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Modulating dark matter signal
The DAMA/LIBRA conundrum

WIMP flux
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Modulating dark matter signal
The DAMA/LIBRA conundrum
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Fig 3: Constraints on spin
independent DM cross section.
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Modulating dark matter signal
Nal experiments & SABRE unique position

Ultra pure crystals =
High levels of pass”

Dual experiment si

J. Amare, et al, Phys. Sci. Forum 2021

SABRE-North

Plastic scintilators

S — "

3 cm copper

2,200LLS

Nal(TI) crystals

H. Prihtiadi et al
JCAP02(2021)013
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Modulating dark matter signal
SABRE-South experimental layout

Y.

Sensitive detector:
7/ Nal crystals + 2x7 R11065 PMTs

Active veto:
12.000L liquid scintillator (LAB),
18 R5912 PMTs

Passive shielding:
Steel & polyethylene

Muon veto:
9.6 m? detector
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SABRE-South active veto

: : . » _ 8025~ SABRE South
Radioactive decay of crystal impurities constitutes 2 [ Simulation —— Veto On (50 keVee)
key background, which can partially be vetoed by 2 F =
. . . . T 0.2—
observing the gamma rays in the liquid scintillator. g M ) —— Veto Off
o |
3] -
T oi5f - -
0.1I_—
0.05——
i . Fig 5: Background
g WL from “°K with and
:"“"1 |"‘"'T i s ; without veto.
1 R
0 0.8 S
ﬁ 0.6 & E. Barberio, et al,
o 8:3 - Eur. Phys. J. C 83, 878 (2023)
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Fig 4: lllustration of active veto. Energy [keVee]
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The importance of PMT calibration
SABRE-South

Crystal PMTs Veto PMTs
Hamamatsu R11065 Hamamatsu R5912

7 13

<8 | SABRE South

6 g 1‘2:_ Simulation —— Veto On (50 keVee)
> =
g '§ e —— Veto Off
7 2 .
a3 ) " R0
O
92 Single photo electron (SPE) accuracy needed
€ for both crystal & veto PMTS

o

.7 - r-'.'o.

1 2 3 4
Energy [keV]

Fig 5: PMT background rates (upper limits)
for SABRE with and without 2 photo-electron
(PE) selection criteria.

8 10 12 14 16 18 20
Energy [keVee]

W. Melbourne, et al, SciPost Phys. Proc. 12, 061 (2023)

Fig 6: Crystal background
energy distribution, with and
without active veto.

E. Barberio, et al,
Eur. Phys. J. C 83, 878 (2023)
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Pre-calibration
Current status - veto/crystal PMTs Dark Box

Beam Spilitter

> Single photo electron (SPE) charge

> Dark rate

. VY V
> PMT gain e
Acquisition
(DAQ)
> : .
Robustness under changing conditions [~ wou:  RI1065 PMT Gain | | =
o Temperature 3 --- BCO175  ith fit uncertainties s = e -
- 1 ! ! ! PP SUPE Li—
o After-pulsin 1 ! . T I i S
o N I_p . tg 1 | § - ' SABRE South
on linearity s || | _.--t e Preliminary
R e e ¥ ; ; ; 3
f‘ ,,/’% Expdnential Fii Models:f ‘
[~ | Gaif=5.85x10%. "%V — 431 x 10P
NS Gaiil = 411 3 107 4 0|00aeY _ 3 95 % 10P
. . 10° 7 I I 1 ¥ s ¥ 1
Pre-calibration results to be 1100 1200 1300 1400 1500 1600 1700
published/on arXiv later this year WRIBgE

Fig 7: Top: optical layout. Bottom: SABRE's crystal PMTs gain.
W. Melbourne, et al, SciPost Phys. Proc. 12, 061 (2023)
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In-situ calibration Aered loyout being consiger .

es
The laserball solution (445 nm) 19 report: https. e org/lg'zﬁggfl‘jzzfgfvl technical
CF 2, 6, 10 : Radioactive calibration system 3
o i CF 4, 8,12 : PMT feedthrough Y
// [i\ CF 1,5, 9: partially blocked by PMT cable @ X

> g 3
“\\. 0°
\\\

> Least invasive as possible
o Short detector deadtime due to calibrations (5-10 min)
Accurate SPE calibration (~10k-100k events)
Robustness
o Spatial variation of source
> Teflon laserball
o LAB compatible & low roadiogenity
o High isotropy

Q 445 nm wavelength -> mean absorption length ~26m }
CF

(N3 ) CFo

wi1
SHELL LONG. WELD

vV

w
N1 NECK LONG. WELD

" 2 x LIFTING LUGS
F ¢ SEE DETAIL
PLAN VIEW
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In-situ calibration
The laserball solution (445 nm)

> Spatial variation of source

o Variation 1:
m Change suspension length

o Variation 2:
m Consider drift ~ pendulum

1200 Var B

Var A (

Y
® - Var C
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Conclusion

See SABRE-South general talk by Irene Bolognino. Thu 22nd @ 11h20 - Session F

SABRE is uniquely positioned to contribute to solving the DAMA/LIBRA DM-conundrum.

> UItra// \

> Dual
> Pass Interested in more details?
Accurate PMT
> Pre-{ Check out our SABRE-South technical design report:

In-situ calibra
> SeVJ https://doi.org/10.26188/14618172.v3

LN y

o high statistic (10k-100k events)
o robust
successful calibration process @ the single photo electron level
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https://doi.org/10.26188/14618172.v3

Australian Government THE UNIVERSITY OF

Australian Research Council KEK-JAPAN SY DN E Y

ARC CENTRE OF EXCELLENCE FOR

e

THE UNIVERSITY OF THE UNIVERSITY ﬁu?tralilan
METROTIR NE 1on
JESuRl ADELAIDE DRl

INFN

LNGS

Istituto Nazionale di Fisica Nucleare

Laboratori Nazionali del Gran Sasso
INFN ... |
e B © N CETON RSITA

Istituto Nazionale di Fisica Nucleare MILANO Unversaoikoma UNIVERSITY DEL SALENTO

SABRE - Partner institutions




Annotated slides




Modulating dark matter signal
The DAMA/LIBRA conundrum

WIMP flux

> December

d—R(t) = So(ER) ‘|‘[Sm(ER)Cosw(t - to)]

i dER
2-10%

4 )

> Standard model halo hypothesis: spherical halo of cold, dark matter
permeating the galaxy
o ->leads to annual modulation in DM signal (~2-10% of total amplitude)
o Peaks June 2nd

g /
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Modulating dark matter signal
The DAMA/LIBRA conundrum

/

> The DAMA/LIBRA experiment has observed signal consistent with DM
modulation signal for the past 2 decades.
Observed ~0.01 counts per day/kg/keV in range 1-6 keV, totalling to 12.9¢
Largest contribution of signal arrives from 1-3keV.

\_ J

2-6 keV —_ r
S = ; o A A A IS T e B % 0.05 -
P RN $0.025 |
0.02 - : : I
A A A -, SN
| L ¥ \3
:g 00 b ‘P}ﬁﬂ ‘\F}{T %ﬁ \%p" % : £0.025
% 004 — CIJ
i b §|:%‘: S EENEFEENNEEREEENERE N -0.05 - A RN AR B R SR B
4000 5000 6000 7000 8000 0 ol 10 12 14 16 18 20

Time (day)
Fig 1: DAMA/LIBRA annual modulation signal Energy (keV)

DAMA/LIBRA, Nucl.Phys.Atom.Energy 19 (2018) 4, 307-325 Fig 2: DAMA/LIBRA annual modulation signal -
energy spectrum
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Modulating dark matter signal
The DAMA/LIBRA conundrum
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A

Signal in direct tension with null
results of wide variety of
different experiments.

> We need experiments using the
same material (Nal) to
confirm/refute the DAMA/LIBRA
results

/

Fig 3: Constraints on spin
independent DM cross section.

https.//github.com/cajohare/NeutrinoFog
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Modulating dark matter signal
Nal experiments & SABRE unique position

> ANAIS & COSINE take data since a number of
years

> Until today results are consistent with both null
o hypothesis as well as DAMA/LIBRA at ~<3¢

B 20
2,200LLS

Nal(TI) crystals

H. Prihtiadi et al
JCAP02(2021)013
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Modulating dark matter signal
Nal experiments & SABRE unique position

SABRE
> Ultra pure crystals
> High levels of passive and/or active
shielding
> Dual experiment set-up -> control for SABRE-North

seasonal effects

SABRE-South detector deployment planned for 2025

]
e

L

Aim to significantly contribute to unravel the DAMA/LIBRA mystery. o
SABRE-SQuth I"‘«:ﬁ ‘{;ﬁ,y

QCHS 2024 — Aug 20 2024, Cairns, Australia K. Janssens, University of Adelaide 20



Modulating dark matter signal
SABRE-South experimental layout

/B

Sensitive detector:
7 Nal crystals + 2x7 R11065 PMTs

Active veto:
12.000L liquid scintillator (LAB),
18 R5912 PMTs

Passive shielding:
Steel & polyethylene

Muon veto:
9.6 m? detector

&) % QCHS 2024 — Aug 20 2024, Caims, Australia K. Janssens, University of Adelaide 27



SABRE-South active veto

: : . » _ 8025~ SABRE South
Radioactive decay of crystal impurities constitutes 2 [ Simulation —— Veto On (50 keVee)
key background, which can partially be vetoed by 2 F =
. . . . T 0.2—
observing the gamma rays in the liquid scintillator. g M ) —— Veto Off
o |
3] -
T oi5f - -
0.1I_—
0.05——
i . Fig 5: Background
g WL from “°K with and
:"“"1 |"‘"'T i s ; without veto.
1 R
0 0.8 S
ﬁ 0.6 & E. Barberio, et al,
o 8:3 - Eur. Phys. J. C 83, 878 (2023)
%74 "% 6 10 12 14 16 18 20

Fig 4: lllustration of active veto. Energy [keVee]
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SABRE-South active veto

Cosmogenic

Isotope Rate, veto ON Rate, veto OFF
[ cpd/kg/keVee | [ cpd/kglkeVee |

Breakdown of crystal backgrounds from radiogenic and
cosmogenic contributions with and without veto system.

3H TR 102 T8 102
. , 13gp 3.0: 19> 3.0-1072
RAIGEENIC 1277, 2.9.10~2 2.9.10~2
Isotope Rate, veto ON Rate, veto OFF 109¢cq 1.4-1072 1.4-1072
[ cpd/kg/keVee | [ cpd/kg/keVee | 121Te 9.1-1073 1.0-107!
210pp >8.10-1 PRI *’Na 52-107* 1.4-1072
: Al 1 i i 1251 2300 o6 o | e
87Rb <2210 «<22-10" 13myy o 15 52.10~4
0K 1.3-10°2 1.0-107! 127m e 4.9.1075 4.9.1075
N <54:1073 < 5.7:10~> . 4.4 1or? 6.2+ 107
85Kt £1.9. 1073 <1.9- 103 121mTe 1.8 10~ 6.0-107°
123m —6 -5

232 _4 e ] Te 73 10 1.3 10
Th <34-10 <39-10 109m 5 5.8.10=8 5 8. 10-6

121 9.2-1073 9.2-107 "

: : 125m e 1.6 109 L7
Total <5210~ <6.0-107! Total 1.6-10" 2.7-10°

7 QCHS 2024 — Aug 20 2024, Cairns, Australia K. Janssens, University of Adelaide 23



The importance of PMT calibration
SABRE-South

Crystal PMTs
Hamamatsu R11065

7

[}

w

> PMT noise forms a significant contribution to the
overall noise budget in the key 1-3keV signal region

E

w

> Accurate calibration, both before and during the
experiment, are crucial to prevent a potential DM
signal to be buried below PMT noise/uncertainties.

Rate (cpd/kg/keV)
N

=

o

/

1 2 5 6

3 4
Energy [keV]
Fig 4: PMT background rates (upper limits)
for SABRE with and without 2 photo-electron
(PE) selection criteria.

W. Melbourne, et al, SciPost Phys. Proc. 12, 061 (2023)
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The importance of PMT calibration

SABRE-South

Veto PMTs
Hamamatsu R5912

4 )

> The active veto system can deliver a 27%
background reduction in the signal region (1-6keV).

Rate [cpd/kg/keVee]

> Achieving such veto perromances requires ~ single
photon electron resolutions and response from
PMTS, as well as detailed calibration.

\_ J

Single photo electron (SPE) accuracy needed
for both crystal & veto PMTS

SABRE South
Simulation —+— Veto On (50 keVee)

—— Veto Off

Total efficiency: 27%

.’III|III||IIIJ|II‘II|IIIIIIIII

8 10 12 14 16 18 20
Energy [keVee]

Fig 5: Crystal background
energy distribution, with and
without active veto.

E. Barberio, et al,
Eur. Phys. J. C 83, 878 (2023)
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The importance of PMT calibration
SABRE-South

Rate Veto Efficiency
/ \ [de/kg/kevee ] [%]
. . Crystal radiogenic 52107 13
(o)
> The active veto | sys.tem can dellyer a 27% Sl vomioe 1.6-10-1 40
background reduction in the signal region (1-6keV). Crystal PMTs 3.8-1072 60
PTFE wrap 4.5-1073 13
> Achievi h . ~ singl Enclosures 3210~ 85
chieving such veto perrgmances requires ~ single e 19.10-5 96
photon electron resolutions and response from Liquid scintillator 4.9-1078 > 99
. . . -5
PMTS, as well as detailed calibration. Steel vessel 1.4-10 >99
\ / Veto PMTs 1.9-1073 > 99
Shielding 3.9.107° > 99
External 0(10~4) > 99
Total T2k 1077 27

Table 12 Background rate in the dark matter measurement region for

Single photo electron (SPE) accuracy needed :Ee SABRE S((i).uth cotrrlp;)i;lepts after a 6 month cool-down period, and
€ corresponding veto ernciency.
for both crystal & veto PMTS pongie y

E. Barberio, et al,
Eur. Phys. J. C 83, 878 (2023)
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Pre-calibration
Current status - veto/crystal PMTs Dark Box

Beam Spilitter

> Single photo electron (SPE) charge

> Dark rate

. VY V
> PMT gain e
Acquisition
(DAQ)
> : .
Robustness under changing conditions [~ wou:  RI1065 PMT Gain | | =
o Temperature 3 --- BCO175  ith fit uncertainties s = e -
- 1 ! ! ! PP SUPE Li—
o After-pulsin 1 ! . T I i S
o N I_p . tg 1 | § - ' SABRE South
on linearity s || | _.--t e Preliminary
R e e ¥ ; ; ; 3
f‘ ,,/’% Expdnential Fii Models:f ‘
[~ | Gaif=5.85x10%. "%V — 431 x 10P
NS Gaiil = 411 3 107 4 0|00aeY _ 3 95 % 10P
. . 10° 7 I I 1 ¥ s ¥ 1
Pre-calibration results to be 1100 1200 1300 1400 1500 1600 1700
published/on arXiv later this year WRIBgE

Fig 6: Top: optical layout. Bottom: SABRE's crystal PMTs gain.
W. Melbourne, et al, SciPost Phys. Proc. 12, 061 (2023)
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In-situ calibration during experiment operation
The laserball solution (445 nm)

é Least invasive as possible \

o Short detector deadtime due to calibrations (5-10 min)
Accurate SPE calibration (~10k-100k events)
Robustness
o Spatial variation of source
> Teflon laserball
o LAB compatible & low roadiogenity
o High isotropy
Q 445 nm wavelength -> mean absorption length ~26m /

VY

L) QCHS 2024 — Aug 20 2024, Cairns, Australia K. Janssens, University of Adelaide 2.8



In-situ calibration during experiment operation
The laserball solution (445 nm)

CF 2, 6, 10 : Radioactive calibration system

CF 4,8, 12 : PMT feedthrough Y
CF 1,5, 9 : partially blocked by PMT cable @ X
»
30° /‘..\
z é Least invasive as possible \

o Short detector deadtime due to calibrations (5-10 min)
Accurate SPE calibration (~10k-100k events)
Robustness
o Spatial variation of source
o > Teflon laserball
o LAB compatible & low roadiogenity
o High isotropy
Q 445 nm wavelength -> mean absorption length ~26m /
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In-situ calibration during experiment operation
The laserball solution (445 nm)

N\ é Least invasive as possible \

o Short detector deadtime due to calibrations (5-10 min)
Accurate SPE calibration (~10k-100k events)
Robustness
o Spatial variation of source
> Teflon laserball
o LAB compatible & low roadiogenity
o High isotropy
Q 445 nm wavelength -> mean absorption length ~26m /
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In-situ calibration during experiment operation
The laserball solution (445 nm)

> Spatial variation of source

| & |
o Variation 1: |'|
m Change suspension length N
1!
o Variation 2: i
m Consider drift ~ pendulum ' b
(o
120° Var B
]

Var C

.-t
&)

QCHS 2024 — Aug 20 2024, Cairns, Australia

K. Janssens, University of Adelaide
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n-situ calibration during experiment operation

The laserball solution (445 nm)
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Det. eff. ¥ 15% | Direct hit eff. ~ 22%

o Vertical variation (200mm):

m Adet. eff. ¥1-2% | A direct hit eff. < 7.5%

o Pendulum variation:

m Adet. eff. ¥1% | A direct hit eff. < 3%

> The system is robust to variations in exact position
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In-situ calibration during experiment operation

The laserball solution (445 nm)
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Conclusion

See SABRE-South general talk by Irene Bolognino. Thu 22nd @ 11h20 - Session F

SABRE is uniquely positioned to contribute to solving the DAMA/LIBRA DM-conundrum.
> Ultra pure crystals
> Dual detector set-up (Northern & Southern hemisphere)
> Passive & active shielding

Accurate PMT calibration is crucial
> Pre-calibration results expected to be published/on arXiv later this year

In-situ calibration:
> Several layouts under final consideration
> All systems are able to deliver on a
o low invasive (5-10 min)
o high statistic (10k-100k events)
o robust
successful calibration process

7 ,’( QCHS 2024 — Aug 20 2024, Cairns, Australia K. Janssens, University of Adelaide 34



Conclusion

See SABRE-South general talk by Irene Bolognino. Thu 22nd @ 11h20 - Session F

SABRE is uniquely positioned to contribute to solving the DAMA/LIBRA DM-conundrum.

> UItra// \

> Dual
> Pass Interested in more details?
Accurate PMT
> Pre-{ Check out our SABRE-South technical design report:

In-situ calibra
> SeVJ https://doi.org/10.26188/14618172.v3

LN y

o high statistic (10k-100k events)
o robust
successful calibration process
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SABRE-South’s exclusion/discovery potential

g CL.
n

LA L L L L L L UL

Figure 4. The exclusion and discovery power of SABRE South for a DAMA-like signal. The

T 1

|

|

1 rrrr1rrrrrrrr 111113

Exclusion power

"l 1o stat. uncert.

1o stat. uncert.

Years of live data

shaded regions indicate 1o statistical uncertainty bands.

QCHS 2024 — Aug 20 2024, Cairns, Australia

SABRE-South TDR
https://doi.org/10.26188/14618172.v3
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In-situ calibration

Alternative solution: direct coupling (405 nm)

Bracket to hold
optic fibre

Optic fibre

—
——

QCHS 2024 — Aug 20 2024, Cairns, Australia

Detection efficiency
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In-situ calibration Atered loyout e,
Alternative solution: direct coupling (405 nm)

Bracket to hold ﬁlternative in-situ calibration method
optic fibre

Optic fibre directly attached to PMT bracket
405 nm wavelength for short absorption length in
- LAB
Optic fibre > Benefits:
o Higher level of control and predictability
© More accurate timing measurements
> Downsides:
o Longer calibration times as laser intensity

needs to be lower to ensure single photon
k electron events /

>
>

QCHS 2024 — Aug 20 2024, Cairns, Australia K. Janssens, University of Adelaide 40
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In-situ calibration ANEred layout being conigereg
Alternative solution: direct coupling (405 nm) |

vV O
== ———————— : : ———— A 1
B A AN
i | ~ ~ ~ ~ ' | , b3 Alternative in-situ calibration method
1072 5 Z :
g ] vV 6 > Would enable successful single photon calibration
g L T T [ ] ] 1 of all PMTs
=== 9 > Low level of cross-talk between the calibration
2 i i i i i = 3 source of different PMTs
D & B 11
%10-4; "1*%4‘:17?»?050& O‘s 12
e ge‘vkg‘;v‘ghzg 4A°' A 13
Myl % L 2> gy T AV 4n o
1075 e L2 | gz [ | Lo @ | = Preliminary simulations indicate that both
e ,, i L4 = g', EESE= & 0 0 U solutions should enable in-situ PMT calibration,
TS9O At b —MHHFRHF B | each with their own pros and cons.
-6 T T T T T T T T T T 1
< 0 2 - 6 8 10 12 14 16 18 20
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