
2016/11/22	
 B02若手研究会@神戸大学	
 1	


池田 智法	
  
神戸大学	


 ガスTPCを用いたKK-axionの探索 



2016/11/22	
 B02若手研究会@神戸大学	
 2	


モチベーション	


NEWAGE 
•  NEWAGE実験はガス検出器を用いた方向に感度を持った暗黒物質探索実験 
•  ターゲットはWIMP 
•  他の暗黒物質候補は探せないのか.. 

ガスTPCを用いて太陽KKアクシオンを探そうとした人たちがいた 

Searches for solar Kaluza-Klein axions with gas TPCs  

Astroparticle Physics 23(2005)287-302	


B. Morgan, et.al  

シミュレーション止まりの論文ではあるが、ガス検出器の特徴を活かし
た解析方法によって他の検出器より良い感度を見積もっている 
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Abstract

In theories with n extra dimensions beyond the normal 3 + 1, axions may be able to propagate in these extra dimen-
sions and hence acquire Kaluza–Klein excitations. We investigate the possibility of using a low pressure gas time pro-
jection chamber (TPC) to search for the two-photon decays of Kaluza–Klein axions produced in the solar interior and
subsequently trapped into Earth-crossing orbits. A simulation of the background in a generic 1 m3 TPC due to coin-
cident photon events from radioactive decay in the detector and surrounding laboratory walls was performed. The
results of these simulations are discussed with regard to the sensitivity of the TPC to the axion–photon coupling con-
stant ga cc and local axion number density n0. We find that sensitivities to solar Kaluza–Klein models consistent with
limits on exotic solar energy loss are achievable.
! 2005 Published by Elsevier B.V.

PACS: 14.80.Mz; 11.10Kk; 96.60.!j; 29.40.Cs; 29.40.Gx

Keywords: Axions; Gas detectors; Time projection chamber; Extra dimensions; Kaluza–Klein

1. Introduction

The axion arises from the Peccei–Quinn solu-
tion to the strong CP problem of Quantum Chro-
modynamics (QCD). Due to the non-trivial
vacuum structure of QCD, the QCD Lagrangian
contains a non-perturbative CP-violating term

0927-6505/$ - see front matter ! 2005 Published by Elsevier B.V.
doi:10.1016/j.astropartphys.2005.01.002
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この論文の概要	
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•  物質量の小さいガスだからこそできる、Spatial-Sepalation Cut(2γの距離
のカット)が非常に強力なBG除去能力を発揮している 

•  1m3の低気圧ガスTPCを用いた太陽KKアクシオンの探索感度を見積もる 

•  太陽の重力によってトラップされたアクシオンの2γ崩壊をガスTPCを用
いて観測する 

KKアクシオンの寿命: 1011 << τ  << 1017@10keV	


p 目的 

p 太陽KKアクシオンの観測方法 

p 主な特徴 
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太陽KKアクシオンの検出方法	


γ	
γ	

崩壊点	


e-	
 e-	


e-	
 e-	


•  ガス中では 

•  個体検出器(半導体など)では 

電子が２つのイベン
トに見える 

γがあまり走らない
ので電子が一つのイ
ベントに見える 



シミュレーションで用いる検出器の構成	


Axions, CERN-1105-Neil Spooner

DRIFT II (a,b,c....) - multi-module

1m3

• Basic Design

Modular… n (3-4) × 1m3 fiducial vol, NITPCs
• Back-to-back drift vols & dual MWPC readout
• Vertical planes, warp adjust strongback MWPCs
• 3d track reconstruction (anode, grid and z-drift)
(resolution: ∆x = 2mm, ∆ y = 0.1mm, ∆ z = 0.1mm)

• Low noise DAQ (few keV S-recoil threshold)
• low leak vessel design (<10-5T.L.s-1) .
• Simple gas system (various pressure & 
gas mixtures) 

• Aim
WIMP sensitivity of 10-6 pb per module per year

first steps to cheap modules

Skate plate 

0.5m 0.5m0.135.m

0.09m

0.14m

E drift E drift

Slide from CERN-1105-Neil Spooner


•  Fiducial volume: 1m3 ( 2×0.5m3 )	


CS2 0.2atm	


•  1×1m2 readout plane	


•  CS2 0.2atm 
The photon mean free path is O(cm) 
@axion decay	


•  Longitudinal & transeverse 
diffusions : 0.6mm 

•  1mm2 pixels	


•  Energy threshold 1keV	
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p 検出体積1m3のガスTPC(ほぼDRIFT-Ⅱd) 
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•  Drift V: 〜29ms-1	


Ø これらのパラメータはγの検出効率
の最適化を考えて決めていないっぽ
い 

Ø 現行のDRIFT-2dのパラメータに合せ
てあるようだ 

Ø ほんとは2×2m2 readout(MWPC) 
Ø Energy threshold 1keVも良すぎる
ような気がする 



カットアルゴリズム	


1. Same-energy cuts	


R ¼ ð2:5# 1011 m$3 day$1Þ
gacc

GeV$1

! "2 n0
m$3

# $
:

ð12Þ

Thus for gacc = 9.2 · 10$14 GeV$1 and n0 =
1014 m$3 as used above, R = 0.21 m$3 day$1. As
discussed in Section 1, a TPC allows both photo-
electrons from the decay photons to be observed,
allowing a large reduction in background due to
their coincident nature. Background coincident
events will still occur at some rate however, and
so it is necessary to define cuts on the measured
parameters of coincident events to reject these
background events.

To define these cuts, determine efficiencies and
model background coincident events, we model a
1 m3 fiducial volume detector divided into two
0.5 m3 TPCs each with a 1 · 1 m2 readout plane
and a 0.5 m drift length. A gas fill of CS2 at a pres-
sure of 0.2 bar is used, this pressure being chosen
so that the photon mean free path is OðcmÞ over
the energy range appropriate for axion decays.
CS2 is chosen here as this gas provides negative
ion drift [19] for the transport of ionisation pro-
duced in the gas. Negative ion drift has the advan-
tage of reducing charge diffusion (and hence
allowing high spatial resolutions) without the need
for a large magnet that would be difficult to oper-
ate in an underground laboratory. As discussed in
Section 2.2 below, the low diffusion inherent with
negative ion drift allows both photoelectrons to
be distinguished at small spatial separations,
increasing the acceptance for real axion decay
events. Each TPC has a drift field of 1 kV cm$1

to give an estimated drift velocity of &29 ms$1

for CS$
2 anions, and longitudinal and transverse

diffusions of &0.6 mm [20] over 50 cm of drift.
The TPC readout planes are modelled as an array
of 1 mm2 pixels at a pitch of 1 mm, and we assume
a time resolution of &1 ls to give a spatial resolu-
tion of &0.03 mm in the drift direction. Finally, we
assume an energy threshold of 1 keV.

2.1. Same-energy cuts

Our first cut is based on the difference between
the observed energies of the two photoelectrons.
Whilst the primary energies of the photoelectrons

produced by an axion decay will be the same, their
visible energies in the detector will fluctuate due to
the finite energy resolution of the detector. For an
electron of visible energy E, the variance in this en-
ergy is given by r2

pðEÞ ¼ WE, where W is the mean
energy required to produce an ion pair. The value
of W in CS2 has been measured to be 19.7 eV [21].
Whilst this calculation of rp ignores the contribu-
tion to the resolution from noise in the readout
stage, energy resolutions close to this theoretical
limit have been attained in Micromegas detectors
operated with CF4 gas at 0.2 bar [22].

Assuming a gaussian resolution function at all
energies, the difference between the visible energies
of two photoelectrons from an axion decay of
mass ma will also follow a gaussian distribution
with mean zero and variance r2

diff ¼ 2r2
pðma=2Þ.

Thus large energy differences between the photo-
electrons from axion decays are disfavoured. We
use this energy difference distribution to test the
compatibility of the energies of two coincident
photoelectrons of energies E1 and E2 as follows.
The mean energy of the photoelectrons E is deter-
mined and the energy resolution rpðEÞ at E is
calculated. Any event where the absolute energy
difference jE1 $ E2j is greater than

ffiffiffi
2

p
xrpðEÞ is

then cut, where x sets the level of the cut (e.g.
x = 1.64 corresponds to 90%). The level of this
cut also determines its acceptance efficiency for
real axion decay events, and in this work we adopt
x = 1.64 to give a 90% acceptance.

Events which pass this cut are considered as a
potential axion decay event, with the axion mass
reconstructed as ma = E1 + E2. As with the energy
difference between the events, the sum of the visi-
ble photoelectron energies from an axion decay
of mass ma follows a gaussian distribution with
variance r2

ma
¼ 2r2

pðma=2Þ ¼ r2
pðmaÞ. Once the ax-

ion mass for for an event passing the same-energy
cut is determined, it is used to define spatial sepa-
ration cuts.

2.2. Spatial separation cuts

The second cut is based on the spatial separa-
tion s between the photoelectrons, which for now
we treat as point depositions of energy. As dis-
cussed in Section 1, each photon from the a ! cc
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2. Spatial separation cuts	


decay travels a distance through the gas before
interacting determined by the photon mean free
path k(E) in the gas. It can be shown that the prob-
ability distribution of the spatial separation s be-
tween the photoelectrons from an axion decay of
mass ma is given by

P ðs;maÞ ¼
s

k2ðma=2Þ
e$

s
kðma=2Þ: ð13Þ

This distribution is plotted in Fig. 3, and it can be
seen that it peaks at %k(ma/2). Since large photo-
electron separations are less likely, a cut rhigh can
be placed at a given separation above which events
are rejected. The acceptance efficiency of the cut for
real axion decays is then the integral of Eq. (13) be-
tween 0 and rhigh. In the following work we set the
acceptance efficiency to 90% and calculate rhigh
values at each axionmass fromEq. (13) using values
for the photon mean free path in 0.2 bar CS2 calcu-
lated by the EGSnrc package [23] (see Section 3).
Any event passing the same-energy cut has rhigh cal-
culated from its reconstructed axionmassma, and is
rejected if the measured separation rmeas is greater
than rhigh(ma).

In addition to rhigh, we also set a low separation
cut rlow to reject simulated events where the two
photoelectron charge clouds cannot be resolved
due to diffusion and the finite spatial resolution
of the detector. Given the diffusion of %0.6 mm
over the full drift length combined with the spatial

resolution of %1 mm, we estimate rlow % 5 mm for
point depositions of charge. In reality, the photo-
electron tracks will have some finite length that
will also contribute to rlow. Using the results of
[24] the range, Re, of a low energy photoelectron
of energy E/keV in 0.2 bar CS2 is

Re ¼ 0:0743E1:72 mm: ð14Þ

From Fig. 2 it can be seen that most axion de-
cays originate from masses below 15 keV, and so
the photoelectrons will have ranges <2 mm. Be-
cause of the %2.5 keV K-shell of sulphur, these
ranges will actually be shorter due to most photons
interacting to give a photoelectron plus an Auger
electron. Thus given the spatial resolution and dif-
fusion in the TPC, we will not be able to determine
the directions of the photoelectrons. However, the
finite range of the photo/Auger electrons will in-
crease the size of the primary charge cloud. We ac-
count for this increase by adding twice the total
electron range to rlow to ensure both charge clouds
are well separated. Any simulated event which
passes both the same-energy and rhigh cut with
reconstructed axion mass ma is thus rejected if its
generated separation is less than rlow = 5 mm +
2Re(ma/2).

Although adding 2Re to the point separation
cut may seem conservative, it actually has little
effect on the efficiency for accepting real axion
decays because the point separation of 0.5 mm
dominates over the axion mass range of interest.
Overall, the acceptance efficiency of these spatial
cuts for real axion decays is given by the integral
of Eq. (13) between rlow and rhigh.

2.3. Overall acceptance efficiency for axion decays

Because axion decays can occur uniformly
throughout the detector with the decay photons
being emitted isotropically, a certain fraction of
decays will only produce one observed photoelec-
tron due to the other decay photon exiting the
fiducial volume without interacting. To determine
this containment efficiency, a large sample of axion
decays for axion masses between 0 and 30 keV
were Monte Carlo generated uniformly within
each TPC volume. Counts were made of the num-
ber of decays in which both (fully contained), one
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Fig. 3. Distribution of the spatial separation between the
photoelectrons produced by the back to back photons from the
decay of an axion. Here, x is the real spatial distance between
the photoelectrons, and k is the photon mean free path.
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decay travels a distance through the gas before
interacting determined by the photon mean free
path k(E) in the gas. It can be shown that the prob-
ability distribution of the spatial separation s be-
tween the photoelectrons from an axion decay of
mass ma is given by

P ðs;maÞ ¼
s

k2ðma=2Þ
e$

s
kðma=2Þ: ð13Þ

This distribution is plotted in Fig. 3, and it can be
seen that it peaks at %k(ma/2). Since large photo-
electron separations are less likely, a cut rhigh can
be placed at a given separation above which events
are rejected. The acceptance efficiency of the cut for
real axion decays is then the integral of Eq. (13) be-
tween 0 and rhigh. In the following work we set the
acceptance efficiency to 90% and calculate rhigh
values at each axionmass fromEq. (13) using values
for the photon mean free path in 0.2 bar CS2 calcu-
lated by the EGSnrc package [23] (see Section 3).
Any event passing the same-energy cut has rhigh cal-
culated from its reconstructed axionmassma, and is
rejected if the measured separation rmeas is greater
than rhigh(ma).



検出効率の計算	


or neither (partially contained) of the photon
interaction points were contained within the TPC
volumes. The containment efficiency was thus cal-
culated as the ratio between the number of fully
contained decays to the total number of decays
generated. This calculation was performed for 30
axion masses between 0 and 30 keV, and the
resulting containment efficiency is plotted as a so-
lid line in Fig. 4. As expected, the containment effi-
ciency drops with increasing axion mass (and
hence photon energy), and the dip/rise structure
at !5 keV is caused by the sulphur K-shell.

Axion decays that were fully contained within
the detector volume were further analysed using
the cuts defined in the sections above. Events pass-
ing the cuts were counted, with the overall accep-
tance efficiency being calculated as the ratio
between the number of events fully contained in
the TPC and passing all cuts to the total number
of decays generated. The resulting total efficiency
curve is shown as a dashed line in Fig. 4. It can
be seen that this curve generally matches the con-
tainment efficiency curve, apart from the drop at
low masses caused by the rlow cut. In addition,
the sulphur K-shell feature is smoothed out due
to a combination of the rlow/rhigh cuts and the en-
ergy resolution. Although the detection efficiency
is generally lower due to the effects of the cuts,
an efficiency of 50–70% is maintained between 5
and 15 keV where the decay spectrum peaks.

This overall efficiency curve was multiplied by
the axion decay spectrum in Fig. 2 and convolved
with the mass resolution derived in the previous
section. The resulting observed axion decay spec-
trum is shown in Fig. 5 together with the raw spec-
trum. Comparing the integrals of these spectra
shows that overall our detector geometry and
event cuts accept !60% of axion decays between
the mass threshold of 2 keV and the spectral tail
at 30 keV. In the peak region of the spectrum be-
tween 5 and 15 keV, this acceptance rises to !63%.
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Fig. 4. Efficiencies for detecting and accepting axion decays of mass ma in a 100 · 100 · 50 cm TPC filled with CS2 at a pressure of
160 Torr. The solid curve shows the efficiency for containing both decay photons in the detector, and the dashed curve shows the
efficiency for accepting contained events after spatial and energy cuts.
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2γの検出効率 

A1er	
  spa6al	
  and	
  energy	
  cuts	


•  TPCの領域で0-30keVまでMCで崩壊させる 

rlow	


SのK殻の壁	


or neither (partially contained) of the photon
interaction points were contained within the TPC
volumes. The containment efficiency was thus cal-
culated as the ratio between the number of fully
contained decays to the total number of decays
generated. This calculation was performed for 30
axion masses between 0 and 30 keV, and the
resulting containment efficiency is plotted as a so-
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Axion decay spectrum × efficiency 

Raw 

•  2keVから30keVでefficiency ～60％ 

2016/11/22	
 B02若手研究会@神戸大学	
 9	


p Axion崩壊による2γの検出効率を調べる 

100×100×50cm TPC	


2γが検出される効率 

After Energy & Separation Cuts 

r lo
w
の
寄
与
 

CS2 160Torr	


•  ピーク付近5～15keVで～63% 
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バックグラウンドの見積もり	


Single electron rates between 0 and 25 keV for
each shielding and source configuration are shown
in Table 1. It can be seen that the lead shielding
significantly suppresses the rate, as expected. How-
ever, with 10 cm of Pb or more the single electron

rate is dominated by electrons produced by pho-
tons originating in the steel vacuum vessel. In the
case of a copper vessel with a contamination level
100 times lower, the background from the vessel is
comparable with that from the rock photons after
15 cm of Pb shielding.

4. Random e2e2 coincidences from photon
backgrounds

Assuming that each photon that interacts in the
gas volume only produces one observable electron,
the primary background for a KK axion search is
two single photo/Compton electrons produced
randomly in the gas volume within the readout
time Dt of the drift volume. For a single electron
rate of Rse, it might be thought that the rate of
these random coincident electrons Ree could be
calculated from the standard Ree ¼ R2

seDt. How-
ever, the finite drift time of ionisation to the read-
out plane combined with the homogeneous
production of Compton/photoelectrons in the drift
region means that electrons produced a time Dt
apart are not necessarily recorded as coincident.
The actual rate of random coincidences is there-
fore a function of Rse, Dt and the positions of
the events in the TPC volume.

To properly model the generation of random
coincident electrons in the detector, a Monte Carlo
of the production, drift and recording of events
was written using the TPC detector model detailed
in Section 2. Primary events were generated uni-
formly through each TPC volume, with the time
separation between events sampled from the stan-
dard Poisson distribution using the derived event
rates for the total background shown in Table 2.

Table 1
Single electron event rates between 0 and 25 keV in a single
100 · 100 · 50 cm TPC with different gamma sources and
differing amounts of shielding

Configuration R (0–25 keV)/s"1

Rock photons, no shield 1.81
Rock photons, 5 cm Pb 0.0274
Rock photons, 10 cm Pb 1.45 · 10"3

Rock photons, 15 cm Pb 7.76 · 10"5

Vessel photons, 1 ppbU/Th, 1 ppm K 8.03 · 10"3

Vessel photons, 0.01 ppbU/Th, 0.01 ppm K 8.03 · 10"5
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Fig. 9. Energy spectra of single electrons between 0 and 25 keV
in 0.2 bar CS2 produced by rock and vessel photons. Top thick
solid line—spectrum from unshielded rock photons; dashed
line—spectrum from rock photons after 5 cm of Pb shielding;
dotted line—spectrum from vessel with 1 ppb U/Th and 1 ppm
K; dot-dashed line—spectrum from rock photons after 10 cm of
Pb shielding; bottom thin solid line—spectrum from rock
photons after 15 cm. The spectrum from the vessel with
0.01 ppb U/Th and 0.01 ppm K almost exactly matches that
from the 15 cm Pb shielding spectrum.
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Fig. 8. Energy spectra of photons entering the gas volume from
Uranium, Thorium and Potassium contaminations in the TPC
vacuum vessel. The solid line shows the case for a steel vessel
with 1 ppb UTh and 1 ppm K, and the dashed line shows the
case for a Cu vessel with 0.01 ppb UTh and 0.01 ppm K.
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Single electron rates between 0 and 25 keV for
each shielding and source configuration are shown
in Table 1. It can be seen that the lead shielding
significantly suppresses the rate, as expected. How-
ever, with 10 cm of Pb or more the single electron

rate is dominated by electrons produced by pho-
tons originating in the steel vacuum vessel. In the



BGのe-e- coincidences	


2016/11/22	
 B02若手研究会@神戸大学	
 12	


p  1電子生成イベント2つがBGとなる計数を見積もる 

γ 	

γ	


•  Primary eventsはTPC領域一様で打ち込み、secondaryは先の
BGレートからポアソンに従うように打ち込む 

•  Energy & Separation CutをかけてアクシオンlikeなBGレートを見積もる 

Five different backgrounds were used; Background
1—the sum of the electron spectra produced by
vessel photons and unshielded rock photons;
Background 2—the sum of the electron spectra
produced by vessel photons and rock photons
shielded by 5 cm of Pb; Background 3—the sum
of the electron spectra produced by vessel photons
and rock photons shielded by 10 cm of Pb; Back-
ground 4—the sum of the electron spectra pro-
duced by vessel photons and rock photons
shielded by 15 cm of Pb; Background 5—the sum
of the electron spectra produced by vessel photons
from a copper vessel with 0.01 ppb U/Th and
0.01 ppm K and rock photons shielded by 15 cm
of Pb. Event energies were sampled from the cor-
responding energy spectra shown in Fig. 9 and
were fluctuated according to the energy resolution
to give the visible energy. Diffusion of the charge
cloud was estimated from the drift distance of
the event to the readout plane, and this together
with the primary x and y coordinates of the event
was used to determine which pixels registered hits.
The drift velocity and primary z coordinate were
used to calculate the drift time of the event, and
an algorithm was developed to determine whether
successive events would be recorded as coincident.
Details of coincident events including their recon-
structed x and y coordinates, arrival times t and
reconstructed energies E were written to data files
for later analysis.

Analysis of these events was performed using
the cuts derived in Section 2 above. The spatial
separation between coincident events was recon-
structed from the measured x, y pixel hits with
the z separation determined from the recorded
time difference between the events multiplied by
the drift velocity. If an event passed both the

same-energy and spatial separation cuts, it was ac-
cepted as a possible axion decay. In this case the
axion mass of the event was estimated as the
sum of the two event energies. The resultant mass
spectra for accepted random coincidences between
0 and 30 keV are shown in Fig. 10.

From these results, it can be seen that the rate
of random coincidences scales approximately as
the square of the single electron rate. Whilst the
background is extremely low at low masses, it rises
significantly at higher masses due to the increasing
acceptance of large spatial separations at these
masses. Table 3 shows the integral coincident rate
over mass ranges of 0–30 keV, 2–30 keV and 6–
20 keV. These ranges represent respectively the full
axion mass range considered, the mass range with
an energy threshold cut (1 keV electron threshold)
and a mass range chosen to minimise the back-
ground rate whilst maximising the rate of real
axion decay. In this latter case, the upper limit of
20 keV was chosen because this is in the tail of
the decay spectrum and so there will only be a min-
imal loss in efficiency by ignoring events above this
mass. As will be shown in the next section, the
lower limit of 6 keV is necessary to remove a sig-
nificant fraction of the double scatter background
events. Nevertheless, it can be seen from the results
in Table 3 that even an unshielded 1 m3 TPC can

Table 2
Total single electron event rates in a single 100 · 100 · 50 cm
TPC produced by photons originating in the rock and vessel
walls with differing amounts of shielding

Configuration Rock/s!1 Vessel/s!1 Total/s!1

1 1.81 8.03 · 10!3 1.82
2 0.0274 8.03 · 10!3 0.0354
3 1.45 · 10!3 8.03 · 10!3 9.48 · 10!3

4 7.76 · 10!5 8.03 · 10!3 8.11 · 10!3

5 7.76 · 10!5 8.03 · 10!5 1.58 · 10!4

See the text for explanations of each configuration.
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Fig. 10. Random axion-like coincidence rate from rock and
vessel photon induced electrons. Filled circles—unshielded
vessel; open circles—vessel plus 5 cm Pb shielding; filled
triangles—vessel plus 10 cm Pb shielding; open triangles—
vessel plus 15 cm pb shielding; open squares—vessel with
0.01 ppb U/Th, 0.01 ppm K and 15 cm Pb shielding.
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Five different backgrounds were used; Background
1—the sum of the electron spectra produced by
vessel photons and unshielded rock photons;
Background 2—the sum of the electron spectra
produced by vessel photons and rock photons
shielded by 5 cm of Pb; Background 3—the sum
of the electron spectra produced by vessel photons
and rock photons shielded by 10 cm of Pb; Back-
ground 4—the sum of the electron spectra pro-
duced by vessel photons and rock photons
shielded by 15 cm of Pb; Background 5—the sum
of the electron spectra produced by vessel photons
from a copper vessel with 0.01 ppb U/Th and
0.01 ppm K and rock photons shielded by 15 cm
of Pb. Event energies were sampled from the cor-
responding energy spectra shown in Fig. 9 and
were fluctuated according to the energy resolution
to give the visible energy. Diffusion of the charge
cloud was estimated from the drift distance of
the event to the readout plane, and this together
with the primary x and y coordinates of the event
was used to determine which pixels registered hits.
The drift velocity and primary z coordinate were
used to calculate the drift time of the event, and
an algorithm was developed to determine whether
successive events would be recorded as coincident.
Details of coincident events including their recon-
structed x and y coordinates, arrival times t and
reconstructed energies E were written to data files
for later analysis.

Analysis of these events was performed using
the cuts derived in Section 2 above. The spatial
separation between coincident events was recon-
structed from the measured x, y pixel hits with
the z separation determined from the recorded
time difference between the events multiplied by
the drift velocity. If an event passed both the

same-energy and spatial separation cuts, it was ac-
cepted as a possible axion decay. In this case the
axion mass of the event was estimated as the
sum of the two event energies. The resultant mass
spectra for accepted random coincidences between
0 and 30 keV are shown in Fig. 10.

From these results, it can be seen that the rate
of random coincidences scales approximately as
the square of the single electron rate. Whilst the
background is extremely low at low masses, it rises
significantly at higher masses due to the increasing
acceptance of large spatial separations at these
masses. Table 3 shows the integral coincident rate
over mass ranges of 0–30 keV, 2–30 keV and 6–
20 keV. These ranges represent respectively the full
axion mass range considered, the mass range with
an energy threshold cut (1 keV electron threshold)
and a mass range chosen to minimise the back-
ground rate whilst maximising the rate of real
axion decay. In this latter case, the upper limit of
20 keV was chosen because this is in the tail of
the decay spectrum and so there will only be a min-
imal loss in efficiency by ignoring events above this
mass. As will be shown in the next section, the
lower limit of 6 keV is necessary to remove a sig-
nificant fraction of the double scatter background
events. Nevertheless, it can be seen from the results
in Table 3 that even an unshielded 1 m3 TPC can

Table 2
Total single electron event rates in a single 100 · 100 · 50 cm
TPC produced by photons originating in the rock and vessel
walls with differing amounts of shielding

Configuration Rock/s!1 Vessel/s!1 Total/s!1

1 1.81 8.03 · 10!3 1.82
2 0.0274 8.03 · 10!3 0.0354
3 1.45 · 10!3 8.03 · 10!3 9.48 · 10!3

4 7.76 · 10!5 8.03 · 10!3 8.11 · 10!3

5 7.76 · 10!5 8.03 · 10!5 1.58 · 10!4

See the text for explanations of each configuration.
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Fig. 10. Random axion-like coincidence rate from rock and
vessel photon induced electrons. Filled circles—unshielded
vessel; open circles—vessel plus 5 cm Pb shielding; filled
triangles—vessel plus 10 cm Pb shielding; open triangles—
vessel plus 15 cm pb shielding; open squares—vessel with
0.01 ppb U/Th, 0.01 ppm K and 15 cm Pb shielding.
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unshielded + vessel	


5cm Pb + vessel	


10cm Pb + vessel	


15cm Pb + vessel	

15cm Pb + Cu vessel	
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5cm Pb + vessel	


10cm Pb + vessel	


15cm Pb + vessel	


15cm Pb + Cu vessel	


1電子のBGレート(100×100×50cm	
  TPC)	


achieve a background rate to axion decays several
orders of magnitude below that achievable with
the best current solid state detectors.

5. Double scatter e2e2 events from photon
backgrounds

As discussed in Section 3, double scatter events
consisting of two electrons produced by a single
background photon are observed in the EGSnrc
simulation data. To analyse these events, the spa-
tial separation between the two electrons was
reconstructed from the x, y and z coordinates of
each electron output by EGSnrc and their visible
energies were estimated by fluctuating their pri-
mary energies by the detector energy resolution.
The spatial and energy cuts were then applied to
these reconstructed events, but an extra spatial
cut rejecting events with s > 150 cm was applied
to remove events with separations greater than
the maximum distance in the model TPCs. As be-
fore, events that passed these cuts were accepted
as potential axion decays, with the axion mass
estimated as the sum of the two electron visible
energies. Because the geometry of the EGSnrc sim-
ulation (spherical) and the model TPC (cuboid)
differ, this rate of double scatter events is necessar-
ily an upper limit on the actual rate that would be
observed. In particular, we do not account for
double scatters where one electron is produced in
each of the model TPC volumes.

The resultant mass spectra of accepted double
scatter events for each detector configuration are
shown in Fig. 11, and integral rates in the mass
ranges of 0–30 keV, 2–30 keV and 6–20 keV are
shown in Table 4. It can be seen from the mass
spectra that these are constant with mass apart
from a gaussian peak at 4–5 keV. This peak is

due to Compton scattering and photoelectric
absorption to yield an !2 keV electron plus an

/keVam
5 10 15 20 25 3010

-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

/keVam
0 10 15 20 25 3010

-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

5

E
ve

nt
s/

m
-3

 da
y-1

ke
V

-1
E

ve
nt

s/
m

-3
 da

y-1
ke

V
-1

Fig. 11. Axion-like coincidence rate from rock (a) and vessel
(b) photon induced double scatter electron events. In the top
histogram: filled circles—unshielded vessel; open squares—
vessel with 5 cm Pb shielding; filled squares—vessel with 10 cm
Pb shielding; open circles—vessel with 15 cm Pb shielding. In
the bottom histogram: filled triangles—vessel with 1 ppb U/Th
and 1 ppm K; open triangles—vessel with 0.01 ppb U/Th and
1 ppm K.

Table 3
Rates for random coincident electron events passing all energy/spatial cuts in two 0.5 m3 TPCs over three different reconstructed axion
mass ranges for the configurations discussed in the text

Configuration R (0–30 keV)/m"3 day"1 R (2–30 keV)/m"3 day"1 R (6–20 keV)/m"3 day"1

1 270 270 88.7
2 0.109 0.109 3.63 · 10"2

3 7.82 · 10"3 7.82 · 10"3 2.47 · 10"3

4 5.81 · 10"3 5.81 · 10"3 1.97 · 10"3

5 2.15 · 10"6 2.15 · 10"6 7.23 · 10"7
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  アクシオンlikeなBGレート	


unshielded + vessel	


5cm Pb + vessel	


10cm Pb + vessel	


15cm Pb + vessel	


15cm Pb + Cu vessel	


R ¼ ð2:5# 1011 m$3 day$1Þ
gacc

GeV$1

! "2 n0
m$3

# $
:

ð12Þ

Thus for gacc = 9.2 · 10$14 GeV$1 and n0 =
1014 m$3 as used above, R = 0.21 m$3 day$1. As
discussed in Section 1, a TPC allows both photo-
electrons from the decay photons to be observed,
allowing a large reduction in background due to
their coincident nature. Background coincident
events will still occur at some rate however, and
so it is necessary to define cuts on the measured
parameters of coincident events to reject these
background events.

To define these cuts, determine efficiencies and
model background coincident events, we model a
1 m3 fiducial volume detector divided into two
0.5 m3 TPCs each with a 1 · 1 m2 readout plane
and a 0.5 m drift length. A gas fill of CS2 at a pres-
sure of 0.2 bar is used, this pressure being chosen
so that the photon mean free path is OðcmÞ over
the energy range appropriate for axion decays.
CS2 is chosen here as this gas provides negative
ion drift [19] for the transport of ionisation pro-
duced in the gas. Negative ion drift has the advan-
tage of reducing charge diffusion (and hence
allowing high spatial resolutions) without the need
for a large magnet that would be difficult to oper-
ate in an underground laboratory. As discussed in
Section 2.2 below, the low diffusion inherent with
negative ion drift allows both photoelectrons to
be distinguished at small spatial separations,
increasing the acceptance for real axion decay
events. Each TPC has a drift field of 1 kV cm$1

to give an estimated drift velocity of &29 ms$1

for CS$
2 anions, and longitudinal and transverse

diffusions of &0.6 mm [20] over 50 cm of drift.
The TPC readout planes are modelled as an array
of 1 mm2 pixels at a pitch of 1 mm, and we assume
a time resolution of &1 ls to give a spatial resolu-
tion of &0.03 mm in the drift direction. Finally, we
assume an energy threshold of 1 keV.

2.1. Same-energy cuts

Our first cut is based on the difference between
the observed energies of the two photoelectrons.
Whilst the primary energies of the photoelectrons

produced by an axion decay will be the same, their
visible energies in the detector will fluctuate due to
the finite energy resolution of the detector. For an
electron of visible energy E, the variance in this en-
ergy is given by r2

pðEÞ ¼ WE, where W is the mean
energy required to produce an ion pair. The value
of W in CS2 has been measured to be 19.7 eV [21].
Whilst this calculation of rp ignores the contribu-
tion to the resolution from noise in the readout
stage, energy resolutions close to this theoretical
limit have been attained in Micromegas detectors
operated with CF4 gas at 0.2 bar [22].

Assuming a gaussian resolution function at all
energies, the difference between the visible energies
of two photoelectrons from an axion decay of
mass ma will also follow a gaussian distribution
with mean zero and variance r2

diff ¼ 2r2
pðma=2Þ.

Thus large energy differences between the photo-
electrons from axion decays are disfavoured. We
use this energy difference distribution to test the
compatibility of the energies of two coincident
photoelectrons of energies E1 and E2 as follows.
The mean energy of the photoelectrons E is deter-
mined and the energy resolution rpðEÞ at E is
calculated. Any event where the absolute energy
difference jE1 $ E2j is greater than

ffiffiffi
2

p
xrpðEÞ is

then cut, where x sets the level of the cut (e.g.
x = 1.64 corresponds to 90%). The level of this
cut also determines its acceptance efficiency for
real axion decay events, and in this work we adopt
x = 1.64 to give a 90% acceptance.

Events which pass this cut are considered as a
potential axion decay event, with the axion mass
reconstructed as ma = E1 + E2. As with the energy
difference between the events, the sum of the visi-
ble photoelectron energies from an axion decay
of mass ma follows a gaussian distribution with
variance r2

ma
¼ 2r2

pðma=2Þ ¼ r2
pðmaÞ. Once the ax-

ion mass for for an event passing the same-energy
cut is determined, it is used to define spatial sepa-
ration cuts.

2.2. Spatial separation cuts

The second cut is based on the spatial separa-
tion s between the photoelectrons, which for now
we treat as point depositions of energy. As dis-
cussed in Section 1, each photon from the a ! cc
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achieve a background rate to axion decays several
orders of magnitude below that achievable with
the best current solid state detectors.

5. Double scatter e2e2 events from photon
backgrounds

As discussed in Section 3, double scatter events
consisting of two electrons produced by a single
background photon are observed in the EGSnrc
simulation data. To analyse these events, the spa-
tial separation between the two electrons was
reconstructed from the x, y and z coordinates of
each electron output by EGSnrc and their visible
energies were estimated by fluctuating their pri-
mary energies by the detector energy resolution.
The spatial and energy cuts were then applied to
these reconstructed events, but an extra spatial
cut rejecting events with s > 150 cm was applied
to remove events with separations greater than
the maximum distance in the model TPCs. As be-
fore, events that passed these cuts were accepted
as potential axion decays, with the axion mass
estimated as the sum of the two electron visible
energies. Because the geometry of the EGSnrc sim-
ulation (spherical) and the model TPC (cuboid)
differ, this rate of double scatter events is necessar-
ily an upper limit on the actual rate that would be
observed. In particular, we do not account for
double scatters where one electron is produced in
each of the model TPC volumes.

The resultant mass spectra of accepted double
scatter events for each detector configuration are
shown in Fig. 11, and integral rates in the mass
ranges of 0–30 keV, 2–30 keV and 6–20 keV are
shown in Table 4. It can be seen from the mass
spectra that these are constant with mass apart
from a gaussian peak at 4–5 keV. This peak is

due to Compton scattering and photoelectric
absorption to yield an !2 keV electron plus an
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Fig. 11. Axion-like coincidence rate from rock (a) and vessel
(b) photon induced double scatter electron events. In the top
histogram: filled circles—unshielded vessel; open squares—
vessel with 5 cm Pb shielding; filled squares—vessel with 10 cm
Pb shielding; open circles—vessel with 15 cm Pb shielding. In
the bottom histogram: filled triangles—vessel with 1 ppb U/Th
and 1 ppm K; open triangles—vessel with 0.01 ppb U/Th and
1 ppm K.

Table 3
Rates for random coincident electron events passing all energy/spatial cuts in two 0.5 m3 TPCs over three different reconstructed axion
mass ranges for the configurations discussed in the text

Configuration R (0–30 keV)/m"3 day"1 R (2–30 keV)/m"3 day"1 R (6–20 keV)/m"3 day"1

1 270 270 88.7
2 0.109 0.109 3.63 · 10"2

3 7.82 · 10"3 7.82 · 10"3 2.47 · 10"3

4 5.81 · 10"3 5.81 · 10"3 1.97 · 10"3

5 2.15 · 10"6 2.15 · 10"6 7.23 · 10"7
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achieve a background rate to axion decays several
orders of magnitude below that achievable with
the best current solid state detectors.

5. Double scatter e2e2 events from photon
backgrounds

As discussed in Section 3, double scatter events
consisting of two electrons produced by a single
background photon are observed in the EGSnrc
simulation data. To analyse these events, the spa-
tial separation between the two electrons was
reconstructed from the x, y and z coordinates of
each electron output by EGSnrc and their visible
energies were estimated by fluctuating their pri-
mary energies by the detector energy resolution.
The spatial and energy cuts were then applied to
these reconstructed events, but an extra spatial
cut rejecting events with s > 150 cm was applied
to remove events with separations greater than
the maximum distance in the model TPCs. As be-
fore, events that passed these cuts were accepted
as potential axion decays, with the axion mass
estimated as the sum of the two electron visible
energies. Because the geometry of the EGSnrc sim-
ulation (spherical) and the model TPC (cuboid)
differ, this rate of double scatter events is necessar-
ily an upper limit on the actual rate that would be
observed. In particular, we do not account for
double scatters where one electron is produced in
each of the model TPC volumes.

The resultant mass spectra of accepted double
scatter events for each detector configuration are
shown in Fig. 11, and integral rates in the mass
ranges of 0–30 keV, 2–30 keV and 6–20 keV are
shown in Table 4. It can be seen from the mass
spectra that these are constant with mass apart
from a gaussian peak at 4–5 keV. This peak is

due to Compton scattering and photoelectric
absorption to yield an !2 keV electron plus an
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Fig. 11. Axion-like coincidence rate from rock (a) and vessel
(b) photon induced double scatter electron events. In the top
histogram: filled circles—unshielded vessel; open squares—
vessel with 5 cm Pb shielding; filled squares—vessel with 10 cm
Pb shielding; open circles—vessel with 15 cm Pb shielding. In
the bottom histogram: filled triangles—vessel with 1 ppb U/Th
and 1 ppm K; open triangles—vessel with 0.01 ppb U/Th and
1 ppm K.

Table 3
Rates for random coincident electron events passing all energy/spatial cuts in two 0.5 m3 TPCs over three different reconstructed axion
mass ranges for the configurations discussed in the text

Configuration R (0–30 keV)/m"3 day"1 R (2–30 keV)/m"3 day"1 R (6–20 keV)/m"3 day"1

1 270 270 88.7
2 0.109 0.109 3.63 · 10"2

3 7.82 · 10"3 7.82 · 10"3 2.47 · 10"3

4 5.81 · 10"3 5.81 · 10"3 1.97 · 10"3

5 2.15 · 10"6 2.15 · 10"6 7.23 · 10"7

298 B. Morgan et al. / Astroparticle Physics 23 (2005) 287–302

unshielded + vessel	
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岩からのBGレート ベッセルからのBGレート 
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excited S atom which then de-excites by emitting a
fluorescent photon. This photon then travels a
short distance through the gas (k ! 10 mm) before
photoelectrically interacting to produce another
!2 keV electron. In contrast, the overall flat spec-
trum over the mass range is produced by double
Compton scatters or a Compton scatter followed
by photoelectric absorption. Because of the rela-
tively large contribution of the K-shell peak to
the background, we take a mass threshold of
6 keV in order to eliminate this peak.

Comparison of Table 3 with Table 4 shows that
it is these double events that dominate the back-
ground even with shielding. Whilst the random
coincidence rate scales with the square of the pho-
ton flux entering the gas volume, the double scatter
rate scales with the photon flux. Nevertheless,
background rates of !0.1 m"3 day"1 are still
achievable over axion masses of 6–20 keV.

6. Sensitivity of a 1 m3 TPC to solar
Kaluza–Klein axions

Eq. (12) shows the total axion decay rate to de-
pend on both gacc and n0, so we determine the sen-

sitivity of our model detector to these quantities.
To estimate the overall background rate in our
model detector, we add the contributions from
random and real coincidences over the 6–20 keV
mass range and also combine the contributions
from the rock and vessel backgrounds. We then
calculate the expected number of background
events over 1 m3 yr of exposure and use this num-
ber to set a limit on the number of signal events
assuming that we observe the expected number
of background events from the simulations. In
the case of an actual experiment, a better estimate
of the real rates of random coincidences and dou-
ble scatter events could be obtained by measuring
the single electron rate and using this to normalise
the simulation results.

Table 5 shows the calculated background rates
and signal limits for each detector configuration.
In the case of the unshielded and 5 cm Pb detector
where the background rate is high, we calculate the
limit on the number of signal events as follows.
The mean number of signal events Ns is estimated
by subtracting the expected background Nb from
the observed number of events Nobs. Since we have
assumed Nb = Nobs, Ns = 0 with a standard devia-
tion of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N b þ Nobs

p
¼

ffiffiffiffiffiffiffiffiffi
2Nb

p
. Thus the 90% upper

Table 4
Rates for double scatter electron events passing all energy/spatial cuts in the TPC over three different reconstructed axion mass ranges
with different gamma sources and differing amounts of shielding

Configuration Rd (0–30 keV)/m"3 day"1 Rd (2–30 keV)/m"3 day"1 Rd (6–20 keV)/m"3 day"1

Rock, no shield 110 110 26.0
Rock, 5 cm Pb 1.64 1.64 0.328
Rock, 10 cm Pb 0.101 0.101 0.0161
Rock, 15 cm Pb 5.05 · 10"3 5.05 · 10"3 1.23 · 10"3

Steel vessel 0.540 0.540 0.111
Copper vessel 4.94 · 10"3 4.94 · 10"3 6.50 · 10"4

Table 5
Total e"e" coincidence rates in m"3 day"1 in two 0.5 m3 TPCs from random and double scatter background coincidences passing all
cuts over the 6–20 keV reconstructed axion mass range

Configuration

1 2 3 4 5

Random 88.7 3.63 · 10"2 2.47 · 10"3 1.97 · 10"3 7.23 · 10"7

Double 26.1 0.439 0.127 0.112 1.88 · 10"3

Total 114.8 0.473 0.129 0.114 1.88 · 10"3

Upper Limit 1.30 0.0834 0.0343 0.0329 9.20 · 10"3

The upper limits are the 90% upper limits on the signal rate calculated as described in the text, and the configurations are the same as in
Table 2.
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•  K殻特性X線のピークがBGレートに大きく寄与してくるので質量閾値として6keVを設定 

R ¼ ð2:5# 1011 m$3 day$1Þ
gacc

GeV$1

! "2 n0
m$3

# $
:

ð12Þ

Thus for gacc = 9.2 · 10$14 GeV$1 and n0 =
1014 m$3 as used above, R = 0.21 m$3 day$1. As
discussed in Section 1, a TPC allows both photo-
electrons from the decay photons to be observed,
allowing a large reduction in background due to
their coincident nature. Background coincident
events will still occur at some rate however, and
so it is necessary to define cuts on the measured
parameters of coincident events to reject these
background events.

To define these cuts, determine efficiencies and
model background coincident events, we model a
1 m3 fiducial volume detector divided into two
0.5 m3 TPCs each with a 1 · 1 m2 readout plane
and a 0.5 m drift length. A gas fill of CS2 at a pres-
sure of 0.2 bar is used, this pressure being chosen
so that the photon mean free path is OðcmÞ over
the energy range appropriate for axion decays.
CS2 is chosen here as this gas provides negative
ion drift [19] for the transport of ionisation pro-
duced in the gas. Negative ion drift has the advan-
tage of reducing charge diffusion (and hence
allowing high spatial resolutions) without the need
for a large magnet that would be difficult to oper-
ate in an underground laboratory. As discussed in
Section 2.2 below, the low diffusion inherent with
negative ion drift allows both photoelectrons to
be distinguished at small spatial separations,
increasing the acceptance for real axion decay
events. Each TPC has a drift field of 1 kV cm$1

to give an estimated drift velocity of &29 ms$1

for CS$
2 anions, and longitudinal and transverse

diffusions of &0.6 mm [20] over 50 cm of drift.
The TPC readout planes are modelled as an array
of 1 mm2 pixels at a pitch of 1 mm, and we assume
a time resolution of &1 ls to give a spatial resolu-
tion of &0.03 mm in the drift direction. Finally, we
assume an energy threshold of 1 keV.

2.1. Same-energy cuts

Our first cut is based on the difference between
the observed energies of the two photoelectrons.
Whilst the primary energies of the photoelectrons

produced by an axion decay will be the same, their
visible energies in the detector will fluctuate due to
the finite energy resolution of the detector. For an
electron of visible energy E, the variance in this en-
ergy is given by r2

pðEÞ ¼ WE, where W is the mean
energy required to produce an ion pair. The value
of W in CS2 has been measured to be 19.7 eV [21].
Whilst this calculation of rp ignores the contribu-
tion to the resolution from noise in the readout
stage, energy resolutions close to this theoretical
limit have been attained in Micromegas detectors
operated with CF4 gas at 0.2 bar [22].

Assuming a gaussian resolution function at all
energies, the difference between the visible energies
of two photoelectrons from an axion decay of
mass ma will also follow a gaussian distribution
with mean zero and variance r2

diff ¼ 2r2
pðma=2Þ.

Thus large energy differences between the photo-
electrons from axion decays are disfavoured. We
use this energy difference distribution to test the
compatibility of the energies of two coincident
photoelectrons of energies E1 and E2 as follows.
The mean energy of the photoelectrons E is deter-
mined and the energy resolution rpðEÞ at E is
calculated. Any event where the absolute energy
difference jE1 $ E2j is greater than

ffiffiffi
2

p
xrpðEÞ is

then cut, where x sets the level of the cut (e.g.
x = 1.64 corresponds to 90%). The level of this
cut also determines its acceptance efficiency for
real axion decay events, and in this work we adopt
x = 1.64 to give a 90% acceptance.

Events which pass this cut are considered as a
potential axion decay event, with the axion mass
reconstructed as ma = E1 + E2. As with the energy
difference between the events, the sum of the visi-
ble photoelectron energies from an axion decay
of mass ma follows a gaussian distribution with
variance r2

ma
¼ 2r2

pðma=2Þ ¼ r2
pðmaÞ. Once the ax-

ion mass for for an event passing the same-energy
cut is determined, it is used to define spatial sepa-
ration cuts.

2.2. Spatial separation cuts

The second cut is based on the spatial separa-
tion s between the photoelectrons, which for now
we treat as point depositions of energy. As dis-
cussed in Section 1, each photon from the a ! cc
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•  期待される2γのレートは	
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limit on Ns is calculated as 1:64
ffiffiffiffiffiffiffiffiffi
2Nb

p
. For all the

other cases where the expected number of back-
ground events is <100, we use the prescription of
[32] to set 90% upper limits on the number of sig-
nal events under the assumption that the number
of observed events is equal to our expected
background.

The limits on the signal rate are converted to
limits on gacc and n0 using Eq. (12) together with
the acceptance efficiencies for axion decays calcu-
lated earlier. Fig. 12 shows the resulting sensitivity
curves for each detector configuration. Also shown
on this figure are points for the solar production
model of [15], where gacc ! 9.2 · 10"14 GeV"1

and n0 ! 1013–1014 m3. Although the unshielded
detector is not sensitive to this model, adding 5–
10 cm of Pb shielding is enough to begin to probe
the upper limits of this model. However, to cover
the full range of n0 will require both a low back-
ground vessel and at least 15 cm of Pb shield.
Nevertheless, this sensitivity is several orders of

magnitude better than could be achieved with a
conventional solid state detector.

7. Conclusions

The main sources of background in a solar KK
axion search with a 1 m3 CS2 TPC have been
investigated. EGSnrc simulations of the electron
background together with Monte Carlo simulation
of the detector show that it is double electron
events produced by a single primary photon that
dominate the background coincidence rate. A
large fraction of these events are caused by fluores-
cent de-excitations of the S K-shell, but there is
also a contribution from double Compton/photo-
electric interactions. Nevertheless, only 5–10 cm
of Pb shielding around the detector are required
to reduce the overall coincident background rate
to <1 m3 day"1. The background rate below this
is limited by the U, Th and K contamination level
in the TPC vacuum vessel.

With the background levels and spectra found,
the sensitivity of the detector to the axion–pho-
ton–photon coupling gacc and local number den-
sity of KK axions was determined. The resultant
sensitivity of the detector shielded with 5–10 cm
of Pb is sufficient to probe the upper limits of gacc
and n0 predicted by the model of [15]. To fully
cover the derived parameter values in [15] would
however require a 1 m3 detector constructed with
ultrapure materials and at least 15 cm of Pb shield-
ing. An actual KK axion search will therefore re-
quire a careful selection of materials in order to
minimise the U/Th/K contamination of compo-
nents close to the fiducial volume.

To improve the sensitivity further would require
a reduction in the background rate. In the case of
random coincidences, the random rate could be re-
duced by using a gas with a higher drift velocity,
such as Argon, to give a smaller readout time for
the TPC. Negative ion drift is a disadvantage here
due to the low drift velocity inherent with drifting
ions rather than electrons. However, as can be seen
from Table 5, it is the double scatter electron
events that dominate the background rate by a fac-
tor of 10–100 once shielding is added. The rate of
these events scales with the gas density and photon
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Fig. 12. Sensitivity curves for a 1 m3 TPC filled with 0.2 bar
CS2. Solid line—unshielded detector; dashed line—detector
with a 5 cm Pb shield; dotted line—detector with a 10 cm Pb
shield; dot-dashed line—detector with a Cu vessel and 15 cm Pb
shield. The two dots show the expected range of n0 for the solar
KK axion model of [15]. The !HB stars" line shows (within a
factor of !2) the upper limit on gacc from stellar lifetime
considerations, and the !Cosmology" line shows the lower limit
expected from axion production in the Big Bang.
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excited S atom which then de-excites by emitting a
fluorescent photon. This photon then travels a
short distance through the gas (k ! 10 mm) before
photoelectrically interacting to produce another
!2 keV electron. In contrast, the overall flat spec-
trum over the mass range is produced by double
Compton scatters or a Compton scatter followed
by photoelectric absorption. Because of the rela-
tively large contribution of the K-shell peak to
the background, we take a mass threshold of
6 keV in order to eliminate this peak.

Comparison of Table 3 with Table 4 shows that
it is these double events that dominate the back-
ground even with shielding. Whilst the random
coincidence rate scales with the square of the pho-
ton flux entering the gas volume, the double scatter
rate scales with the photon flux. Nevertheless,
background rates of !0.1 m"3 day"1 are still
achievable over axion masses of 6–20 keV.

6. Sensitivity of a 1 m3 TPC to solar
Kaluza–Klein axions

Eq. (12) shows the total axion decay rate to de-
pend on both gacc and n0, so we determine the sen-

sitivity of our model detector to these quantities.
To estimate the overall background rate in our
model detector, we add the contributions from
random and real coincidences over the 6–20 keV
mass range and also combine the contributions
from the rock and vessel backgrounds. We then
calculate the expected number of background
events over 1 m3 yr of exposure and use this num-
ber to set a limit on the number of signal events
assuming that we observe the expected number
of background events from the simulations. In
the case of an actual experiment, a better estimate
of the real rates of random coincidences and dou-
ble scatter events could be obtained by measuring
the single electron rate and using this to normalise
the simulation results.

Table 5 shows the calculated background rates
and signal limits for each detector configuration.
In the case of the unshielded and 5 cm Pb detector
where the background rate is high, we calculate the
limit on the number of signal events as follows.
The mean number of signal events Ns is estimated
by subtracting the expected background Nb from
the observed number of events Nobs. Since we have
assumed Nb = Nobs, Ns = 0 with a standard devia-
tion of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N b þ Nobs

p
¼

ffiffiffiffiffiffiffiffiffi
2Nb

p
. Thus the 90% upper

Table 4
Rates for double scatter electron events passing all energy/spatial cuts in the TPC over three different reconstructed axion mass ranges
with different gamma sources and differing amounts of shielding

Configuration Rd (0–30 keV)/m"3 day"1 Rd (2–30 keV)/m"3 day"1 Rd (6–20 keV)/m"3 day"1

Rock, no shield 110 110 26.0
Rock, 5 cm Pb 1.64 1.64 0.328
Rock, 10 cm Pb 0.101 0.101 0.0161
Rock, 15 cm Pb 5.05 · 10"3 5.05 · 10"3 1.23 · 10"3

Steel vessel 0.540 0.540 0.111
Copper vessel 4.94 · 10"3 4.94 · 10"3 6.50 · 10"4

Table 5
Total e"e" coincidence rates in m"3 day"1 in two 0.5 m3 TPCs from random and double scatter background coincidences passing all
cuts over the 6–20 keV reconstructed axion mass range

Configuration

1 2 3 4 5

Random 88.7 3.63 · 10"2 2.47 · 10"3 1.97 · 10"3 7.23 · 10"7

Double 26.1 0.439 0.127 0.112 1.88 · 10"3

Total 114.8 0.473 0.129 0.114 1.88 · 10"3

Upper Limit 1.30 0.0834 0.0343 0.0329 9.20 · 10"3

The upper limits are the 90% upper limits on the signal rate calculated as described in the text, and the configurations are the same as in
Table 2.

B. Morgan et al. / Astroparticle Physics 23 (2005) 287–302 299

p  BG見積もりまとめ 

unshielded + vessel	
 5cm Pb + vessel	
 10cm Pb + vessel	
 15cm Pb + vessel	
 15cm Pb + Cu vessel	


•  BGは電子の多重散乱が支配的 

(90%)	


p 検出感度 

The	
  solar	
  KK	
  axion	
  model	

•  15cm Pb + Cu vesselでソーラアク
シオンモデルをカバー 

•  ガス圧で2γの検出効率、カット効率
をいじれるので最適化ができる 

•  5-10cm Pb + steel vesselでソーラ
アクシオンモデルに感度はとどく 



この論文の結論	
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1m3のガスTPC(CS20.2atm)で太陽KKアクシオン探索すると 

•  Pbシールド(5～10cm)で太陽アクシオンモデルに制限 

•  Pbシールド(15cm) + Cuベッセル でフルカバー 
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DRIFT NEWAGE 

体積 1m2×1m 0.3m2×0.4m 

ピクセル 2mm2 0.4mm2 

ガス CS20.2atm Ar:C2H6(5:5)0.2atm 

拡散@50cm ～1mm ～5mm 

rlow = 拡散と位置分解能による広がり+ 低エネルギー電子の走る距離 
p  Separa6onカット条件	


•  NEWAGEではDRIFTよりカットの閾値が約2倍悪くなる 
•  rlowによる検出効率の低下がピーク(10keV)まで染み出してくるのが心配 
•  拡散で高位置分解能の利点が全くない 

p  Arの特性X線	
  
•  3keV程度で同じくエネルギー閾値6keVが必要	


or neither (partially contained) of the photon
interaction points were contained within the TPC
volumes. The containment efficiency was thus cal-
culated as the ratio between the number of fully
contained decays to the total number of decays
generated. This calculation was performed for 30
axion masses between 0 and 30 keV, and the
resulting containment efficiency is plotted as a so-
lid line in Fig. 4. As expected, the containment effi-
ciency drops with increasing axion mass (and
hence photon energy), and the dip/rise structure
at !5 keV is caused by the sulphur K-shell.

Axion decays that were fully contained within
the detector volume were further analysed using
the cuts defined in the sections above. Events pass-
ing the cuts were counted, with the overall accep-
tance efficiency being calculated as the ratio
between the number of events fully contained in
the TPC and passing all cuts to the total number
of decays generated. The resulting total efficiency
curve is shown as a dashed line in Fig. 4. It can
be seen that this curve generally matches the con-
tainment efficiency curve, apart from the drop at
low masses caused by the rlow cut. In addition,
the sulphur K-shell feature is smoothed out due
to a combination of the rlow/rhigh cuts and the en-
ergy resolution. Although the detection efficiency
is generally lower due to the effects of the cuts,
an efficiency of 50–70% is maintained between 5
and 15 keV where the decay spectrum peaks.

This overall efficiency curve was multiplied by
the axion decay spectrum in Fig. 2 and convolved
with the mass resolution derived in the previous
section. The resulting observed axion decay spec-
trum is shown in Fig. 5 together with the raw spec-
trum. Comparing the integrals of these spectra
shows that overall our detector geometry and
event cuts accept !60% of axion decays between
the mass threshold of 2 keV and the spectral tail
at 30 keV. In the peak region of the spectrum be-
tween 5 and 15 keV, this acceptance rises to !63%.
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Fig. 4. Efficiencies for detecting and accepting axion decays of mass ma in a 100 · 100 · 50 cm TPC filled with CS2 at a pressure of
160 Torr. The solid curve shows the efficiency for containing both decay photons in the detector, and the dashed curve shows the
efficiency for accepting contained events after spatial and energy cuts.
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Fig. 5. Raw (solid curve) and observed (dashed curve) axion
decay spectra. The observed spectrum takes into account the
efficiencies for containing events and the cuts together with the
energy resolution of the detector. Overall, the observed rate is
!61% of the raw rate.
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volumes. The containment efficiency was thus cal-
culated as the ratio between the number of fully
contained decays to the total number of decays
generated. This calculation was performed for 30
axion masses between 0 and 30 keV, and the
resulting containment efficiency is plotted as a so-
lid line in Fig. 4. As expected, the containment effi-
ciency drops with increasing axion mass (and
hence photon energy), and the dip/rise structure
at !5 keV is caused by the sulphur K-shell.

Axion decays that were fully contained within
the detector volume were further analysed using
the cuts defined in the sections above. Events pass-
ing the cuts were counted, with the overall accep-
tance efficiency being calculated as the ratio
between the number of events fully contained in
the TPC and passing all cuts to the total number
of decays generated. The resulting total efficiency
curve is shown as a dashed line in Fig. 4. It can
be seen that this curve generally matches the con-
tainment efficiency curve, apart from the drop at
low masses caused by the rlow cut. In addition,
the sulphur K-shell feature is smoothed out due
to a combination of the rlow/rhigh cuts and the en-
ergy resolution. Although the detection efficiency
is generally lower due to the effects of the cuts,
an efficiency of 50–70% is maintained between 5
and 15 keV where the decay spectrum peaks.

This overall efficiency curve was multiplied by
the axion decay spectrum in Fig. 2 and convolved
with the mass resolution derived in the previous
section. The resulting observed axion decay spec-
trum is shown in Fig. 5 together with the raw spec-
trum. Comparing the integrals of these spectra
shows that overall our detector geometry and
event cuts accept !60% of axion decays between
the mass threshold of 2 keV and the spectral tail
at 30 keV. In the peak region of the spectrum be-
tween 5 and 15 keV, this acceptance rises to !63%.
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Fig. 5. Raw (solid curve) and observed (dashed curve) axion
decay spectra. The observed spectrum takes into account the
efficiencies for containing events and the cuts together with the
energy resolution of the detector. Overall, the observed rate is
!61% of the raw rate.
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p 検出体積	
  
•  DRIFTの4%	
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fraction is much smaller for axions produced by
Primakoff effect, because in this case the target is at
rest and it is more difficult to produce low mo-
mentum axions.

Fig. 5 shows the velocity distribution at pro-
duction for axions produced by the mechanism of
photon coalescence. The trapped axion mass dis-
tributions for the two mechanisms are shown in
Fig. 6.

We note that in this model it is assumed that the
electric charges are isolated and the initial state
photons are massless. Both assumptions are not
correct because the effective photon mass in the
Sun core is given by the plasma energy [149], which
is typically of the order of 300 eV. A non-zero
photon mass is likely to affect the results of our
simulation especially for gravitationally trapped
axions which are produced with low velocities by

definition. A more correct model should take this
effect into account. Our intention here is to limit
our study to a qualitative assessment of this sce-
nario.

The radial density of the axions gravitationally
trapped around the Sun is reconstructed from the
distribution of the parameters describing the
elliptical orbits outside the Sun. In this scenario
the total number of trapped axions is an increasing
function of time

NaðtÞ ¼ Rasa 1
!

$ e$t=sa
"

; ð3Þ

where Ra is the trapped axion production rate
under the simplifying assumption of a steady Sun.
Obviously, both Ra and sa depend on the axion
mass ma and on the coupling constant gacc. The
present axion decay rate is then

Fig. 4. Typical orbits of solar axions gravitationally trapped around the Sun. The two orthogonal coordinates are given in solar radii.
The shadowed region in the center of each figure outlines the solar disk. Only the first few revolutions are traced.

156 L. DiLella, K. Zioutas / Astroparticle Physics 19 (2003) 145–170
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DaðTsÞ ¼ Ra 1
!

$ e$Ts=sa
"

: ð4Þ

For a given value of gacc we can predict the
present density of trapped solar axions as a func-
tion of the distance from the Sun using Eqs. (1)–
(3). From this distribution, using Eq. (4) we
predict the present solar X-ray spectrum on Earth
and the apparent solar X-ray luminosity (Lx) by
calculating the X-ray flux from axion decay
through a spherical surface of 1 a.u. radius centred
at the Sun. We then determine the value of gacc by
requiring that our predicted X-ray luminosity be
equal to the experimentally reconstructed one, i.e.
L2–8 keV
x % 1023 erg/s (this value corresponds to the

solar X-ray spectrum reconstructed for the ASCA/
SIS detector at Sun minimum and integrated over
the energy interval from 2 to 8 keV [16] (see also
below)). This procedure gives gacc ¼ 9:2& 10$14

GeV$1. With such a value of gacc, the axion in-
teraction cross section via the Primakoff effect is
below %10$54 cm2 [149], corresponding to a mean
free path much larger than the total trapped axion
flight path even for the age of the Universe. The
apparent X-ray luminosities and total axion lu-
minosities obtained from this value of gacc are
given in Table 1. Fig. 7 shows the trapped axion
density as a function of the distance from the
Sun (for gacc ¼ 9:2& 10$14 GeV$1). The predicted


