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Outline

* Yield in a Ge CDMSlite detector
* Photo-neutron technique 3 brand new results

e Yield in a Si HV detector

| 12 minutes
 Neutron capture technigque
+ Vield in a Si HVeV detector 30 slides
* Neutron beam technique Lets go!

e Conelusion?

e |[fthereis.time
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 Used 2 Soudan Ge detectors operated in
CDMSIite mode

o Acquired data with 88Y 9Be & 124Sb °Be
neutron sources over 144 days

e Detectors operated at multiple bias voltages

Source n Energy Duration Detector Vb

PVAREEY 24 kel 62days T572 70 V
88Y / 88Y 9Be 152 keV 42 days  T5Z2 70V

88Y / 88Y 9Be 152 keV 38 days  12/1 20V
arXiv:2202.07043
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https://arxiv.org/abs/2202.07043

Data Selection

o Data analysis focused on selecting high quality sample of signal &
background events

* Energy estimated with Non Stationary Optimal Filter

 Jemplate based on two time constant decay pulse

* Pulses, additionally compared to multiple noise templates

e Data Selection Cuts

e | vetime: Remove data “chunks” assoclated with anomalous run conditions

e Data Quality: Remove individual events inconsistent with a nominal neutron interaction

o |hreshold: Ensures tigger efficiency was uniform (~100%) over analysis energy range



Signal & Background Expectations T @ o

1 9 — Multiple scatter NR
104;; *'sb’Be Single scatter NR
- — All deposits
s |
310355
 Signal spectrum (for the various source S |
[ [ [ ' U) Il
configurations) simulated with Geant4 4024
S |
» 1.2x109 neutrons propagated through geometry 1 Oﬂ'h.["'hJU‘Jl" 1
- N
| 105E - lﬂWﬂJ\’ﬂw IH“
* Made use of NeutronHP physics model & t (b) i
G4NDL4.6 cross-section package A #yepe NIRRT
10 | Nuclear recoil energy (keV)
* Single scatter NR endpoint energy > \
)
. ~1.3 keV for 124Sb 9Be, ~8.5 keV for 88Y 9Be ~10°F "
Q [
(7)) |
» Multiple scatter NR obscure the single scatter 5102
NR endpoint S
. . 10
 NR induced gamma spectrum is flat and -
subdominant : I
Lo e b by | L
b2 e s 10 12 14

Nuclear recoil energy (keV)
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Signal & Background Expectations @ Antmony 70)
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* Electron recoil background spectrum
determined from neutron-OFF data

Counts/0.3 keV
&
o

150F — Compton steps
o 1245h & 88Y without a 9Be wafer ; — EC peaks (x10)
100 — Compton steps+EC peaks+residual
: 3 T data
 Compton scattering and Electron Capture ?<1o Analysis threshold

components modeled with a fit of analytical 12f  © Yitrium (25 V)
spectral shapes to the data

Wb Lo Lo L L Lo Laaa Lo Laa 1)
2 4 6 8 10 12 14 16 18 20 22

e Smoothed fit residual was added to the Total Phonon Energy (keV)

model to account for any extraneous un- 3, 83
X U.
modeled components o |
@06k
g 0.6}
8 _ = Compton steps
0.4 == EC peaks (x10)

== Compton steps+EC peaks+residual

i T data
| Analysis threshold !\
0

O 20 40 60 80 100 120 140

Total Phonon Energy (keV)

o
N

T. Saab \ EXCESS 2022 \ February 16, 2022



Photo-Neutron Analysis Scheme in 1 Slide

* |Likelihood approach was used to determine best
fit yield model consistent with the three data sets

* Used a modified Lindhard nuclear recoill yield
model model

* Kk(E/) was allowed to vary linearly with energy two
values

e it free parameters included fraction of neutron
recolls in the data, and the 2 k parameters

e 2-parameter model, with a linear energy
dependence of the k parameter, was preferred
with a significance greater than 3o over a
constant k model
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Photo-Neutron Analysis Scheme in 1 Slide

Likelihood approach was used to determine best
fit yield model consistent with the three data sets

* Used a modified Lindhard nuclear recoill yield
model model g
* Kk(Er) was allowed to vary linearly with energy two %
values %
« Fit free parameters included fraction of neutron °
recolls in the data, and the 2 k parameters

2-parameter model, with a linear energy
dependence of the k parameter, was preferred
with a significance greater than 3o over a
constant k model
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=><1O3
1'4;_ () ] '2Sb+°Be (70 V) data
1.2 - - Best fit function
[ —— Background model
1 _ Ii Analysis threshold
0.8}
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Total Phonon Energy (keV)

(b) [ #v+°Be (70 V) data
L = Best fit function
- 3.5} — Background model
Q £ Analysis threshold
< Sp4
Q W
2] : i
E 25 N 3 if 1 ] der Bor EHER
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2 -
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1:- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
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Evaluation of Systematic Uncertainties

 Cut efficiencies: Evaluated by varying the efficiencies with respect to their central values.

* Fano factor: Literature results indicate that Fano factor for nuclear recoils could lbe signiticantly
higher than for electron recoils. The effect was evaluated by forcing F downward (consistent with
statistical uncertainties) and upwards to a value of 10 (consistent with literature).

 Background model shape: Analytical only background model was evaluated.

 Neutron elastic scattering cross-section: Covariances of neutron resonance parameters were
evaluated by generating 100 cross-section libraries and re-simulating.

 Neutron Source Position: Variation in source position studied and concluded to have minimal effect

» Statistical uncertainties: due to the finite size of the simulated neutron spectrum and of the
experimental neutron-ON and neutron-OFF spectra evaluated with fits to simulated experiments.
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Photo-neutron lonization Yield Result

0.25 - (a)

* Obtained yield is significantly suppressed — _ 0.2/
wrt Lindhard in the few keV range s
S 0.15F
+ Best fit model: linear combination of two k’s & o

Best fit result

e |nconsistent with a constant k Lindhard model

Lindhard with k=0.157

0.05+—
 Dominant uncertainty contributions 0 g Fom o
» o merer oo "
e Data statistics 0.035F oo e

§_ - Fano. Sys. - Neutron. X-sec. Sys.

* Neutron scattering cross-section input

Uncertainty
=
o
N
O

* Background model (at high energy) 0_01§

Nuclear Recoil Energy (keV)
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Photo-neutron lonization Yield in Context

* Multiple yield measurements in Ge are inconsistent with each other

e \Variations in operating temperature, electric
more nuanced yield response at low recoll e

leld and experiment specific parameters suggest a
nergies

* Git repository being assembled to collect literature values of yield and operating conditions

lonization Yield Values in Ge

O Sattler (77K)
A Chasman (77K)
o Jones (77K)
& Messous (77K)
v Baudis (77K)
o TEXONO (77K)
O  Barbeau (77K)
— Collar'21 (77K)
®
O
<
*

Bonhomme'22 (88K) ————3 arXiv:2202.03754

Shutt (25 mK)

Simon (35 mK)
EDELWEISS (17 mK)
CDMS-II (60 mK)

SCDMS'22 PN (40 mK) = qrXiv:2202.07043

_| — Lindhard Model: k=0.157
Sarkis'20

I I | I I I I | I | I I I I |
il ‘ : - b
“ <i> 0 Qi <A1
I _Eli_(lD 4; <> T o Shiwé= g AT E\]
e 0, NGO e T
N ‘ 4' D I v :'\.r'd':v -\
= 0.20F T gt L + )
. J{gs»‘ eI D -
= D IR 3l B ***{*
o T T +’ kX o ]
O .
©
N 0.10F i
- i
O
0.05
| | | | | | | | | | | | | | | | | | | | | | | |
0.05 0.10 0.50 1 5 10 50
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Photo-neutron lonization Yield in Context @/DMS

* Multiple yield measurements in Ge are inconsistent with each other

e Variations in operating temperature, electric field and experiment specific parameters suggest a
more nuanced vield response at low recoil energies

o Git repository being assembled to collect literature value of yield and operating conditions

lonization Yield Values in Ge

S 0.20
D
p 1 Collar21 (77K) arXiv:2102.10089
S ®  Bonhomme'22 (88K) arXiv:2202.03754
."c:U New result
N 0.10
8 ]
—— SCDMS'22 PN (40 mK) arXiv:2202.0/7043
0.05- - —— Lindhard Model: k=0.157

0.05 0.10 0.50 1 5 10 50
Nuclear Recoll [keV]
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|solated Neutron Capture Technigue

Measurement performed by CU Denver, UMN groups

e Used a PuBe source in a barrel and
out lead and poly around to thermalize
neutrons

 [hermal neutron flux is about
2x10-1 n/cm2s (measured), ~200x the
average sea level thermal flux

e Measurement made with a
SuperCDMS HV detector

o Ultimately aim to select events where
the cascading gammas from n capture
all escape the immediate region of the
nuclear recoll

T. Saab \ EXCESS 2022 \ February 16, 2022

Pb shielding
‘7 PuBe in
paraffin
/ drum
SNOLAB HV
detector
Poly
shielding

x10~3

o)}

¥ 1 Lindhard
1 1 [ Sorenson

9

—— Small Res (1/5, Lindhard)
------- Small Res (1/5, Sorenson)

Expected Si Capture Spectrum
Comparison w/ two yield models &
detector resolutions.

N

* Broad distribution similar to
actual data

N

-

100 200 300 400 500" 600
Energy Yielded (eVee) [A. Villano]

Probability Distribution (eVee™1)
o w




Neutron Capture lonization Yield Result

 There is a feature in the spectrum strongly indicative e |iterature models are virtually all based on Lindhard.

of nuclear recoll events from neutron capture » Data suggests models with better treatment of low
energy physics required

e Best fit result using Sorensen yield model (has an
jonization threshold) * Preprints:
e https://arxiv.org/abs/2110.02751
o https.//arxiv.org/abs/2104.02742
0.04 0.4
.t Threshold I \\ Yield Mociel: Sorensen f ++
e NR \ ¢ ¢ 4* .,.++
ii|| BN ER - ‘\‘ \\\ \“ $ N +F
1k = (n,y) R T4, :[’ al
0.03 [f i [, o Total 0.3r |\ *_t_ q
— M Il”ii‘.. H ¢ Measured ' \‘\ \:.;.
= |3 *
e _ \\\(D< \\\+
— 0.02 > 0.2 \® L
I \ =
o ,,--_ )
© \ X
m - = \\\ lll, \\\
0.01+ um 0.1+ \'I\/ —————— Int. Meth. no (n,y)‘ 4 Dougherty
- ‘ BEEE This work: Stat +  Gerbier
iyt st s ¢ I Stat+Syst +  Zecher
e <4 Chavarria <4+ Agnese
I - < lzraelevitch
0.0~ 200 400 600 800 1000 R T AT TS
Energy [eVee] Energy [eVy]
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https://arxiv.org/abs/2110.02751
https://arxiv.org/abs/2104.02742
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e A measurement of the nuclear recoll
ionization yield down to 100 eV recoll

* Essential to understanding the response of
the HV detectors to nuclear recoills

* (Current state of knowledge in Si:

:—-l—-l 2‘3 Lindhard et al | I.I l | | L -7
0.5 H= = 30| Chavarria Slllcon /./,'t
| I [29] Sattler A
| ¢ [24] Zecher et al _ {/-/,' i
_ [l 7 [25] Gerbier et al . ¢l .
9 0.4 | § [26] Dougherty ~ A L1 - .
:ﬁ | ¢ [27] Chavarria et al T . ’-ﬁ-“‘h ‘f’l -
= v |28| Izraelevitch et al ¢ | :,'//ﬁ e l i
% 03 | * CDMSII 7)§-R = 95.2% iﬁ%ﬂ?ﬁn ¥ % -
> L —0146 L Ay ¥ dmw=y )
B —0.146 A% > N
S I _,.f"""ifl ”ﬁ-* | i
IMPACT energy %o, y - L] b
region of in\terest S T * 7 220247 )
{ 0.1 3 iv‘é‘ arXiv:1803.02903 —
I | L N 1 L 1 Lol
0.1 1 10 100

Nuclear Recoil Enerqgy (keV)
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How 10 |mpaC’[ N 1PN/~

/

e Determination of yield via measurement of the total phonon energy In
the detector and kinematic measurement of the recoil energy via a
coincident detection of the scattered neutron g _,p M MT+Sin29_(cosg)\/(MT)Q_SM)

(My + Mr)* \ My

* Neutrons courtesy of Iriangle Universities Nuclear Laboratory

* LiF-on-Ta target

e Aim for 285 elastic scattering resonance at 55.7 keV

e Same HVeV detector used for HVeV DM Run 2
 1x1x0.4 cm3 Si crystal (0.93 g)

e 2 channel TES readout
* Energy resolution: oph ~ 3 eV

e Charge resolution: gen ~ 0.03 e-h+
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How [0 Impact

e Neutron detectors

o EJ-301/309 liquid scintillators, sensitive to neutrons down to 10 keV

e 20 detectors focused on 100 eV, 220 eV, and 460 eV
recoll energy points measure y in new parameter space

* Three detectors at 0.75 keV, 2 keV, and 3.8 keV to
overlap with existing measurements

Image credit: Tom Ren

3.87 keV 3 0 keV/
/ U KE
/ ) 0.75 keV - Ui
/ ya -~ w - ‘ 22 ﬁ{(*«@ .
/ ’ - 048 KO~ Npest 22— 4 eV
/ 4 o - A ul . r @ \ _ -
[ L e n YA 04}
Lo/newc:/!f/ (LW) ditgctérs - - » "*.’ijdj L Ojl‘O'j e
g, - - e A T
S e >‘,//> T L ‘(DRing detecfors (D
D) -2 - S ; ;

Image credit: Tom Ren
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How 10 ImpaC’[ N 1IN/~

/

e Data
e 3 weeks of data taking at 50% duty cycle

 [wo days at OV for tuning cuts and validating HVeV —scintillator
neutron coincidence technique

 Data taken at 20, and 180 V for exploring vield dependence on the electric field
Sensors measure E;

¥

VA0,
1’} Prompt phonons
h+ ...O

§ % L uke phonons

EtOtal — Lyocoil + neheVb

— 7‘€COil(1 + eVb/eeff ' Y)

=0V mode Vp = O: Total energy = Recoil energy
=HV mode Vp = 0: Total energy = Recoil energy + NTL energy
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IMPACT Analysis Scheme in 1 Slide W iInY.V—

/

1. Measurement: 2. Simulation:

Total phonon energy G S Geant4 simulation of
spectrum for events EfOl‘dl _ (1 + eVb/ Ceff ¥) EEl’e(JOil recoil energy spectrum
coincident between : : for events coincident
HVeV and PMT e BV between HVeVand PMT

50r 3. FiIt:
Determine Y by fitting
40r the OV simulation to the 1 4. Systematic Uncertainty:

H\V measurement - Coincidence timing window
- - Time of flight window

- Neutron beam energy
? _ - Detector energy calibration
% - Impact ionization / Charge trapping

W
o
I

Counts [/bin]
S

- Fano factor

-
o

(A e, et g
e TR Y 3 o %

CE

Total Phonon Energy at 100 V [eV¢]




IMPACT Analysis Scheme in 2 Slides

\ \ \ \ —I Total
e Linear interpolation between points i
0.3} r 8r e
“ . —_— Bl Np=2
o A Yield(O eV) =0 > e
= / ~ 6F BN nep=4
c 0.2 / 2 . . ] e ngp=5
_g T ,/ * Yle d(1 O kev and I—WS) — YChavarrla %' ] Bahckground
CI\GJ T ____‘,./ T 4t ® Pseudoexperiment |
Z o1l | T | 3
o~ BENEEEE ) o l O
T T BT AL
Recoil energy [€V] e 270 200 400 600 800 1000 1200 1400
................ 5 : Energy [eVi]
""""""" ... IMPACT yield model |
1 .."A 1
Simulated . t Simulated
- : (e i i : |
recoil events ; recoil 3 Fe_mq _)Trapplr_lg/ ; Resollljtlor\/ | | )total phonon
(100eV, 200eVn, Neh statistics ionization normalization| | : energy
: spectra

200eVf, 460eV) | |

« T T """"""" T '""""'"'"""""""""'"""""T """ Likelihood

(] 3.8keV [ 750 eV [] 220 eVpeor [ 100 eV Y!e|d1oo, Fanoqqo, N100,
1 20keV [ 460eV [ 220 eVy, Yieldaog, Fanoyop, N220f, N220n, Background
T T T T Yie|d460 Fano46o N460 spectra
30000 ” y L )
RS
25000 | y
10 Parameters
@ 20000
5
S 15000 F M-H.
Sampling
10000 -
5000 |
0 N

oty * We fit to the Ring detectors first
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IMPACT Analysis Scheme in 2 Slides

' ' . . —I Total
* Linear interpolation between points 8 —
0.3 pat . . — Z::;;
= T// * Yield(OeV)=0 = — s
= | A | NI i
§°° i ,T/l * Yield(10 keV and LWS) = Ychavarria S I
CI;IG ‘___4r/ l % 4t ® Pseudoexperiment _
5 0.1} /,————-1"#—‘// l 3
" 2-
L T () 0 .

0 200 400 600 800 1000 1200 1400
Energy [eVi]

Recoll energy [eV]

.
e,
",
e,
Y
e
“a
‘e
e
Y
‘e
e
e
e
e
taa,
'... - Em Em Em Em o o Em Em EN N EE EE BN N A EE EE BN MM EE EE EN N MM EE EE BN MM M EE EE BN MM EE EE BN N M EE EE BN MM EE EE EN BN MM EE EE EN MM M EE EN BN MM EE EE Em SN M Em Em BN Em A Em Em Em
]
e,
e,
.

v
%
e

y : - | ! Simulated
(! Simulated | recoil 1O Fano Trapping / Resolution / ' _|total phonon
| ST > —» rano | 5 'rapping/L_ > P
‘ recoil events | Neh statistics lonization normalization | ! energy
: : spectra
< E T T ? E
5 e e R Likelihood
[1 3.8keV [] 750eV [1 220€eVpear 1 100 eV
(1 2.0keV [ 460eV [ 220 eVey Yield7sg, Fanoysg, N750
S Yieldzogo, Fanozggo, N2000, Background
30000 ” | Yield3870 Fano3870 N3870 spectra
25000 - L ~ )
20000 -
= 9 Parameters
S 15000
10000 - M-H
Sampling
5000 |
() N

e e Then we add the LW in a second step
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Results of lonization Yield Fit W iInY.V =

¢ Data —  Fit Background

8 . . .
— Fit [ neh—5 125 — Fit [ neh:5
—_— Nen=0 Nen=6 —_ Nen=0 Nen=6
= 6 B nep=1 W ng,=7 > 10.0 B Nyl W nep=T7 ]
G) B nep=2 I Background g B nep=2 I Background
% B n.=3 ¢® Data ®» 75 B ne=3 ¢® Data
ﬁ' 4 | | Nen=4 T e Nen=4
-4 I= i ) .
3 S i H 220/eV far 5 >0 220 eV near
J I @) 2r | | & | ] @) 25| | n%
< 8 l iul bdllRhdRYE II bl |4 Lt ,-.I., © Ol8 _ AR ikl “NRh
S 10t i S 10t
2 Of e *00“0'00'.’0000...°°00°00000000000000000000oo‘ooo’oooo‘ooo“o g % OF *00.°0.°0000*0’000”’*‘0.'.o“.o“o'00000000000000000.00000000 g
8 _10 T | | | | L] Q _10 [ 1 1 1 1 L]
Background & 0 500 1000 1500 2000 2500 o 0 500 1000 1500 2000 2500
—— 0OF - Energy [eVi] Energy [eV{]
> Data
— Fit ¢ Data — Fit ® Data
N — 20 B Background i — 30} I Background
~— U
W— 4 — - 15 ©
S 0 20
p) = <
e n 10+ n
- c £
> 100 eV S s 5|
O € S :
3 10+ *ee ) 5 10F + ¢ oo
.g _18: Joe00ett 00...,*04{ g’h ,..“0.0“.,.,...0,.0,,.,".......... : ,g _18: ® 000t ,...*. “4. " f.ﬂhh o000 00?0000, 0000 0 00 0000 :
o 0 1000 2000 3000 4000 5000 o 0 2000 4000 6000 8000 10000
Energy [eVi] Energy [eV{]
— Fit ® Data — Fit ¢® Data

B Background I Background

I
= =
OO O
~ -
|

w
o
Y N—
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0 200 400 600 800 1000 1200 1400
Energy [eV{]

2000 eV 3870 eV

=
o
T
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- +9 +.'
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IMPACT@TUNL Si Yield

+  Dougerty 1992 ¢  This work (ring), stats. § -
Gerbier 1990 This work (LW), stats. t + sys.
¥ lzraelevitch 2017 This work (ring), empirical fit
= CDMSII Lindhard k=0.146
Chavarria 2016
0.40 - — —————
0.35 =
" ¥ ! o ®
0.30 | + e
. Al
< i P 32 220N i
=4 0.25 ' vl ’
- | * f
<> .
& - Iy
N 1
= 0.15 F ] :
o | ! $
e | 1
0101 . :
0.05 i
0.00102 | - "103 | - ”104

Recoil energy [eV]
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IMPACT In Context

\ W/ N VAW~
/

* Variabllity observed among measurements below 1 keV

* Plan to study effect of electric field using 180 V data

* Evidence of continued ionization production down to 100 eV, has
significant impact for low mass reach of SuperCDMS and other Si based

DM experiments

* Plan to repeat with Ge HVeV

e [entatively named:

‘GIM

* @it repository being assembled to collect
literature values of yield and operating

conditions
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lonization Yield Values in Si

0o Sattler (77K)
o lzraelevitch (220 K)
Chavarria (130 K)

A Gerbier (15 mK)

=  Dougerty (50 mK)
*  CDMS-II (50 mK)
Villano (50 mK)

e IMPACT (50 mK)

| | == Impact Empirical Fit

: — Lindhard Model: k=0.146
- Sarkis Model
| == Suppressed Yield Model

0.1

05 1
Nuclear Recoll [keV]



f It’s not In Gt It’'s doesn’t exist :

«» GitLab = Menu >

Q_ Search GitLab

' &
y(E,) yieldData A~

Project ID: 26577058 [7}

% Unstar 1 % Fork O

-0- 62 Commits ¥ 1Branch ¢ 0Tags [ 23 MBFiles [ 23 MB Storage

Repository for collecting measures values of yield in Si / Ge from literature

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

....................................................

....................................................
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Name

3 Papers

3 data

m+ Lit_Survey_Signup.md

m+ README.md

Name

3 antonella 001 2015 Si.xml|
3 antonella 002 2015 Si.xml
3 barbeau 001 2009 Ge.xml
3 baudis 0011998 Ge.xml|
3 cdms 001 2011 Ge.xml

3 cdms 002 2011 Ge.xml

'3 chasman 001 1968 Ge.xml

T AlhAaviarria OAN1T1 ON1E2 C1 vl

Last commit

Updated the Antonella yield file to the pub...

Updated Antonella reference

Update signups in Lit_Survey_Signup.md

Tweaked info files

Last commit

Updated the Antonella yield file to the published results

Updated Antonella reference

Update barbeau 001 2009 Ge.xml

Update baudis 001 1998 Ge.xml

Added a bunch of existing Ge yield measurements

Added a bunch of existing Ge yield measurements

Update chasman 001 1968 Ge.xml

lInvAata AhAaviarria NNOT1T DON1ER 1 vl

Last update

3 months ago

3 months ago

8 months ago

8 months ago

Last update

3 months ago

3 months ago

4 months ago

5 months ago

9 months ago

9 months ago

5 months ago

D rananthe arvA




f It’s not In Gt It’'s doesn’t exist :

y(E )erIdData & A v  HUnstar 1 % Fork O
"/ Project ID: 26577058 [3}

<!-- Data references —>
D'Ann Barker (barkel36@umn.edu)
Shutt Ge detector measurement, taken from Berker, Mei paper
Title of Shutt paper
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.69.3425
https://arxiv.org/abs/1203.4620v4
T. Shutt et. al. Phys. Rev. Lett. 69 3425 (1992).

Vi 5 W IN -

<!== Information about the experiment -->
Shutt
Current
1992
Public
Measurement
Neutron Source 252Cf
2 MeV average
Discrete Points
Ge
0.025
| <!-- 1 keV at 60 keV. =->
5 <!=-= 5 keV by eye -->
0.5 <l== V/cm ==>
Unknown

N NN N

Vi B W N -

NN

N
*))

60

N
~

(o +]

.
L
2

4

» ® ©

Unknown
Energy lost to defects assumed to be 0 keV
<!=~ The data -->
Mathematica
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