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Introduction	
  

• DAMAが暗黒物質由来の季節変動を観測

• 加えて他の実験(CoGeNT,	
  CDMS-­‐Ⅱ,	
  EDELWEISS-­‐Ⅱ,	
  CRESST)がバックグラウンドで説明しきれ
ないイベントの超過があることを報告

• 特にCoGeNTは15ヶ月で季節変動の観測を発表した

• DAMA,	
  CoGeNTの結果からisothermal	
  halo	
  modelでSI相互作用がドミナントだと仮定した場
合暗黒物質の質量は5-­‐15GeV,	
  散乱断面積は10-­‐4pbのオーダーになる

• この論文ではisothermal	
  holo modelを拡張(rotating	
   dark	
  matter	
  halo)し、再解析を行ったと
いうもの

• するとTeV DMを考えることができる
• PAMELAやFermi	
  LATで測定されたpositron/electron比の超過と関係があるかもしれない



• 暗黒物質の速度分布はマクスウェル分布に従うものとして
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1. Introduction

Since 1996 the sodium iodide experiments of DAMA collabora-
tion (DAMA/NaI and DAMA/LIBRA) have measured an annual mod-
ulation of the single-hit counting rate which has the proper
features expected for a dark matter induced signal [1].

More recently, other experiments (CoGeNT [2], CDMS-II [3,4],
EDELWEISS-II [5], CRESST [6]) have reported a preliminary obser-
vation of some excess of events relative to the expected back-
grounds; in particular, the CoGeNT experiment has reported the
possible presence of a modulated signal in the data collected dur-
ing fifteen months [7].

The DAMA and CoGeNT annual modulation signals and the
other experiment excesses, if interpreted as dark matter with dom-
inant spin independent interaction1 in the isothermal halo model,
implies that dark matter particles possess a mass in the range of
5–15 GeV and an elastic scattering cross section with nucleons in
the order of 10!4 pb [13–21].

In this paper the same data are reanalyzed relaxing the hypoth-
esis of isothermal halo model, however it is assumed that the dark
matter local velocity distribution can still be approximated as a
single Maxwellian flux:

f ~v ;~veð Þ ¼ 1
ðpv2

0Þ
3=2 e!ð~vþ~veÞ2=v2

0 : ð1Þ

Here the Earth velocity relative to the dark matter flux is given by:
~ve ¼ ~v&ðtÞ þ~v' !~vDM ¼ ~v&ðtÞ þ~vLSR

' þ~vLSR !~vDM; where ~v&ðtÞ is

the Earth velocity in the solar system frame; ~vLSR
' ¼ ~v' !~vLSR ¼

ð10:0;5:25;7:17Þ km=s is the Sun velocity relative to the Local Stan-
dard of Rest (LSR), and ~vLSR ’ ð0;220( 30;0Þ km=s [22]. Therefore
assuming a rotating dark matter halo ð~vDM – 0Þ one can write:
~vLSR !~vDM ’ ð0;v lag ; 0Þ, where vlag is the LSR velocity with respect
to the dark matter flux. Fixing vlag = v0 ’ 220 km/s the Eq. (1) pro-
vides the isothermal halo model, however, in this analysis, the v0

and vlag parameters are kept free and it is important to note that
configurations of v0 and vlag that are far from the isothermal halo
ones can be physically meaningful 2.

To avoid parameter proliferation, only the case of dominant
spin independent interaction for elastically scattering dark matter
will be considered and the effects of uncertainties in the values
adopted for other parameters (quenching factor, form factor, possi-
ble presence of channeling, etc.) will be neglected3. Therefore a
four-parameter space (v0,vlag,MW,n0rp) will be considered here,
where MW is the particle mass, rp is the proton cross section and
n0 ¼ qDM

0:3 GeV=cm3 is the density of the considered dark matter compo-
nent4 in units of 0.3 GeV/cm3.

2. Experimental observables

In this section the data used in the analysis are listed for each
experiment under consideration:

0927-6505/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
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1 Many other possible Dark Matter candidates have been suggested for the

interpretation of DAMA and of the other direct detection experiments. Some
examples are (beyond the WIMPs class): axion-like particles [8], sterile neutrino or
light dark matter [9], leptophilic dark matter [10], inelastic dark matter [11], mirror
matter [12], etc.

2 In particular, it is plausible that the whole dark halo has a not negligible angular
momentum [23–25], moreover K CDM halo simulations with baryons predict also a
corotating dark disk having v0 ) 50 km/s and vlag ) 50 km/s [26,27]

3 It is important, however, to keep in mind the possible relevant role of some of
these uncertainties.

4 n0* 1 could be possible if the considered dark matter population is a
subdominant component of a multicomponent dark matter halo.
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• isothermal	
  modelではvlag=v0=220	
  km/sとするが、本解析ではvlag,	
  v0は変数としておく

• 変数が増えるのを避けるために弾性散乱でSI反応の場合だけを考える

• のパラメータ空間で話します
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To avoid parameter proliferation, only the case of dominant
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仮定とか



Fig.1は90%から99%の信頼区間でv0 vs	
  vlagにプロ
ジェクションしたもの

• DAMA/NaI+DAMA/LIBRA	
  data(Fig.1	
  横線部分)

• DAMA/NaI+DAMA/LIBRAにCoGeNT,	
  CDMS-­‐Ⅱ,	
  
CRESSTをコンバインしたデータ(Fig.1	
  ハッチ部
分)

のケースをそれぞれ考えた結果

青部分はDAMA/NaI+DAMA/LIBRA	
  dataで
isothermal	
  halo	
  modelを考えている

• DAMA/NaI+DAMA/LIBRA	
  dataは速度分布が
小さく(low	
  v0)、銀河内を暗黒物質がcorotating
している

• 他のデータをコンバインするとより顕著になる

Parameter	
  estimation	
  
2.1. DAMA/NaI and DAMA/LIBRA

The total exposure of 1.17 ton ! yr of NaI (Tl) provides three
complementary observables:

(a) A modulated time behavior in the 2–6 keV window (see data
in Fig. 3 taken from Fig. 4 of Ref. [1])

(b) The energy distribution of the observed modulation ampli-
tude, assuming a fixed phase t0 = 152.5 d (see data in Fig. 4
taken from Fig. 6 of Ref. [1]). In the following analysis the
data in the 2–8 keV interval will be considered.

(c) The energy distribution of the unmodulated counting rate
(see data in Fig. 5 taken from Fig. 27 of Ref. [28]). This energy
distribution provides a limit for the sum of background and
unmodulated dark matter induced signal and therefore the
limit of 0.25 cpd/(kg ! keV) for the possible unmodulated
dark matter induced signal, is cautiously assumed in the fol-
lowing analysis; this choice allows large space for the pres-
ence of a low energy background component in the
measured counting rate.

2.2. CoGeNT

The data of Figs. 1 and 4 of Ref. [7] are considered for the expo-
sure of 330 g ! 442 d collected by CoGeNT germanium detector.

The annual modulation data of Fig. 4 of Ref. [7] have been con-
sidered for the evaluation of the dark matter allowed configura-
tions in the hypothesis that this signal is induced by dark matter
elastic scattering; however the data of the inset of Fig. 1 of Ref.
[7] is considered for the evaluation of the upper limit.

2.3. CDMS-II and EDELWEISS-II

The exposure of 969 kg ! d collected by CDMS-II germanium
detectors [4] is considered. Eleven events were observed within
the recoil acceptance region passing the rejection cuts in the 10–
150 keV energy range. The neutron background is not able to ex-
plain the CDMS-II measured events; however some of these events
could be ascribed to surface background, in particular for the low
energy region. In the following the hypothesis that the measured
event excess could be due to dark matter elastic scattering is con-
sidered. Moreover the data of the very low energy analysis of
CDMS-II (see Fig. 1 of Ref. [29]) are also considered in the evalua-
tion of the upper limit. The recent result of EDELWEISS-II [5]
(where five recoil events are measured collecting the exposure of
384 kg ! d) seems to be compatible with the CDMS-II data; there-
fore, for simplicity, only the CDMS-II data will be considered in this
analysis.

2.4. CRESST

The preliminary exposure of 564 kg ! d collected by CRESST –
CaWO4 detectors is considered [6]. In the energy range "15–
40 keV (the lower threshold is different for different detectors)
38 events are observed in the Tungsten recoil band and 52 events
in the Oxygen one. Despite the fact that 206Pb recoils from a decay
of 210Po can contribute to the background in the higher energy part
of the Tungsten recoil band and that the Oxygen recoil band is par-
tially overlapped by the a recoil band, only a fraction of the ob-
served events can be ascribed to the evaluated background. In
this analysis, to account for the possible impact of a confirmed ex-
cess in CRESST data, the case where 30 events of Tungsten recoil
and 30 of Oxygen recoil are induced by dark matter elastic scatter-
ing will be considered; this example will be generically addressed
as CaWO4.

3. Parameter estimation

The joint estimation of the four parameters (v0,vlag,MW,n0rp)
confidence interval has been obtained by solving:

#2lnLðv0;v lag ;MW ; n0rpÞ þ 2lnLmax ¼ D ð2Þ

for the appropriate values of D (D = 7.78 and 13.28 for 90% and 99%
C.L., respectively). In the Eq. (2) L(v0,vlag,MW,n0rp) is the global like-
lihood function and Lmax is the likelihood maximum value over the
four parameter space. In the estimation of confidence intervals, the
Gaussian approximation has been adopted for the likelihood of
DAMA/NaI + DAMA/LIBRA data; moreover, the possible presence
of unknown background explaining part or all of the measured
events for the other experiments has been considered.

In Fig. 1 the projection of the confidence interval surface (90%
and 99% C.L.) in the plane (v0 vs vlag) is shown for two cases:

( unconstrained DAMA/NaI + DAMA/LIBRA data (horizontally
hatched area).
( DAMA/NaI + DAMA/LIBRA data combined with CoGeNT, CDMS-

II and CRESST data (cross-hatched area).

It can be noted that DAMA/NaI + DAMA/LIBRA data favor config-
urations having low velocity dispersion (low v0) and relatively low
vlag which would imply a relatively cold and corotating dark matter
flux in the Galaxy.

Combining the DAMA data with the constraints from other
experiments further strengthens this indication.

As a comparison, in Fig. 1, the projection of the configurations
having a C.L. better than the one of isothermal halo model
(v0 = 220 km/s and vlag = 220 km/s) for unconstrained DAMA/
NaI + DAMA/LIBRA data, is reported.

In Fig. 2 the allowed configurations in the volume (v0,vlag,MW)
are shown. The confidence levels and the cases of unconstrained/
constrained DAMA data adopt the same palette code used for
Fig. 1. It may be noted that configurations having low v0 and low
vlag require a very high MW; only a similar configuration would
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Fig. 1. Horizontally hatched areas: allowed configurations (90% and 99% C.L.) for
unconstrained DAMA/NaI + DAMA/LIBRA data. Cross hatched areas: allowed con-
figurations (90% and 99% C.L.) for DAMA/NaI + DAMA/LIBRA data combined with
CoGeNT, CDMS-II and CRESST data. Filled area: configurations having a C.L. better
than the one of isothermal halo model (v0 = 220 km/s and vlag = 220 km/s) for
DAMA/NaI + DAMA/LIBRA data unconstrained.
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The total exposure of 1.17 ton ! yr of NaI (Tl) provides three
complementary observables:

(a) A modulated time behavior in the 2–6 keV window (see data
in Fig. 3 taken from Fig. 4 of Ref. [1])

(b) The energy distribution of the observed modulation ampli-
tude, assuming a fixed phase t0 = 152.5 d (see data in Fig. 4
taken from Fig. 6 of Ref. [1]). In the following analysis the
data in the 2–8 keV interval will be considered.

(c) The energy distribution of the unmodulated counting rate
(see data in Fig. 5 taken from Fig. 27 of Ref. [28]). This energy
distribution provides a limit for the sum of background and
unmodulated dark matter induced signal and therefore the
limit of 0.25 cpd/(kg ! keV) for the possible unmodulated
dark matter induced signal, is cautiously assumed in the fol-
lowing analysis; this choice allows large space for the pres-
ence of a low energy background component in the
measured counting rate.

2.2. CoGeNT

The data of Figs. 1 and 4 of Ref. [7] are considered for the expo-
sure of 330 g ! 442 d collected by CoGeNT germanium detector.

The annual modulation data of Fig. 4 of Ref. [7] have been con-
sidered for the evaluation of the dark matter allowed configura-
tions in the hypothesis that this signal is induced by dark matter
elastic scattering; however the data of the inset of Fig. 1 of Ref.
[7] is considered for the evaluation of the upper limit.

2.3. CDMS-II and EDELWEISS-II

The exposure of 969 kg ! d collected by CDMS-II germanium
detectors [4] is considered. Eleven events were observed within
the recoil acceptance region passing the rejection cuts in the 10–
150 keV energy range. The neutron background is not able to ex-
plain the CDMS-II measured events; however some of these events
could be ascribed to surface background, in particular for the low
energy region. In the following the hypothesis that the measured
event excess could be due to dark matter elastic scattering is con-
sidered. Moreover the data of the very low energy analysis of
CDMS-II (see Fig. 1 of Ref. [29]) are also considered in the evalua-
tion of the upper limit. The recent result of EDELWEISS-II [5]
(where five recoil events are measured collecting the exposure of
384 kg ! d) seems to be compatible with the CDMS-II data; there-
fore, for simplicity, only the CDMS-II data will be considered in this
analysis.

2.4. CRESST

The preliminary exposure of 564 kg ! d collected by CRESST –
CaWO4 detectors is considered [6]. In the energy range "15–
40 keV (the lower threshold is different for different detectors)
38 events are observed in the Tungsten recoil band and 52 events
in the Oxygen one. Despite the fact that 206Pb recoils from a decay
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tially overlapped by the a recoil band, only a fraction of the ob-
served events can be ascribed to the evaluated background. In
this analysis, to account for the possible impact of a confirmed ex-
cess in CRESST data, the case where 30 events of Tungsten recoil
and 30 of Oxygen recoil are induced by dark matter elastic scatter-
ing will be considered; this example will be generically addressed
as CaWO4.

3. Parameter estimation

The joint estimation of the four parameters (v0,vlag,MW,n0rp)
confidence interval has been obtained by solving:

#2lnLðv0;v lag ;MW ; n0rpÞ þ 2lnLmax ¼ D ð2Þ

for the appropriate values of D (D = 7.78 and 13.28 for 90% and 99%
C.L., respectively). In the Eq. (2) L(v0,vlag,MW,n0rp) is the global like-
lihood function and Lmax is the likelihood maximum value over the
four parameter space. In the estimation of confidence intervals, the
Gaussian approximation has been adopted for the likelihood of
DAMA/NaI + DAMA/LIBRA data; moreover, the possible presence
of unknown background explaining part or all of the measured
events for the other experiments has been considered.

In Fig. 1 the projection of the confidence interval surface (90%
and 99% C.L.) in the plane (v0 vs vlag) is shown for two cases:

( unconstrained DAMA/NaI + DAMA/LIBRA data (horizontally
hatched area).
( DAMA/NaI + DAMA/LIBRA data combined with CoGeNT, CDMS-

II and CRESST data (cross-hatched area).

It can be noted that DAMA/NaI + DAMA/LIBRA data favor config-
urations having low velocity dispersion (low v0) and relatively low
vlag which would imply a relatively cold and corotating dark matter
flux in the Galaxy.

Combining the DAMA data with the constraints from other
experiments further strengthens this indication.

As a comparison, in Fig. 1, the projection of the configurations
having a C.L. better than the one of isothermal halo model
(v0 = 220 km/s and vlag = 220 km/s) for unconstrained DAMA/
NaI + DAMA/LIBRA data, is reported.

In Fig. 2 the allowed configurations in the volume (v0,vlag,MW)
are shown. The confidence levels and the cases of unconstrained/
constrained DAMA data adopt the same palette code used for
Fig. 1. It may be noted that configurations having low v0 and low
vlag require a very high MW; only a similar configuration would
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• (v0,vlag,Mw)で見てみる

• v0,vlagを小さいところではMwが大きい

• v0,vlagが小さくて同じスペクトルを得るに
は暗黒物質がずっと重い必要がある

• 暗黒物質はTeVスケールである可能性が考
えられる

provide a flux of dark matter particles with enough kinetic energy
to allow nuclear recoils events beyond the experimental
thresholds.

4. Comparison of the annual modulation signal with respect to
the case of isothermal halo model

Here, the expected dark matter annual modulation signal fea-
tures in NaI (Tl) are compared assuming the four different models
listed in Table 1.

In Fig. 3 the expected modulation behavior in the 2–6 keV en-
ergy region of DAMA for the four considered models is shown.
The vertical lines mark the time of 152.5 d ! 2nd of June (where
the maximum of the modulation amplitude is expected for a
non-rotating halo model) and 146 d where a maximum can be eas-
ily achieved, for example, assuming a corotating flux. The data
points are taken from Fig. 4 of Ref. [1] and represent the annual
modulation signal measured by DAMA/NaI + DAMA/LIBRA. The
measured time of maximum of the modulation in DAMA is
146 ± 7 d, which is compatible both with non-rotating as well as
with many of the rotating halo models. It is important to note that
the modulation behavior is roughly sinusoidal but for some extre-
mal models also large departures from a pure sinusoid can be
found. In Fig. 4 the expected energy distribution of modulation
amplitudes (Sm) for the four considered models is shown. The data
points are taken from Fig. 6 of Ref. [1] and represent the annual
modulation amplitude energy distribution measured by DAMA/
NaI + DAMA/LIBRA. In Fig. 5 the expected energy distribution of
the unmodulated part of the counting rate (S0) for the four consid-
ered models is shown. The data points are taken from Fig. 27 of Ref.
[28] and represent the measured counting rate of DAMA/LIBRA;

they are the sum of the background and of the possible dark matter
signal. The dot-dashed line marks the limit of 0.25 cpd/(kg " keV)
cautiously assumed for the maximum allowed S0 value in this anal-
ysis. It is important to note that corotating halo models offer a
large Sm/S0 ratio allowing the presence of a reasonable background
component also in the low energy part of DAMA data.

5. Allowed regions fixing the halo: an example

In this section, as an example, the halo model will be specified
to fixed v0 and vlag values. In this fixed halo model, the 2r confi-
dence intervals in the (MW vs n0rp) plane are evaluated considering
configurations having D < 6.18 with respect to the maximum like-
lihood of the considered halo model.
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used for Fig. 1. The configurations of very heavy dark matter particles are favored.
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Models adopted in Figs. 3–5.

Model v0 (km/s) vlag (km/s) MW n0rp (pb)

(a) 220 220 60 GeV 1.3 " 10#5

(b) 220 220 10 GeV 9.3 " 10#5

(c) 10 95 90 TeV 5.8 " 10#4

(d) 20 75 90 TeV 4.6 " 10#4
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Fig. 3. Expected modulation behavior for NaI (Tl) in the 2–6 keV region for the
models listed in Table 1. Data points are taken from Fig. 4 of Ref. [1].
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• 152.5dはnon-­‐rotating	
  halo	
  modelで予想される最
大値

• 146dはco-­‐rotating	
  fluxでの最大値

• DAMAの結果は146±7dなのでどちらにも合う

• b,dのような極値的なモデルは測定値から大きく
ずれる

様々なパラメータで比較

provide a flux of dark matter particles with enough kinetic energy
to allow nuclear recoils events beyond the experimental
thresholds.

4. Comparison of the annual modulation signal with respect to
the case of isothermal halo model

Here, the expected dark matter annual modulation signal fea-
tures in NaI (Tl) are compared assuming the four different models
listed in Table 1.

In Fig. 3 the expected modulation behavior in the 2–6 keV en-
ergy region of DAMA for the four considered models is shown.
The vertical lines mark the time of 152.5 d ! 2nd of June (where
the maximum of the modulation amplitude is expected for a
non-rotating halo model) and 146 d where a maximum can be eas-
ily achieved, for example, assuming a corotating flux. The data
points are taken from Fig. 4 of Ref. [1] and represent the annual
modulation signal measured by DAMA/NaI + DAMA/LIBRA. The
measured time of maximum of the modulation in DAMA is
146 ± 7 d, which is compatible both with non-rotating as well as
with many of the rotating halo models. It is important to note that
the modulation behavior is roughly sinusoidal but for some extre-
mal models also large departures from a pure sinusoid can be
found. In Fig. 4 the expected energy distribution of modulation
amplitudes (Sm) for the four considered models is shown. The data
points are taken from Fig. 6 of Ref. [1] and represent the annual
modulation amplitude energy distribution measured by DAMA/
NaI + DAMA/LIBRA. In Fig. 5 the expected energy distribution of
the unmodulated part of the counting rate (S0) for the four consid-
ered models is shown. The data points are taken from Fig. 27 of Ref.
[28] and represent the measured counting rate of DAMA/LIBRA;

they are the sum of the background and of the possible dark matter
signal. The dot-dashed line marks the limit of 0.25 cpd/(kg " keV)
cautiously assumed for the maximum allowed S0 value in this anal-
ysis. It is important to note that corotating halo models offer a
large Sm/S0 ratio allowing the presence of a reasonable background
component also in the low energy part of DAMA data.

5. Allowed regions fixing the halo: an example

In this section, as an example, the halo model will be specified
to fixed v0 and vlag values. In this fixed halo model, the 2r confi-
dence intervals in the (MW vs n0rp) plane are evaluated considering
configurations having D < 6.18 with respect to the maximum like-
lihood of the considered halo model.
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provide a flux of dark matter particles with enough kinetic energy
to allow nuclear recoils events beyond the experimental
thresholds.

4. Comparison of the annual modulation signal with respect to
the case of isothermal halo model

Here, the expected dark matter annual modulation signal fea-
tures in NaI (Tl) are compared assuming the four different models
listed in Table 1.

In Fig. 3 the expected modulation behavior in the 2–6 keV en-
ergy region of DAMA for the four considered models is shown.
The vertical lines mark the time of 152.5 d ! 2nd of June (where
the maximum of the modulation amplitude is expected for a
non-rotating halo model) and 146 d where a maximum can be eas-
ily achieved, for example, assuming a corotating flux. The data
points are taken from Fig. 4 of Ref. [1] and represent the annual
modulation signal measured by DAMA/NaI + DAMA/LIBRA. The
measured time of maximum of the modulation in DAMA is
146 ± 7 d, which is compatible both with non-rotating as well as
with many of the rotating halo models. It is important to note that
the modulation behavior is roughly sinusoidal but for some extre-
mal models also large departures from a pure sinusoid can be
found. In Fig. 4 the expected energy distribution of modulation
amplitudes (Sm) for the four considered models is shown. The data
points are taken from Fig. 6 of Ref. [1] and represent the annual
modulation amplitude energy distribution measured by DAMA/
NaI + DAMA/LIBRA. In Fig. 5 the expected energy distribution of
the unmodulated part of the counting rate (S0) for the four consid-
ered models is shown. The data points are taken from Fig. 27 of Ref.
[28] and represent the measured counting rate of DAMA/LIBRA;

they are the sum of the background and of the possible dark matter
signal. The dot-dashed line marks the limit of 0.25 cpd/(kg " keV)
cautiously assumed for the maximum allowed S0 value in this anal-
ysis. It is important to note that corotating halo models offer a
large Sm/S0 ratio allowing the presence of a reasonable background



• 上図は変動部分のエネルギースペクトル
• 下図は変動しない部分のエネルギースペクトル

• バックグラウンドと暗黒物質の信号が合わさって
いる

• co-­‐rotating	
  modelの場合、Sm/S0の比が大きいので
効率的にバックグラウンドの存在を認めることができ
る
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to allow nuclear recoils events beyond the experimental
thresholds.

4. Comparison of the annual modulation signal with respect to
the case of isothermal halo model

Here, the expected dark matter annual modulation signal fea-
tures in NaI (Tl) are compared assuming the four different models
listed in Table 1.

In Fig. 3 the expected modulation behavior in the 2–6 keV en-
ergy region of DAMA for the four considered models is shown.
The vertical lines mark the time of 152.5 d ! 2nd of June (where
the maximum of the modulation amplitude is expected for a
non-rotating halo model) and 146 d where a maximum can be eas-
ily achieved, for example, assuming a corotating flux. The data
points are taken from Fig. 4 of Ref. [1] and represent the annual
modulation signal measured by DAMA/NaI + DAMA/LIBRA. The
measured time of maximum of the modulation in DAMA is
146 ± 7 d, which is compatible both with non-rotating as well as
with many of the rotating halo models. It is important to note that
the modulation behavior is roughly sinusoidal but for some extre-
mal models also large departures from a pure sinusoid can be
found. In Fig. 4 the expected energy distribution of modulation
amplitudes (Sm) for the four considered models is shown. The data
points are taken from Fig. 6 of Ref. [1] and represent the annual
modulation amplitude energy distribution measured by DAMA/
NaI + DAMA/LIBRA. In Fig. 5 the expected energy distribution of
the unmodulated part of the counting rate (S0) for the four consid-
ered models is shown. The data points are taken from Fig. 27 of Ref.
[28] and represent the measured counting rate of DAMA/LIBRA;

they are the sum of the background and of the possible dark matter
signal. The dot-dashed line marks the limit of 0.25 cpd/(kg " keV)
cautiously assumed for the maximum allowed S0 value in this anal-
ysis. It is important to note that corotating halo models offer a
large Sm/S0 ratio allowing the presence of a reasonable background
component also in the low energy part of DAMA data.

5. Allowed regions fixing the halo: an example

In this section, as an example, the halo model will be specified
to fixed v0 and vlag values. In this fixed halo model, the 2r confi-
dence intervals in the (MW vs n0rp) plane are evaluated considering
configurations having D < 6.18 with respect to the maximum like-
lihood of the considered halo model.
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• v0,vlagを固定して考える

• fig.6はisothermal	
  halo	
  model(v0=vlag=220km/s)として 2σの
信頼度で書いた

• 比較としてfig.7.にcolotating halo(v0=20km/s,vlag=75km/s)
• 数TeV以上の重い暗黒物質存在の可能性がある

• 例えば、v0=20km/s,vlag=75km/s,	
  Mw=20TeV,	
  ζ0σp=10-­‐4pb
の場合

• CoGeNTで0.4-­‐0.9keV部分で暗黒物質弾性散乱の信号
は0.5%

• CDMS-­‐Ⅱで13	
  recoil
• CaWO4(CRESST-­‐like)で60	
  recoil

Allowed	
  regions	
  fixed	
  the	
  halo	
  :	
  an	
  example	
  

In Fig. 6 the allowed regions, assuming the isothermal halo
model (v0 = vlag = 220 km/s) are shown.

As a comparison, the allowed regions for the case of a cold cor-
otating halo (v0 = 20 km/s and vlag = 75 km/s) are given in Fig. 7. In
both figures the dashed curve is the limit that can be evaluated
with CDMS-II when the low energy threshold data are also consid-
ered [29]. It may be noted that compatibility among possible posi-
tive hints for dark matter could be achieved in models of very
heavy particles (MW > few TeV) forming a cold corotating halo.

As an example, for v0 = 20 km/s, vlag = 75 km/s, MW = 20 TeV and
n0rp = 10!4 pb, one would expect:

" only a fraction of 0.5% of the total CoGeNT rate in the 0.4–
0.9 keV window due to dark matter elastic scattering.

" #13 recoils measured in CDMS-II.
" #60 recoils measured in CaWO4 (CRESST-like) mainly expected

to lie in Tungsten band.

6. Conclusions

DAMA and CoGeNT annual modulation data and, CDMS-II,
EDELWEISS-II, CRESST excesses of events over the expected back-
ground have been reanalyzed in terms of a dark matter particle sig-
nal considering the case of a rotating halo. It has been found that
the data favor the configurations of very high mass dark matter
particles in a corotating cold flux. It is important to note that such
a high-mass/low-velocity solution could also be of interest in the
light of the positron/electron excess measured by PAMELA [30]
and Fermi LAT [31] in cosmic rays (see, e.g. [32]).

The proposal of a consistent model for a corotating dark halo is
beyond the scope of the present article, whose approach is data
driven; however, it could be noticed that in order to avoid a rate
of high energy recoils in excess of the observed one, the corotating
component of a TeV dark matter in the halo should be dominant
with respect to the non-rotating one.

In consequence of this consideration there are two classes of
halo models that could be more deeply investigated in the future:

(a) single-component models, where the whole dark halo pos-
ses a net angular momentum. The estimation of the dark
halo angular momentum/angular velocity in some simula-
tions (see, e.g. [23–25]) would allow local halo corotation
velocity of the order of 100 km/s.

(b) multi-component models, where low cross-section particles
(e.g. axions or sterile neutrinos) are the dominant popula-
tion in the non-rotating halo. In this last model (similar to
the known case of the baryonic matter) a sub-dominant
TeV mass dark matter population could be mainly present
in a corotating disk, possibly due to its accretion history.
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• DAMA,CoGeNTの季節変動のデータ、CDMS-­‐Ⅱ,	
  
EDELWEISS-­‐Ⅱ,	
  CRESSTのバックグラウンドで説明しき
れないデータを用いてrotating	
  haloの場合を考えて
再解析した

• co-­‐lotating cold	
  fluxの場合、暗黒物質はとても重い
ことが予想される

• 今回得たhigh-­‐mass/low-­‐velocityの結果はPAMELA
やFermi	
  LATで測定されたpositron/electron比の超
過と関係があるかもしれない

まとめ

■反粒子

ニュートラリーノ対消滅により、粒子-反粒子対が生成されると考えられている。宇宙に
存在する反粒子は基本的に宇宙線の核破砕で作られたと考えられており、宇宙線中の反粒子
の超過は暗黒物質の間接的な証拠になり得る。ただし反粒子は電荷を持つために到来方向が
特定できないため、反粒子の観測による間接探索で暗黒物質のモデルを決定するのは困難で
ある。
PAMELA(a Payload for Antimatter Matter Exploration and Light-nuclei

Astrophysics)[23] や AMS(Alpha MagneticSpectrometer)[24] は磁場を用いて反粒
子を識別して検出する。PAMELA は 2006 年から 2009 年の間稼働し、陽子に対する反陽
子の比 (Np̄/Np + Np̄) の観測を行った。この観測から 10GeV あたりから上昇し、検出器
の上限である 100GeV まで上がり続けるという結果を得た。AMS-02 は 2011年に ISS(国
際宇宙ステーション) に設置され、より高い精度で PAMELAと一致する結果を観測した。
図 1.12にこれまでに得られた電子に対する陽電子の比の観測結果を示す。陽電子の超過は
暗黒物質の対消滅・崩壊によるものと考えることができるが、パルサーの対消滅によっても
説明されるため、超過の起源の理解のためにはさらなる観測が必要である。

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

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

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

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

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

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

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

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

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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図 1.12 AMS-02、PAMERA、Fermi によって観測された陽電子の比率 (Ne+/Ne+ +

Ne−)[24]。ここで Ne−、Ne+ はそれぞれ電子、陽電子の数を表す。エネルギーの増加と
ともに陽電子の比率が増加している。
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• 結果として２つのモデルが考えられる
• single-­‐component	
  models:	
   local	
  halo	
  co-­‐rotation	
  velocityは100km/sのオーダー
• multi-­‐component	
  models:	
  	
  non-­‐rotating	
  haloではクロスセクションの小さい粒子
がドミナント。TeVmass	
  DMは次にドミナントでdisk内でco-­‐rotatingしている


