti-protons,
and anti-deuterons. The charged particles interact with
Galactic magnetic fields and the interstellar medium
(ISM), and lose much information of the source. The
propagation process can be described by the diffusion-
loss equation (see e.g. Refs. [85–88])

∂

∂t

dn
dE

= ∇ ·
[
D(E,x)∇ dn

dE

]
+
∂

∂t

[
b(E,x)

dn
dE

]

+Q(E,x, t) (33)

where dn/dE is the differential particle number density,
D is the diffusion coefficient, b is the energy loss rate,

Fig. 11 Constraints on the SD scattering cross section for
DM-proton (top) and DM-neutron (bottom) interactions given by
XENON100. Also shown are results from XENON10 [79], CDMS
[70, 80], ZEPLIN-III [73], PICASSO [81], COUPP [82], SIMPLE
[72], KIMS [83], and IceCube [84]. Reproduced from Ref. [78].

and Q is the source term. In general, D and b are the
functions of the energy and the position. The energy
loss rate depends on the processes of inverse Compton
scattering (ICS) and synchrotron radiation. The diffu-
sion parameter D = D0E

−δ could be determined by the
CR observations, such as the ratios B/C and 10Be/9Be
[102, 104–106].

The antimatter particles in the CR are produced by
the p-p collisions between primary CR protons and ISM.
Since the observed flux of CR protons is ∼ E−2.7,
the flux of secondary positrons is expected to fall off
quickly (e.g. ∼ E−2.7−δ) at the high energy due to
the diffusion [85–88]. However, the early HEAT [89, 90]
and AMS-01 [91] measurements of the positron fraction
φ(e+)/(φ(e−) + φ(e+)) have shown the hints of the ex-
cess positrons above ∼ 10 GeV. In 2008, the satellite

2) As discussed in Section 4.4.3, the constraints from the neutrino detection depend on the branching fractions of particular DM
annihilation channels into neutrinos.
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based detector PAMELA confirmed such excess with
high significance, as shown in the upper panel of Fig.
12 [92]. The solid curve is the expected fraction of sec-
ondary CR positrons. There is an obvious excess above
10 GeV which cannot be explained by the conventional
CR model3) . Recently, the space station based exper-
iment AMS-02 released the new data of the positron
fraction [93]. The AMS-02 detector has a larger aperture
than PAMELA; it confirmed and improved the previous
PAMELA result with a high significance.

The balloon based experiment ATIC reported the to-
tal flux of the CR electrons and positrons in 2008 [94]. As
shown in the lower panel of Fig. 12, there is a sharp peak
at ∼ 600 GeV, which also cannot be explained by the CR
model. Fermi-LAT [95] and the ground-based Cerenkov
telescope HESS [96, 97] also found an similar excess at
the electron/positron spectrum. All these observations

Fig. 12 Observational data of the positron fraction
φ(e+)/(φ(e−) + φ(e+)) (upper) and the electron/positron flux
(lower). Lines in these figures are the expectations based on
conventional CR propagation models. Also shown are the ex-
perimental results from HEAT [89, 90], AMS-01 [91], PAMELA
[92], Fermi [98], and AMS-02 [93] for the positron fraction, and
ATIC [94], Fermi [95], HESS [96, 97], and PAMELA [99] for the
electron/positron flux.

suggest the existence of some exotic high energy elec-
tron/positron sources.

If the electron/positron excesses are induced by DM,
it requires the DM particles have some exotic features.
Since the observation of antiproton-to-proton ratio by
PAMELA is consistent with the CR model [100], this
means the DM particles dominantly interact with leptons
rather than quarks and gauge bosons. Another important
issue is that the production rate of the anomalous elec-
trons/positrons should be very large. For the annihilating
DM, it requires a large boost factor of O(102) ∼ O(103),
which is defined as the ratio of the required DM anni-
hilation cross section to the “natural value” 3 × 10−26

cm3·s−1 (see e.g. Refs. [101, 104–106]).
Many models have been proposed in the literature to

interpret this large boost factor, such as nearby DM
substructures [107], non-thermal DM production [108],
Breit–Wigner enhancement [109–111] and Sommerfeld
enhancement [101, 112, 113]. In the sommerfeld enhance-
ment scenario, the DM annihilation cross section is sig-
nificantly enhanced by the long range attractive force at
low velocities mediated by a new light boson φ; the an-
nihilation process is assumed to be χχ → φφ → f f̄f f̄ .
Moreover, if the new boson is lighter than ∼ 1 GeV, the
production of antiprotons is kinematically forbidden. An-
other attractive scenario is the “decaying DM”, in which
the DM particles would decay very slowly to SM particles
[114–118]. To explain the experimental data, the lifetime
of DM should be ∼ O(1026) s. Such long lifetime can
be easily obtained by some high energy scale suppressed
operators.

Finally, it should be noted that the anomalous elec-
trons/positrons can be also interpreted by the astrophys-
ical sources, such as pulsars and pulsar wind nebulae
[119–125]. Unlike the continuously distributed and time
independent DM source, astrophysical sources are dis-
crete and time dependent. It is possible to distinguish
these scenarios by future observations.

4.4.2 Photons

Unlike charged particles, detecting photons and neutri-
nos could resolve the information of the DM source since
their directions and energy spectra are less affected dur-
ing the propagation. The photons and neutrinos pro-
duced by far sources might also be observed, while only
the charged particles produced by nearby sources within
∼ 1 kpc could be detected.

The fluxes of photons and neutrinos observed at the
earth are given by (see e.g. Ref. [126])

3) Since the influence of the solar wind on the positrons with energy below ∼ 10 GeV is unclear, the theoretic curve at the low energy
may be not consistent with the experimental data.
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(
dN
dE

)A

=
1
4π

〈σv〉
2m2

χ

(
dN
dE

)A

i

× JA(ΔΩ) (34)

(
dN
dE

)D

=
1
4π

1
τχmχ

(
dN
dE

)D

i

× JD(ΔΩ) (35)

where the superscripts A and D denote annihilating and
decaying DM respectively, τχ is the lifetime of decaying
DM, (dN/dE)i is the initial energy spectrum. The J-
factor JA and JD are defined as the line-of-sight (l.o.s.)
integrals of the DM density ρ toward a direction of ob-
servation ψ integrated over a solid angle ΔΩ :

JA(ΔΩ) =
∫

dΩ
∫

l.o.s.

dl ρ2[r(l, ψ)] (36)

JD(ΔΩ) =
∫

dΩ
∫

l.o.s.

dl ρ[r(l, ψ)] (37)

Here ρ is the DM density distribution which can be de-
termined byN -body simulations. A commonly used form
of ρ for the halo is given by

ρ(r) =
ρ0

(r/R)γ [1 + (r/R)α](β−γ)/α
(38)

where ρ0 ∼ 0.4 GeV·cm−3 is the DM density in the Solar
system. If the parameter set is taken to be α = 1, β = 3
and γ = 1, Eq. (38) describes the Navarro–Frenk–White
(NFW) profile [127].

The initial spectra depend on the detailed DM model.
In general, the photons would be produced by the cas-
cade decay or the final state radiation of the DM an-
nihilation/decay products. The DM induced high energy
electrons and positrons can also generate photons via the
ICS, synchrotron radiation and bremsstrahlung radiation
processes. These DM induced photons might cover from
radio band to gamma-ray band. Here we focus on the
detection of high energy gamma-ray photons. The satel-
lite Fermi-LAT is one of the most important detector for
gamma-rays. It can observe the high energy photons up
to ∼ 300 GeV. The ground-based atmospheric Cerenkov
telescopes, such as HESS, VERITAS and MAGIC, can
cover higher energy region, and are suitable for detecting
heavy DM.

The DM dense regions are ideal targets to search for
the DM signatures, such as dwarf galaxies [128–132],
galaxy clusters [133–138], the Galactic halo [139–142]
and the Galactic Center (GC) [143–147]. The dwarf
galaxies are DM dominated objects, and do not have
large gas components. Therefore, the dwarf galaxies are
background free targets for the DM induced gamma-rays.
The Fermi-LAT collaboration do not found any gamma-
ray signature from the target dwarf galaxies from the first
11-month data, and set limits on the DM annihilation
cross section [128]. Figure 13 shows the 95% confidence

level upper limits on the DM annihilation cross section.
It can be seen that for the light DM with a mass � 30
GeV and final states of bb̄ and τ+τ−, the “natural value”
of DM annihilation cross section 3 × 10−26 cm3·s−1 has
been excluded by the Fermi-LAT results.

Fig. 13 Fermi 95% confidence level upper limits on the WIMP
annihilation cross section for the channels of bb̄, W+W−, μ+μ−,
and τ+τ−. Reproduced from Ref. [128].

The J-factor of the GC is much larger than those
of dwarf galaxies and galaxy clusters due to its short
distance from the Earth and the large DM density. In
general, the DM annihilation signatures from the GC
should be strongest. However, the DM density in the in-
ner GC is still unclear. Moreover, since the astrophysical
gamma-ray backgrounds in the GC are very complicated,
it is difficult to identify the DM signatures. Some studies
claimed that a gamma-ray excess is found in the GC by
using Fermi data [148, 149]. Such excess can be inter-
preted by the annihilation of DM particles with a mass
of ∼ O(10) GeV.

The DM particles may annihilate into a pair of pho-
tons or a photon plus a Z or Higgs boson which result
a gamma-ray line signature with the energy of mχ or
mχ(1 −m2

Z,h/4m
2
χ) [150–153]. Such signature is consid-

ered as the “smoking-gun” diagnostic for the existence
of DM. Since the line emissions is usually induced by the
loop process, the flux is expected to be much smaller than
the continuous emissions. In 2012, some groups reported
a possible line feature around 130 GeV from the GC in
Fermi data with a significance larger than 3σ [154–158].
The origin of the possible line feature at the gamma-
ray spectrum is still under debate. If this feature is the
DM annihilation signature, it requires the DM particle
with a mass of ∼ 130 GeV and an annihilation cross sec-
tion of ∼ 10−27 cm3·s−1, which is much larger than the
ordinary predictions. In the latest analysis, the Fermi
collaboration reported that no globally significant spec-
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tral line signals are confirmed, and only a feature at 133
GeV with a global significance of 1.6σ was found [159].
The experiments with high energy resolutions, such as
AMS-02, CALET and DAMPE, will be helpful to test
this feature in the future.

4.4.3 Neutrinos

There are two kinds of DM induced neutrino signatures,
namely solar neutrinos and cosmic neutrinos. First we
discuss the former one. DM particles would be gradation-
ally attracted by the Sun and lose energies by collisions
with nuclei [160, 161]. If DM particles are trapped in
the center of the Sun, they may have large annihilation
rate due to large number density [162]. When the cap-
ture and annihilation processes reach equilibrium over a
long time scale, the DM annihilation rate is determined
by the capture rate. Note that the DM capture rate is
proportional to the DM-nucleon scattering cross section
[163, 164]. Unlike the other indirect detections, such so-
lar neutrino detection would determine the DM-nucleon
scattering cross section rather than the annihilation cross
section.

The DM annihilation channels of e+e− and μ+μ− do
not contribute to neutrino signatures. If the products of
DM annihilations are τ+τ−, W+W−, ZZ and tt̄, they
produce energetic neutrinos via cascade decays. For the
annihilation channels into quarks, since neutrinos are
generated from hadron decays after hadronization pro-
cesses, the neutrino spectra are soft.

Once produced in the solar center, the high energy
neutrinos interact with the matter before they escape
from the Sun. The propagation of neutrinos are under
the influences of neutral current interaction, charged cur-
rent interaction, and tau neutrino regeneration process
[165–167]. The other important propagation effects in-
clude the MSW matter effect in the Sun and the vacuum
oscillations during the propogation.

Since the neutrino only has weak interactions with the
matter, it can only be observed indirectly through the
charged leptons generated by neutrinos interacting with
the nuclei inside or near the detector. When the sec-
ondary high energy electrons and muons travel through
the detector, the emitted Cerenkov radiation can be ob-
served. The energy and direction information of neutri-
nos will be reconstructed by Cerenkov emissions. To im-
prove the detection efficiency, the neutrino telescopes,
such as Super-Kamiokande (Super-K), ANTARES and
IceCube, usually have very large volumes.

Since the high energy atmospheric muons can travel
a long distance in the matter, neutrino telescopes are
set in the deep underground, water or ice, and usually

only observe the up-going neutrinos to reduce the atmo-
spheric muon background. The irreducible background
is the up-going neutrinos produced by the CRs interact-
ing with nuclei in the atmosphere [168]. The atmospheric
neutrino backgrounds are almost isotropic, while the DM
induced neutrinos are generated from particular direc-
tions. Furthermore, the atmospheric neutrino spectrum
decreases as ∼ E−3.7, while the DM induced neutrino
spectrum may be hard at energies near the mass of DM
particles. Therefore, high angular and energy resolutions
are essential to search the neutrino signature.

Recently, the IceCube collaboration reported the re-
sult of high energy solar neutrinos with the 79-string
configuration [84]. No DM induced neutrino event has
been found. The IceCube collaboration set upper lim-
its on the DM-proton scattering cross section for two
typical annihilation channels of bb̄ (“soft”) and W+W−

(“hard”). For the SI interaction, the limits from IceCube
are weaker than the CDMS and XENON. As shown in
the top panel of Fig. 11, if the branching fraction of the
DM annihilation channel into W+W− is 100%, IceCube
gives the most strong constraints for the DM particles
with masses larger than ∼ 30 GeV.

Finally we briefly discuss the comic neutrinos from
DM. The flux of cosmic neutrinos from DM is similar
to the photons discussed in Section 4.4.2. The GC is
the best region to search for the DM induced cosmic
neutrino signature [169–173, 175]. Compared with the
photon detection, the astrophysical background for the
cosmic neutrino detection is also free. By using the outer
volume as a veto and the central DeepCore strings with
dense module density [174], IceCube has the capability
to detect the down-going neutrinos from the GC. The
limits on the DM annihilation cross section for mχ ∼ 1
TeV are 10−23cm3·s−1 and 10−22cm3·s−1 for the νν̄ and
W+W− channels, respectively [175].

4.5 Collider detection

Since the WIMP mass is ∼ O(102) GeV, it is expected
to produce these particles at high energy colliders, such
as Tevatron, LHC and ILC. Since WIMPs almost do not
interact with the matter, they will escape from the de-
tector quickly without energy deposition and cannot be
observed directly. Due to the momentum conservation
in the plane perpendicular to the beam pipe, a crucial
variable for the collider DM detection, called as “missing
transverse energy” (MET), can be constructed by the as-
sociated products, such as jets, photons and leptons. The
measurement of MET may determine the mass and the
other important properties of the DM particle [176–181].

If the DM particles are directly produced by the
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collisions of initial beams, an energetic jet or photon
from the initial state radiation is required to trigger
the signature. Such signals are called as “mono-jet” or
“mono-photon”, and are essential at hadron colliders and
electron-positron colliders, respectively.

The collisions of initial beams may directly produce
some heavy BSM particles (e.g. gluinos and squarks in
the SUSY model). These particles would decay into DM
particles via long decay chains. The final states depend
on the mass spectra and the detailed interactions of the
BSM particles. In such cases, the signatures are usually
classified by the multiplicity of jets, b jets and leptons
[182, 183].

One kind of background arises from QCD multi-jets
since the energy measurement and the reconstruction
of jets have some uncertainties. The limited detector
coverage, the presence of dead regions and the noises
may also contribute to “fake MET”. The large MET cut
condition, e.g. /ET > 100 GeV, would be helpful to re-
duce these backgrounds. The dominant SM backgrounds
MET are the neutrinos generated by Z(→ νν̄)+jets,
W (→ lν)+jets, tt̄ and single top production. Many kine-
matic variables, such as razor [184, 185], αT [186, 187]
and MT2 [188–190], have been proposed to extract the
signatures from the backgrounds.

Figure 14 shows the constraints on the DM-nucleon
scattering cross section given by the ATLAS mono-jet
research, compared with the results from direct detec-
tions [191]. In this analysis, four typical effective DM-
quark interaction operators and one DM-gluon interac-
tion operator are taken into account [192] (see also Refs.
[195–200]). Since light DM particles are easily produced
due to the phase space and the parton distribution func-
tion, the collider has strong capability to detect light
DM particles with masses smaller than ∼ 10 GeV. The
sensitivities of direct detections for such light DM are
limited due to the experimental thresholds. Another ad-
vantage of the collider detection is the comparable sen-
sitivities for SI and SD interactions since both the scalar
and axial-vector operators have similar behaviors in the
relativistic limit at colliders. It can be seen from Fig. 14
that the ATLAS constraint on the SD scattering cross
section ∼ O(10−40)cm2 are more stringent than those
given by direct detections.

5 Big bang nucleosynthesis and lithium
puzzle

5.1 Lithium puzzle

Big Bang cosmology is an excellent model to describe

Fig. 14 Inferred ATLAS 90% limits on SI (top) and SD (bottom)
DM-nucleon scattering cross sections. D1, D5, D8, D9 and D11
denote the effective interaction operators χ̄χq̄q (scalar), χ̄γμχq̄γμq
(vector), χ̄γμγ5χq̄γμγ5q (axial-vector), χ̄σμνχq̄σμνq (tensor) and
χ̄χ(Ga

μν)2 (scalar), respectively [192]. Also shown are the limits
from XENON100 [62], CDMS [70], CoGeNT [57], SIMPLE [72],
PICASSO [81], CDF [193], and CMS [194]. Reproduced from Ref.
[191].

our Universe [201], which is based on two assumptions:
Einstein’s general relativity and cosmological Coperni-
can principle. Here Copernican principle means that the
Universe is homogeneous and isotropic on large scale.
From the picture of the model, the Cosmos began from
a dense and hot singularity (called “Big Bang”) and has
been expanding and cooling for about 13.7 billion years
[202]. The model is supported by observational evidences
such as Hubble’s law, cosmic microwave background ra-
diation and primordial element abundances, especially
helium-4.

If the Cosmic is hot enough, a kind of particles can gain
enough energy and turn to another; when the tempera-
ture goes down, such processes are suppressed and some
particles never interact with others, so we call the par-
ticles “decouple”. Two important decoupling processes
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are usually mentioned in literature: light nuclei form-
ing (“Big Bang Nucleosynthesis”, or BBN) and photons
decoupling from electrons (then form cosmic microwave
background radiation, or CMB).

BBN happens from about a minute to about an hour
after “Big Bang”, and forms hydrogen-2 (or deuteron),
helium-3, helium-4 (α-particle), lithium-7 and lithium-
6. Heavier nuclei are formed little because of too short
time interval. Primordial α-particle abundance can be
easily estimated from proton-neutron ratio, and the re-
sult matches observation very well, so BBN is counted as
a building block of Big Bang cosmology model. Detailed
calculation procedure of these primordial element abun-
dances has been set up since 1967 [203]. However, there
is a “Lithium puzzle” – the calculation result of primor-
dial lithium-7 abundance deviates from observation by a
factor of ∼ 3 [204], and observational lithium-6 is about
1000 times higher than theoretical prediction [205].

Extensive investigations have focused on the lithium
puzzle. The discrepancy could be due to astrophysi-
cal or nuclear origin. Most literature consider pictures
different from above (above picture can be denoted as
“Standard” BBN, or SBBN), including varying the nu-
cleon effective couplings and mass parameters, new par-
ticles/resonances (especially involving dark matter parti-
cles) in thermal nuclear reactions, and non-thermal elec-
tromagnetic or hadronic energy injection.

5.2 Cosmic rays during BBM as the origin of lithium
puzzle

We also propose a non-thermal solution phenomenologi-
cally [206], by not going far from SBBN. In order to de-
stroy lithium-7 and perhaps produce lithium-6, we have
to include new contributions from non-thermal particles,
which are dubbed as BBN cosmic rays (BBNCRs), and
even the endothermic reactions. Our studies focus on
budget and spectrum of the energy injected, and examine
possible MeV-range nuclear reaction processes.

Possible candidate for BBNCR particles is hydrogens,
namely protons, deuterons and tritones, whose inten-
sity must be much lower than that of the corresponding
SBBN particles. The ratio, denoted as ε, is taken to be
small in order to keep the success of SBBN model. In
order not to change deuterium abundance significantly,
we must avoid non-thermal contributions from reaction
7D + p→ n+ 2p, whose threshold energy is 3.337 MeV.
In order to destroy lithium-7, the most effective reac-
tion is 7Be + p → p + α +3 He, whose threshold energy
is 1.814 MeV. So BBNCRs play a role between the en-

ergy range from 1.814 MeV to 3.337 MeV. With lack
of knowledge of the acceleration mechanism, we sim-
ply assume the BBNCR spectrum obeys a power law.
The amount of BBNCRs is required to decrease quickly
above 3.337 MeV. Below 1.814 MeV until the background
SBBN particles, we choose a power law distribution with
a lower index to lower the total energy budget. Besides
7Be + p → p+ α +3 He, another important reactions to
destroy lithium-7 is 7Li+p→ n+7 Be, and there are also
reactions to renew lithium-7, e.g. 3He + α→ γ +7 Be4) .

If we assume ε = 7 × 10−5, 70% lithium-7 can be de-
stroyed, and the discrepancy between theoretical predic-
tion and observations can be filled. However, lithium-6
can only be lifted an order of magnitude, still less than
observations.

In order to solve the Lithium puzzle, a lot of works are
needed. Even for the single BBNCRs proposal, there are
still more works, for examples
cross section measurements for several nuclear reac-

tions, especially cross section for 7Be+p→ p+α+3

He is critical.
acceleration mechanism for BBNCRs, and such

studies may be related with dark matter.
discriminant of BBNCRs, namely with how high accu-

racy in observation to make this mechanism apart
from other solutions.

6 Discussion and conclusions

We briefly described our understanding on the current
researches on Higgs physics, top quark, dark matter and
lithium puzzle respectively. No confirmed BSM signals
have been found! Currently LHC are running, and the
high intensity Super-B factory will take data in the near
future. The planned future colliders, like the Higgs Fac-
tories, are under intensive discussions. At the same time,
lots of non-accelerator experiments are running or under
construction. The crucial question is still there: Where
is the BSM?
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