
Top Window for Dark Matter

Tzu-Chiang Yuan ( 阮自強 )
Academia Sinica, Taipei, Taiwan

Presented at  2010 物理年會 (Jan 26, 2011, NTNU) 

1Wednesday, January 26, 2011



References
• Cheung, Mawatari, Senaha, Tseng and 

Yuan, 
JHEP 1010:081 (2010), arXiv:1009.0618

• Cheung, Tseng and Yuan, 
JCAP 1101:004 (2011), arXiv:1011.2310

• Cao, Chen, Li and Zhang, arXiv:0912.4511

• Goodman, Ibe, Rajaraman, Shepherd, Tait 
and Yu, arXiv:1005.1286, arXiv:
1008.1783, arXiv:1009.0008

• Fan, Reece and Wang, arXiv:1008.1591

2Wednesday, January 26, 2011



Outline

•Introduction

•Effective Interactions

•Relic Density Constraint

•Direct and Indirect Detections 
Constraints

•Detection at the LHC

•Summary

3Wednesday, January 26, 2011



Introduction

4Wednesday, January 26, 2011



Evidences for Dark Matter

• WMAP

• Bullet cluster (1E 0657-56)

• Large Scale Structure 

• DAMA: annual modulation in detection rates

• PAMELA: excessive positron spectrum

• ATIC, Fermi-LAT: excessive electron flux at 
300-800 GeV

• CDMSII: 2 signal events in blind analysis

• CoGeNT: cosmogenic peaks in favor of
DM ~ 5 - 10 GeV

Many hints:
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Bullet Cluster: blue: dark matter, pink: hot gas DM is collisionless and

right through. Ordinary matters collide and heat up and lag behind.
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PAMELA: e+ data
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

ΩCDMh2 = 0.1099± 0.0062
2 MARKEVITCH ET AL.
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FIG. 1.— (a) Overlay of the weak lensing mass contours on the optical image of 1E 0657–56. Dashed contours are negative (relative to an arbitrary zero level).
The subcluster’s DM peak is coincident within uncertainties with the centroid of the galaxy concentration. (b) Overlay of the mass contours on the X-ray image
(only the upper 4 of those in panel a are shown for clarity). The gas bullet lags behind the DM subcluster.

mass (or galaxy) peak, beyond which the subcluster may be
tidally stripped (C04). The lensing-derived subcluster mass
(M # 7×1013M!) is significantly higher than the Barrena et
al. estimate, but the latter result was based on only 7 galax-
ies and the equilibrium assumption, thus could easily be bi-
ased. The current lensing data accuracy is not sufficient to
derive an exact mass distribution for the subcluster, but our es-
timates below are not particularly sensitive to it, being mostly
determined by its overall projected mass. For the sake of
modeling, we will adopt a King profile with rc = 70 kpc and
ρ0 = 1.3×10#24 gcm#3, truncated at rtr = 150 kpc, which ade-
quately describes the lensing data.
The subcluster is assumed to have passed (once) close to the

center of the main cluster. This is supported by the X-ray im-
age (Fig. 1b), the gas temperature map (M04) and their com-
parison with the radio halo map (Govoni et al. 2004; Liang et
al. 2000). A cooler North-South bar in the X-ray image be-
tween the two dark matter clumps appears to be an edge-on
pancake-like remnant of the merged main cluster’s gas core
and the subcluster’s outer atmosphere (stripped from what is
now the gas bullet), suggesting that the subcluster has passed
straight through the densest cluster region (M04). The line-
of-sight velocity of the subcluster relative to the main cluster
is about 600 kms#1 (Barrena et al. 2002); combined with the
X-ray-measuredMach number, it gives an angle of only∼ 8◦
between the direction of motion and the plane of the sky. The
sharpness of the shock front also confirms that the subcluster
is presently moving very nearly in the plane of the sky (M02).
From all the above, it is reasonable to assume that the sub-
cluster has passed through the core of the main cluster.
The accuracy of our qualitative cross-section estimates will

be determined by the validity of this and other assumptions
(given below where relevant) to a greater degree than by the
measurement uncertainties, so below we will omit the mea-

surement error propagation for clarity.

2.1. The gas — dark matter offset

The most remarkable feature in Fig. 1b is a∼ 23′′ offset be-
tween the subcluster’s DM centroid and the gas bullet, which
is at least 2σ-significant (C04). C04 use this fact as a direct
proof of dark matter existence, as opposed to modified grav-
ity hypotheses (Milgrom 1983 and later works) in which one
would expect the lensing mass peak to be associated with the
gas — the dominant visible mass component. For our pur-
poses, this offset means that the scattering depth of the dark
matter subcluster w.r.t. collisions with the flow of dark mat-
ter particles cannot be much greater than 1. Otherwise the
DM subcluster would behave as a clump of fluid, experienc-
ing stripping and drag deceleration, similar to that of the gas
bullet (assuming the same gas mass fraction in the main clus-
ter and the subcluster), and there would be no offset between
the gas and dark matter. The subcluster’s scattering depth is

τs =
σ

m
Σs, (1)

where σ is the DM collision cross-section, m is its particle
mass, and Σs is the DM mass surface density of the subclus-
ter. The surface density averaged over the face of the sub-
cluster within r = rtr is Σs # 0.2 gcm#2. Assuming spherical
symmetry and requiring that τs < 1, we obtain

σ

m
< 5 cm2 g#1. (2)

The surface density toward the subcluster center is several
times higher, so by using an average we obtain a conserva-
tive upper limit.
Another remarkable feature in Fig. 1a is the coincidence of

the subcluster’s DM and galaxy centroids within their uncer-
tainties (C04). To avoid an easily made mistake, we should
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XENON Cross Sections Limits

shown in Fig. 1. The lower bound is motivated by the fact
that the acceptance of the S1 twofold coincidence require-
ment is >90% above 4 PE. The log10ðS2=S1Þ upper and
lower bounds of the signal region are, respectively, chosen
as the median of the nuclear-recoil band and the 300 PE S2
software threshold.

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not formally a blind analysis, all
the event selection criteria were optimized based on cali-
bration data only. The cumulative software cut acceptance
for single-scatter nuclear recoils is conservatively esti-
mated to vary between 60% (at 8:7 keVnr) and 85% (at
32:6 keVnr) by considering all single-scatter events in the
fiducial volume that are removed by only a single cut to be
valid events (Fig. 3). Visual inspection of hundreds of
events confirmed that this is indeed a conservative esti-
mate. Within the 8:7–32:6 keVnr energy window, 22 events
are observed, but none in the predefined signal acceptance
region (Fig. 3). At 50% nuclear-recoil acceptance, the
electronic recoil discrimination based on log10ðS2=S1Þ is
above 99%, predicting <0:2 background events in the
WIMP region. The observed rate, spectrum, and spatial
distribution (Fig. 4) agree well with a GEANT4 Monte Carlo
simulation of the entire detector.

An upper limit on the spin-independent WIMP-nucleon
elastic scattering cross section is derived based on the
assumption of an isothermal WIMP halo with v0 ¼
220 km=s, density 0:3 GeV=c2, and escape velocity
544 km=s [12]. We take a S1 resolution dominated by
Poisson fluctuations into account and use the global fit
Leff with constant extrapolation below 5 keVnr. The
acceptance-corrected exposure in the energy range consid-

ered, weighted by the spectrum of a 100 GeV=c2 WIMP, is
172 kg $ days. Figure 5 shows the resulting 90% confi-
dence upper limit, with a minimum at a cross section of
3:4% 10&44 cm2 for a WIMP mass of 55 GeV=c2. The
impact of assuming the lower 90% confidenceLeff contour
together with the extrapolation to zero around 1 keVnr is
also shown. Our limit constrains the interpretation of the
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FIG. 4 (color online). Distribution of all events (dots) and
events below the nuclear-recoil median (red circles) in the
TPC (grey line) observed in the 8:7–32:6 keVnr energy range
during 11.17 live days. No events below the nuclear-recoil
median are observed within the 40 kg fiducial volume (dashed
line).
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Motivations

• Weakly-interacting massive particle (WIMP) is the most motivated
DM candidate. The relation between the relic density and the
thermal annihilation rate around the time of freeze-out is

Ωχh
2 !

0.1 pb

〈σv〉
,

Given the measured ΩCDMh2 = 0.11 the annihilation rate is about 1 pb or
10−26 cm3 s−1.

• This is exactly one would expect from an electroweak interaction.

The WIMP may be closely related to electroweak symmetry

breaking (EWSB).

• The top quark with a mass 172− 175 GeV is almost exactly at the

VEV of the SM Higgs doublet (v/
√
2 = 174 GeV). The top quark is

perhaps the best window to probe the EWSB.

• The logic is that both the WIMP and top quark are closely related

to the EWSB, we argue that the top quark may be the only window

to probe the DM. This is our scenario.

7Wednesday, January 26, 2011



Prototype Models
• One simple model consists of the SM plus a hidden 

sector which contains a pair of Dirac/Majorana 
fermions and a new gauge boson couples only to 
the SM top quark.

• SM and a hidden sector which contains the dark 
matter and a scalar boson as a portal to the SM 
Higgs. This scalar couples to the top most sizable 
and to WW, ZZ can be suppressed in certain 2HDM.

• Dark matter couples to Z’ which acts as a portal to 
SM. The couplings to light d.o.f. are suppressed 
but is strongest to top. [Jackson et al., JCAP 
1004:004 (2010), 0912.0004] 

8Wednesday, January 26, 2011



Effective 
Interactions

FIG. 1: Pictorial illustration of our EFT model, in which the SM particles interact with the

(unknown) DM particles through the new physics which appear at the scale Λ.

II. GENERAL ASPECTS OF COLD DARK MATTER

In order to have survived until the present epoch, any (non-baryonic) dark matter parti-

cles must either be stable or have a lifetime comparable with the present age of the universe.

Further, if the dark matter particles have electromagnetic or strong interactions, they would

bind to nucleons and form anomalous heavy isotopes. Such isotopes have been sought but

not found [19, 20, 21]. Thus, the dark matter particles can, at best, participate in weak

(and gravitational) interactions, or, at worst, only in gravitational interactions. One obvi-

ous possibility satisfying the foregoing constraints is that dark matter consists of neutrinos.

However, the present data on neutrino masses show that, although neutrinos might barely

account for the inferred DM mass density, they cannot generate the observed structure:

simulations of galaxy and cluster formation require cold dark matter. That is, the data

favors dark matter composed of weakly interacting massive particles (WIMPs). No such

particles exist in the Standard Model (SM), but they do in many new physics models; the

most popular one is the minimal supersymmetric standard model (MSSM).

The contribution to ΩCDM from a given non-relativistic species of mass mD is [22]

ΩCDMh2 ≈
1.04 × 109

MP l

xF√
g∗

1

(a + 3b/xF )
, (2)

6

[Cao, Chen, Li, Zhang, 
0912.4511]
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Effective Couplings 
between DM and Top

NTHU Astro/Cosmo seminar 10/7/2010 6

Effective Interactions with the top quark

• We use 4-fermion interaction to parameterize the interaction,

assuming that Λ is the scale of quanta exchanged

L =
g2χ
Λ2

(χΓχ) (t̄Γt) ,

where
Γ = γµ for a vector gauge boson

Γ = γµγ5 for an axial-vector gauge boson

Γ = 1 (γ5) for scalar (pseudoscalar) boson interaction

Γ = σµν(γ5) tensor (axial-tensor) interaction

• For Majorana fermion the γµ and σµν interactions are ZERO.

• Take the dark matter particle to be Dirac for simplicity.

• With these interactions we can calculate the relic density, scattering cross

section with nucleons, annhilation rates into antimatter and gamma rays, and

production at colliders.

10Wednesday, January 26, 2011



TABLE I: The list of effective interactions between the dark matter and the light degrees of freedom

(quark or gluon). These operators have been rewritten down in Refs. [3–5].

Operator Coefficient

Dirac DM, Vector Boson Exchange

O1 = (χγµχ) (q̄γµq)
C
Λ2

O2 = (χγµγ5χ) (q̄γµq)
C
Λ2

O3 = (χγµχ) (q̄γµγ5q)
C
Λ2

O4 = (χγµγ5χ) (q̄γµγ5q)
C
Λ2

O5 = (χσµνχ) (q̄σµνq)
C
Λ2

O6 = (χσµνγ5χ) (q̄σµνq)
C
Λ2

Dirac DM, Scalar Boson Exchange

O7 = (χχ) (q̄q)
Cmq

Λ3

O8 = (χγ5χ) (q̄q)
iCmq

Λ3

O9 = (χχ) (q̄γ5q)
iCmq

Λ3

O10 = (χγ5χ) (q̄γ5q)
Cmq

Λ3

Dirac DM, Gluonic

O11 = (χχ) GµνG
µν Cαs

4Λ3

O12 = (χγ5χ) GµνG
µν iCαs

4Λ3

O13 = (χχ) GµνG̃
µν Cαs

4Λ3

O14 = (χγ5χ) GµνG̃
µν iCαs

4Λ3

Complex Scalar DM, Vector Boson Exchange

O15 = (χ†←→∂µχ) (q̄γµq)
C
Λ2

O16 = (χ†←→∂µχ) (q̄γµγ5q)
C
Λ2

Complex Scalar DM, Scalar Vector Boson Exchange

O17 = (χ†χ) (q̄q)
Cmq

Λ2

O18 = (χ†χ) (q̄γ5q)
iCmq

Λ2

Complex Scalar DM, Gluonic

O19 = (χ†χ) GµνG
µν Cαs

4Λ2

O20 = (χ†χ) GµνG̃
µν iCαs

4Λ2

6

Effective 
Operators
 between 

DM 
and Light 

Stuff
[Tait et al; Cao 
et al; Keung et 
al; See Tseng’s 

talk]
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Relic Density 
Constraint
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Calculation of Annihilation 
Rates

NTHU Astro/Cosmo seminar 10/7/2010 10

Calculation of Annihilation rates

• Take the first case Γ = γµ. The cross section for χχ̄ → tt̄ is

dσ
dz

=
g4χ
Λ4

NC

16πs
βt

βχ

[
u2
m + t2m + 2s(m2

χ +m2
t )
]

where tm = t−m2
χ −m2

t = −s(1−βtβχz)/2, βt,χ = (1− 4m2
t,χ/s)

1/2.

• Integrate over z = cos θ and obtain σv # σ(2βχ).

• The σv is constrained by

Ωχh
2 # 0.1 pb

〈σv〉 = 0.1099± 0.0062

⇒ 〈σv〉 # 0.91 pb .

• The calculation is repeated for other Γ = σµν(γ5), γµγ5, γ5, 1:

dσ

dz
=

g4
χ

Λ4

NC

4πs

βt

βχ

[
2 (t2m + u2

m) + 2s(m2
t + m2

χ) + 8m2
tm

2
χ − s2

] 13Wednesday, January 26, 2011
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dσ

dz
=

g4
χ

Λ4

NC

16πs

βt

βχ

[
t2m + u2

m − 2s(m2
t + m2

χ) + 16m2
tm

2
χ

]

dσ

dz
=

g4
χ

Λ4

NC

32π
s
βt

βχ

dσ

dz
=

g4
χ

Λ4

NC

32π
sβχβ

3
t

• The WMAP relic density (if all DM from the thermal source) requires (for

mχ = 200 GeV)

g2
χ " 0.2 − 0.6

• For larger g2
χ the thermal relic density falls below the data. But there could be

other nonthermal sources.
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FIG. 2. Contours of σv = 0.91 pb in the plane of (g2χ, mχ) for vector, axial-vector, pseudoscalar,

scalar, tensor and axial-tensor interactions. Λ is set at 1 TeV.

can see that the tensor-type interaction gives the largest cross section, followed by vector,

pseudoscalar, and axial-vector. These four types of interactions require g2χ falling into the

range of 0.2 − 0.6 which is about the size of weak-scale interaction. On the other hand,

the scalar-type interaction always gives a very small annihilation cross section for a similar

range of g2χ, which is in danger of over-closing the Universe.

In Fig. 2, we show the contour of the cross section for the various types of interactions

as a function of g2χ and mχ as allowed by the WMAP result.

III. DIRECT DETECTION

Recently, the CDMSII finalized their search in Ref. [5]. When they opened the black

box in their blind analysis, they found two candidate events, which are consistent with

background fluctuation at a probability level of about 23%. Nevertheless, the signal is not

6
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Direct and Indirect 
Detections Constraints
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Kinematics of Direct Detection
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Kinematics of Direct Detection

• Relative velocity of DM particle ∼ 270 km s−1 " 10−3c, with a

gaussian tail.

• Average kinetic energy of the DM particle ∼ 1
2mv2 " 0.5m keV

(m in GeV); of order 50 keV for a 100 GeV DM particle.

• Energy transfer to nucleus is therefore the total or part of the

k.e., ie., recoil spectrum 〈E〉 ∼ 50 keV.

17Wednesday, January 26, 2011



Direct Detection Rate
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Calculation of Direct Detection rate

• SI cross section can arise from scalar-type and vector-type

interactions. Suppose the interactions are

L =
∑

q=u,d,s,c,b,t

{αS
q χχ q̄q + αV

q χγµχ q̄γµq} ,

• The SI cross section between the DM and each nucleon is

σSI
χN =

4µ2
χN

π

(∣∣GN
s

∣∣2 + |bN |2

256

)
,

where

GN
s =

∑

q=u,d,s,c,b,t

〈N |q̄q|N〉 αS
q ,

and 〈N |q̄q|N〉 = fN
Tq(mN/mq).

• The expression for bN of a whole nucleus (A,Z) is

bN ≡ αV
u (A+ Z) + αV

d (2A− Z). We take the average between

proton and neutron and assume their numbers are the same. Thus

NTHU Astro/Cosmo seminar 10/7/2010 19

obtain for a single nucleon

bN =
3
2

(
αV
u + αV

d

)

• Back to our case – only αS
t is nonzero, so

GN
s = 〈N |t̄t|N〉

(
g2
χ

Λ2

)
= fN

Tt(mN/mt)

(
g2
χ

Λ2

)

• bN receives contributions from valence quark only.

• Finally,

σSI
χN ≈

4µ2
χN

π

(
fN
TtmN

mt

)2 (
g2χ
Λ2

)2

.

[Bertone, Hooper, Silk, 0404175]
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fN
Tt →

2
27

fN
Tg

fp
Tg = 1− fp

Tu − fp
Td − fp

Ts ≈ 0.84

fn
Tg = 1− fn

Tu − fn
Td − fn

Ts ≈ 0.83

• In our case, only αS
t contributes. Thus

GN
s = �N |t̄t|N�

�
g2

χ

Λ2

�
=

mN

mt
fN

Tt

�
g2

χ

Λ2

�

→ mN

mt

�
2
27

fN
Tg

� �
g2

χ

Λ2

�

• The spin independent cross section is

σSI
χN ≈

µ2
χN

π

�
g2

χ

Λ2

�2 �
mN

mt

�2 �
2
27

fN
Tg

�2
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Spin Independent Cross Section
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FIG. 3. Spin-independent cross sections for the vector type interaction versus g2χ.

a spectacular rise in the positron spectrum but an expected spectrum for antiproton. It

may be due to nearby pulsars or dark matter annihilation or decays. If it is really due to

dark matter annihilation, the dark matter would have very strange properties, because it

only gives positrons in the final products but not antiproton. Here we adopt a conserva-

tive approach. We use the observed antiproton and positron spectra as constraints on the

annihilation products in χχ̄ annihilation.

We first consider the positron coming from the process

χχ̄ → tt̄ → (bW+)(b̄W−) → (be+νe) +X (17)

in which the most energetic e+ comes from the W+ decay. There are also positrons coming

off in the subsequent decays of b, b̄, τ+, or µ+, but these positrons are in general softer

than those coming directly from the W+ decay. For a first order estimate of the size of the

coupling g2χ in Eq. (2) we only include the positrons coming directly from the W+ decay.

The expression for annihilation has already been given in Eq. (3), but now with a present

time velocity v ≈ 10−3. The positron flux observed at the Earth is given by

Φe+(E) =
ve+

4π
fe+(E) , (18)

9
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σSI
χN < 4.10−44 cm2 allows g2χ as large as 30 for Λ = 1 TeV.

Xenon100 Limit
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Indirect Detection

•Gamma rays (line or continuum) 
- Fermi-LAT, ...

•Positron, antiproton, etc 
- PAMELA, AMS02, ...

•Neutrinos 
- ICECUBE, ANTARES, ...

Indirect detection of DM can provide 
better constraints 

if background can be understood better.
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Positron and Antiproton Fluxes
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Positron and Antiproton flux

• The Milky Way Halo may contain clumps of dark matter, from

where the annihilation of dark matter particles may give rise to

large enough signals.

• The positron flux observed at the Earth is given by

Φe+ (E) =
ve+

4π
fe+ (E) ,

The function fe+ (E) satisfies the diffusion equation of

∂f

∂t
− K(E)∇2f −

∂

∂E
(b(E)f) = Q ,

where the diffusion coefficient is K(E) = K0(E/GeV)δ and the energy loss
coefficient is b(E) = E2/(GeV × τE) with τE = 1016 sec.

• The source term Q due to the annihilation is

Qann = η

(
ρCDM

MCDM

)2 ∑
〈σv〉e+

dNe+

dEe+
,

where η = 1/2(1/4) for identical (nonidentical) DM particle in the initial state.

• The summation includes all possible channels that give rise to e+ in

NTHU Astro/Cosmo seminar 10/7/2010 24

the final state, e.g., χχ̄ → W+W− → e+νe +X, χχ̄ → e+e−,

χχ̄ → τ+τ− → e+ +X.

• The treatment for p̄ flux is similar, but with different diffusion

coefficients and source terms:

Qann = η
(

ρdm
Mdm

)2 ∑
〈σv〉p̄

dNp̄

dTp̄

• Possible channels for p̄ include: χχ̄ → qq̄ → p̄+X,

χχ̄ → W+W− → qq̄′qq̄′ → p̄+X, etc.

• GALPROP is a publicly available code for calculating the

propagation of the positron and electron fluxes, and proton and

antiproton fluxes.
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Positron Fraction In Our Scenario
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Calculating the e+ and p̄ fluxes

• The most energetic positron comes from

χχ̄ → tt̄ → (bW+)(b̄W−) → (be+νe) +X

• Calculate the source term

Qann =
1
4

(
ρCDM

MCDM

)2

〈σv〉χχ̄→tt̄
dNe+

dEe+
,

and feed it into GALPROP.
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FIG. 4. Spectrum for the positron fraction predicted for the vector type interactions for various

g2χ. PAMELA data are shown.

hadrons h, e.g., p, p̄, π. The fragmentation function is then convoluted with energy spectrum

dN/dE of the light quark to obtain the energy spectrum of the antiproton dN/dEp̄. The

source term dN/dTp̄ is then implemented into GALPROP to calculate the propagation from

the halo to the Earth. We display the energy spectrum for the antiproton fraction in Fig. 5.

It is easy to see that g2χ is constrained to be

g2χ ! 4− 5 . (25)

We will use this allowed range to estimate what we would expect from the LHC.

V. COLLIDER SIGNATURE

Collider signatures are perhaps the most interesting part of the scenario – tt̄ pair plus

large missing energy. We first calculate using the effective 4-fermion interaction with Γ = γµ

the production cross section for pp → tt̄ + χχ̄. There are two contributing subprocesses for

11
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g

g

t

t̄

χ

χ̄

FIG. 6. A contributing Feynman diagram for the subprocess gg → tt̄+χχ. The other two diagrams

can be obtained by attaching the black dot to the t and t̄ leg, respectively.

tt̄ production at the LHC:

qq̄ → tt̄ , gg → tt̄ , (26)

on which we can attach one 4-fermion interaction vertex to each fermion leg including internal

fermion line to further produce a χχ pair. A typical Feynman diagram is shown in Fig. 6.

We employ MADGRAPH [12] to calculate the signal and background cross sections.

The irreducible background is tt̄ + Z → tt̄νν̄. Before applying any cuts we calculate

12

Antiproton Fraction In Our Scenario
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• The most important p̄ source is

χχ̄ → tt̄ → (bW+)(b̄W−) → (bqq̄′)(b̄qq̄′) → p̄+X

in which all the b b̄, q, q̄′ have probabilities fragmenting into p̄.

• Calculate the source term for p̄:

Qann =
1

4

(
ρCDM

MCDM

)2

〈σv〉χχ̄→tt̄
dNp̄

dTp̄

and feed into GALPROP.

[See also Tseng’s 
talk]
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Detection at the 
LHC
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Production of tt̄χχ̄ at the LHC

• The dominant tt̄ production at the LHC is

qq̄ → tt̄ , gg → tt̄

we can attach the 4-fermion vertex to anyone of the t legs.

g

g

t

t̄

χ

χ̄

• Irreducible background comes from

pp → tt̄+ Z → tt̄νν̄

• We use MADGRAPH to calculate the signal and background.

• We expect a large "pT in the signal
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Missing Transverse Energy Distribution
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FIG. 7. Missing transverse energy !ET distributions for the signal pp → tt̄+χχ̄ and the background

pp → tt̄Z for g2χ = 3− 30 with mχ = 200 GeV.

the signal cross section versus background cross section: 8.2 fb (for g2χ = 5) to 140 fb, in

which we have chosen scale Q = (2mt + 2mχ)/2 in the running coupling constant and the

parton distribution functions for the signal, while Q = (2mt + mZ)/2 for the background.

We first compare the missing ET distribution between the dark matter signal and the tt̄Z

background, shown in Fig. 7. It is clear that the signal has a harder missing ET spectrum

than the background. This plot suggests a cut as large as 400 GeV in the missing transverse

energy can substantially reduces the background to a level similar to the signal. The cross

sections in fb for the signal and the background using various cuts on the missing energy

are shown in Table I. The background can indeed be cut down to the level as the signal

with a missing energy cut of 400 GeV. Note that the signal cross section scales as g4χ. The

significance of the signal S/
√
B for an integrated luminosity of 100 fb−1 stays around 11

with a cut of 300− 500 GeV. Since the significance scales as
√
L, with a reduced luminosity

of 30 fb−1 the significance is still as large as 6.

We then compare the tt̄ invariant mass distribution between the dark matter signal

and the tt̄Z background before and after applying the missing ET cuts, shown in Fig. 8.

13
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A !pT > 400 GeV cut can suppress the background.

mχ = 200 GeV ; Λ = 1 TeV
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Event Numbers versus Invariant Mass
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FIG. 8. Event numbers for the invariant mass tt̄ distributions for the signal pp → tt̄ + χχ̄ and

the background pp → tt̄Z (a) before and (b) after applying the missing transverse momentum cut

of 400 GeV. The assumed luminosity is 100 fb−1, which corresponds to 240 signal events and 420

background events after the cut.

TABLE I. Cross sections in fb for the signal pp → tt̄+χχ̄ and the background pp → tt̄Z → tt̄+ νν̄

at the LHC. We used g2χ = 5 for illustration. The signal cross section scales as g4χ. The significance

S/
√
B is calculated with an integrated luminosity of 100 (30) fb−1.

#ET > pp → tt̄+ χχ̄ p → tt̄Z → tt̄νν̄ S/B S/
√
B (100 (30) fb−1)

0 GeV 8.2 140.3 0.06 6.9 (3.8)

300 GeV 3.6 10.7 0.34 11.0 (6.0)

400 GeV 2.4 4.2 0.57 11.8 (6.4)

500 GeV 1.5 1.9 0.78 10.6 (5.9)

In Table II, we also show the signal cross sections and the significance for axial-vector,

pseudoscalar, and scalar interactions 2 in decreasing order. Note that the cross section at

the LHC for scalar interaction is not severely suppressed, in sharp contrast to the annihilation

2 Note that the tensor interaction is not present in current version of MADGRAPH [12].

14

mχ = 200 GeV ; Λ = 1 TeV

(420)

(240)

�
Ldt = 100 fb−1
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Cross Sections (fb)
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FIG. 8. Event numbers for the invariant mass tt̄ distributions for the signal pp → tt̄ + χχ̄ and

the background pp → tt̄Z (a) before and (b) after applying the missing transverse momentum cut

of 400 GeV. The assumed luminosity is 100 fb−1, which corresponds to 240 signal events and 420

background events after the cut.

TABLE I. Cross sections in fb for the signal pp → tt̄+χχ̄ and the background pp → tt̄Z → tt̄+ νν̄

at the LHC. We used g2χ = 5 for illustration. The signal cross section scales as g4χ. The significance

S/
√
B is calculated with an integrated luminosity of 100 (30) fb−1.

#ET > pp → tt̄+ χχ̄ p → tt̄Z → tt̄νν̄ S/B S/
√
B (100 (30) fb−1)

0 GeV 8.2 140.3 0.06 6.9 (3.8)

300 GeV 3.6 10.7 0.34 11.0 (6.0)

400 GeV 2.4 4.2 0.57 11.8 (6.4)

500 GeV 1.5 1.9 0.78 10.6 (5.9)

In Table II, we also show the signal cross sections and the significance for axial-vector,

pseudoscalar, and scalar interactions 2 in decreasing order. Note that the cross section at

the LHC for scalar interaction is not severely suppressed, in sharp contrast to the annihilation

2 Note that the tensor interaction is not present in current version of MADGRAPH [12].

14

mχ = 200 GeV ; Λ = 1 TeV
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Cross Sections
TABLE II. Cross sections in fb for the signal pp → tt̄+ χχ̄ for vector, axial-vector, pseudoscalar,

and scalar interactions at the LHC. We have imposed the "ET > 400 GeV cut. The S/B and

S/
√
B are shown. The background is from Table I. The significance S/

√
B is calculated with an

integrated luminosity of 100 (30) fb−1.

Signal cross section (fb) S/B S/
√
B

Vector 2.4 0.57 11.8 (6.4)

Axial-vector 1.9 0.45 9.3 (5.1)

Pseudoscalar 0.82 0.20 4.0 (2.2)

Scalar 0.55 0.13 2.7 (1.5)

cross section calculated in Sec. II.

VI. CONCLUSIONS

In this paper we have studied an interesting scenario where the dark matter couples

exclusively to the top quark using an effective field theory approach, with the intuition that

both the top quark and the dark matter may be closely related to electroweak symmetry

breaking. We did not specify any particular connector linking the SM sector and the invisible

dark matter sector, except that this connector sector was taken to be heavy, probably at

the TeV scale. Integrating out the heavy connector sector may give rise to effective 4-

fermion interactions of tensor, axial-tensor, vector, axial-vector, pseudoscalar, or scalar types

between the dark matter and the top quark. We studied the constraints of these effective

couplings from WMAP as well as from the direct and indirect detection of dark matter at

CDMSII and PAMELA, respectively.

If we require all the dark matter in the Universe comes from the thermal equilibrium,

the coupling g2χ ≈ 0.3 − 0.6. However, if we just require that the dark matter does not

overclose the Universe the g2χ can be much larger. Since only the top quark inside the

nucleon contributes to direct detection cross section, the coupling g2χ can be as large as 40.

On the other hand, the strongest constraint comes from the positron and antiproton fraction

spectra. The PAMELA antiproton spectrum constrains the coupling to be g2χ ! 4− 5.

This model can be tested at colliders with a very distinct signature, namely, tt̄ plus

15

(1) Note that the relic density from the scalar interaction might be too large and 
over-close the universe!
(2) Tensor not available yet in MADGRAPH!

Not severely suppressed here!

mχ = 200 GeV ; Λ = 1 TeV
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Summary
• Effective interactions between DM and top quark are studied

• Relic density requires g2
χ ∼ 0.2− 0.6. Larger g2

χ requires non-thermal sources

• Direct detection gives only loose constraint like g2
χ ≤ 30

• Indirect antiproton flux from PAMELA gives the most stringent constraints

g2
χ ≤ 4− 6

• LHC signals: tt̄ plus large missing energy are interesting;

pT |cut > 400 GeV can reduce background significantly

• With g2
χ = 5, S/

√
B ∼ 6 can be achieved with 30 fb

−1
of data

• Effective DM interactions with light quarks and gluons are studied as well

• Upper and lower limits for Λi are deduced from relic density

and PAMELA p̄/p data respectively

• Vector O1,3 has the best lower limit of 1.1 TeV ≤ Λ1 ≤ 1.7 TeV,

significantly stronger than gamma-ray limit of 0.1 TeV ≤ Λ1 ≤ 0.5 TeV for

50 ≤ mχ ≤ 500

(mχ = 200 GeV ; Λ = 1 TeV)
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Happy Year of the Rabbit!

Thank You!
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