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Motivation

« Unraveling nature of dark matter (DM) most urgent
problem of particle physics and cosmology

Dark Matter

Dark Energy

[PLANCK]
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Motivation

« Unraveling nature of dark matter (DM) most urgent
problem of particle physics and cosmology

* Non-observation of WIMPs at LHC and in direct de-
tection dark matter (DM) experiments strong moti-
vation to focus more attention to non-WIMPy DM
candidates

« Axion

strongly motivated since it solves also strong
CP problem [Peccei,Quinn 77; Weinberg 78; Wilczek 78]
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Motivation

Unraveling nature of dark matter (DM) most urgent
problem of particle physics and cosmology

Non-observation of WIMPs at LHC and in direct de-
tection dark matter (DM) experiments strong moti-
vation to focus more attention to non-WIMPy DM
candidates

Axion - the Nambu-Goldstone boson (NGB) from
breaking of a color anomalous global chiral U(1)
symmetry which is spontaneously broken in the va-

cuum - strongly motivated since it solves also strong
CP problem [Peccei,Quinn 77; Weinberg 78; Wilczek 78]
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Motivation

Unraveling nature of dark matter (DM) most urgent
problem of particle physics and cosmology

Non-observation of WIMPs at LHC and in direct de-
tection dark matter (DM) experiments strong moti-
vation to focus more attention to non-WIMPy DM
candidates

Axion - the Nambu-Goldstone boson (NGB) from
breaking of a color anomalous global chiral U(1)
symmetry which is spontaneously broken in the va-

cuum - strongly motivated since it solves also strong
CP problem [Peccei,Quinn 77; Weinberg 78; Wilczek 78]

Axion-like particles (ALPs) - further NGBs from brea-
king of other global symmetries — also DM candidates

- Lepton symmetry: Majoron [Arias et al. 12]

* Family symmetry: Familon

* Flavor symmetry: Flavon
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Axion/ALP DM

» Axion/ALP field born after breaking of global
symmetry: T < f,

Unbroken Symmetry Broken Symmetry

[Peking University]
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Axion/ALP DM

« Axion/ALP field born after breaking of global
symmetry: T < f,

Unbroken Symmetry Broken Symmetry

* In causally connected region at phase transition,
axion/ALP angular field 9 = o/f, takes random
initial value,

[Peking University]

* Frozen as long as Hubble expansion rate exceeds

mass, H = m, t V(a)

R

tV(a)

[Uhlmann et al. "10]

v

[Raffelt]
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Axion/ALP DM

«  Axion/ALP field born after breaking of global 150
C m, < 3H
Symmetry: T 5 fa C  axion is frozen
1-
« In causally connected region at phase transition, o F
axion/ALP angular field 9 = ¢/, takes random T o5 /
initial value, ol
* Frozen as long as Hubble expansion rate exceeds 05 _
mass, H > m, 5
10

« Later, when H ~ m,, field starts to oscillate around
zero; behaves like cold dark matter:

wa:pa/pago

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,...; Arias et al. 12]
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Axion/ALP DM

« Axion/ALP field born after breaking of global fy [GeV]

try: <
symmetry: T < fq 101910181017101610151014101310121011 1010 109
« In causally connected region at phase transition, - T T T T T T T T

axion/ALP angular field 9 = o/f, takesrandom —

0
initial value, 10
« Frozen as long as Hubble expansion rate exceeds 107 pre-inflation ﬁﬁg;'igfrlﬁﬂgﬁt '
mass, H > m, initial angle range
O -2
© 10

« Later, when H ~ m,, field starts to oscillate around
zero; behaves like cold dark matter:

Wa = Pa/pPa =0

4 i
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,...; Arias et al. 12] 10

109 10° 10* 10% 102 107 10 10" 10> 10°
My [LeV]

« DM prediction:

. Axion can be 100% of DM for fa = 10° GeV
« ALP can be 100% of DM for  f, > 10° GeV (

[Borsanyi et al., Nature "16]

neV) 1/2
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Axion/ALP searches

* Light-shining-through-a-wall

» Production and detection of axions/ALPs in laboratory

« Helioscopes 3

 Axion/ALP production in Sun, detection in laboratory St

; detector

2
3
3
Sun magnet '

« Haloscopes

» DM Axion/ALP production in early universe, detection in lab
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Light-shining-through-a-wall searches

]_ 2 1 2 9 1 =L o «
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« Due to two-photon vertex, axion/ALPs experiences mixing with photon in an external field

« Probability, that photon converted in axion/ALP after having traversed a distance Lg in magnetic

field:
wywB)? 2
P(a < v)= 49 e L i (%LB)
myg W
« For very light axion/ALP: 1 9
Py« a) =~ 1 (9avBLEB)

« Light-shining-through a wall:

Y e ﬁb gw Y
§B B
v v

[Okun 1982, Sikivie 1983, Ansel‘m 1985, van Bibber et al. 1987]
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Light-shining-through-a-wall searches

ALPS Il at DESY (in coll. with AEI, UFL, U Mainz): Data taking planned in 2020

[Bahre et al (ALPS Il TDR) 13]
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Parameter Scaling ALPS | ALPS llc | Sens. gain
Effective laser power Pjaser Jary X Pl_]/ . 1kW 150 kW 35
Rel. photon number flux n, | g4, n;l/ 1(532nm) | 2 (1064 nm) 1.2
Power built up in RC Pac | gay  Prey 1 40,000 14
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Light-shining-through-a-wall searches

« ALPS |l prospects: ;10_6

» Improves current pure laboratory bounds
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[Irastorza,Redondo 18]
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Light-shining-through-a-wall searches
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ALPS Il prospects:

Improves current pure laboratory bounds

by three orders of magnitude

Can probe part of parameter space
relevant for astro hints:

« Anomalous cooling of HB stars
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Light-shining-through-a-wall searches

—6
 ALPS Il prospects: ;\10
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« Anomalous cooling of HB stars

-9
« TeV transparency anomaly 10

|'||II| IIIIIIIII IIIIIII|]

"' H1426+428, 1d=387 (2-0.129) ' 1ES1101-232, id=45 (2-0.186) |
-8 | = 0.69 (d.of=4), p=95.26 pc. | -8 [ ¥ =002 (d.of=3), p=09.94 pc. | —10
R T = 047 +/- 0.39 i L I'=1.95 +/- 0.38 i 10 ... : :é :-
-0 L R -0+ - [/ N f B i iieiirraraiananet B
5l 15 ] = AR A ALPS-II_: {0 HBhnt J
| W*\f“\ o R ] % -u i \? ] 1 /t'/ /K“;.:"“\‘L‘;““““""' N
= : i 1= 14 110 E T hirts : =
%12 | ] { 4 %2 | } {f\ fﬁ. a — 1nts ; : =]
g g ~ - STAX2 : =
13 L -1 13 L T 1 f I -1 i """ I I I I I I I I I ICITTIrTTIIIIIInIII oMYy
-14 | - -14 |- -
L 4 L 4 10—12 L ALPS-III —
. . N e =
L= T T T 3 1 T T T T — —
08 [ - 08 [ - : :
068 [ 4 068 [ 3
04 [ . i 04 [ = — -
02 [ 3 02 [ M 3 - ]
@ 0 - @ o[ R S
'gfi AAA A 3 ::ii A AA é 10—13 || |l|||l| || IIIIIII 1 1 IIIIIII || ||||I|| || IIIIIII || IIlIIII | ||l|||| 1 1111
e e i e 31070 107 107% 107 107 107° 1074 107% 1072
0.06 0.1 0.2 0.5 1 2 5 10 20 0.056 0.1 0.2 0.5 1 2 5 10 20
E(TeV) E(TeV) meg ( eV )
[Horns,Meyer 12] [Irastorza,Redondo 18]

DESY. | Search for axions and ALPs | Andreas Ringwald, Astroparticle Physics in Germany, Mainz, 17-19 September 2018 Page 16



Light-shining-through-a-wall searches

—6
 ALPS Il prospects: _If\lo
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=
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Light-shining-through-a-wall searches

« ALPS |l prospects: ;10_6
« Improves current pure laboratory bounds 5 107
by three orders of magnitude =
(=)
« Can probe part of parameter space o
relevant for astro hints: 107
« Anomalous cooling of HB stars
. TeV transparency anomaly 107
« STAX proposes to exploit sub-THz pho- .
ton sources (gyrotrons) 10
« ALPS Il a.k.a. JURA proposes to exploit lo-11
13 T magnets presently being develop-
ped for LHC energy upgrade or FCC-hh L-12
and a generation cavity with 2.5 MW
circulating power [Lindner 14 (unp.)]
101

* Could even touch axion band if one ex-
ploits “wiggler” type of magnet string

[Arias et al. 10]
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Light-shining-through-a-wall searches

ALPS Il prospects:
» Improves current pure laboratory bounds
by three orders of magnitude

« Can probe part of parameter space
relevant for astro hints:

« Anomalous cooling of HB stars
« TeV transparency anomaly

STAX proposes to exploit sub-THz pho-
ton sources (gyrotrons)

ALPS lll a.k.a. JURA proposes to exploit
13 T magnets presently being develop-
ped for LHC energy upgrade or FCC-hh
and a generation cavity with 2.5 MW
circulating power [Lindner 14 (unp.)]

* Could even touch axion band

» Competitive with future searches for ALP
induced spectral features iny-ray spectra

-

g, Gev!

1010 4 !
5 \
ALPS I ¥
{
10-11 4 [AXO :
z d
('»'
ALPS Il ¢
10712 4 e
| e-ASTROGAM -,

10713

1075 1677 1070 1670 16 10

™TT ™TT T T T

ms eV

[adapted from Malyshev,Neronov,Semikoz,Santangelo,Jochum 18]
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Helioscope searches

* Flux of solar axions/ALPs produced by Primakoff process in core:

Axion Flux [x 10" ecm™ s7' keV™]

Giannotti "16]

Energy [keV]

[Adriamonje et al. "07]

[adapted from Irastorza "16]
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Helioscope searches

« If axion/ALP couples to electron, even higher flux of solar axion/ALPs produced by atomic recombination
and deexcitation (FB+BB), Bremsstrahlung (FF) and Compton

3F .
R Total :
5 s :_ Primakoff x 50 _:
& SR | FF -
s f ~— FB+BB i
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~§ H . Giannotti *16]
|> 15 :_“_ gae — ]-O _- _ //
2 il —12 1 -
£ Jar = 10712 GeV ™ 3 - R%
S 0 _' - 7
= : /
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< k- r,",7
%'g L5, 77 ////I'll
05 L s ////I /
K 2 747 I |
7 7,7 I'1
Kk N /1 1 I
0 Kk, 11
o 1 2 3 4 5 6 7 8 9 10 br 11
w [keV] vy
v 1 I [adapted from Irastorza "16]
[Redondo "13] v '
vy
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Helioscope searches

» Helioscope concept: solar axion/ALP to photon conversion
in magnetic field

[adapted from Irastorza "16]
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Helioscope searches

Most sensitive until now: CERN Axion Solar Telescope (CAST)

» Superconducting LHC dipole magnet
« X-ray detectors

Use of buffer gas to extend sensitivity to higher masses (axion band)
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Helioscope searches

« Proposed successor: International Axion Observatory (IAXO)

» Dedicated superconducting toroidal magnet with much bigger aperture than CAST

» Extensive use of X-ray optics
* Low background X-ray detectors

S Thermal
N Shield

Support
Cylinder
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Helioscope searches

« Proposed successor: International Axion Observatory (IAXO)

» Dedicated superconducting toroidal magnet with much bigger aperture than CAST

» Extensive use of X-ray optics :
47 — \ O |i
 Low background X-ray detectors ‘, ‘5 \

W\ -

* Proposed site: DESY
 Timeline:

* Prototype BabylAXO ready in 2021

» Several options for locations at DESY
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Helioscope searches

107
* |AXO prospects: T>
Probes the elusive meV mass QCD axion \cfp/
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[Irastorza,Redondo 18]
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Helioscope searches

10710 T T TTTL
< _
« |AXO prospects: 1 J
> A
+ Probes the elusive meV mass QCD axion ;,(3 7
» Covers most of parameter space relevant H_g 1
for astro hints 3
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Haloscope searches

Microwave cavities

« Axion or ALP DM - photon conversion in microwave cavity placed in magnetic field [Sikivie 83]

- Best sensitivity: mass = resonance frequency  m, = 27v ~ 4 ueV <(*II/{ )
17

Tn

Pout ™~ 92 ‘ BO ‘2 PDMVQ/ma
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Haloscope searches

Microwave cavities 10710 ¢

« Currently running:

10011 | ORGAN E
« ADMX ]
« HAYSTAC
- ORGAN 1072 ¢ ]

HAYSTAC
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s 3
= &
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10 - — - —
10°® 10°° 10

[AR,Rybka,Rosenberg in PDG Review of Particle Physics 2018] - Axion Mass m, (eV)
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Haloscope searches

Microwave cavities 10710 . |
« Currently running: _
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[AR,Rybka,Rosenberg in prep. for update PDG RPP 2019] Axion Mass Map (eV)
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Haloscope searches

Microwave cavities

Preinflation models Postinflation models ALP miracle
Now =1 Now > 1 :
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Mmass range [Irastorza,Redondo 18]
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Haloscope searches

« Oscillating axion/ALP DM in a background magnetic field carries a small electric field component

« A magnetised mirror in axion/ALP DM background radiates photons  [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

DESY. | Search for axions and ALPs | Andreas Ringwald, Astroparticle Physics in Germany, Mainz, 17-19 September 2018 Page 32



Haloscope searches

Dish antennas

« Oscillating axion/ALP DM in a background magnetic field carries a small electric field component

« A magnetised mirror in axion/ALP DM background radiates photons  [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

* Proposed axion/ALP DM dish antenna experiment: BRASS (U Hamburg) [Hidden photon DM: FUNK (KIT)]

[Engel et al.]
d
Permanent magnet Correlator / Permanent magnet
Spectral N
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1
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| 'E Receiver J" 3
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(=]
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Room temperature Room temperature
T ~300K T ~300K
9

Logyo mg [eV]

[Horns et al. (unpublished)]
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Haloscope searches

Dish antennas

» Boosted dish antenna: Open dielectric resonator

* Add stack of dielectric disks in front of mirror (all immersed in magnetic field) [Jaeckel,Redondo 13]

« May achieve constructive interference of photon part of wave function [Millar,Raffelt,Redondo,Steffen 16]

/S S S S S S S SS
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Haloscope searches

Dish antennas

* Boosted dish antenna: Proposed MADMAX experiment

[Caldwell et al. "16 ]
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1013 | E
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@: ~1m Mirror volume 106 105 104 103 102 0.1 1
Mass [eV]

[Lindner,Majorovits,AR CERN Courier "18 ]
« Sensitive for axion DM in post-inflationary PQ symmetry breaking scenario

« Site: HERA Hall North next to ALPS Il at DESY; prototype ready in 2021
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Haloscope searches

« Exploit toroidal magnet with fixed magnetic field:
« Axion/ALP DM generates oscillating effective current
around ring

» ... this generates oscillating magnetic field through
center

» ... this can be detected by pickup loop
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[Ouellet "16; adapted from Kahn,Safdi,Thaler "16]
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Haloscope searches

v=mg/2n
Hz kHz MHz GHz
« Exploit toroidal magnet with fixed magnetic field: ooit| [ Broad: Buw = 5 T,V = 1m33
* Axion/ALP DM generates oscillating effective current o g;g;g; g"m‘:i _ gOTT’VZB::l(I)Omm 3
around ring —— Res: Bpax =5T,Vg=1m?
. . T - 10°83} |~ -Res:Bmax =20T,Vg=1m?
Ce:]r;:asr generates oscillating magnetic field through - Res: Bygy = 5T, Vg = 100 m ?
_ _ 1 yr sensitivity (SNR = 1)
» ... this can be detected by pickup loop =" 10715
> —
«  ABRACADABRA (MIT) currently being set-up )
NI
« Projected sensitivity: g 1077~
» Probe QCD axion dark matter in mass range
0.1neV < m, < ueV 107"
10721+ 10 107 £, (GeV) 1015 1013
10'-14 10'-12 10'-10 16-8 16-6
m, (eV)

[Kahn,Safdi,Thaler "16]
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Haloscope searches

Low frequency resonators with LC circuits £, (GeV)

« Exploit toroidal magnet with fixed magnetic field:

10 1° L -
« Axion/ALP DM generates oscillating effective current :
around ring -
—~ 10_ 16 E =
« ... this generates oscillating magnetic field through F
center = i
. . O 10 171 =
» ... this can be detected by pickup loop ~ "
= [ e Y
«  ABRACADABRA (MIT) currently being set-up = WEGIE .. proad Il S e ST _
« Projected sensitivity: ; "= Ll ik tuningh
« Probe QCD axion dark matter in mass range 10 19¢ SK T -
S HL-LHC
0.1neV < my S peV LHC
. e -20 »HK il
+ Probe of axion predictions in 10 6'1 L 1' e 1'0 L 1(')0
* 50(10) X U(I)PQ GUT [Ernst,AR, Tamarit 18] . . ( .V) .
m, (ne
. SU(B) xU(l)pq GUT [Di Luzio,AR, Tamarit 18] [Di Luzio,AR, Tamarit 18]

« DM-Radio (Stanford): similar experiment in path-

flnder Status [Silva-Feaver et al. 16]
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Haloscope searches

« Axion/ALP DM field induces oscillating NEDMs:
dn(t) = gap apm(t) = gap/2pDM COS(Mgt)/my

« Place a ferroelectric crystal (permanent electric Lood 5 t
polarisation fields E£*) in an external B.,, 1 E* SQUID ’ ’ ’ -
» Nuclear spins are polarised along B, and precess pickup
at Larmor frequency wy, = 2un Bext 1 * * ’
oop

- Interaction esdy (t) - E* of DM induced NEDM with 41 f 41
the f*-field leads to resonant increase of the trans-
verse magnetisation of the sample when the Larmor ‘/E*
frequency equals equals the axion mass,

]‘[J_ (t) ~ g Dmp 'n/NILLNE*ES S1n [( /'LN t ) ] sin (Z/LNBeXtt) [Budker et al. 14]
20N Boxt —
Ma UN Bext — Mg

* p spin polarisation fraction,
* n Spin density

[Graham,Rajendran 13; Budker et al. 14]
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Haloscope searches

Magnetic resonance searches :
axion Compton frequency (Hz)

_ , , 10° 10° 100
« CASPEr-Electric currently being set-up in Boston
« Asignal corresponding to the NEDM coupling —
strength of the QCD axion would establish that the >
detected DM particle is not only axion-like, but thatit 8 107"
solves the strong CP problem (since it couples like
the theta parameter of QCD to the NEDM) g
C
» Aims to probe QCD axion dark matter in mass range &
-] -15
ma < 107° peV 3 10
()]
@)
e/
&
= 10-20
@©

10712 10°® 10
axion mass (eV)

[Jackson Kimball et al. 17]
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Haloscope searches

Magnetic resonance searches

axion Compton frequency (Hz)
10° 10° 100
SN1987A

« CASPEr-Electric currently being set-up in Boston

« Asignal corresponding to the NEDM coupling
strength of the QCD axion would establish that the
detected DM particle is not only axion-like, but that it
solves the strong CP problem (since it couples like
the theta parameter of QCD to the NEDM)

» Aims to probe QCD axion dark matter in mass range
ma < 107° peV
» Allows to probe predictions of GUTs:
« SO(10) x U(1)pq GUT  [Ermst AR Tamarit 18]
« SUB)xU(l)pq GUT [ Luzio AR Tamarit 18]

—

(@)
N
o

—

<
N
(&)}

axion QCD coupling g4 (GeV?)
)

10712 108 10
axion mass (eV)
[Ernst 18; adapted from Kimball et al. 17]
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Haloscope searches

« Axion/ALP nucleon (electron coupling) leads to

nucleon (electron) spin precession about galactic
axion/ALP DM wind

« MRT search for transverse magnetization due to 1 1 1 By
precession of nuclear (electron spins) in polarized SQUID
sample in DM wind pickup 1 1 1
sin [(2u N Bext — ma) t] . loop
M (t) = gq 2 21N Bextt
1(t) = ganNV2pDM VPN N 2in Bont — 1 sin (2N Bextt) 1 1 1

‘/axion “wind” Va

[Graham,Rajendran 13]
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Haloscope searches

Magnetic resonance searches ALP Compton frequency (Hz)
10° 10  10°  10°

« Axion/ALP nucleon (electron coupling) leads to
nucleon (electron) spin precession about galactic
axion/ALP DM wind

10° SN1987A

 MRT search for transverse magnetization due to
precession of nuclear (electron spins) in polarized
sample in DM wind

M, (t) = ganNV20DM VP NNUN

phase I-LF

-
-
-
-----
- -
--
-

-
-
-
-----

sin (2N Bext — M) t
2,UNBext — Mg

-

o
N
N

sin (

QCD Axion

—

<
-
[}

[Graham,Rajendran 13]

ALP nucleon coupling ganN (GeV'1)

«  CASPEr-Wind currently set-up at HMI Mainz 10 10™  10°  10°
ALP mass (eV)

. et e [Budker et al.]
* Projected sensitivity: [Jackson Kimball et al. 17]

* Probe ALP dark matter in mass range
peV SJ meg 5 neV

«  QUAX (Legnaro): electron spin precession (u./un ~ mpy/me ~ 2000) [Barbieri et al. 17]
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Conclusions

« Boom in axion/ALP searches!

« Large parts in axion/ALP parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments:

 Light-shining-through-a-wall experiments (ALPS Il, ...)
* Helioscopes (IAXO, ...)
» Haloscopes (ABRACADABRA, BRASS, ADMX, CASPEr, CULTASK, HAYSTAC, MADMAX, ORGAN, QUAX, ...)
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Conclusions

« Boom in axion/ALP searches!

« Large parts in axion/ALP parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments, many with participation:

 Light-shining-through-a-wall experiments ( ) en)
» Helioscopes ( .
» Haloscopes (ABRACADABRA, , ADMX, , CULTASK, HAYSTAC, , ORGAN, QUAX, ...)
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Conclusions

« Boom in axion/ALP searches!

« Large parts in axion/ALP parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments, many with participation:

 Light-shining-through-a-wall experiments ( ) en)
» Helioscopes ( .
» Haloscopes (ABRACADABRA, , ADMX, , CULTASK, HAYSTAC, , ORGAN, QUAX, ...)

« 1f 100 % of DM consists of QCD axions, one of the haloscopes will see a signal in the upcoming decade!

STAY TUNED!
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Back-up: Search for axion/ALP-mediated forces

 ARIADNE: Experiment based on Shiclding

precision magnetometry to search
for axion/ALP-mediated spin-de-
pendent forces; set-up in Reno

« Combining techniques used in
NMR and short-distance tests of
gravity [Arvanitaki, Geraci 14]

FIG. 1 (color online). A source mass consisting of a segmented
cylinder with n sections is rotated around its axis of symmetry
at frequency w,,, which results in a resonance between the
frequency @ = nw,y at which the segments pass near the sample

and the resonant frequency 2uy - Eext/ h of the NMR sample.
Superconducting cylinders screen the NMR sample from the
source mass and (not shown) the setup from the environment.

[Arvanitaki, Geraci 14]
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Back-up: Search for axion/ALP-mediated forces

- ARIADNE: Experiment based on Y L (o

PQ Axion f, in GeV
1011 1012

precision magnetometry to search
for axion/ALP-mediated spin-de-
pendent forces; set-up in Reno 107

« Combining techniques used in
NMR and short-distance tests of 10730
gravity [Arvanitaki, Geraci 14]

g gp

107

10—36 -

10—39

Astrophysical and Experimental Bounds

Experimental Bounds

Ty=1 sec

001
[Arvanitaki, Geraci 14]
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Back-up: Search for axion/ALP-mediated forces

. ARIADNE: Experiment based on Ja GeV]
precision magnetometry to search 101 10° 108 107
for axion/ALP-mediated spin-de- SR L K IS A AR A
] : 10° = I —
pendent forces; set-up in Reno - U DFSZ I; WD, RGB, HB -
- Combining techniques used in S 4 i
NMR and short-distance tests of 10— 2 E
gravity [Arvanitaki, Geraci 14] = = \\\ | .
- N ]
< ~ _
« Can probe QCD axion interpreta- = 1L
. : - ARIADN
tion of cooling anomaly of WDs, -
RGB and HB stars complementary Fem—m—m—s
to IAXO 101 \
[Giannotti,Irastorza,Redondo,AR,Saikawa 17] E‘ | { " T R ‘

1073 1072 107! 1

[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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