Getting through the awkward phase:
keV nuclear recoil energy reconstruction in liquid xenon particle detectors grows up*

* nine going on
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In a recent manuscript (arXiv:1208.5046) Peter Sorensen claims that XENON100’s upper limits
on spin-independent WIMP-nucleon cross sections for WIMP masses below 10 GeV “may be un-

derstated by one order of magnitude or more”.

Having performed a similar, though more detailed

analysis prior to the submission of our new result (arXiv:1207.5988), we do not confirm these find-
ings. We point out the rationale for not considering the described effect in our final analysis and

list several potential problems with his study.

PACS numbers: 95.35.4+d, 14.80.Ly, 29.40.-n,

Keywords: Dark Matter, WIMPs, Direct Detection, Xenon

In a recent manuscript [1], P. Sorensen examines
our results from a 225 live-days dark matter run with
XENON100 [2] and claims that the XENON100 upper
limit on WIMP-nucleon cross sections at WIMP masses
below 10 GeV might be significantly stronger than our
published result. We are aware of the raised issues and
take the opportunity to comment here. While we wel-
come the author’s endorsement of our main conclusion,
namely the lack of an observed dark matter signal in this
run, we do not support his statement of one order of mag-
nitude improvement in sensitivity for low-mass WIMPs
after having performed a similar analysis prior to the
submission of our manuscript to PRL.

We agree with the argument that in principle one
might use the additional information carried by the pro-
portional light signal, S2, in order to obtain a better mea-

tion signal, but the fully available phase space. Indeed,
as shown in [3] we have used the combined S1 and S2 in-
formation to significantly improve the energy resolution
of our detector for interactions of gamma rays at various
energies and to understand its main background sources
[4]. On the other hand, as we discuss in more detail
later, we are still unable to use the information in the
S2-channel at the energies of interest to a dark matter
search, for we lack measurements of the ionization yield,
Qy, of liquid xenon for nuclear recoils of a few keV. We
also agree with the statement that low-mass WIMPs are
expected to show a different S2/S1 versus S1 distribu-
tion than the one expected from calibration data with an
241 AmBe neutron source. In fact, we have studied these
effects in detail, in a similar fashion as followed in the
paper by P. Sorensen: we have inferred ), based on our

It isnt clear f XENON10© agree with me or not..

\s@e of the energy of each scattering event in our detector.
R8s exploit not only S1, the prompt scintilla-

**AmbBe nuclear recoil calibration data and on the m

sured Lo (EL)- M GhveaighitNRaek @éﬁﬁﬁﬁﬁﬁl&ﬁkﬁbﬁp
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arXiv:1304.1427
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c31 [PE]

FIG. 10: Two-dimensional distributions of expected ¢51 and
c52 signals for (top) an 8 GeV ¢ WIMP and for (bottom)
a 25 GeV ¢ WIMP with spin-independent WIMP-nucleon
cross-sections of 3 x 107" em? and of 1.6 x 107" ¢m*, re-
spectively. In both cases, the same assumptions applied to
create the recoil spectra in Fig. 9 are used. In both figures,
the vertical red lines represent boundaries of 3-30 PE. The
horizontal (long-dash) red curve represents the mean {u) -
for the elastic nuclear recoil distribution and the horizontal
(short-dash) red curve represents the 99.75% electron recoil
rejection line as discussed in Ref, [2).
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Back to basics: measured quantities in liquid xenon are photons and electrons

n, alnd he

are whal you reaLLj wank ko khow

82 SZ - (X2 Ne

Drift time
indicates depth

>S1 ST = X1 ny

— ionization electrons
N UV scintillation photons (~175 nm)
LUX, Nucl. Instr. Meth. A 668 1 (2012)

a1~ 0(0.10) and az ~ 0(10)

are the Frobabiiiﬁj to debect each quanta
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Electronic signal from neutral particles is quenched

Enr — E(n*y T ne)/fn.

quemckikr\g) QF‘PLEQS to Ehe TOTAL eleckronic excitakion

Lindhard prediction for f.

ﬁ.

PS, C.E. Dahl, Phys. Rev. D 83 063501 (2011)

Aprile et al. 2009

© © oooo
H O OO NOOO

Manzur et al. 2010

o
W

o
\S)

fraction of energy given to electrons f,

©
—h

100

nuclear recoil energy [keV]

€= 13.% eV, the average energy to create a single quahfza (e or y)
fa = energy dependent Lindhard prediction for signal quenching
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In liquid xenon, quenched E,, partitions into scintillation photons and electrons

PS, C.E. Dahl, Phys. Rev. D 83 063501 (2011)

1.0 — Two-step model:
[ (1) Lindhard model gives quenching, f,
o photon fraction (2) Thomas-Imel model gives partioning (first noted by Shutt, Dahl)
o 0B5E_—— :
2 * In(1 + €)
= B | n
;‘!j # OIS electron fraction:  JF_. =
g o £(1+ New/N)
H
8 02 electron fraction
o N\
o) \
§ \\ electron yield: Qy — Fefn = S52/(X2 Enr)
g 0.1 \ €
a. - curves are fits with & and Nex/N;i o
as free parameters
“effective” r
1 10 100 photon yield: eff —
nuclear recoil energy [keV]
this is the “effective”
bit, an ad-hoc
constant with a
value of ~0.015
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Model compared with neutron scattering data

suspect threshold bias
cf. JCAP 09 (2010) 033
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Does the model reproduce the data?

daka XENON10, Phys. Rev. Lett. 100 021303 (2008)
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Yes

simulakion
321 red steps: fits to data, from

3 _ Phys. Rev. D 80 115005 (2009) _

Py | circles / trianlges: fits to simulation |
—~2 .8t ;
n i 1
~— 2 .6 i 1
(O - ]
5221 e
o I §
— 2 L a

1.8} M
]"6_....|...I--- ...|.---I----"""""_
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S1 photoelectrons

eBand simulation using model case A
eMethod described in ICAP 09 (2010) 033
o(showing XENON1O, agreement is very similar for XENON100o)
ONR band width dominated by
1.Poisson fluctuakions in n. and n,

2.‘?ho&amulﬁipl.£er resolubtion

P. Sorensen U. Mich. Light Dark Matter Workshop  15-17 April, 2013



It is possible to derive self-consistent calibration curves without the model

y = loglo(s2/51) « Lloglo(Qy/ Leff)

_ _(8S1) s,
E,, = TP [keV]
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bj using a »f&mn:j analysis technique khown as.. QLSEbr&!
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Same as slide 12, but showing also 25 keV mono-energetic response

025 keV is far from threshold, measurements Look robust
eOnce L@fﬂf/@itj are knowhn ab e.q. 26 keV, values ot other energies
are constrained

simulabion

3 )

OIIHSI” lOI”I15IIIIZO”II25II”30””35””4O
S1 photoelectrons
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All this bears on the XENONT10 S2-only analysis

XENONT10, Phys. Rev. Lett. 107 051301 (2011)

0.40 -
X
0.35} X X « %O |
12 X & O
= 0.307 v ~ 5 X % a
% % "% %0 é
- X
bCD 0.25 X X S ><>< %<
= 0.20] « Y SNV
. . X
= 0.15¢ T :
A _ robust down to a single electron
0.10; 8 16 32 64 e /
0.05 I IR B 1 I ! [ B | I - -
0.5 1 2 5 10 20 € extrapolation. quoting from the paper, p2:
nuclear recoil energy E,,.  [keV] . o
We emphasize that our energy calibration
(Fig. 1, solid curve) relies on extrapolation of Lindhard’s
theory [28] below 4 keV.
15 n. = 6 electrons 15 ne = 7 electrons
z=1.3 cm z=14.1 cm
10! 0. = 0.20us 10! 0. = 0.29us
> >
z R' B the extrapolotion we used is hone other than
5 \ | L 5 “\M W!i model case A from these slides
; . R I 1, NV
0 1 2 3 4 0 1 2 3 <
HS M3
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Two questions

Should I believe the model? Should I believe the model ex?:rapta&om?

Yes Yes No

elLooks reasonable (qood, even) for
high energies (rou,gktj E>6 keV)
eCase A Ls conservative
eCase B is not
eCase C is hobk (iks also not “the model”)

oXe may behave di&f‘feresr\&t:j than Gre,
vis~a-vis Lindhard theory

oLindhard theory must break down at
some E, maybe this is higher in Xe
com[mrecl. o Ge

olindhard theory works very well in oXe S2 measurements are suspect for £<6

Gre, dowi to <1 keV, and in principle eV
Ls agnostic across elements eXe S1 measurements are challenging
for £<6 keV

eEveryone else is detecting DM, xenon
(the element, not the collaboration)
must be doing something wrong
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How low can we reasonably push these curves?

9l 0.25¢
il | 0 20:
- U
7t 1 [
6 5 - [
I B _---"-]= ' 0.15¢
075_/9%59/ :;Q%‘ - _ :;7 :
4t 0.10}
—case A
3| :
, © 0.05
E, ., [keV] E,, [keV]
e I dont know (yeb)
® ANY reasonable answer must also reproduce
measured NR band (cf. slide 13)
e Xe expariman&s owe it ko the tommw\«:&j to
answer bhis
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Light DM looks a lot like solar 8B coherent neutrinos

© prospect of observing *B coherent neubrinos in
LUX (a1 ™~ 0.18) compare: a1~ 0,06 Un XENON1oo

© depends on fundamental Liquid xenon 3.2}
response (ne + n,) ko NR 3
e if there is a “kinematic cutoff” at e.q. 4 key, wn 2.8
we should know from the NR band shape & 2]
=24
=10)
xXenon S22
3 . o]
10 AR R R R SR SR SR S A S N S ST TSI A SR R
=, 1.8
>
o) 1.67
1O
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e
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S 3.2
~
> 3
> — 9)
i n 8
g 10 SRR oS NI T Tt TR & 20
© SR Rt R L R R R R =24
U S T PP ST Vo]
10—2 L i \| Lo §022
1 0 1 o]
10 10 10
nuclear recoil energy [keV] 1.8f
dashed: DM masses 8§, &, 7 and 10 GeV e~
solid: *B coherent neubtrinos 0

LUX, case A, 1 keV cutoff

20 30 40
S1 photoelectrons

LUX, case A, 4 keV cutoff |

20 30 40
S1 photoelectrons
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Closing remark

XENONT1T0O0 results

simulation of a XENONT100-like detector

S1 [PE]
5 10 15 20 25 30 583
B I L] | I L] I T | 1 L I T | T L] ) T I L] I T 1 I T I I T I I
04 | z | |
: : L B [ ] : ..- L] L] ]
022l .. e .et A L o] & .
T ..I .. k . L] 1 - .- -'- 2 % . " '. ﬂ e By = Lﬂ |
5 0.0 E—- -'t < : .--'.' I."t'.:- _' e | ULl I'I:.':.:I',: l'?} .:':. i. -4'\ :i.'i.f“' i
e (L IR T ]
a2 02 E -rl : = N ) 23 -.: i o = . . = .-: - i
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~  EN : | @ .
EF.._ —0.4 b o A R R L R R b bl ey L el \ |
e~ £ ] | -
v £ P N N -
06 | L T = T
Eﬂ L |_ __‘__,--'"f | — i
08 — o0 |
R | k= |
1.0 :-«,/1/ . | [ *., |
s ;‘I’] :L“-la.hl wp, T a1 e _1 e Il L _1. 1 i ( NOTE: assumes energy calibration as in Phys. Rev. D 86 101301 (2012) |
b 5‘ 10 15 2{] 25‘ 3{‘] 35 4() 45 SD 1 I 1 (%0 ). 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Eneray-fleeVri] 24 O 10 15 20 25 30 39
’ S1
{ software threshold at ~50 photons
NB: apparent difference in band width is a binning artifact -- the lower dashed line is -30 in both plots
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L UX advertisement

simulation of LUX-like detector

100kg x 76d
Moy
................. 133 167 200 233
A~
1
3
—
N
~~
_ N
RS - n
N =
2 1 =0.15 ;50
) |
L/ NOTE: assumes energy calibration as in Phys. Rev. D 86 101301 (2012) :
5 10 15 20 25 30 35
S1

;

oftware threshold at ~20 photons

same simulation of a XENON100-like detector

34kg x 225d
My
....... 200 333 417 500 o83
o1 = 0.06
( NOTE: assumes energy calibration as in Phys. Rev. D 86 101301 (2012) :
5 10 15 20 25 30 35

2
S1
software threshold at ~50 photons

LUX will have a factor x2+ lower photon detection threshold, period.
on, does not depend on energy calibration (L, Q)

oprobably leads to a few keV in energy threshold, relative to XENON1o©
olower background rate => increased discovery potential

P. Sorensen
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Extra slides follow

P. Sorensen
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Non-Gaussian background mechanisms (1)

“gamma X’

~_

S1 S1

__—)]/

XENON100 guotes this mechanism in the context of their 2 events.
I dont buj Lk,
why? gamma X fraction is increasing with energy,
So, where are all the higher enerqgy gamma X events??

107"} XENON10, Phys. Rev. D. 80 115005 (2009)

false singles fraction
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Non-Gaussian background mechanisms (l1)

“random coincidence”

™~
'~

4

_)7/

this is a more ptausibi& mechanism.

This rate could be calculated, based on
measured Si-only rate. Has not been done..

P. Sorensen
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