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Search for solar axions with BabylAXO

Esther Ferrer Ribas (IRFU/CEA)

GDR Deep Underground Physics, 29th November 2021
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UN\XO AXiC : :

* Most compelling solution to the Strong CP problem
of the SM

Cosmology

Theory

 Axion-like particles (ALPs) predicted by many Strong CP

extensions of the SM (e.g. string theory)

Cold DM
candidate

- Axions, like WIMPs, may solve the DM problem for axions

free. (i.e. not ad hoc solution to DM) ; : \ ALPs ( Dark

. . :  String ) -\ radiation

- Astrophysical hints for axion/ALPs? . theory | N L
— Transparency of the Universe to UHE gammas Astrophvsi | Inflation==r =" "~
\\§__—’/ S rop ySICS . /I Dark \I

— Stellar anomalous cooling - g, ~few 10" GeV-'/m,
~few meV ?

Anomalous
stellar cooling
+
UHE y
transparency

4
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« Relevant axion/ALP parameter space at reach of
current and near-future experiments

« Experimental efforts growing fast but still small



UN\XO Axions propertie

 Hypothetical particle

* Introduced in 1977 by Roberto Peccei and Helen Quinn
* Pratically stable

 Very low mass

* Very low cross-section

o6 oy l0GeV
« Coupling to photons Mo = TP ST
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ADMX,
HAYSTAC, CASPEr, CULTASK,
CAST-CAPP, MADMAX,
ORGAN, RADES, G-LEAD, ...

ALPS,

OSQAR, CROWS,
ARIADNE,...

SUMICO, CAST,
(Baby)IAXO

High

Very low

Low

New ideas
emerging,
Active R&D going
on,...

Ready for large
scale experiment

Helioscope technique does not require axions to be a dominant component of

dark matter
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Current state-of-the-art:

CERN Axion Solar Telescope (CAST)
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Movable platform

X-ray detectors

IAXO is conceived as a
large-scale, but realistic,
enhanced axion
helioscope

>104 better SNR than
CAST

Sensitive to g,, ~ x20
lower than CAST

JCAP 1106:013,2011

Enhanced axion helioscope:J

4
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WA\ XXO AXO conceptual adesio

* Next generation “axion helioscope” after CAST

« Purpose-built large-scale magnet
>300 times larger B2L?A than CAST magnet
Toroid geometry HE . i ol
8 conversion bores of 60 cm 9, ~20 m long - 7‘

« Detection systems (X-Ray Telescopes + detectors)
Scaled-up versions based on experience in CAST
Low-background techniques for detectors
Optics based on slumped-glass technique used in NuStar

« ~50% Sun-tracking time

conceptual

Armengaud et al. JINST105002 (2014)
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IAXO will probe large
parts of QCD axion
parameter space

Transparency
hint
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ALP miracle

Stellar cooling
anomaly

Armengaud et al.

JCAP (2019) 06 047
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U\XO

- Prototype: Intermediate
experimental stage before IAXO

« Two bores of dimensions
similar to final IAXO bores 2>
detection lines representative
of final ones.

« Magnet will test design
options of final IAXO magnet

 Test & improve all systems.
Risk mitigation for full IAXO

* Physics: will also produce
relevant physics outcome
(~100 times larger FOM than CAST)

Abeln et al. JHEP 05 (2021) 137




L
Q
O
>
@
Q
O
D

U\XO

Minimal risk: conservative design choices

— Cost-effective: Best use of existing
infrastructure and experience at CERN

— Prototyping character: winding layout very close
to that of IAXO toroidal design.

Much larger aperture magnet compared to
CAST

Magnet conception & design moving towards -« T T
. g * 2 xAIGOO (3SOW@50K)
COI‘lStru Ctlon Thermal Shield at = 40K :

2 Helium Gas Circulators:
: * 1on300-20K level
ot =3 * 10n40-4.5Klevel

Cold Mass at 45K « S

. Cryogenics and
irstrumentation interface

* Current Leads

10
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UN\XO

2 detection lines in BabylAXO:

One custom IAXO to be built

* Inner part Al-foil or segmented glass optic
(NASA/LLNL/DTU/MIT/Columbia)

* Outer part cold-slumped Willow-glass technology (INAF/DTU)

* First multilayer deposition tests and characterization with NuSTAR flight
glass and Willow glass completed - publication in preparation

« Design of support structure and vessel to hold, co-align and calibrate
both under way as collaborative effort between all optics institutions (MIT)

XMM Flight Spare XRT

 Engineering model for DESY, Actual optic currently at PANTER (Munich)

—> First collection of technical drawings at DESY, shipment is being
arranged

11
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Detector development

anr@ ANR-19-CE31-0024 DALPS: Detectors for Axion Like Particle Searches

agence nationale
de la recherche

AU SERVICE DE LA SCIENCE 12



U\XO Detector requireme

Sunrise
system

Shielding

X-ray detector

« High detection efficiency in the Rol (0-10 keV)

« Very low background < 10 keV: 107 c/keV/cm?/s
=>» use of shielding
=> radiopurity
=» advanced event discrimination strategies

- Baseline detector technology: Time Projection Chambers (TPC) based on the Micromegas technology after the
experience of the CAST experiment.

« Alternative technologies under study: Gridpix, Metallic Magnetic Calorimeters (MMC), Neutron Transmutation
Doped sensors (NTD), Transition Edge Sensors (TES) and Silicon Drift Detectors (SDD)

13
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Principle of Micromegas IAXO pathfinder at CAST 2014-2015
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s. Aune et al., JINST 9 (2014) 9 P01001 X-ray telescope + low background detector

F. Aznar et al., JCAP 12 (2015) 9 008 Small-scale version of IAXO baseline detection lines
|.G. Irastorza et al., JCAP 01 (2016) 034

14
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Experimental results :
At surface:
« CAST data taking in the IAXO pathfinder system: 106 c/keV/cm?/s

« Starting point to go to BabylAXO target level
« Effect of the muon veto 50% of the background in the Rol

At underground:

« Old tests with a CAST replica detector at the LSC: 107 c/keV/cm?/s
— Level representative of intrinsic limitation of the current design
— CAST result dominated by cosmic related events

Simulation results :

Background level (keV tm?s™)

0 U =

<10°
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®°1 234567 8910111213 14
Energy (keV)

* Main background at CAST : cosmic induced events related to X-rays fluorescence

« Achieved result is compatible with simulations indicating that the intrinsic background is 5x10-8 c/keV/cm?/s

* Most of the intrinsic background from 3°Ar

« External components (neutrons or high energy gammas) seem to be negligible

15
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Testsonsurface  T== || Tests <N ; i o
ol ,“:,f;’f,?’EZZ T LSC| | smuistons Roadmap to demonstrate BabylAXO target levels

ba (;:'Dal: d;"?u'?ﬁ”fte x[ﬂll_ Goal: determine experimentally __ Goal: acquire insight on the
CRQround mingation SgIes intrinsic confribution to background individual components of background

B ey oo B, <10 1o support xpenmerial st Combination surface and underground measurements,
implementationof |, Cosmic muons simulatons simulations and experimental improvements

4z muen veto system Current estimation & ~ 10-"afu (with weto)
[z | macin g wadorproand
b E Tests at surface:
B Demonstrate overall background strategy

Implementaﬁon of Cosmic neutrons simulations
cosmic neutron tagger Current estimation ~ 7 x 10~ sfu
({without neutron tagger)
invinic , Tests at underground:

demonstrated and below

target level Determine intrinsic radioactivity (internal or inner
shielding components) of the detector

Additional tests:
* Vary Pb thickness Radioactivity induced by new

- Use of Xe gas ||| frontend electonics Simulations:

(instead of Ar) A S
Prioritized update of int
Other external Radiopure electronics et Sl

sources? :Screening of selected components coniributions lnSight on indiVidual Components Of the baCkground to
components support experimental tests

R&D continues to push By to
BabylAXO target goal even lower levels in view of 4
achieved IAXO

(IAXO target goal is 107 %nfu)

Continuous iterative update of
background model

{demonstration must come from
surface test bench)

(*) nfu = nomialized flux units = counts/ke\icm?is 1 6
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Tests on surface == Tests N

AxoDoUNzar k1 || underground 2 SC || simuiations Tests at surface UNIZAR with IAXO-DO
T || mxo-ptLse T Implementation of 4pi muon veto.
Goal: demonstrate overall oal: determine experimen Goal: acquire insight on the .
Deckgrund mggtontseges || o g | | e componerts o beckgrouns Enough to obtain 107 c/keV/icm?/s?

B ~ 10" "nfua(®) B, < 10 "nfu

vrél

Implementation of - Cosmic muons simulations

4x muon veto system S e T ) Tests at underground with IAXO-D1
— [erzaw | e Determine part of intrinsic and cosmic induced events

——| |5 B, < 10" "nfu? '7

Implemer‘ltaﬁon of Cosmic neutrons simulations S' m u I at' o n S

cosmic neutron tagger Current estimation ~ 7 x 10-7sfs

i Background might be limited by cosmic neutrons

Intrinsic B,
demonstrated and below
target level

Hypothesis to be confirmed by IAXO-D0/IAXO-D1

Additional tests:

« Vary Pb ickness Radioactity induced by new Cosmic neutron tagger is being designed and will be
* Usze of Xe gas e 1o R .
Other extema « Rachopars shchorice Prioiizd updat of i implemented in IAXO-DO.
sources? = Screening of selected
components

R&D continues to push By to
BabylAXO target goal even lower levels in view of 4
achieved IAXO

(IAXO target goal is 10 °nfu)

Continuous iterative update of
background model

{demonstration must come from
surface test bench)

(*) nfu = nomialized flux units = counts/ke\icm?is




JAXO-DO: MM prototype at Zaragoza

Detector equipped with 57 veto panels
4 it coverage with 3 veto layers

Cadmium sheets placed between the veto
layers

Vetos calibrated with cosmic muons

Taking data in this configuration since end
of May 2021

Interface
copper

Detector : - - \ l 5 A0 » \
p i _ - : NG M\\\\\\\M

W,
)
chamber AW )
N\
A
N

Readout
strips
connector




L\XO AXO C

New detector design based on the CAST IAXO pathfinder

New electronics: approach the front end cards to the

detector and improve the radiopurity of the components

Optimised lead shielding and 4pi actif muon veto




VAL e rnative detector technologie

« Gridpix, Metallic Magnetic Calorimeters (MMC), Neutron Transmutation Doped sensors (NTD), Transition Edge
Sensors (TES) and Silicon Drift Detectors (SDD)

« Excellent energy resolution, energy threshold, high efficiency and ultra-pure materials
« Improve the energy threshold = investigation of fine structures in the axion spectrum

- Post-discovery scenario: If positive signal, low threshold + good energy resolution=> possibility to determine m_
and g,

* Minimization of systematics effects and reinforcement of the claim significance

 Atpresent:

Design and material optimization ongoing in all fronts
Background studies with different shielding configurations

apton
Flex cable

4 CuBeAsiC
preamplifier

Gridpix 20



V\xo Jetector desic ak
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- 2 central TES facing the X-ray optics spot (can be split on more sectors if heeded)
* Peripheral “blind” TES for background rejection

TES sensitivity to out of equilibrium phonons :
X-rays interacting in the Ge below a TES will produce a transient overheating (to the targeted TES)

Large Ge wafer

Use of a large wafer simplifies the detector mounting and

allows routing of the TES signals beyond the vetos Si or Ge wafer mounted
between the two vetos

200 g«
hole ~“hole
through the EiF

Top veto

Bonding
pads outer “blind” TES

- Routing

of the
signals

50 mm

L 4
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1
—
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55Fe events

=
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100 120

Veto discrimination .

5 hours data. *°Fe source
—— All events

—— Accepted events

~Cosmic rays bump

Adlan AR Ao st o lln inn necnn

0 140 160 180 200 220 240 260 280 300

E TES_lateral (keV)

In the present setup, the vetos
reduce the background by a
factor of 4 at low energy

* The first fully operational TES-detector is being tested at IJCLab
* A second TES-detector already fabricated

» Vetos are working properly
» Cryogenic setup and read-out electronics are working properly

« Ongoing optimization on :
- Background and active discrimination
* TES and veto resolution and threshold

22
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IAXO has a unique physics case in the “axion experimental
landscape”. A discovery is possible, even already at the
BabylAXO stage.

Micromegas detectors baseline for BabylAXO.

Beyond baseline: GridPix, MMC, TES, NTD, SDD. High precision
detectors with better threshold and energy resolution.

Formal BabylAXO proposal in DESY approved in 2019

Construction phase just started. Commissioning by 2023

23



Full members: Kirchhoff Institute for Physics, Heidelberg U. (Germany) | IRFU-CEA (France) | CAPA-UNIZAR (Spain) |
INAF-Brera (ltaly) | CERN (Switzerland) | ICCUB-Barcelona (Spain) | Petersburg Nuclear Physics Institute (Russia) |
Siegen University (Germany) | Barry University (USA) | Institute of Nuclear Research, Moscow (Russia) | University of
Bonn (Germany) | DESY (Germany) | University of Mainz (Germany) | MIT (USA) | LLNL (USA) | University of Cape Town
(S. Africa) | Moscow Institute of Physics and Technology (Russia) | Max Planck Institute for Physics, Munich (Germany) |
CEFCA-Teruel (Spain) | U. Hamburg | (Germany) | Polytechnic U. Cartagena (Spain)

Associate members: DTU (Denmark) | U. Columbia (USA) | SOLEIL (France) | IUCLab (France) | LIST-CEA (France) 24
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Backup slides

25
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Design

Construction

2019 | 2020 | 2021

2024

2025

2026

2027

2028

2029+

Commissioning

Vacuum phase

e

§ Upgrade to gas
8 | Gas phase

1]

o Beyond-baseline
O | Design

X

< | Construction

26



U\XO ate Of the A
':.'-\ 10_ 4 ®  Classic/ Unshielded Bulk & Microbulk / Shielded gShielding upgrades / Muon veto
2 — :
5 - Achieved result 2013-2015 CAST data
T> 10 taking in the IAXO pathfinder system:
0 - -
&, - T . 106 c/keVicm2/s (~0.2 c/h)
= i Shielding upgrades .y
= 10 E . : w| Oldtests (2014) with a CAST replica
Eg - detector at the LSC:
% 5
8 - f- 107 c/keV/cm?/s
@ 107’ - Underground
20 = | Current efforts focused to reduce
g i cosmic-induced background
o 8L |
2 10 E | ] | | | | ] ] ]
1172002 12/2006 01/2011 01/2015
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AXI0. 1000.00
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Lead shielding: 20 cm thickness

JP Mols + EFR + University Zaragoza
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JP Mols + EFR + University Zaragoza
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U\XO alibratic =

= Prototype for laboratory tests: Design finished and ordered
= |nstallation

= Prototype for laboratory tests: Design finished and ordered
» |nstallation
= First measurements with 1 um Copper (+ 12.5 um Kapton + Cr [nm])

40+
- Cu 1um + Kp + Cr, 10 mm distance
- Ak -~ 6KV
35; -~ 8kV —9kV
- —9.5kV — 10 kV
30 —— 11KV —12kV
=
= 25__
m —
= 20 Culi
= — u lines
2! =
5 -
o 15
O o
10— Si
5—

2 3 4 5 6 7 8 9 10 111213794715
Energy (keV)

OO

L Segui + T Papaevangelou + JP Mols

30
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Bralle

AXC

Recycling of the tower and positionning system of the Medium Size Telescope (MST) for CTA

BabyIAXO CTA MST
Technical Data
Magnet length 11m Diameter 12m
Total length 21m Focal length 16m
Weight of magnet 35t optical system 53.6¢
Load on drive system T1.6t 53.6¢
Requirements
on drive system
Movement in altitude +25° —2° to 95°
Movement in azimuth 360° 3607 (5407)

Speed of movement

- normal tracking

- fast movement
Pointing precision

- during tracking

- RMS post-calibration

speed of Sun

<0.01°

speed of stars

<005

<0.1°
<7" (<0.002°)

monitoring CCD camera

calibration box \

optical support structure —__

head with azimuth and
elevation drive assemblies

counter weight structure

positioner housing
all electrical cabinets

___— telescope camera

camera support structure

~_— mirrors with active mirror control

foundations

camera lock

31



VA (O IEALYIAXO Structure and drive system

Tower dismounted and shipped from Berlin to DESY (Hamburg) where BabylAXO will take
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 VFE prototype zero step:

Check functionality
- Easy access to all signals

Check distance to ADC

Not radiopure

- Standard PCB prototype is
cheaper and faster to produce

 No face-to-face connectors

Requires a BEC or a controller to
generate all signals to configure the
ASIC.

« General purpose PCB with FPGA
at lab.

3998

33
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Need to calibrate and monitor « telescope + detector » and « detector » : 4 calibrators

L Segui + T Papaevangelou + JP Mols

Use of a novel generator conceived at CEA
 Radiopure
« Compatible with vaccuum

Crystal

Anode
(MgF,, quartz, sapphire) Al Cu. Ti
Photocathode » INOX, LU, 1.
(Al, diamond, DLC, Csl) /
CAVAVAYA 2
CAVAVAYA <
EUV, VUV Photoelectrons ‘
X-Rays
-V +V characteristic K-lines
E__ ~2xV [eV]

max

Original idea by loannis Giomataris
Development team: Francesca Belloni, Jean-Philippe Mols, Laura Segui, Thomas Papaevangelou

e-Print: arXiv:2002.08328 [physics.ins-det]

o4
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[
g, b/ X n..'fu:f;l
: ——— L
detectors optics I €
D _
x (BL)?A™' x Vb
N N——’
magn ot exposure
IAXO Detector Figure of Merit
Energy Threshold & (%) b (keVicm? s) fo= £
(V) ®
Micromegas 1000 ~70% (2-8 keV) 1<10° (2016) 700 (2016)
(2016) 7 (2022) 7 (2022)
2 (2022)
TES 50 =05% 1+10° 950
MMC 30 =09% 1<107 (2018) 300 (2018)
7 (2022) 7 (2022)
SDD 500 >99% 1x102 (2019) 10 (2019)
7 (2022) 7 (2022)

Table 1: Detail of the current efficiency, background rate and Figure of Merit for the four technologies
selected for DALPS, including a preliminary estimation for the TES [35], MMC and SDD technologies.

+ GridPix

35
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* Readout noise as low as possible for

low energy threshold

Micromegas
Detector

* |deally radiopure electronics

* AGET chip currently has been used in
CAST with autotrigger capabilities

Shield

S U
Shield BEC
FEC
l_ — —
o Trigger/Clock
FPGA D.
(R — aQ
I ™ ! I
AQET
o= | = i
I N E—=L
M= =\
— = ||
[——— Power
e Supply
Data acquisition
pr to fe;w and control PC

Face-to-Face
connectors

~10cm

* New architecture of the existing system in order to improve the electronic noise: approach the

front end cards (FEC) to the detector and improve the radiopurity of the components

* Simulation to study the electronics effect on the detector: optimisation of the FEC location

D Calvet + University of Barcelona

36



Production at U Heidelberg
Optimized for BabyIAXO
Design finished

Background evaluation with the cryostat of LNHB in Building 546

37
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N/ counts bin~1
(=] = rJ
i i I i

[
%

E [ keV

Preliminary background analysis

Background rate: ~2-107* kg}‘gﬁi’ s (H10keV)

* New optimized PTFE collimator

Hides copper and niobium
No strong improvement

- Background modelling based on
simulations
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Parameter Units BabyIAXO TAXO TAX O+
B T ~2 ~2.5 ~3.5
L m 10 20 22
A m? 0.77 2.3 3.9
far Tm" ~230 ~6000 ~24000
b keV lem 257! 1x10°7 10~% 107
€4 0.7 0.8 0.8
En 0.35 0.7 0.7
a cm’ 2 =03 B x 015 8 = 0.15
€ 0.5 0.5 0.5
t year 1.5 3 5

Table 1. Indicative values of the relevant experimental parameters representative of BabyIAXO as
well as JAXO. The parameters listed are the magnet cross-sectional area A, length L and magnetic
field strength B, the magnet figure of merit fy; = B2L?A, the detector normalized background b
and efficiency €, in the energy range of interest, the optics focusing efficiency or throughput €, and
focal spot area a, as well as the tracking efficiency €, (i.e. the fraction of the time pointing to the
sun) and the effetive exposure time. We refer to [21] for a detailed explanation and justification of

these values.
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CAST experiment: 4 gaseous MPGD detectors (3 Miromegas + Gridpix)
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New CAST limit on the axion-photon interaction

CAST Collaboration®

Hypothetical low-mass particles, such as axions, provide a compelling explanation for the dark matter in the universe. Such
particles are expected to emerge abundantly from the hot interior of stars. To test this prediction, the CERN Axion Solar
Telescope (CAST) uses a 9 T refurbished Large Hadron Collider test magnet directed towards the Sun. In the strong magnetic
field, solar axions can be converted to X-ray photons which can be recorded by X-ray detectors. In the 2013-2015 run, thanks
to low-background detectors and a - o oo ) - : o o T o
Here, we report the best limit on t/ 9

CAST, which now reaches similarlee < 10 T T T T T T T T T T T T
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2.y <0.66 x 107°GeV 'at 95% CL
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