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•	
  The	
  Standard	
  Model	
  predicts	
  a	
  CP	
  viola8ng	
  term	
  in	
  the	
  
QCD	
  sector	
  =>	
  θQCD.	
  

•	
  But	
  no	
  CP	
  viola8on	
  observed	
  in	
  the	
  Strong	
  sector	
  of	
  the	
  
SM	
  and	
  neutron	
  NOT	
  having	
  an	
  electric	
  dipole	
  moment	
  
θQCD	
  <	
  10-­‐10	
  

•	
  Peccei-­‐Quinn	
  solu8on:	
  an	
  addi8onal	
  U(1)	
  chiral	
  symmetry,	
  
spontaneously	
  broken,	
  in	
  the	
  QCD	
  Lagrangian	
  an	
  
addi8onal	
  pseudo	
  Goldston-­‐Nambu	
  boson

Axions?	
  (1)

2

6 1. Axions and axion-like particles

the SU(3) structure constants. The colour indices are abc, while ijk are spatial

indices. Because of the properties of the completely antisymmetric tensor ϵµνρσ,

the Lagrangian (1.1) can be written as GG̃ = −4B⃗a · E⃗a. The scalar product of a

polar vector and an axial vector violates P, T and thus CP, once CPT is taken for

granted.

Whether CP is a good symmetry for QCD is not a fundamental quastion but a

phenomenological one. At low energy the Lagrangian (1.1) induces electric dipole

moments in baryons, which have not yet been observed. In particular, many

measurements have been performed on the neutron one. Calculations predict the

neutron electric dipole moment to be dn ∼ 10−16θ̄ e cm [11, 12], where e is the

electron electric charge. Currently, the best experimental limit is dn < 0.29 ×
10−25 e cm [13], which translates into

|θ̄| ! 10−10 . (1.3)

The essentials of the strong-CP problem are all here: we were not expecting such

an extremely small value for θ̄.

Roberto Peccei and Helen Quinn proposed an elegant solution to this puz-

zle, introducing a global chiral U(1) symmetry, called the Peccei-Quinn symmetry

U(1)PQ [14,15]. This symmetry is spontaneously broken, and its Nambu-Goldstone

boson (NGB) a, the celebrated axion [16,17], couples to gluons because the U(1)PQ

symmetry is violated by the colour anomaly. Thus, another term involving GG̃

enters in the QCD Lagrangian,

LaGG̃ = −a(x)

fa

αs

8π
GG̃ , (1.4)

where fa is the order parameter associated with the breaking of U(1)PQ. For the

moment we ignore the subtleties related to the definition of fa. At energies below

the confinement scale of colour interactions, ΛQCD ≃ 1 GeV, gluons and quarks

have to be integrated out, and QCD is described by an effective chiral Lagrangian.

The terms (1.1) and (1.4), together with the anomalous contribution of the U(1)A

symmetry of the effective chiral QCD Lagrangian, become an effective potential

that can be parametrised as

V (a) ≃ Λ4
QCD

[

1− cos

(

a

fa
− η′

fη
− θ̄

)]

. (1.5)

a(x)	
  axion	
  field	
  
fa	
  scale	
  of	
  the	
  U(1)	
  symmetry	
  breaking

R.	
  D.	
  Peccei	
  and	
  H.	
  R.	
  Quinn,	
  Phys.	
  Rev.	
  D	
  16,	
  17911797	
  (1977)
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Axions?	
  (2)

•	
  …	
  the	
  original	
  PQ	
  model	
  has	
  been	
  ruled	
  out.	
  However	
  

!

•	
  “Invisible”	
  axions	
  (arising	
  from	
  an	
  higher	
  symmetry-­‐
breaking	
  energy	
  scale)	
  s8ll	
  allowed	
  (DFSZ	
  and	
  KSVZ	
  
models)	
  =>	
  QCD	
  axions.	
  

!

•	
  Extensions	
  of	
  the	
  Standard	
  Model	
  of	
  par8cle	
  physics	
  
postulate	
  other	
  pseudo-­‐Nambu-­‐Goldstone	
  bosons:	
  axion-­‐
like-­‐par8cles	
  (ALPs)	
  

3
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Axions?	
  (3)

•	
  Couplings	
  to	
  photons	
  (gAg),	
  electrons	
  (gAe)	
  and	
  nuclei	
  (gAN).	
  	
  

!

•	
  Astrophysical	
  observa8ons	
  the	
  most	
  accessible	
  way	
  for	
  
direct	
  detec8on.	
  

•	
  Sun	
  would	
  cons8tute	
  an	
  intense	
  source:	
  produc8on	
  via	
  
Bremsstrahlung,	
  Compton	
  scadering,	
  axio-­‐
recombina8on	
  and	
  axio-­‐deexcita8on.	
  	
  

•	
  Detec8on	
  of	
  ALPs	
  slowly	
  moving	
  through	
  our	
  galaxy	
  
(referred	
  to	
  as	
  galac8c	
  ALPs):	
  generated	
  via	
  a	
  non-­‐thermal	
  
produc8on	
  mechanism	
  in	
  the	
  early	
  universe

4
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No	
  new	
  data	
  will	
  be	
  shown…	
  

if	
  you	
  want	
  to	
  look	
  at	
  some	
  brand	
  new	
  experimental	
  
outcome	
  you	
  may	
  like	
  to	
  have	
  a	
  look	
  at	
  arXiv:1404.1455
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Axions	
  in	
  dual	
  phase	
  Xe	
  dark	
  ma>er	
  TPC

7

Par8cle	
  interac8on	
  with	
  LXe	
  
producing	
  	
  
primary	
  scin8lla8on	
  signal	
  (S1)	
  
secondary	
  propor8onal	
  signal	
  (s2)

Standard	
  WIMP	
  search	
  
• Background:	
  Electronic	
  recoils	
  
scadering	
  (ER).	
  

• Signal	
  (WIMP):	
  Nuclear	
  recoils	
  
scadering	
  (NR).

Axion	
  signal:	
  Electronic	
  recoil	
  scadering	
  	
  
• via	
  axio-­‐electric	
  effect	
  
• tes8ng	
  gAe	
  (axion	
  coupling	
  with	
  electrons)	
  
• typical	
  spectra	
  above	
  the	
  ER	
  background
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Axio-­‐electric	
  effect	
  and	
  testable	
  axions

8

Propor8onal	
  to	
  photo-­‐electric	
  cross	
  sec8on

DM axions search by Axio-Electric effect 
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A.V. Derbin et al., JETP Lett., 95, 379 (2012)  

Produc8on	
  
and	
  flux Detec8on:	
  Flux	
  x	
  σ_Ae axions Sensible	
  to

Solar con8nuum	
  spectrum	
  -­‐>	
  gAe^4 rela8vis8c QCD	
  axions

Galaxy monoenerge8c	
  peaks	
  (m)	
  -­‐>	
  gAe^2 non	
  rela8vis8c ALPs	
  	
  
(dark	
  mader)
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duced via Bremsstrahlung, Compton scattering, axio-
recombination and axio-deexcitation [10] (referred to as
solar axions). Additionally, searches can be conducted for
ALPs that may have been generated via a non-thermal
production mechanism in the early universe and which
now constitute the dark matter in our galaxy (referred
to as galactic ALPs).

Axions and ALPs may give rise to observable signa-
tures in detectors through their coupling to photons
(g

A�

), electrons (g
Ae

) and nuclei (g
AN

). The coupling
g
Ae

may be tested via scattering o↵ the electron of
a target, such as liquid xenon (LXe), through the
axio-electric e↵ect [11–15]. This process is the analogue
of the photo-electric e↵ect with the absorption of an
axion instead of a photon.

We report on the first axion searches performed with
the XENON100 detector. The expected interaction rate
is obtained by the convolution of the flux and the axio-
electric cross section. The latter is given, both for QCD
axions and ALPs, by

�
Ae

= �
pe

(E
A

)
g
Ae

2

�
A

3E
A

2

16⇡ ↵
em

m
e

2

 
1� �2/3

A

3

!
, (1)

as described in [12–16]. In Eq. 1, �
pe

is the photoelectric
cross section for LXe [17], E

A

is the axion energy, ↵
em

is
the fine structure constant, m

e

is the electron mass, and
�
A

is the axion velocity over the speed of light, c.

The solar axion flux has recently been recalculated
in [10]. This incorporates four production mechanisms
that depend upon g

Ae

: Bremsstrahlung, Compton scat-
tering, atomic recombination, and atomic deexcitation.
The corresponding flux is 30% larger than previous es-
timates due to atomic recombination and deexcitation,
which were not previously taken into account. However,
[10] does not include corrections for axions with a mass
larger than 1 keV/c2, which constitutes an upper mass
limit for our analysis. For solar axions, both flux and
cross-section depend upon g2

Ae

, thus the interaction rate
scales with the fourth power of the axion-electron cou-
pling.

For non-relativistic ALPs in the galaxy, assuming
that they constitute the whole dark matter halo density
(⇢

DM

⇠ 0.3 GeV/cm3 [18]), the total flux is given by
�ALP = c�

A

⇥ ⇢
DM

/m
A

, where m
A

is the ALP mass.
The interaction rate for these ALPs depends on g2

Ae

,
as the flux is independent from the axion coupling. As
�
A

⇡ 10�3 in the non-relativistic regime, the velocities
cancel out in the convolution between �

Ae

and the flux.
Thus the expected electron recoil spectrum is indepen-
dent from the particle speed. As the kinetic energy of
the ALPs is negligible with respect to their rest mass en-
ergy, a monoenergetic peak at the axion mass is expected
in the spectrum.

II. ANALYSIS

A. XENON100

The XENON100 detector is a double-phase time pro-
jection chamber with a LXe target operating at the Lab-
oratori Nazionali del Gran Sasso (LNGS) in Italy. A
total of 178 low radioactivity, UV-sensitive photomulti-
plier tubes (PMTs) measure signals induced by particles
interacting in the sensitive volume, which contains 62 kg
of ultra-pure LXe. An energy deposition in the detector
produces both scintillation photons and ionization elec-
trons. The electrons, moved from the interaction point
by a drift field of 530 V/cm, are extracted from the liquid
and accelerated in the gas by a 12 kV/cm field, producing
proportional scintillation light. The direct scintillation
signal (S1) and the amplified charge signal (S2) are de-
tected by the PMTs. The time di↵erence between the S1
and the S2 signals is used to estimate the z-coordinate of
the interaction, while the S2-hit-pattern on the PMTs is
employed to estimate the (x , y) - coordinate. A detailed
description of the instrument and its operational princi-
ple is given in [19].
The XENON100 detector is installed at LNGS, at an

average depth of 3600m water equivalent, where the
muon flux is suppressed by six orders of magnitude with
respect to sea level. Due to a careful selection of materi-
als, the total background in the inner 34 kg fiducial vol-
ume is 5.3⇥ 10�3 events/(keV ⇥ kg ⇥ day) [20, 21]. This
ultra low background makes XENON100 sensitive to rare
event searches in general, and in particular for those pro-
ducing electronic recoils (ER), as is the case for axions.

B. Data sample and analysis

In this work, we analyse the same data set used for the
spin-independent [20] and spin-dependent [22] WIMP-
searches, with an exposure of 224.6 live days and 34 kg
fiducial mass. Detailed information on the analysis pro-
cedure is available in [23]. The same quality and selection
cuts are applied, with the exception of a consistency cut
on the S2 width, which was found to be not useful for
this ER analysis.
Fig.1 (top) shows the distribution in the log10(S2b/S1)

vs.S1 for calibration data (grey dots), and the science
data passing all the selection cuts (black dots), where
only the S2 signal detected by the bottom PMTs, S2

b

, is
used since it requires smaller corrections [19]. The cali-
bration data is obtained by exposing the detector to 60Co
and 232Th sources. The mean of the log10(S2b/S1) band
from the calibration is subtracted in order to remove the
energy-dependence of this parameter. The lower energy
threshold was set to 3 photoelectrons (PE) in S1 in order
to limit the presence of random coincidences from dark
counts in the PMTs. In addition, a lower threshold of
150 PE in S2 has been imposed to be una↵ected by the
trigger threshold [23]. In order to reject ER events with
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T. Shutt - LZ, Oct 30, 2013 9

LZ

LUX	
  -­‐>	
  LUX/ZEPLIN
From	
  300	
  kg	
  to	
  7	
  ton	
  ac8ve	
  LXe	
  	
  
Ul8mate	
  direct	
  detec8on	
  experiment	
  -­‐	
  approaches	
  coherent	
  neutrino	
  
scadering	
  backgrounds	
  

20	
  8mes	
  LUX	
  Xenon	
  mass,	
  ac8ve	
  scin8llator	
  veto,	
  Xe	
  purity	
  at	
  sub	
  ppt	
  level

9

Water tank

Cryostat

Source tubes

Breakout cart
Thermosyphon

Figure 3: Overview of the LUX detector system installed in the Davis
Cavern. Shown are the water tank and the central cryostat. The PMTs of
the muon-veto system are not shown.

7

LUX LZ
See	
  talk	
  by	
  H.	
  Araujo
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LZ	
  prospected	
  analysis

•	
  Exposure:	
  6000	
  kg	
  x	
  1000	
  live	
  days	
  

•	
  Efficiency:	
  from	
  electronic	
  recoil	
  events	
  from	
  LUX	
  

•	
  Energy	
  scale:	
  keV	
  to	
  phe	
  (S1)	
  conversion	
  from	
  LUX	
  
extended	
  to	
  200	
  phe	
  

•	
  Background:	
  8.6	
  x	
  10-­‐6	
  dru*	
  (from	
  expected	
  pp	
  Solar	
  ν)	
  
folded	
  with	
  the	
  ER	
  efficiency	
  

•	
  A	
  case	
  study	
  Profile	
  Likelihood	
  analysis	
  

!

•	
  Solar	
  Axion	
  search	
  ROI:	
  2	
  -­‐	
  30	
  phe	
  (in	
  S1)	
  

•	
  Galac8c	
  Axion	
  search	
  ROI:	
  2	
  -­‐	
  100	
  phe	
  (in	
  S1)

10

*	
  dru	
  =	
  cts/kg/day/keV
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Axion	
  from	
  the	
  Sun

11
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ProducNon	
  in	
  the	
  Sun

12
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/k
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2
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1310

1410

1510

Valid	
  for	
  0	
  keV/c2	
  axion	
  

mass	
  correc8on	
  factor	
  not	
  available	
  (yet)	
  
for	
  atomic	
  processes

MA	
  =	
  0	
  keV/c2	
  and	
  gAe	
  =	
  1	
  ×	
  10-­‐10	
  	
  
Bremsstrahlung	
  +	
  Compton	
  +	
  atomic	
  	
  
axio-­‐recombina8on	
  and	
  axio-­‐deexcita8on	
  

J.	
  Redondo	
  (2013),	
  arXiv:1310.0823
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Expected	
  rate	
  for	
  Solar	
  axions

13

Er [keV]
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/k

g/
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-110

MA	
  =	
  0	
  keV/c2	
  and	
  gAe	
  =	
  1	
  ×	
  10-­‐10	
  	
  
Flux	
  from	
  Bremsstrahlung	
  +	
  Compton	
  +	
  atomic	
  axio-­‐recombina8on	
  and	
  
axio-­‐deexcita8on	
  

convolu8on	
  to	
  axio-­‐electric	
  effect,	
  no	
  detector	
  effects	
  considered
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Expected	
  rate	
  for	
  Solar	
  axions

14

MA	
  =	
  0	
  keV/c2	
  and	
  gAe	
  =	
  1	
  ×	
  10-­‐10	
  	
  
Flux	
  from	
  Bremsstrahlung	
  +	
  Compton	
  +	
  atomic	
  axio-­‐recombina8on	
  and	
  
axio-­‐deexcita8on	
  

convolu8on	
  to	
  axio-­‐electric	
  effect,	
  LZ	
  expected	
  performances	
  assumed
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Solar	
  axion	
  predicted	
  sensiNvity

15
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Axion	
  from	
  the	
  galaxy

16
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GalacNc	
  flux

Assump8on	
  they	
  cons8tute	
  the	
  whole	
  of	
  the	
  galac8c	
  dark	
  
mader	
  density,	
  i.e.	
  ρDM	
  ~0.3	
  GeV/cm3	
  

	
   total	
  flux	
  (as	
  Φ = ρDM	
  vA/mA)

17

�DM = 9.0⇥ 1015
keV

mA
�m

βm	
  is	
  the	
  mean	
  velocity	
  of	
  the	
  axion	
  
distribu8on	
  rela8ve	
  to	
  the	
  Earth	
  ~10-­‐3
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MA	
  =	
  n	
  keV/c2	
  and	
  gAe	
  =	
  1	
  ×	
  10-­‐10	
  	
  
axion	
  flux	
  Φ = ρDM	
  vA/mA	
  	
  

convolu8on	
  to	
  axio-­‐electric	
  effect,	
  no	
  detector	
  effects	
  considered

Expected	
  rate	
  for	
  GalacNc	
  ALPs

18
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MA	
  =	
  n	
  keV/c2	
  and	
  gAe	
  =	
  1	
  ×	
  10-­‐10	
  	
  
axion	
  flux	
  Φ = ρDM	
  vA/mA	
  	
  

convolu8on	
  to	
  axio-­‐electric	
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  expected	
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  assumed
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  ALPs
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Summary

Dual	
  phase	
  Xe	
  TPC	
  par8cularly	
  suitable	
  in	
  tes8ng	
  invisible	
  
axions	
  (coupling	
  with	
  the	
  electrons,	
  gAe)	
  

Inputs:	
  
axio-­‐electric	
  effect	
  
Solar	
  axion	
  flux	
  
axion	
  abundance	
  in	
  the	
  galaxy	
  

LZ	
  case	
  study	
  
-­‐>	
  tes8ng	
  gAe	
  for	
  axion	
  from	
  the	
  Sun	
  down	
  to	
  1	
  x	
  10-­‐12	
  
=>	
  QCD	
  axions	
  mass	
  excluded	
  above	
  ~	
  0.03	
  eV/c2	
  (DFSZ)	
  
and	
  ~	
  10	
  eV/c2	
  (KSVZ)	
  

-­‐>	
  tes8ng	
  gAe	
  for	
  axion	
  in	
  the	
  galaxy	
  below	
  to	
  1	
  x	
  10-­‐13	
  in	
  
the	
  mass	
  range	
  2	
  <	
  mA	
  <	
  10	
  keV/c2	
  
=>	
  probing	
  the	
  axion	
  dark	
  mader	
  scenario.
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–	
  Sir	
  John	
  Carew	
  Eccles	
  	
  
In	
  K.	
  R.	
  Popper,	
  Conjectures	
  and	
  Refutaaons.

“I	
  can	
  now	
  rejoice	
  even	
  in	
  the	
  falsificaaon	
  of	
  a	
  cherished	
  
theory,	
  because	
  even	
  this	
  is	
  a	
  scienafic	
  success.”
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…	
  However	
  we	
  do	
  prefer	
  discovery
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Axion	
  models

1.	
  QCD	
  axions:	
  
•	
  KSVZ:	
  coupled	
  to	
  new,	
  heavy	
  quarks	
  and	
  do	
  not	
  interact	
  

with	
  ordinary	
  quarks	
  and	
  leptons	
  at	
  the	
  tree	
  level	
  leading	
  
to	
  a	
  strong	
  suppression	
  of	
  gAe.	
  

•	
  DFSZ:	
  Standard	
  Model	
  quarks	
  and	
  leptons	
  carry	
  a	
  Peccei-­‐
Quinn	
  charge.	
  	
  
Experimental	
  searches	
  and	
  astrophysical	
  constraints	
  can	
  be	
  translated	
  to	
  
limits	
  on	
  fA,	
  or	
  equivalently	
  on	
  the	
  axion	
  mass,	
  within	
  a	
  given	
  axion	
  
model.	
  

!

!

2.	
  Axion-­‐Like-­‐Par8cles:	
  
•	
  non-­‐thermal	
  relics	
  
•	
  thermal	
  relics

24

Axion and Axion-Like-Particle searches in LZ

I. INTRODUCTION

Whilst Weakly Interactive Massive Particles (WIMPs) remain the favoured candidates for dark matter, recent LHC
results significantly constrain the available parameter space for several models, including supersymmetric neutralinos.
Amongst alternative explanations for the astrophysical evidence of dark matter, axions – more specifically the so-called
‘invisible’ axions and axion-like-particles (ALPs) – are well motivated. Following [1, 2], where it is demonstrated that
direct dark matter search experiments have sensitivity to axion couplings and could ultimately discover or provide
the strongest constraints for their existence, here we estimate the sensitivity of LZ to such searches.

The axion was postulated to solve the strong CP problem in quantum chromodynamics. The breaking of Peccei-
Quinn U(1) symmetry leaves a pseudo-Goldstone boson field [3], interpreted as the axion. Although the original Peccei-
Quinn axion has been ruled out [4, 5], ‘invisible’ axion models allow a wide range of axion masses and axion-matter
couplings [6, 7]. Stars and the galaxy can be considered as the primary sources: while stars are expected to largely
produce solar axions due to Bremsstrahlung and Compton e↵ects, plus axio-recombination and atomic-deexcitation,
the non-thermal axion production mechanism in the early universe provides a cold dark matter candidate.

The most credited models todays are the hadronic DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) [8, 9], and the GUT
KSVZ (Kim-Shifman-Vainstein-Zakharov) [10, 11] models. In both, the axion mass, m

A

, is related to the symmetry
breaking parameter, f

A

, as

m
A

= 6 eV ⇥
✓
106GeV

f
A

◆
.

The existence of axions and ALPs can be tested experimentally through their coupling to photons (g
A�

), electrons
(g

Ae

) and nuclei (g
AN

). Dual phase Xe TPCs provide a useful probe for testing the coupling of such axions with
electrons, g

Ae

, by exploiting the so called axio-electric e↵ect, the analogue of a photo-electric e↵ect, absorbing an
axion instead of a photon [12–15].

LZ will be capable of performing broad ‘invisible’ axion and ALP searches, setting the most sensitive constraints
on g

Ae

, down to 1.6 ⇥ 10�12 for solar axions and at the level of 10�13 for galactic ALPs in the 5 - 10 keV/c2

mass range. This is assuming a benchmark 6 ton ⇥ 3 year exposure, but assumes no modification to the detector
design or operation in WIMP search mode. Further improvement may be achieved by exploiting an S2-based analysis
approach [16], depending on background and single-electron emission rates.

II. EXPECTED RATES

Using the axio-electric e↵ect in Xe atoms, whose cross section is equal to

�
Ae

(E
A

) = �
pe

(E
A

)
g
Ae

2

�
A

3E
A

2

16⇡ ↵m
e

2

✓
1� �

A

3

◆
,

we expect an event rate given by the convolution of the astronomical fluxes and cross section [13, 15]. For the previous
expressions, the photo-electric cross section for liquid Xe, �

pe

, can be taken from [17]. The total axion energy and
velocity are E

A

and �
A

respectively, while ↵ is the fine structure constant and m
e

is the electron mass.

For solar axions we consider the flux for light axions, �BCA, below 1 keV/c2, from recent calculations [18]. This,
along with Bremsstrahlung and Compton processes, also includes axio-recombination and atomic-deexcitation. The
expected rate will be

dRSolar

dE
R

=

Z
�
A

✓
d�BCA

dE
A

◆
dE

A

i.e.
dRSolar

dE
R

= �⇥ eRSolar with � = g4
Ae

.

For galactic ALPs, under the assumption that they constitute the whole of the galactic dark matter density,
⇢
DM

⇠ 0.3 GeV/cm3, we can consider a total flux of ⇢
DM

v
a

/m
A

, then

�DM = 9.0⇥ 1015
keV

m
A

�
m

,
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CAST
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Figure 2. CAST constraints on gae×gaγ as a function ofma, assuming the solar emission is dominated
by the BCA reactions which involve only the electron coupling gae.

Therefore, helioscopes are appealing to search for non-hadronic axions. Indeed, some of us
have recently shown that a next generation helioscope [53], such as the proposed International
AXion Observatory (IAXO) [54] can test the WD cooling hypothesis down to very small
couplings gae ∼ 10−13.

In the present paper we analyze the CAST data in search of non-hadronic axions and
set new upper bounds on gae × gaγ , the product of the electron coupling (responsible for the
production in the Sun) and the two-photon coupling (responsible for the detection in CAST).

Figure 2 shows our results when we assume that the Primakoff emission from the Sun is
subdominant and therefore the solar flux is caused by the BCA reactions alone. Our analysis
of CAST data then constrains

gaγ × gae < 8.1× 10−23GeV−1 (95% CL) (1.1)

at low masses ma ! 10 meV — where the probability of axion-photon conversion in CAST
becomes independent of the mass — and worsens as 1/m2

a for higher masses.
If we also include the Primakoff flux (which is unavoidable because it is produced by

the same coupling gaγ involved in the CAST detection), the signal at CAST depends inde-
pendently on three parameters: gae, gaγ and ma. However, for ma ! 10 meV the detection is
independent of mass and we can plot our results in the gae–gaγ parameter space. In this low-
mass range, phase-I of CAST gives the strongest constraints and thus we have focused only
on this data set. Our analysis, based on a two-free parameter likelihood method is able to
exclude the region above the thick black line in figure 3. For very small values of gae ! 10−12,
the BCA flux is negligible and the CAST bound smoothly becomes gaγ < 0.88×10−10GeV−1

as found in our previous study [5] where only Primakoff emission was assumed. However, for
larger values of gae the BCA flux becomes dominant and we recover equation (1.1).

Note that our bound relies on a simple calculation of the solar axion flux, for which we
have taken a solar model unperturbed by axion emission. If gae or gaγ are very large, the large
axion flux requires a modified internal structure of the Sun with larger nuclear reaction rates
and higher temperature of the core. The most stringent constraint derives from the agreement
between the predicted and observed solar boron neutrino flux [55], excluding the gray region
depicted in figure 3 (labeled Solar ν). Thus our bound is completely self-consistent up to
gae = 3 × 10−11, in contrast to those solar axion searches utilising Bragg scattering [56–59]
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Figure 3. Constraints on gae and gaγ for ma ! 10 meV. The region above the thick black line
is excluded by CAST. The gray region is excluded by solar neutrino measurements. In the vertical
orange band, axion emission strongly affects white dwarf cooling and the evolution of low-mass red
giants; parameters to the right of this band are excluded. Likewise, helium-burning stars would be
perceptibly affected in the horizontal blue band; parameters above it are excluded.

which have more limited sensitivity [60], as well as to some other searches relying solely on
gae coupling [61–63].

In order to put our results into context we also show in figure 3 two color bands rep-
resenting parameters where axion emission would have a strong impact on stellar evolution.
In the vertical orange band of gae values, axion emission would strongly affect WD cool-
ing [37–44] and delay helium ignition in low-mass red giants [45, 46]. The exact range of gae
values that is consistently ruled in or ruled out by these arguments remains to be studied in
detail, but for sure parameters to the right of this band are excluded. Within the horizontal
blue band, axion Primakoff emission would strongly affect stars in the helium-burning phase.
The upper edge of this band corresponds to the traditional horizontal-branch star limit, the
remaining range represents a new argument concerning the blue-loop suppression during the
helium-burning phase of massive stars [52].

The orange band cuts the CAST constraint in its horizontal part which corresponds to
the Primakoff flux dominating the solar flux, but very close to the values gae ∼ 10−12 where
the BCA flux starts to dominate. Therefore, CAST cannot shed any further light on the WD
cooling hypothesis. However, a next-generation helioscope such as IAXO with its improved
sensitivity to gaγ will also benefit from the large BCA-emitted flux and will improve over the
RG bound in part of the parameter space. In principle, the WD cooling hypothesis is then
testable in a laboratory experiment.

After having presented our results and main messages, the rest of the paper is devoted
to elaborate on our definitions, assumptions, and analysis method. In section 2 we give a
brief account of axion theory, we further examine the implications of our findings, and finally
describe the solar axion flux, and in section 4 we present our new analysis after a summary
of the experimental setup of CAST phase-I and its results.
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CAST	
  (2)

CAST	
  tests	
  the	
  coupling	
  to	
  photons,	
  gAγ,	
  has	
  excluded	
  axions	
  within	
  
the	
  KSVZ	
  model	
  in	
  the	
  mass	
  range	
  between	
  0.64	
  -­‐	
  1.17	
  eV/c2	
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Introduction.—The most promising method to search for
axions and axion-like particles (ALPs) [1–4], low-mass
bosons with a two-photon interaction vertex, is their
conversion to photons in macroscopic magnetic fields
[5–7]. This approach includes the search for solar axions
by the helioscope technique [8–15], photon regeneration
experiments (“shining light through a wall”) [16–18], axion-
photon conversion in astrophysical B fields [19–22], and the
search for galactic axion dark matter [23–27].
One limiting factor in any of these efforts is the

momentum difference between freely propagating photons
and axions caused by the axion mass ma. It limits the
magnetic field volume over which the conversion is
coherent. In solar axion searches one can extend the search
to larger ma values by providing the photons with a
refractive mass [28]. The conversion pipe is filled with a
low-Z buffer gas; the search mass is chosen by adjusting the
gas pressure. In this way, the CERNAxion Solar Telescope
(CAST), the largest axion helioscope to date, has succes-
sively pushed its search range to higher ma values (see
Fig. 1 for a summary of results). We here report on the final
search range based on 3He buffer gas.
Within the ALP family of hypothetical bosons, the

original axion is the best-motivated case because it emerges
from the compelling Peccei-Quinn mechanism to explain
the absence of CP-violating effects in QCD. In the two-
dimensional gaγ-ma ALP parameter space, the QCD axion
must lie somewhere on a line gaγ ∝ ma. The close relation-
ship between axions and neutral pions implies that this line
is anchored to the point describing the π0 mass and the
pion-photon coupling constant. After allowing for model-
dependent numerical factors, the axion may be found
anywhere in the yellow band indicated in Fig. 1. The
CAST vacuum result (gaγ < 0.88 × 10−10 GeV−1 at 95%
C.L. for ma ≲ 0.02 eV [13]) remains a milestone in the
ALP landscape. However, a major objective of CAST has
been to find or exclude QCD axions and thus to push as far
as possible to higher ma values. Our first 3He limits [15]
have for the first time crossed the axion line appropriate for
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model
(Fig. 1) [32,33].
QCD axions with parameters in this range thermalize in

the early Universe after the QCD phase transition by
interactions with pions [34] and would thus exist with a
present-day number density of around 50 cm−3, compa-
rable to 0.5 neutrino species, and are therefore susceptible
to hot dark matter bounds [31,35,36]. Assuming neutrino
masses to be negligible, the latest axion hot dark matter
bound is ma ≲ 0.9 eV, leaving a small gap to our earlier
3He search range, which we now close.
The recent Planck measurements of the cosmic micro-

wave background significantly improve our knowledge of
many cosmological parameters. In contrast to earlier
cosmic microwave background results, Planck alone now
constrains the axion mass and provides a limit ma <

1.01 eV (95% C.L.) [37]. The inclusion of other data sets,
notably the matter power spectrum and the HST measure-
ment of the Hubble parameter, have only a small impact,
providing limits between 0.67 and 0.86 eV, depending on
the combination of data sets [37]. In other words, con-
cerning a possible axion hot dark matter contribution to the
universe, the situation after Planck is almost the same as
before.
System description and data-taking strategy.—CAST

uses a straight 10 m LHC test dipole magnet
(B ∼ 9.0 T), mounted on a movable platform to follow
the Sun for about 1.5 h both at sunrise and sunset. The two
bores extend beyond the cold mass (length 10.25 m) for
16 cm on each side forming four link regions, which are
closed by x-ray cold windows. The volume of the two cold
bores is 30 L and the total volume of the link regions is
1.5 L. The magnetic field length of 9.26 m is centrally
located within the cold mass. One of the apertures of the
magnet is covered by a CCD/Telescope system [38] and the
others by three Micromegas detectors of the microbulk type
[39–42]. The axion-photon conversion probability when
the conversion volume is filled with a buffer gas (3He in our
case) is [14]

Pa→γ ¼
!
Bgaγ
2

"
2 1þ e−ΓL − 2e−ΓL=2 cosðqLÞ

q2 þ Γ2=4
; (1)

(eV)axionm
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FIG. 1 (color online). Exclusion regions in the ma-gaγ plane
achieved by CAST in vacuum [12,13], 4He [14], and the first part
of the 3He phase, [15], and our new results (all in red). We also
show constraints from Sumico [9–11], horizontal branch (HB)
stars [29] (a somewhat more restrictive limit stems from blue-
loop suppression in massive stars [30]), and the hot dark matter
(HDM) bound [31]. The yellow band represents typical theo-
retical models with jE=N − 1.95j ¼ 0.07–7. The green solid line
corresponds to E=N ¼ 0 (KSVZ model).
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3

where the entropy density with g⇤S(T ) degrees of freedom
at temperature T is

s(T ) =
2⇡2

45
g⇤S(T )T

3. (20)

The present cosmic axion mass density ⇢a = ma n0 from
vacuum misalignment follows as, taking g⇤ as in [21],

⌦mis
a h2 =

(
0.236 h✓2i f(✓i)i(fa,12)7/6, fa <⇠ f̂a,

0.0051 h✓2i f(✓i)i(fa,12)3/2, fa >⇠ f̂a.
(21)

where f̂a = 0.991⇥ 1017GeV and fa,12 = fa/1012 GeV.
The angle average h✓2i f(✓i)i assumes di↵erent values

in Scenario A and Scenario B. In Scenario B, the initial
misalignment field ✓i is uniform over the entire Hubble
volume, but there are axion quantum fluctuations of vari-
ance �2

✓ arising from inflation, so

h✓2i f(✓i)i =
�
✓2i + �2

✓

�
f(✓i). (22)

Since at this stage the axion is practically massless, its
quantum fluctuations have the same variance as the in-
flaton fluctuations [31],

�2
✓ =

✓
HI

2⇡fa

◆2

. (23)

Hence in Scenario B, since there is no contribution to the
cosmic axion density from decays of axionic topological
defects, the total axion energy density is given by

⌦ah
2 =

8
><

>:

0.236
⇥
✓2i +

⇣
HI
2⇡fa

⌘2 ⇤
f(✓i)(fa,12)7/6, fa <⇠ f̂a,

0.0051
⇥
✓2i +

⇣
HI
2⇡fa

⌘2 ⇤
f(✓i)(fa,12)3/2, fa >⇠ f̂a.

(24)
In Scenario A, the variance of the axion field is zero

because there are no axion quantum fluctuations from
inflation, but ✓i is not uniform over a Hubble volume, so
✓2i is averaged over its possible values as [21]

h✓2i f(✓i)i =
1

2⇡

Z ⇡

�⇡

✓2i f(✓i) d✓i = 2.67
⇡2

3
. (25)

Hence, from Eq. (21), since fa < f̂a in Scenario A,

⌦mis
a h2 = 2.07 (fa,12)

7/6 (Scenario A). (26)

Extra contributions ⌦dec
a from decays of axionic topo-

logical defects are present in Scenario A. Their calcu-
lation requires di�cult numerical simulations of parti-
cle production from axionic strings and walls evolving in
the expanding universe. Results have been discrepant
and controversial for decades. They can be expressed
as ratios ↵dec = ⌦dec

a /⌦mis
a of topological-defect decay

densities to vacuum realignment densities. For example,
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FIG. 1. CDM axion parameter space. Yellow regions: ex-
cluded. Green band: BICEP2 measurement of r. Colored
horizontal bands: ⌦a = ⌦c for some models of axion produc-
tion by decays of axionic topological defects. The BICEP2
measurement excludes Scenario B (fa > HI/2⇡). The inter-
section of the colored bands shows the preferred CDM axion
masses.

Refs. [32, 33], Refs. [36], and Refs. [34, 35] find string-
to-misalignment ratios of ⇠ 0.16, ⇠ 6.9± 3.5, ⇠ 186, re-
spectively, while Ref. [36] argues for a combined wall-and-
string-to-misalignment ratio ↵dec ⇠ 19± 10 (see [22, 36]
for further references). Including the contributions from
decays of axionic topological defects,

⌦ah
2 = (↵dec + 1) 2.07 (fa,12)

7/6 (Scenario A). (27)

CONSTRAINTS

Figure 1 shows a summary of the constraints on the
CDM axion parameter space HI–fa, showing a complete
range for fa up to the Planck scale. Shaded in yellow
are all regions excluded before the BICEP measurement
(with the omission of the WMAP upper limit on r). Ax-
ions could have been 100% of CDM in the white region
on the left (Scenario B) and in one of the narrow colored
horizontal bands on the bottom right, which represent
the ⌦a = ⌦c condition for the four examples of axionic
string-wall decays mentioned above (Scenario A). The
BICEP2 reported measurement of r is indicated by the
green vertical band. Clearly the BICEP2 measurement
excludes Scenario B.
The main constraint on Scenario B comes from non-

adiabatic fluctuations in the axion field, which are con-
strained by WMAP measurements. The power spectrum
of axion perturbations �2

a(k) = h|�⇢a/⇢a|2i is given by

�2
a(k) =

H2
I

⇡2✓2i f
2
a

. (28)
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  photo-­‐electric	
  cross	
  sec8on

2

duced via Bremsstrahlung, Compton scattering, axio-
recombination and axio-deexcitation [10] (referred to as
solar axions). Additionally, searches can be conducted for
ALPs that may have been generated via a non-thermal
production mechanism in the early universe and which
now constitute the dark matter in our galaxy (referred
to as galactic ALPs).

Axions and ALPs may give rise to observable signa-
tures in detectors through their coupling to photons
(g

A�

), electrons (g
Ae

) and nuclei (g
AN

). The coupling
g
Ae

may be tested via scattering o↵ the electron of
a target, such as liquid xenon (LXe), through the
axio-electric e↵ect [11–15]. This process is the analogue
of the photo-electric e↵ect with the absorption of an
axion instead of a photon.

We report on the first axion searches performed with
the XENON100 detector. The expected interaction rate
is obtained by the convolution of the flux and the axio-
electric cross section. The latter is given, both for QCD
axions and ALPs, by

�
Ae

= �
pe

(E
A

)
g
Ae

2

�
A

3E
A

2

16⇡ ↵
em

m
e

2

 
1� �2/3

A

3

!
, (1)

as described in [12–16]. In Eq. 1, �
pe

is the photoelectric
cross section for LXe [17], E

A

is the axion energy, ↵
em

is
the fine structure constant, m

e

is the electron mass, and
�
A

is the axion velocity over the speed of light, c.

The solar axion flux has recently been recalculated
in [10]. This incorporates four production mechanisms
that depend upon g

Ae

: Bremsstrahlung, Compton scat-
tering, atomic recombination, and atomic deexcitation.
The corresponding flux is 30% larger than previous es-
timates due to atomic recombination and deexcitation,
which were not previously taken into account. However,
[10] does not include corrections for axions with a mass
larger than 1 keV/c2, which constitutes an upper mass
limit for our analysis. For solar axions, both flux and
cross-section depend upon g2

Ae

, thus the interaction rate
scales with the fourth power of the axion-electron cou-
pling.

For non-relativistic ALPs in the galaxy, assuming
that they constitute the whole dark matter halo density
(⇢

DM

⇠ 0.3 GeV/cm3 [18]), the total flux is given by
�ALP = c�

A

⇥ ⇢
DM

/m
A

, where m
A

is the ALP mass.
The interaction rate for these ALPs depends on g2

Ae

,
as the flux is independent from the axion coupling. As
�
A

⇡ 10�3 in the non-relativistic regime, the velocities
cancel out in the convolution between �

Ae

and the flux.
Thus the expected electron recoil spectrum is indepen-
dent from the particle speed. As the kinetic energy of
the ALPs is negligible with respect to their rest mass en-
ergy, a monoenergetic peak at the axion mass is expected
in the spectrum.

II. ANALYSIS

A. XENON100

The XENON100 detector is a double-phase time pro-
jection chamber with a LXe target operating at the Lab-
oratori Nazionali del Gran Sasso (LNGS) in Italy. A
total of 178 low radioactivity, UV-sensitive photomulti-
plier tubes (PMTs) measure signals induced by particles
interacting in the sensitive volume, which contains 62 kg
of ultra-pure LXe. An energy deposition in the detector
produces both scintillation photons and ionization elec-
trons. The electrons, moved from the interaction point
by a drift field of 530 V/cm, are extracted from the liquid
and accelerated in the gas by a 12 kV/cm field, producing
proportional scintillation light. The direct scintillation
signal (S1) and the amplified charge signal (S2) are de-
tected by the PMTs. The time di↵erence between the S1
and the S2 signals is used to estimate the z-coordinate of
the interaction, while the S2-hit-pattern on the PMTs is
employed to estimate the (x , y) - coordinate. A detailed
description of the instrument and its operational princi-
ple is given in [19].
The XENON100 detector is installed at LNGS, at an

average depth of 3600m water equivalent, where the
muon flux is suppressed by six orders of magnitude with
respect to sea level. Due to a careful selection of materi-
als, the total background in the inner 34 kg fiducial vol-
ume is 5.3⇥ 10�3 events/(keV ⇥ kg ⇥ day) [20, 21]. This
ultra low background makes XENON100 sensitive to rare
event searches in general, and in particular for those pro-
ducing electronic recoils (ER), as is the case for axions.

B. Data sample and analysis

In this work, we analyse the same data set used for the
spin-independent [20] and spin-dependent [22] WIMP-
searches, with an exposure of 224.6 live days and 34 kg
fiducial mass. Detailed information on the analysis pro-
cedure is available in [23]. The same quality and selection
cuts are applied, with the exception of a consistency cut
on the S2 width, which was found to be not useful for
this ER analysis.
Fig.1 (top) shows the distribution in the log10(S2b/S1)

vs.S1 for calibration data (grey dots), and the science
data passing all the selection cuts (black dots), where
only the S2 signal detected by the bottom PMTs, S2

b

, is
used since it requires smaller corrections [19]. The cali-
bration data is obtained by exposing the detector to 60Co
and 232Th sources. The mean of the log10(S2b/S1) band
from the calibration is subtracted in order to remove the
energy-dependence of this parameter. The lower energy
threshold was set to 3 photoelectrons (PE) in S1 in order
to limit the presence of random coincidences from dark
counts in the PMTs. In addition, a lower threshold of
150 PE in S2 has been imposed to be una↵ected by the
trigger threshold [23]. In order to reject ER events with
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Full	
  likelihood	
  func8on

L = L1(gAe, Nb, LY )⇥ L2(LY )

L1 = Poiss(N |Ns +Nb)

nY

i=1

Nsfs(S1i) +Nbfb(S1i)

Ns +Nb
,

L2(LY

(t)) = exp(� (t� t
obs

)

2

2

).

Test	
  sta8s8cs

q(gAe) = �2 log �(gAe) = �2 log

L(gAe,
ˆ

ˆNb,
ˆ

ˆLY )

L(ĝAe, ˆNb, ˆLY )
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L1 = Poiss(N |Ns +Nb)

nY

i=1

Nsfs(S1i) +Nbfb(S1i)

Ns +Nb
,

Axion	
  signal	
  rate	
  in	
  terms	
  of	
  photoelectrons
dR

dn
=

Z 1

0

dR

dE
R

⇥ Poiss (n|nexp

)

With	
  the	
  rate	
  given	
  by	
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dE
R
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Considering	
  the	
  LUX	
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dR

dS1
=

1X

n=1
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p
n�PMT )⇥

dR
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⇥ ✏(S1)
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