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Search for Axion-like Particles at DAMSA

With the 2012 discovery of the Higgs boson at CERN and its increasingly Standard Model-like properties, the
primary interests of the field of particle physics are the study of the remaining 95% of the matter and energy

in the universe, using accelerators. unseen aboriginal particles (UAPs)

DAMSA experiment is proposed, as a part of ARIAA project, to search ALPs in the low-energy and
high-intensity proton beams facility at RAON (2028~) in Korea.

ARIBAA: A Research Innovation and Infrastructure Initiative for the discovery of unseen Aboriginal particles at Accelerators project

DAMSA: Dump produced Aboriginal Matter Searches at an Accelerator

- Fixed target experiment based on intensive proton beam accelerator
- To search for Axion-like Particle (ALP) in sub-GeV energy regime
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DAMSA collaboration
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Beam dump experiment at RAON

RAON (Rare isotope Accelerator complex for ON-line experiments) RAON will provide an excellent opportunity to
search for the ALPs with 600 MeV proton beams
: u; SCL : SuperConducting Linear accelerator (660 UA)-

-----

proton

ScL2 (600 MeV, 660 pA) Min Sang RYU's talks at APS and KPS in 2021
= Study of Neutron Induced Electro-magnetic Backgrounds to an Axion-
like Particle Search at the DAMSA Experiment
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- X20.00006 in 2021 APS April Meeting

Searching for Axion-like Particles at Rare Nuclear Isotope Accelerator
Facilities
- F1.04 in 2021 KPS Spring Meeting

Search for Axion-like Particles at the DAMSA experiment
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Raon User Workshop in 21-23 July 2021
https://indico.ibs.re.kr/event/434/

Jaehoon Yu'’s talk: A proposal for DAMSA Experiment

Doojin Kim'’s talk: DAMSA: An Axion-like Particle Search at the RAON
The RAON is the rare isotope accelerator and experimental facilities for the nuclear science with Facility

the proton and Rl beams.

Y.K.KWON, Status of RAON construction, AFAD2018

WooYoung Jang’s talk at DPF21 of APS in July 2021

It consists of two main accelerators, called SCL2 and SCL3, and several experimental facilities. A ”e%tri”éz‘g‘&cid l;lgtgkground mitigation study for Axion-like Particle
The SCL3 and SCL2 will be constructed in 2021 and 2028, respectively. search @ acties

The expected number of protons on the target (POT) per year is ~1.5x1023, 5


https://indico.ibs.re.kr/event/434/

ALP production by Primakoff process

Production and detection of ALPs
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a: fine structure constant
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|pq|: magnitude of the outgoing three-momentum of the ALP at

the angle 6 relative to the incident photon momentum
E,: incident photon energy




Expected ALP sensitivity at DAMSA by Primakoff process

Doojin Kim’s talk at Raon User Workshop in 21-23 July 2021, DAMSA: An Axion-like Particle Search at the RAON Facility
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According to above sensitivity, backgrounds treatment is much crucial for low mass ALPs detection.



GEANT4 simulation study



Goals of GEANT4 simulation study for DAMSA experiment

-

1) Target material and structure with iron (Fe) and tungsten (W) due to the Z dependency of o, (~ Z?)
2) Particle production rate in the target (Fe & W) against the primary protons

3) Detector geometry and angular coverage

4) Transportation rate of particle to the detector with E,;, (> 5 MeV) against the primary protons

neutrino NC & CCQE interaction =» produce ¥ =» decay 2y
neutron spallation: can be the worst background for the ALP search at the DAMSA experiment.

( )
5) Neutron-induced background mitigation study in the W target (latest study)
- neutron moderator (polyurethane)
ALP D h b I WooYoung Jang'’s talk at DPF21 of APS
- ecay chamber (vacuum vesse ) A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities
N\ J

NC: neutral current
CCQE: charged current quasi-elastic scattering



Setup of GEANT4 simulation

SR | perices | Processname
Physics List — y

EM particles Electromagnetic G4EmStandardPhysics_option3
Elastic G4HadronElasticPhysics

hadrons
Inelastic G4HadronPhysicsQGSP_BIC_AIIHP < \\
Decay G4DecayPhysics

Isotopes (stable & unstable)
Radioactive decay G4RadioactiveDecayPhysics

lons inelastic G4lonBinaryCascadePhysics

Quark-gluon string pre-compound (QGSP) model for collision of high-energy hadrons
Binary cascade (BIC) model for inelastic process of hadrons
High precision (HP) data for low-energy neutron and light ions

Energy threshold EEIEIENEE

gamma p.n &d
Vacuum 0.99 0.99 0.99 100
Iron 26 56 7.874 20.6 1295.9 1211.7 100

Tungsten 74 184 19.35 106.6 2309.8 2130.8 100



Interaction depth of 600 MeV protons in target

LISE++ GEANT4
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Particle production rate in the targets

E>5 MeV >
" E Production rates of particles N_. _.:10°
Protons s P primary
10f £ Iron (Fe) Neutrons < 100
Gammas )
il Electrons g A -0
k= H - = ~
Positrons S o--« . 6’\< . N Rk
104 ;; -I b, . 17 d ) g P P4 \ N \Q
HHh roduction rate = N
10° Ib" o Bt — T IR O—p ———————— k¥] a n . N N
3 1.0 “ N
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10,1 E ﬂ | [ N | P I L1 -8 - Production_w
o° 0.1
TungSten (W) Proton (w/o |Neutron Gamma e- e+
primary)
Particle name
1% production rate
More neutrons in the tungsten target: More gammas in the iron target:
Production rate ~5.6 in W Production rate ~5.3 in Fe
~3.5in Fe ~15in W
0 100 200 300 400 500 600 700
E (MeV)
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Detection acceptance at 1 & 10 m far from the target

600 MeV protons (10°) on Iron (G4_Fe)

¢F0i|= 10 m
Leoi =10 m

d)Target =1m
LTarget =1m

Detector

If we install the detector as close to the end of the target as possible,
we can make a similar angular coverage as 10 m.

The new detector structure with the polar angle acceptance (6 < 0.5
rad) at the distance AL=0 m, can detect more signals from early ALP

decay.

It means we have wider ALP mass range.

Correlation between polar angle and kinetic energy of neutrons and gammas
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Transportation rate of neutrinos within angular coverage

New geometrical acceptance suggested to cover more ALP detection Even if the production yield of neutrinos are low, we assume
- Closest distance between dump and detector & AL =0 m if all particles are homogeneously produced and transported,
- Polar angle acceptance (0 < 0.5 rad) transported particle yields to detector can be similar to

=>» Trapezoidal shape of detector ~6.13%.

Rur = Ry = 10926 m P BN Transportation rate of neutrinos
’ : * Ryp =Ry, =12.0187 m
- % -Trans / Product (Fe) A -Trans / Product (W)
Detector 10
8
.- ””’ “ \\\\ 4_________________________________________;_d- - = === 0/
0(0,0,0 ~ \ 6 * _____ - ---==== _* -==Z i 6%
dzp =11m 4
2
0
ve anti-ve VH anti-vp

- Geometrical acceptance to full solid angle at r=1.09
=> Area of sphere at r=1.09) = 4mr? = ~15.0 mm?
= solid angle (Q=S/r> = ~0.919 mm?/ 1.092 mm? = 0.770)
= 0.919/15.0 = 0.0613x100% = 6.13%



Transportation rate of particles from target to detector

production & transportation rate of particles Primary protons (N,) = 105

1.E+01
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More neutrons are produced in the W target.
But the transportation rate of neutrons is two orders of magnitude less than the Fe target.

Transportation rate of gamma in the W target is three orders of magnitude less than the Fe target. 15



GEANT4 simulation for background study

5) Neutron-induced background mitigation study with W target (latest study)
- neutron moderator (polyurethane)
WooYoung Jang'’s talk at DPF21 of APS
- ALP Decay Chamber (vacuum VeSSEI) A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities



Rejection power of neutron moderator

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities

Neutron moderator (Polyurethane, 20-100 cm)

Number of primary protons: 108

Moderator

Neutron Flux with different thickness moderators

10° - Moderator Material: Polyurethane d =0 cm
- d = 20 cm
s[ d =50 cm
10 3 d =100 cm
. 100
- =
j: f—
Z10° e Hitag,
10
10 Frige
1 ;_I | | | | 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 : | ;;
0 100 200 300 400 500 600
Kinetic Energy (MeV)

Rejection power with 20 cm is dominant at KE < 100 MeV.

Thickness
(d, cm)

10

Neutron
Survival
Rate
131 %

20

35% |

50
100

15 %
0.5 %
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ALP decay chamber

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities

ALP Decay chamber (vacuum vessel) with 6 mm SS

600 MeV p

target

|

:
-
;

!

-n ——a 2.6X10° neutrons

6 mm wall thickness
(stainless steel, SS)

ALP decay chamber detector

Primary protons 108 injected to target

ALP Decay chamber
vacuum vessel with 6 mm SS wall thickness

2.6x10° neutrons enter decay chamber
- transportation rate = ~2.6x10-3

= 1.6x10¢ photons produced from neutrons
= 3.2x103 photons with KE > 5 MeV

Finally, 5.1x10°> photon pair combination possible



How to mitigate the effect of neutron-induced photons?

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities

ALP decay chamber detector
Distances are not to scale e
n
= .
p-di R D D
® |
e T ‘ ...... acainaen. t I
1. Distance of Closest Approach - _V_ - s
2. Estimated Vertex Position w
- I‘-‘ '3 Arrival Time Difference
At
DeteTctor arrival time (signal) Detector arrival time (background)
III III' - t ] T A - t
At

Sig. Str.

%
T 20 T
IIIII IIII U) A

\J
~

1) Distance cut of closest approach (DCA) of photon pairs
= 2.9% photon pair is survived with DCA cut (< 1 cm)

2) Back-tracing (vertex position) of two photon tracks
= 3.7% photon pair is survived with back-tracing cut
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Arrival time difference of photon pair

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities
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<0.1 0.010 -
i o
If we assume a 100 ps timing resolution, 0 J"ﬁ"l“"'l“ﬁ“T'TTTTT """""" [
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The neutron-induced photon pair can come
later than two photons from ALP decay.

3) Arrival time difference cut with oy = 100 ps
= 1% of photon pair is survived with timing difference cut
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Summary

The DAMSA is proposed, as a part of ARI?AA project, to search ALPs in the low-energy and high-intensity

proton beams (600 MeV, 660 pA) facility at RAON in Korea.
Expected ALP production mechanism: Primakoff process
=» ALP decays into two gammas

Background study at DAMSA using GEANT4
Geometrical acceptance

=> closest distance between dump and detector

= 0 < 0.5 radian in the polar angle (~ 6.1% of full solid angle)

Transportation rate of particles at different target materials
=> transportation rate of neutrons in tungsten target over 10-? lower than that in the iron target
=> In the tungsten target, no transported gamma observed within the given statistics

Need further study with higher statistics to finalize the dump material and detector geometry

Reduction factor of two photon pair by neutron-induced background mitigation study (Wooyoung Jang Dr)
- with moderator (20 cm polyurethane) and decay chamber (6 mm SS vacuum vessel)

2> €,,,4. = 3.5% with 20 cm polyurethane

= £pca = 2.9% with DCA cut (< 1 cm)

2 €packTracing = 3-7 % With back-tracing cut

= £,, = 1% with detection time resolution (100 ps)

Thank you for your attention!
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Distribution of primary protons with iron dump
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New detector geometry at DAMSA experiment

Ry, = Ry, = 12.0187 m

proton+Fe beam dump Simulation

tand =Ry, /d,
= Ry, =dz, *tan® = 1 m * tan(0.5*180°/1r)
=1m*0.5463 = 0.5463 m

Radius at d;; = Ry; = Ry; = 0.5463 m
= Dy, = Dy; = 2*0.5463 m =
=1092.6 mm

tan@ =R,,/d,,
= Ry, =d,, *tan@ = 11 m * tan(0.5*180°/1r)
=11 m *0.5463 = 6.5556 m

Radius at d;, = Ry, = Ry, =6.0093 m
= Dy, = Dy, = 2*6.0093 m =
=12018.7 mm




Ntuple variables for beam dump simulation

KE (MeV) global time (gTime, ns)

QLCAL ¢ i 5409 g y A 1 TR L
16526 0 { 0 ) l A ] 11714.796

10125406

Z (mm) Edep (MeV)
Theta (rad)

Anton Lechner (CERN) Gean4: Interacting with the Geant4 Kernel

The Step in Geant4

The GA4Step has the information about the two points (pre-step
and post-step) and the ‘delta’ information of a particle (energy
loss on the step, .....)
Each point knows the volume (and the material)
» In case a step is limited by a volume boundary, the end point
physica:ly stands on the boundary and it logically belongs to the
next volume

Step
Post-step point

Pre-step point

G4SteppingManager class manages processing a step; a ‘step’
in represented by the G4step class

G4UserSteppingAction is the optional User hook

particle name (name)

neutron * ] baryon *

neutron * { 0 ort baryon

neutron *

neutron *

nextStepVol
nowStepVol (GetNextVolume,
(GetVolume, Post-step point)

Pre-step point)

preProName
(Pre-step process)

2 g

postProName
(Post-step

Transport *
Transport

* Trans

Transport
sport

Transpo!
Transport
Tra
Transport *
' Transport *
Transport

' Transpe

parentName

eventID
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Kinetic energy cut to reduce the yield of transported particles

Detector

no E cut

E (MeV)

Particle name

Transportation ratio

3 x 102 E>5 MeV

4 x 103

1 x 102
1x 103

no E cut

E>5MeV

The kinetic energy cut (E > 5 MeV) can decrease the
transportation rate of neutrons and gammas up to ~10%.
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Neutron-induced background mitigation study

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities

Simulation Framework: GEANT4 / Physict list: QGSP_BIC_All_HP

Decay chamber (vacuum)
| 10m

\J

6 mm wall thickness
(stainless steel)

600 MeV p
10° protons 02m
Polyurethane
moderator
‘Detector:
An ECAL with fine granularity
1m and precision timing measurement
Beam dump (W)

We provide a detector specification required to be able to reduce beam-induced background neutrons.

Primary protons 108 injected to dump

Two component added for mitigation study
- Neutron moderator (Polyurethane, 20 cm)
- ALP Decay chamber

vacuum vessel with 6 mm SS wall thickness

2.6x10° neutrons enter decay chamber
- transportation rate = ~2.6x10-3

= 1.6x108 photons produced from neutrons
= 3.2x103 photons with KE > 5 MeV

Finally, 5.1x10°> photon pair combination possible



DCA cut of photon pairs

WooYoung Jang’s talk at DPF21 of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities
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Back-tracing (vertex position) of two photon tracks

WooYoung Jang’s talk at DPF21

Distances are not to scale

300 . . ——E TR
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F % .| 51d Dev x 7.386
100 F Std Dev y 7.582
E b
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Extrapolate two photon tracks
to the upstream endcap.

If a photon pair is identified
not coming from the dump,
reject the pair.

The fraction of survived
photon pairs per neutrons :
~0.037

The unit is cm in here

h_veries_xy_upstream_cut
Entries 9613
4 Mean x —1.845
™ Mean y -2.159
Sid Dev x 147
Std Dev v 20.9%

I—Zﬂll 5 ..20...40. Iﬁ[l

10?

10

of APS, A neutron-induced background mitigation study for Axion-like Particle search at RAON Facilities

2) Back-tracing (vertex position) of two photon tracks
= 3.7% photon pair is survived with back-tracing cut
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