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	  	  The	  WIMP	  Narra0ve	  
Thermal	  Equilibrium	  

Expansion	  &	  
Cooling	  

•  Dark	  Ma,er	  Relic	  Density	  consistent	  with	  weak	  scale	  (Mw,	  σw)	  	  
•  Hierarchy	  Problem:	  We	  expect	  new	  physics	  /new	  par0cles	  at	  

weak	  scale	  



CMB	  Exclusion	  Region	  	  
•  Energy	  Injec0on	  During	  

Recombina0on	  
–  delays	  photon	  decoupling	  

•  Energy	  Injec0on	  aWer	  
recombina0on	  increases	  
op0cal	  depth	  
–  more	  ionized	  par0cles	  =	  

more	  sca,er	  
–  Limits	  stronger	  if	  structure	  

dependence	  taken	  into	  
account	  
•  G.	  Giessen	  et	  al	  
•  1209.0247	  

•  WMAP7	  +	  SPT	  
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Figure 14: Summary of our bounds on p
ann

translated into constraints for the DM annihilation
thermal cross-section h�vi and mass m

DM

. Points in the shaded regions are above the 95% preferred
region for p

ann

(z = 600), considering only annihilation in the smooth DM background, and assuming
either f(z = 600) = 0.2 (dark shade) or f(z = 600) = 0.9 (light shade): these two extreme
assumptions cover the plausible range for f(z = 600) in the case of WIMP annihilation, see [7]. The
three black lines correspond to the CMB bounds inferred from DM annihilation in halos, assuming
f
NFW

(c
h

) = 10

3 (top), 104 (middle) or 10

5 (bottom), and taking in all three cases z
F

= 60 and
f(z ' 0) = 0.1 (or in other words, f(z = 600) = 0.5 and [p

ann

(600)/p
ann

(0)] = 5). When a realistic
upper bound on the matter temperature at low redshift is taken into account, the bounds move to
the green lines. The horizontal lines shows the standard WIMP thermal cross-section.

and NFW profiles. We could have imposed priors on the parameters of this model inferred
from N-body simulations, or tried different profiles (Einasto profile, etc.), or a more real-
istic differential mass function [44]. Instead of the Press-Schechter model, we could have
accounted for halo formation using the excursion set formalism [56]. One could try to
model the matter temperature evolution at low redshift more accurately, taking into ac-
count matter inhomogeneities and the complicated thermodynamical evolution of the IGM
(including, for instance, line cooling or Bremsstrahlung effects). However, all these refine-
ments are probably unnecessary at the moment, given the large error bars on the optical
depth inferred from CMB observations.

Throughout this work, we assumed that DM annihilates. A similar study can be
performed in the case of decaying dark matter [13, 15, 16, 17]. In that case, the energy
injection rate varies like ⇢̄DM (instead of ⇢̄2

DM), i.e. like (1 + z)3. Hence, the effect of DM
decay in the smooth DM background is not very different from the effect of DM annihilation
in halos, studied in section 4. Note however that for a wide range of masses, constraints on
the DM lifetime inferred from current CMB observations are not as strong as those inferred
from cosmic rays [57, 58].

In a few months from now, results from the Planck satellite data may lead to a signifi-
cant improvement of these bounds, and bring complementary information on the DM mass
and cross-section (or lifetime) with respect to direct and other indirect DM search.
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1)	  Hidden	  Sector	  Freeze-‐Out	  
•  Thermal	  Freeze	  Out	  
•  Annihila0on	  Energy	  -‐>	  Dark	  Sector	  

•  	  	  

•  Feng	  &	  Kumar	  	  
–  0803.4196	  

•  Pre,y	  Natural!	  

Thermal	  Equilibrium	  

Expansion	  
&	  Cooling	  
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Dark-Matter Particles without Weak-Scale Masses or Weak Interactions
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We propose that dark matter is composed of particles that naturally have the correct thermal relic

density, but have neither weak-scale masses nor weak interactions. These models emerge naturally from

gauge-mediated supersymmetry breaking, where they elegantly solve the dark-matter problem. The

framework accommodates single or multiple component dark matter, dark-matter masses from 10 MeV

to 10 TeV, and interaction strengths from gravitational to strong. These candidates enhance many direct

and indirect signals relative to weakly interacting massive particles and have qualitatively new implica-

tions for dark-matter searches and cosmological implications for colliders.

DOI: 10.1103/PhysRevLett.101.231301 PACS numbers: 95.35.+d, 12.60.Jv

Introduction.—Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand the
weak force also invariably require new states. These typi-
cally include weakly interacting massive particles
(WIMPs) with masses around the weak scale mweak !
100 GeV–1 TeV and weak interactions with coupling
gweak ’ 0:65. An appealing possibility is that one of the
particles motivated by particle physics simultaneously sat-
isfies the needs of cosmology. This idea is motivated by a
striking quantitative fact, the ‘‘WIMP miracle’’: WIMPs
are naturally produced as thermal relics of the big bang
with the densities required for dark matter. This WIMP
miracle drives most dark-matter searches.

We show here, however, that theWIMPmiracle does not
necessarily imply the existence of WIMPs. More precisely,
we present well-motivated particle physics models in
which particles naturally have the desired thermal relic
density, but have neither weak-scale masses nor weak force
interactions. In these models, dark matter may interact very
weakly or it may couple more strongly to known particles.
The latter possibility implies that prospects for some dark-
matter experiments may be greatly enhanced relative to
WIMPs, with search implications that differ radically from
those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

!X / 1

h!vi!
m2

X

g4X
; (1)

where h!vi is its thermally averaged annihilation cross
section, mX and gX are the characteristic mass scale and
coupling entering this cross section, and the last step
follows from dimensional analysis. In the models dis-
cussed here, mX will be the dark-matter particle’s mass.
The WIMP miracle is the statement that, for "mX; gX# !
"mweak; gweak#, the relic density is typically within an order
of magnitude of the observed value, !X $ 0:24. Equation
(1) makes clear, however, that the thermal relic density
fixes only one combination of the dark matter’s mass and

coupling, and other values of (mX, gX) can also give the
correct !X. Here, however, we further show that simple
models with low-energy supersymmetry (SUSY) predict
exactly the combinations of (mX, gX) that give the correct
!X. In these models, mX is a free parameter. For mX !
mweak, these models do not include WIMPs but for all mX

they contain dark matter with the desired thermal relic
density.
Models.—We will consider SUSY models with gauge-

mediated SUSY breaking (GMSB) [2,3]. These models
have several sectors, as shown in Fig. 1. The MSSM sector
includes the fields of the minimal supersymmetric standard
model. The SUSY-breaking sector includes the fields that
break SUSY dynamically and mediate this breaking to the
MSSM through gauge interactions. There are also one or
more additional sectors which have SUSY breaking gauge-
mediated to them; these sectors contain the dark-matter
particles. These sectors may not be very well-hidden,
depending on the presence of connector sectors (discussed
below), but we will follow precedent and refer to them as

FIG. 1. Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark-matter particle X. An optional connector sector
contains fields Y, charged under both MSSM and hidden sector
gauge groups, which induce signals in direct and indirect
searches and at colliders. There may also be other hidden sectors,
leading to multicomponent dark matter.
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WIMP	  Miracle	  remains	  intact!	  



WIMP	  Story	  -‐>	  Baryons	  
Thermal	  Equilibrium	  

Expansion	  
&	  Cooling	  

•  Large	  Interac0on	  
Cross	  Sec0on	  
•  Incredibly	  small	  	  
relic	  density	  
• WE	  DON’T	  EXIST	  

What’s	  missing?	  	  
Baryon-‐An0Baryon	  Assymetry	  



2)	  Asymmetric	  Dark	  Ma,er	  
•  Kaplan	  et	  al	  
– 0901.4117	  
– Rooted	  in	  Technicolor	  

•  Relic	  Density	  Determined	  by	  Asymmetry	  
Magnitude	  	  (NOT	  Freeze	  Out)	  

•  No	  Power	  Injec0on	  at	  low	  Z-‐>	  No	  distor0on	  of	  
CMB	  

•  “ADM	  Miracle”	  
– ΩDM	  ~	  5	  ΩB	  -‐>	  MDM	  ~	  5	  MB	  

– MDM	  	  ~5GeV	  
	  



Ex:	  Electric/Magne0c	  Dipole	  Coupling	  DM	  
•  ADM	  
•  P.	  Graham	  et	  al	  
– 1203.2531	  

•  Not	  Excluded	  by	  LEP/LHC	  
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Figure 1: One-loop contributions to DM dipole moment due to a charged fermion-scalar pair.
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Figure 2: One-loop contribution to DM mass due to a charged fermion-scalar pair.

with the same approximate form for µ!. There might be some worry that loops involving these heavy

charged intermediaries, shown in Figure 2, would push the natural DM mass beyond the MeV or GeV

scale. The contribution from this diagram is

!m! "
g2M

16"2
. (3)

The important feature of this expression is that decreasing the coupling g between DM and the heavy

intermediaries decreases the e!ective scale contributing to the DM mass. However, this decrease in g

actually increases the e!ective scale contributing to the DM dipole moment. This means that for a generic

set of heavy charged intermediaries, a large e!ective dipole scale does not imply a large mass contribution,

provided the coupling with DM is small. For example, a charged fermion-scalar pair with M " 500 GeV

and g " 0.2 would contribute !m! " 100 MeV and d! " 3 # 10!4 TeV!1. As we will show in section

4, the enhanced cross-sections of dipole interactions at low momentum transfer make them the strongest

candidate for detection with CDMSLite, with experimental sensitivity to e!ective mass scales ! 103 TeV.

2.2. E!ective Pointlike Vertex

The next simplest extension is the dimension-six e!ective four-fermion vertex, which corresponds to

the exchange of a very massive mediator (such as a scalar or vector) which is then integrated out of the

theory. An example is the vector-channel operator
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Figure 4: Exclusion sensitivity at 95% confidence level possible after 1 year, for (a) electric and (b) magnetic dipole moments.
The solid lines assume a background of 1 event/day/kg/keV, while the dashed lines assume no background. Areas above
the curves for germanium (red), silicon (blue), and xenon (brown) would be excluded. Regions in gray are already excluded
for all models of DM by other experiments or astrophysical data. Masses to the left of the dashed black line are potentially
constrained by supernova cooling and BBN. While a detailed calculation of these constraints on lighter masses is beyond the
scope of this work, it is unlikely the entire region is fully excluded.

particular models is beyond the scope of this paper. For this reason, we simply indicate in our plots the

mass value below which these additional bounds potentially apply. As a conceptual reference for the plots,

the minimum d! and µ! values excluded by germanium without background for m! = 10 MeV correspond

to !!v" # 10!45 cm2.

As discussed in the beginning of section 3, the larger binding energy present in xenon necessitates a

larger momentum transfer. This results in an increased form factor suppression, reducing the experimental

reach of noble gases in comparison with that of semiconductors, as seen in both Figures 4 and 5.

For each of these exclusion limits, germanium provides somewhat weaker limits. This is caused by our

14



Summary:	  Theore0cal	  Mo0va0on	  	  
•  Standard	  Thermal	  Freeze	  WIMP	  Miracle	  is	  
Definitely	  Well	  Mo0vated	  

•  Many	  “Natural”	  Theories	  s0ll	  have	  Dark	  
Ma,er	  Candidates	  with	  1MeV	  <MDM<10GeV	  
1.  Hidden	  Sector	  Freeze	  Out	  
2.  Asymmetric	  Dark	  Ma,er	  
3.  Freeze	  In	  Dark	  Ma,er	  (L.	  Hall	  et	  al	  0911.1120)	  

• How	  do	  we	  allocate	  resources?	  
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Figure 5.18: Comparison of limits from this analysis to previous results in the scattering
cross section versus WIMP mass plane, assuming spin-independent elastic scattering. The
90% CL exclusion limits from this analysis (thick, black) disfavor parameter space consis-
tent with CoGeNT [189] (orange, filled), DAMA/LIBRA [176] (gray, filled), and CRESST-
II [154] (cyan, filled). An alternative calculation of the CoGeNT allowed region after sub-
tracting the expected surface event background [190, 192] (orange, dotted) is also shown,
as well as an alternative calculation of the DAMA/LIBRA allowed region which allows
for larger quenching factors at low energy [82] (gray, dotted). We ignore the e↵ect of ion
channeling on the DAMA/LIBRA allowed regions since recent analyses indicate channeling
should be negligible [194, 282]. Exclusion limits from the combined CDMS II data with a
10 keV threshold [153] (dash-dotted), the low-threshold analysis from the shallow site [186]
(dashed), XENON100 [54] (green, solid), and a low-threshold analysis of the XENON10
data [156] (red, solid) are also shown.

galactic escape velocity of vesc = 544 km/s [137, 146]. The resulting limits from Fig. 5.4a

are compared to the parameter space consistent with other experiments in Fig. 5.18.

As shown in Fig. 5.18, these results disfavor an interpretation of the DAMA/LIBRA

and CRESST-II experiments in terms of spin-independent scattering of WIMPs with m� <

10 GeV/c2 at greater than 90% confidence, given the standard assumptions about theWIMP

coupling and halo model discussed above. At the time of publication, these results [144]

were the most constraining in the 5–9 GeV/c2 mass range, although more recent results

from a low-threshold analysis of the XENON10 data provide stronger constraints [156].

Given the uncertainties in the WIMP model, astrophysics models, and detector response at

low energy, these results still provide useful constraints for models in which the XENON10

Xenon10	  S2	  Only	  
arXiv:1104.3088	  

Xenon100	  S2/S1	  
arXiV:1104.2549	  

CDMS	  II	  High	  Mass	  
arXiv:0912.3592	  

CDMS	  II	  Low	  Mass	  
arXiv:1011.2482	  

CDMS	  Shallow	  
arXiv:1010.4290	   DAMA	  

arXiv:0804.2741	  
arXiv:1007.1005	  

CRESST	  II	  
arXiv:1109.0702	  

CoGENT	  
arXiv:1106.0650	  
arXiv:1208.5737	  



Experimental	  Mo0va0on	  

•  Near	  Threshold	  Signal	  Excesses	  Could	  Be	  First	  
Hints	  of	  Dark	  Ma,er	  
– MDM	  ~	  5GeV:	  Asymmetric	  Dark	  Ma,er	  Miracle	  

•  Systema0cs	  are	  Hard	  to	  Control	  Near	  Signal	  
Threshold	  
– DAMA	  -‐>	  trigger	  efficiencies?	  
–  CRESST	  -‐>	  Spu,ering	  from	  210Pb	  decays	  at	  low	  
energies	  

–  CoGENT	  -‐>	  Surface	  Event	  Leakage	  Efficiency	  	  

IMPROVE	  DETECTOR	  SENSITIVITY	  	  
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•  Essig	  et	  al.	  Arxiv:	  1108.5383	  
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Experimental	  Techniques:	  1MeV<MDM<1GeV	  
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FIG. 2: The cross section exclusion reach (left axis) at 95% confidence level for 1 kg·year of exposure, assuming only the
irreducible neutrino background. This corresponds to the cross section for which 3.6 events are expected after 1 kg·year. The
right axis shows the event rate assuming a cross section of ⇤e = 10�37 cm2. Results are shown for xenon (blue), argon (red),
germanium (brown), and helium (green) targets. Left: Models with no DM form-factor. The green shaded area indicates
the allowed region for U(1)D (hidden photon) models with mAD

>⇥ 10 MeV. The orange shaded area is the region in which a
particular model of “MeV” DM can explain the INTEGRAL 511 keV ⇥-rays from the galactic bulge [9]. Right: Models with
a very light scalar or vector mediator, for which FDM = �2m2

e/q
2. The blue region indicates the allowed parameter space for a

hidden U(1)D model with a very light (⇤ keV) hidden photon. The darker blue band corresponds to the “Freeze-In” region.
For illustration, constant gD contours are shown with dashed lines, assuming mAD = 8 MeV and ⌅ = 2� 10�3 (left plot) and
mAD = 1 meV and ⌅ = 7� 10�9 (right plot). For more details see the text and the Appendix.

ber of very low energy events. This e⇥ect was ob-
served for single-electron events in ZEPLIN-II [31] and
Xenon10 [32, 33]. One possible explanation is the sec-
ondary ionization of impurities (e.g. oxygen) or of xenon
atoms by primary scintillation photons. Such a back-
ground could be reduced by vetoing events occurring too
close in time to a large event. Another possible explana-
tion is that electrons captured by impurities may eventu-
ally be released and detected a significant time after the
primary event that produced them. The long lifetime of
ionized impurities (e.g. an O�

2 ion takes several seconds
to drift to the anode in ZEPLIN-II) may limit the e⇥ec-
tiveness of a timing veto, and in this case improvements
in purification would be important.

Neutrons. Current direct detection experiments are ef-
fective at shielding against neutron backgrounds. Modi-
fication of existing designs to minimize the very low en-
ergy neutron scattering relevant for LDM detection could
yield further improvements.

Neutrinos. Neutrino scattering with electrons and nu-
clei generates a small but irreducible background. As
with WIMP searches, this may set the ultimate limit to
the reach of LDM direct detection experiments. The neu-
trino background is overwhelmingly dominated by solar
neutrinos, which are theoretically well understood but
only partially measured. Solar neutrinos have typical en-
ergies between 100 keV and 20 MeV and scatter with a
rate given by:

dR

dER
=

� ⇥

Emin
�

dE�
d��

dE�

d�

dER
, (14)

where Emin
� � 1

2 (ER +
⇥
E2

R + 2ERm) is the minimal
neutrino energy required to recoil a particle of mass m
with energy ER, d�/dER is the scattering cross section,
and d��/dE� is the solar neutrino flux [45–47]. We cal-
culate the di⇥erential rate for di⇥erent materials in Fig. 1
(see also e.g. [27, 48–50]). Electron recoils have energies
well above the expected DM signal and should be easily
distinguished. Recoiling nuclei, on the other hand, have
energies typically below a keV. The e⇤ciency in convert-
ing this energy into ionized electrons is unknown at these
low energies, but it is expected to be very small [29, 33].
Therefore the neutrino-induced background, for events
in which only one or a few electrons are seen, is at most
O(1) per kg·year and probably much lower.

RESULTS

We now present expected rates of ionization by DM–
electron scattering in LDM direct detection experiments.
A systematic study of possible target materials is beyond
the scope of this letter, but we present illustrative results
for xenon, argon, helium, and germanium. Noble gases
and semiconductors, particularly xenon and germanium,
respectively, are well established detector materials al-
lowing internal amplification of ionized electrons by scin-
tillation or phonon emission. As discussed, single elec-
tron sensitivity has already been achieved using xenon,
while semiconductor targets benefit from low ionization
thresholds (e.g., the bandgap in germanium is 0.7 eV).
Fig. 2 shows the expected 95% exclusion reach after

Light Scalar/
Vector Coupling

Essig et al
Arxiv: 1108.5383

•  Ideally	  Requires	  Single	  e-‐/h+	  
pair	  sensi0vity	  

•  Ge	  &	  Si	  >>	  Ar,	  Xe,	  &	  He	  
because	  of	  small	  bandgap	  

•  Compton	  Background	  Less	  
Important	  

•  Essig	  et	  al	  
–  arXiv:	  1108.5383	  
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FIG. 2: The cross section exclusion reach (left axis) at 95% confidence level for 1 kg·year of exposure, assuming only the
irreducible neutrino background. This corresponds to the cross section for which 3.6 events are expected after 1 kg·year. The
right axis shows the event rate assuming a cross section of ⇤e = 10�37 cm2. Results are shown for xenon (blue), argon (red),
germanium (brown), and helium (green) targets. Left: Models with no DM form-factor. The green shaded area indicates
the allowed region for U(1)D (hidden photon) models with mAD

>⇥ 10 MeV. The orange shaded area is the region in which a
particular model of “MeV” DM can explain the INTEGRAL 511 keV ⇥-rays from the galactic bulge [9]. Right: Models with
a very light scalar or vector mediator, for which FDM = �2m2

e/q
2. The blue region indicates the allowed parameter space for a

hidden U(1)D model with a very light (⇤ keV) hidden photon. The darker blue band corresponds to the “Freeze-In” region.
For illustration, constant gD contours are shown with dashed lines, assuming mAD = 8 MeV and ⌅ = 2� 10�3 (left plot) and
mAD = 1 meV and ⌅ = 7� 10�9 (right plot). For more details see the text and the Appendix.

ber of very low energy events. This e⇥ect was ob-
served for single-electron events in ZEPLIN-II [31] and
Xenon10 [32, 33]. One possible explanation is the sec-
ondary ionization of impurities (e.g. oxygen) or of xenon
atoms by primary scintillation photons. Such a back-
ground could be reduced by vetoing events occurring too
close in time to a large event. Another possible explana-
tion is that electrons captured by impurities may eventu-
ally be released and detected a significant time after the
primary event that produced them. The long lifetime of
ionized impurities (e.g. an O�

2 ion takes several seconds
to drift to the anode in ZEPLIN-II) may limit the e⇥ec-
tiveness of a timing veto, and in this case improvements
in purification would be important.

Neutrons. Current direct detection experiments are ef-
fective at shielding against neutron backgrounds. Modi-
fication of existing designs to minimize the very low en-
ergy neutron scattering relevant for LDM detection could
yield further improvements.

Neutrinos. Neutrino scattering with electrons and nu-
clei generates a small but irreducible background. As
with WIMP searches, this may set the ultimate limit to
the reach of LDM direct detection experiments. The neu-
trino background is overwhelmingly dominated by solar
neutrinos, which are theoretically well understood but
only partially measured. Solar neutrinos have typical en-
ergies between 100 keV and 20 MeV and scatter with a
rate given by:

dR

dER
=

� ⇥

Emin
�

dE�
d��

dE�

d�

dER
, (14)

where Emin
� � 1

2 (ER +
⇥
E2

R + 2ERm) is the minimal
neutrino energy required to recoil a particle of mass m
with energy ER, d�/dER is the scattering cross section,
and d��/dE� is the solar neutrino flux [45–47]. We cal-
culate the di⇥erential rate for di⇥erent materials in Fig. 1
(see also e.g. [27, 48–50]). Electron recoils have energies
well above the expected DM signal and should be easily
distinguished. Recoiling nuclei, on the other hand, have
energies typically below a keV. The e⇤ciency in convert-
ing this energy into ionized electrons is unknown at these
low energies, but it is expected to be very small [29, 33].
Therefore the neutrino-induced background, for events
in which only one or a few electrons are seen, is at most
O(1) per kg·year and probably much lower.

RESULTS

We now present expected rates of ionization by DM–
electron scattering in LDM direct detection experiments.
A systematic study of possible target materials is beyond
the scope of this letter, but we present illustrative results
for xenon, argon, helium, and germanium. Noble gases
and semiconductors, particularly xenon and germanium,
respectively, are well established detector materials al-
lowing internal amplification of ionized electrons by scin-
tillation or phonon emission. As discussed, single elec-
tron sensitivity has already been achieved using xenon,
while semiconductor targets benefit from low ionization
thresholds (e.g., the bandgap in germanium is 0.7 eV).
Fig. 2 shows the expected 95% exclusion reach after

U(1)

Essig et al
Arxiv: 1108.5383



•  S2	  Only	  Xenon10	  	  
•  Essig	  et	  al	  
–  PRL	  109	  021301	  (2012)	  

•  S2	  Detector	  Background	  Rates	  
–  1e-‐	  =	  23.4	  evt/kgd	  
–  2e-‐	  =	  4.2	  evt/kgd	  
–  3e-‐	  =	  0.9	  evt/kgd	  

•  Causal	  Mechanism?	  
•  Mi/ga/on	  Strategies?	  
	  
	  

Measuring	  Single	  Excita0ons:	  Noble	  Gas	  TPCs	  LUX is a two-phase xenon WIMP detector 

Z position from S1 – S2 timing 
X-Y positions from S2 light pattern 

Reject gammas by charge (S2) to light 
(S1) ratio.  Expect > 99.5% rejection. 

Results.—Figure 2 (bottom) shows the exclusion limit in
the mDM-!e plane based on the upper limits for 1-, 2-, and
3-electron rates in the XENON10 data set (dashed lines),
and the central limit (solid line), corresponding to the best
limit at each mass. The gray bands show the theoretical
uncertainty, as described above. This bound applies to DM
candidates whose nonrelativistic interaction with electrons
is momentum-transfer independent (FDM ! 1). For DM
masses larger than "15 MeV, the bound is dominated by
events with 2 or 3 electrons, due to the small number of
such events observed in the data set. For smaller masses,
the energy available is insufficient to ionize multiple elec-
trons, and the bound is set by the number of single-electron
events. The shaded region (light green) shows the parame-
ter space spanned by models in which the DM candidate is
a fermion coupled to the visible sector through a kinetically
mixed ‘‘hidden photon’’ with O (MeV-GeV) mass, and
satisfying all previously known constraints (from [2]; see
also [3,23]).

Figure 3 shows the exclusion limits in themDM- !!e plane
for DM candidates whose interaction with electrons is
enhanced at small momentum-transfers by a DM form
factor, FDM. The red (lower) curves correspond to FDM !
#"me=q$, or DM scattering through an electric dipole mo-
ment, and the blue (upper) curves to FDM ! #"me=q$2, or
DM scattering though a very light (% keV) scalar or
vector mediator. Bounds set by 1-, 2-, and 3-electron rates
are shown by dashed lines, and the central limits by dark
lines. The bands illustrate the theoretical uncertainty. Both
form factors suppress the relative rate of events with larger
energy deposition, and so reduce the fraction (and hence
the importance) of events containing multiple electrons.

The light shaded region (labeled "Hidden-Photon models")
shows the parameter space for DM coupled through a very
light hidden-photon mediator, and satisfying all previously
known constraints. The dark shaded strip shows parameter
space where the correct abundance is achieved through ‘‘-
freeze-in’’ [24] (from [2]). These regions should be com-
pared to the upper set of exclusion curves ( !!e > 10&33 at
the right edge of the figure).
Discussion.—The results above demonstrate, for the first

time, the ability of direct detection experiments to probe
DM masses far below a GeV. It is encouraging that with
only 15 kg day of data, and no attempt to control single-
electron backgrounds, the XENON10 experiment places
meaningful bounds down to masses of a few MeV.
It should be emphasized that this analysis lacks the

ability to distinguish signal from background. One prom-
ising method is the expected annual modulation of the
signal. As discussed in [2], additional discrimination may
be possible via the collection of individual photons, pho-
nons [25], or ions, although at present such technologies
have yet to be established.
Independently, this type of search could be significantly

improved with a better understanding of few-electron
backgrounds. A quantitative background estimate was not
made in [10], making background subtraction impossible.
Single-electron ionization signals have been studied, and
potential causes discussed, by XENON10 [9], ZEPLIN-II
[7], and ZEPLIN-III [8]. Possible sources include photo-
dissociation of negatively charged impurities, spontaneous
emission of electrons that have become trapped in the
potential barrier at the liquid-gas interface, and field emis-
sion in the region of the cathode. The former two processes
would not be expected to produce true two- or three-
electron events, although single-electron events may over-
lap in time, giving the appearance of an isolated, double-
electron event. With a dedicated study, these backgrounds
could be quantitatively estimated and reduced.
With larger targets and longer exposure times, ongoing

and upcoming direct detection experiments such as
XENON100, XENON1T, LUX, and CDMS, should be
able to improve on the sensitivity reported here. Such
improvements may require optimizations of the triggering
thresholds, and will strongly benefit from additional stud-
ies of the backgrounds.
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FIG. 3 (color online). 90% C.L. exclusion limits on !!e for
candidates with a DM form factor FDM#q$ of #"me=q$ (red/
lower line), corresponding to DM with an electric dipole mo-
ment, and #"me=q$2 (blue/upper line), corresponding to DM
scattering through a very light mediator. Dashed lines and bands
are as in Fig. 2. The pale blue region shows the previously
allowed parameter space for DM coupled through a very light
hidden photon (FDM ! #"me=q$2), with the gray strip indicating
the ‘‘freeze-in’’ region (taken from [2]).
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reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ! !1i and "i !
"1

!!
i

p
, respectively, where i ! 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ! Hi"i

!!!!!!!
2#

p
=$S!x, where $ ! 0:92

is the overall cut efficiency reported in [10], S ! 15 kg day
is the exposure, and !x ! 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
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Measuring	  Single	  e-‐/h+:	  Semiconductors	  
•  	  Luke-‐Neganov	  Gain	  

	  
	  
•  Current	  Leakage	  at	  high	  E	  fields	  
•  Eb	  <	  25V/cm	  
•  Vb	  <	  70V	  for	  1”	  (best	  measurement	  Ge)	  

•  Causual	  Mechanism?	  
•  Mi0ga0on	  Strategy	  
•  Leakage(Vb)?	  

•  Phonon	  Sensi0vity	  Requirement:	  
•  	  Etrigger	  <	  50eV	  
•  	  σE	  <	  9eV	  



Transi0on	  Edge	  Sensor	  

15	  

R 

T 

•  Superconduc0ng	  film	  ar0ficially	  
held	  within	  it’s	  transi0on	  
through	  voltage	  biasing	  

•  Resistance	  incredibly	  sensi0ve	  
to	  temperature	  change	  
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TES:	  Intrinsic	  Noise	  

C

G

Bath

•  Johnson	  Noise	  	  
–  SV=4kbTR	  
–  L/R	  rolloff	  
–  Rtes	  feedback	  suppressed	  

	  

•  Thermal	  Fluctua0on	  Noise	  
–  	  STFN	  =	  4kbT2G	  
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Thermal	  TES	  Detector	  Resolu0on	  
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Athermal	  Phonon	  Detec0on	  Principles	  

•  Become	  insensi0ve	  to	  Cabsorber	  by	  
collec0on	  and	  	  concentra0on	  of	  
phonons	  before	  the	  thermalize	  

•  More	  Complex	  
•  Collec0on	  efficiencies	  <ε>:	  

10-‐20%	  
18	  

VW/Vabsb~109	  



Athermal	  Phonon	  Pulse	  Shape/Resolu0on	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  Bandwidth	  Mismatch	  
•  	  	  
•  	  	  
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	  Athermal	  Phonon	  Energy	  Resolu0on	  
Es0mates	  

•  Low	  Tc	  es0mates	  
significantly	  
effected	  by	  α(Tc)	  
&	  β(Tc)	  

•  Baseline	  
Resolu0on	  

•  Posi0on	  
Systema0cs	  ?	  
–  SuperCDMS	  3%	  

	  

20	  
Single	  Excita0on	  Sensi0vity	  Should	  Be	  Possible	  

•  	  	  
•  	  Tc=20mK:	  x125	  be,er	  
energy	  resolu0on	  than	  
CDMS!	  

•  Engineering	  Hurdles	  
•  IR	  loading	  
•  20mK	  W	  Tc	  Possible?	  
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Experimental	  Techniques	  1GeV-‐10GeV:	  
ER/NR	  Separa0on	  Through	  Luke	  Gain	  

•  Look	  between	  e/h	  peaks	  
for	  WIMP	  signal	  

•  Systema0cally	  Robust	  
–  Fiducial	  Volume	  Problems	  
lead	  to	  ER	  leakage:	  Vary	  Vb	  

–  Crystal	  Cracking	  Events	  
(CRESST):	  look	  for	  NR	  tail	  on	  
1st	  ioniza0on	  peak	  

•  Discovery	  Experiment	  
•  ER	  Background	  Subtrac0on	  
possible	  at	  higher	  energies	  
by	  running	  at	  mul0ple	  Vb	  	  
–  arXiv:	  1201.3685	  
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WIMP 8GeV 2x10−43cm2

Requirement:	  <5eV	  trigger	  threshold	  



Summary:	  Technology	  R&D	  
•  Noble	  Gas:	  	  	  
–  Single	  e-‐	  leakage	  
– He	  (D.	  McKinsey)	  

•  Low	  Temperature	  Semiconductor	  Detectors:	  
– Athermal	  Phonon	  Resolu0on	  Scaling	  Law:	  
–  Improve	  Charge	  Resolu0on:	  HEMT	  preamplifiers	  
–  Study	  Luke	  Gain	  	  

•  Systema0c	  Checks	  for	  1MeV-‐1GeV	  DM	  
•  ER/NR	  Discrimina0on	  Luke	  Gain	  Discrimina0on	  Techniques	  

•  Cross	  Disciplinary	  Research:	  	  	  
–  Coherent	  ν	  Sca,ering	  (low	  temperature	  detectors)	  

•  Sterile	  ν	  search	  
•  Non-‐standard	  ν	  interac0ons	  (NSI)	  

–  ν	  magne0c	  moment	  (S2	  only	  2	  phase	  Xe	  TPC)	  

�E / T 3
c
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1-‐10GeV	  ER	  Background	  Subtrac0on	  
•  Vb=0:	  	  Er	  rate	  distribu0on	  
•  Large	  Vb:	  	  Measures	  neh	  rate	  distribu0on	  
•  Sequen0al	  Measurement	  at	  both	  biases	  
•  ER	  Compton	  Background	  Suppressed	  by	  x5-‐x10	  

–  ER	  Gain	  ~	  26	  
–  NR	  Gain	  ~	  2.5	  –	  5	  

•  arXiv:1201.3685	  
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CRESST	  
•  Phonon	  and	  Scin0lla0on	  
•  8	  detectors,	  730kgd	  
•  2%	  of	  Er	  energy	  is	  converted	  into	  photons	  for	  

electron	  recoils	  (for	  CDMS	  Ge:	  25%)	  
•  Analysis	  Threshold:	  ~10keVr	  >>	  Trigger/	  

Energy	  Threshold	  
•  Mul0ple	  Nuclei:	  Mul0ple	  Q	  

–  QO~0.1	  
–  QCa~0.06	  
–  QW~0.04	  

	  

Exploring Low-Mass Dark Matter Candidates Workshop Richard Schnee 

CRESST Cryogenic Detectors 

  Target crystals operated as 
cryogenic calorimeters (~10mK) 
  energy deposition in the crystal: 
→  mainly phonons 

•  temperature rise detected with                 
W-thermometers 

•  measurement of deposited energy 
E (sub keV resolution at low energy) 

→  small fraction into scintillation light L 
(characteristic of the type of particle) 

  Separate cryogenic light detector 
to detect the light signal 

 
 

F. Petricca 

300g 
scintillating 

CaWO4 crystal 

W sensor 

Light 
detector 

W sensor 

Reflecting, 
scintillating 
housing 

Clamps 

Exploring Low-Mass Dark Matter Candidates Workshop Richard Schnee 

CRESST Event Discrimination 
Light signal used to discriminate different types of interactions 

  Excellent discrimination between potential signal events (nuclear 
recoils) and dominant radioactive background (e-recoils) 

  Possible discrimination between different recoiling nuclei 
  Substantial overlap with zero-light events, such as 206Pb recoils from                  

210Po α-decays in clamps� surface 
 

  Light Yield (LY) = L / E 
characteristic of the event type 
  LY(e-recoils) :1  by definition 
  LY(α) ~ 0.22 
  LY(O) ~ 0.1 
  LY(Ca) ~ 0.06 
  LY(W) ~ 0.04 
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account the more detailed information of the individual
event multiplicities in order to clarify the contributions of
the two types of neutron sources to the total background.
We will, however, see that the result is compatible with
the simple estimates of the limiting cases given here.

An independent aspect of the neutron background con-
cerns the corresponding recoil energy spectrum. Within
our narrow accepted energy range, the energy spectra
induced by the two types of neutron events are found
to be very similar, according to the calibration data
discussed above. The spectrum can be parametrized by
a simple exponential dNn/dE / exp (�E/Edec). We
determine the parameter Edec from a fit to the spec-
trum obtained in the AmBe neutron calibration run. In
the energy range between 12 keV to 40 keV we obtain
Edec = (23.54± 0.92) keV.

This similarity in the spectra induced by neutrons from
the two quite di↵erent sources (in agreement with Monte
Carlo results [5]) indicates how the Pb/Cu shielding sur-
rounding the detectors will moderate an incoming neu-
tron flux regardless of its origin. The primary spectrum of
the neutrons is washed out by inelastic scatterings in the
shielding. This finding supports our use of the results of
the neutron calibration to estimate the e↵ects of a gen-
eral neutron background. The only exception to this ar-
gument might be a neutron-producing contamination in
close vicinity of the detectors. In this case, we would ex-
pect a recoil spectrum reaching to much higher energies
and fewer singles for a given number of coincidences. In
this case, the application of our above calibration results
would lead to a conservative neutron background estimate.

4.4 Lead Recoil Background

To illustrate the lead recoil background from 210Po decay,
Fig. 8 displays the data set of a di↵erent detector mod-
ule as in Fig. 6. Compared to Fig. 6, a more prominent
population of 206Pb recoils below the tungsten band is
visible, with a rather long tail extending down to the ac-
ceptance region. Since the lead band and the acceptance
region overlap considerably, a leakage of some 206Pb events
into the acceptance region cannot be excluded.

For an estimate of this background, we follow a sim-
ilar strategy as for the ↵-background. We define a refer-
ence region for each detector module which contains pre-
dominantly 206Pb recoils, and model the spectral energy
density dNPb/dE in this region. This model is then ex-
trapolated into the energy range of the acceptance region.

As a reference region, we choose the lead recoil band
at energies above the acceptance region, where a possible
WIMP signal cannot contribute. In some detector modules
with wider bands, the lead band still overlaps with the
oxygen band around the lower edge of this energy range.
In this case, we additionally restrict the reference region
to the lower part of the lead band without overlap with
the oxygen band in order to be independent of possible
neutron-induced events on oxygen. The event distribution
of the Pb recoils peaks at the full lead recoil energy of
103 keV and the upper boundary of the reference region

Fig. 8. (Color online) The data of detector module Ch51,
shown in the light yield vs. recoil energy plane. Again, the
shaded areas indicate the bands, where alpha (yellow), oxygen
(violet), and tungsten (gray) recoil events are expected. Ad-
ditionally highlighted are the acceptance region (orange), the
region where lead recoils with energies between 40 and 90 keV
are expected (green), and the events observed in these regions.
The highlighted lead recoil region (green) serves as a reference
region for estimating the 206Pb recoil background.

module nPb
ref

Ch05 17

Ch20 6

Ch29 14

Ch33 6

Ch43 12

Ch45 15

Ch47 7

Ch51 12

total 89

Table 3. Observed counts nPb
ref in the lead reference regions of

the detector modules.

is set at 90 keV so that it covers the low energy tail. An
example of the resulting reference region is highlighted
in green in Fig. 8. Table 3 summarizes the counts n

Pb
ref

observed in the reference region of each detector module.
Fig. 9 presents the energy spectrum of the events found

in the 206Pb reference regions of all detector modules, but
includes also lead recoils with higher energies to illustrate
the peak at the full nominal recoil energy of 103 keV. In
the energy range of the reference region (below 90 keV),
the tail of the distribution can be modeled by an expo-
nential decay on top of a constant contribution:

dNPb

dE
(E) = APb ·

"
CPb + exp

 
E � 90 keV

E

Pb
decay

!#
. (1)

For a first rough estimate of the recoil background,
we simply fit such a function to the spectrum of Fig. 9.
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CRESST:	  Results	  
•  67	  events	  within	  signal	  region	  
•  Extract	  background	  signals	  by	  

extrapola0ng	  from	  higher	  energies	  
•  Maximum	  Likelihood	  Analysis	  
•  Null	  WIMP	  Hypothesis:	  

–  PM1:	  4.7σ	  
–  PM2:	  4.2σ	  
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Fig. 9. Energy spectrum of events in the 206Pb reference region
of all detector modules. Events occurring in the lead band at
energies above the upper energy limit of the reference region
are included to show the peak at the nominal recoil energy
of 103 keV. The curve (red) is a fit of the histogram with an
exponential plus a constant term, in the energy range of the
reference region.

The red line shows the result of this fit with the param-
eters APb = 4.53 counts/keV, CPb = 0.13 and E

Pb
decay =

13.72 keV. This model then needs to be extrapolated into
the energy range of the acceptance region.

To check the validity of this extrapolation we used the
SRIM package [6] to simulate the energy spectra expected
for three di↵erent depth distributions of the 210Po mother
nucleus. These distributions were: an exponential profile
with 3 nm decay length peaking at the surface, a uniform
distribution in the volume, and finally the depth distribu-
tion resulting from implantation due to preceding alpha
decays. For the latter case the implantation profile was
also calculated with SRIM, assuming that 222Rn is first
adsorbed on the surface of the clamps holding the crys-
tals, followed by two subsequent alpha decays to 210Po.
The results of the three simulations are shown in Fig. 10.

An important result of the simulation is that none of
the calculated spectra of the Pb recoils rises significantly
towards low energies within the range of our acceptance
regions. The simulated spectra for the uniform as well as
the implantation profile are rather flat between 40 and
90 keV compared to the data in Fig. 9. However, the en-
ergy spectrum from the distribution peaking at the surface
has a tail similar to that observed in the data. The curve
in Fig. 10 is the result of a fit of Eq. 1 to this spectrum
in the energy range of the reference region between 40
and 90 keV. Its exponential decay of E

Pb
decay = 13.6 keV

agrees within errors with the value obtained from the fit
of the data in Fig. 9. Below 40 keV the curve in Fig. 10
shows the extrapolation of this function into the accepted
energy range. The very good agreement of extrapolation
and simulated data in the energy range of the acceptance
region justifies the use of this type of extrapolation for our
estimate of the Pb background.

Fig. 10. Energy spectrum of 206Pb recoils calculated with the
SRIM package for three di↵erent depth profiles of the alpha
emitting 210Po parent nuclei: (top) distribution peaking at the
surface with a 3 nm exponential decay length, (middle) uniform
distribution throughout the volume, and (bottom) a depth pro-
file resulting from adsorption of 222Rn at the surface of the
clamps, with a subsequent implantation by the two alpha de-
cays which follow in the 238U decay chain. The full (red) curve
is the result of a fit of Eq. 1 to the top spectrum, in the energy
range of the reference region from 40 to 90 keV. The extrap-
olation of this fit into the acceptance region below 40 keV is
shown.

For a rough first result, we take a typical energy range
for the acceptance region of 12 to 40 keV and estimate the
number of Pb recoils in it. From the extrapolation of the
fit function in Fig. 9 we calculate about 17 events of 206Pb
background in the acceptance region. Of course, this sim-
ple estimate neglects small di↵erences in the overlap of
the lead band with the acceptance region in di↵erent de-
tector modules, as well as the acceptance reduction in the
reference region due to partial overlap of lead and oxygen
bands. Nevertheless, the result is very close to the final
value that we will obtain from the full likelihood analysis,
which performs the background estimate module-wise and
hence takes such di↵erences into account.

5 Maximum Likelihood Analysis

In the previous section, the qualitative principles of our
background estimates were discussed. This section ex-
plains how we formulate these concepts quantitatively.
We choose the framework of a likelihood analysis to esti-
mate the unknown parameters of our backgrounds and as
well as the ones of a possible signal. This formalism also
allows us to take into account and propagate the corre-
sponding uncertainties. We first give a general overview of
the formalism before focusing in detail on the treatment
of the di↵erent backgrounds in the current measurement.

arXiv:1109.0702	  

arXiv:1109.0702	  

Degraded	  206Pb	  

Degraded	  α	  	  
Signal	  Region	  
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M1 M2

e/�-events 8.00± 0.05 8.00± 0.05

↵-events 11.5+2.6
�2.3 11.2+2.5

�2.3

neutron events 7.5+6.3
�5.5 9.7+6.1

�5.1

Pb recoils 15.0+5.2
�5.1 18.7+4.9

�4.7

signal events 29.4+8.6
�7.7 24.2+8.1

�7.2

m� [GeV] 25.3 11.6

�WN [pb] 1.6 · 10�6 3.7 · 10�5

Table 4. Results of the maximum likelihood fit. Shown are
the expected total contributions from the backgrounds consid-
ered as well as from a possible WIMP signal, for the parameter
values of the two likelihood maxima. The small statistical er-
ror given for the e/�-background reflects the large number of
observed events in the e/�-band. The other errors correspond
to a 1� confidence interval as determined by MINOS (see Sec-
tion 5.1). The corresponding WIMP mass and interaction cross
section are listed for each of the two likelihood maxima.

one event per module according to the choice of the ac-
ceptance region, with a negligible statistical uncertainty
due to the large number of events in the e/�-band. The
lead recoil and the ↵-background are similar to our simple
estimates given in Section 4. Both these backgrounds are
slightly larger than the contribution from neutron scatter-
ings. In the context of the latter, the fit assigns roughly
half of the coincident events to neutrons from a radioac-
tive source and to muon-induced neutrons, respectively.
This translates into about 10% of the single neutron back-
ground being muon-induced.

In both likelihood maxima the largest contribution is
assigned to a possible WIMP signal. The main di↵erence
between the two likelihood maxima concerns the best-fit
WIMP mass and the corresponding cross section, with
m� = 25.3GeV in case of M1 and m� = 11.6GeV for the
case M2. The possibility of two di↵erent solutions for the
WIMP mass can be understood as a consequence of the
di↵erent nuclei present in our target material. The given
shape of the observed energy spectrum can be explained
by two sets of WIMP parameters: in the case of M1, the
WIMPs are heavy enough to detectably scatter o↵ tung-
sten nuclei (cp. Fig. 1), about 69 % of the recoils are on
tungsten, ⇠ 25 % on calcium and ⇠ 7 % on oxygen, while
in M2, oxygen (52 %) and calcium recoils (48 %) constitute
the observed signal and lead to a similar spectral distri-
bution in terms of the recoil energy. The two possibilities
can, in principle, be discriminated by the light yield dis-
tribution of the signal events. However, at the low recoil
energies in question, there is considerable overlap between
the oxygen, calcium, and tungsten bands, so that we can
currently not completely resolve the ambiguity. This may,
however, change in a future run of the experiment.

Fig. 11 illustrates the fit result, showing an energy
spectrum of all accepted events together with the expected
contributions of backgrounds and WIMP signal. The solid
lines correspond to the likelihood maximum M1, while
the dashed lines belong to M2. The complicated shape

Fig. 11. (Color online) Energy spectrum of the accepted
events from all detector modules, together with the expected
contributions from the considered backgrounds and a WIMP
signal, as inferred from the likelihood fit. The solid and dashed
lines correspond to the fit results M1 and M2, respectively.

of the expectations is the result of taking into account
the energy-dependent detector acceptances. In particular,
the di↵erent energy thresholds of the individual detector
modules lead to a steep increase of the expectations when
an additional module sets in.

We note that neither the expected ↵- or lead recoil
backgrounds nor a possible neutron background resemble
a WIMP signal in terms of the shape of their energy spec-
trum. Even if our analysis severely underestimated one
of these backgrounds, this could therefore hardly be the
explanation of the observed event excess.

On the other hand, the leakage of e/�-events rises
steeply towards low energies and one may be tempted to
consider a strongly underestimated e/�-background as the
source of the observation. However, in addition to the en-
ergy spectrum, also the distribution in the light yield pa-
rameter needs to be taken into account. Fig. 12 shows the
corresponding light yield spectrum of the accepted events,
together with the expectations from all considered sources.
Again, the shape of the expectations is the result of the
individual detector acceptances being considered. As ex-
pected, the contributions from the e/�- and also from the
↵-background quickly decrease towards lower light yields
and thus di↵er significantly from the expected distribution
of a WIMP signal.

In order to check the quality of the likelihood fit, we
calculate a p-value according to the procedure summarized
in Section 5.1. We divide the energy-light yield plane into
bins of 1 keV and 0.02, respectively, and include the accep-
tance region of each module as well as the alpha- and Pb
recoil reference regions in the calculation. The two likeli-
hood maxima are found to give very similar results, with
p-values of about 0.36 and 0.35, respectively. This not very
small value for p indicates an acceptable description by our
background-and-signal model.

(W)	   (O)	  

E206Pb(full)=103keVr	  	  



CRESST:	  Clamp	  Surface	  Roughness	  

arXiv:1109.0702	  

(a) (b)

(c)

Figure 4: Zoomed-in cross section of Geant4 geometries showing relevant event
types: (a) a typical sputtering-dominated event on a flat surface; Cu recoils
carrying 10 – 40 keV of energy, with a contribution from a high-energy ! (which
will eventually reach the detector and shift the event out of the acceptance
region), (b) a cascade of sputtered Cu ions reaching the detector (total energy
above 40 keV), resulting in an event with no contribution from ! and (c) an
example of a rough surface (case #7), with a part of the cascade stopped by
surface irregularities, which e!ectively shifts the event towards lower energies.
!’s are shown in red, 206Pb in blue and copper recoil nuclei in green. Electrons
are not shown. Particles are “detected” and killed after reaching the surface on
the left side of the plot (which extends much beyond the plot boundaries).
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Figure 5: Geant4 simulated spectra for all respective “rough” cases from Ta-
ble 1. Plots contain: (blue points) full energy spectrum from all contributions,
(black solid line) energy from 206Pb recoils only (no sputtering and no alphas
included). The red curve is a fit of Eq. (1) to the simulated blue spectrum in the
energy range of the reference region from 40 to 90 keV (solid line), extrapolated
to the acceptance region (dashed line).

ature data found on the surface roughness of an “apparently smooth” bronze
surface [19] and the roughness of electroplated silver coatings [20, 21], we ran
simulations for the average roughness of 0.07 micrometers (2.7 µinch), which
was reported for bronze and is also consistent with the smoothest silver coat-
ing reported in Ref. [20, Fig. 5]. The relevant range of the waviness parameter
(0.1–5 micrometers) was specified based on AFM surface scans from [20, 21].

As mentioned earlier, there is no statistically significant di!erence in results
between bronze and silver. Qualitatively, all but one simulated configuration
show the same e!ect, namely, the excess of events at lower energies, when com-
pared to the “flat” surface model. Resulting spectra for all rough cases from Ta-
ble 1 are shown in Fig. 5.

The only exception from the rule is case #5, where the low energy contribu-
tion disappears, making the result similar to that of a perfectly smooth surface,
i.e. case #0, discussed earlier. Some non-trivial dependence on the A/T ratio
is not a surprise, since smoother surfaces will have smaller A/T ratios. This
gives an idea on what kind of a surface finish would be required to mitigate
backgrounds of this type.
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•  Future:	  Decrease	  
Clamp	  Radioac0vity	  

•  No	  Discovery	  
Poten0al	  

	  

•  CRESST:	  Assumed	  flat	  surfaces	  in	  
monte	  carlo	  

•  M.	  Kuzniak	  et	  al	  (1203.1576):	  
Spectral	  shape	  varies	  significantly	  
with	  surface	  roughness	  

•  Maximal	  likelihood	  analysis	  
overconstrained	  

	  



CoGENT	  

•  440g	  p-‐type	  Ge	  ioniza0on	  
only	  detector	  

•  Geometry	  of	  p+	  electrode	  
shrunk	  in	  size	  for	  low	  
capacitance	  and	  be,er	  
energy	  resolu0on	  

•  Ethreshold	  ~400eVee	  	  

CoGeNT:�
neutrino & �
astroparticle physics�
using large-mass, �
ultra-low noise �
germanium detectors�
(ANL, CANBERRA, LLNL, �
PNNL, ORNL, SNL, UC, UNC, UW) 
(mostly a tentacle of MAJORANA)�

Conventional �
HPGe coaxial �
detector�

PPC HPGe�
~400 eV threshold, �
working on �
further reduction �

PRL 101 (2008) 251301 �

Extensive constraints on DAMA’s claim: �
•  Light WIMPs �
•  Dark scalars �
•  Dark pseudoscalars�

PPC HPGe�

JCAP 09(2007)009 �

Applications: �
• Light Dark Matter�
• Coherent ν detection �
• ββ decay (MAJORANA) �

J.I. Collar, DM10 Santa Monica �

CoGeNT:(
•  (P*type(point(contact((PPC)(Ge(detectors(

•  Minimizes(detector(capacitance(allowing(for(low(
energy(thresholds((~0.4(keVee)(

•  Designed(for((for(Majorana,(looking(for(0νββ(decays(

•  Also(can(be(used(to(search(for(low(
mass(WIMPs(

•  Recent(results(from(440(g(PPC(
operated(at(Soudan(

•  hQp://arxiv.org/abs/1002.4703(
(2010)(

•  Earlier(results(from(shallow(site:(

• ((Aalseth(et(al.,(PRL,(101,(251301(
(2008)(



CoGENT:	  Posi0on	  Signal	  

•  slow	  carrier	  transport	  near	  
n+	  electrode	  means	  slow	  
rise0mes	  

•  1002.4703:	  Surface	  Event	  
Leakage	  ~0	  for	  E>1keVee	  	  

•  Poten0al	  Problems:	  
–  Quasi	  Collimated	  Source	  …	  
posi0on	  dependence	  

–  Between	  band	  events	  in	  
background	  data?	  
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FIG. 2: Top panel: Rise time in preamplifier traces from
241Am gammas and a manual scan of reference electronic
pulser signals (see text). A change in digitizer range is no-
ticeable above ! 4 keV. Bottom panel: Idem for background
events collected by the PPC in Soudan. The dotted line repre-
sents the 90% signal acceptance contour for bulk events. Top
inset: Vertical cross section of a BEGe PPC detector, showing
the two contacts. Bottom inset: Typical preamplifier traces
from 1 keVee events, before and after wavelet denoising, for
t10!90 = 0.22 µs (left) and t10!90 = 1.53 µs (right).

exclusive use of radioclean materials near the crystals,
all low-energy peaks observed so far have a cosmogenic
origin internal to germanium. For p-type diodes an ad-
ditional obstacle against external low-energy radiation
arises from a quasi-inactive n+ contact, spanning most of
the surface of the semiconductor. This contact is created
by lithium di!usion down to a depth 0.5-1 mm. Fig. 1
displays the decay of the 10.36 keV K-shell EC peak from
71Ge produced via intense thermal neutron activation of
a PPC. A peak at 1.29 keV, originating in L-shell EC, ex-
hibits the same decay (also the region 0.5-1.29 keV, not
shown for clarity). So does the 2.5-7.5 keV “plateau”,
but not events above 10.36 keV. The ratio of activity in
the plateau to that under the 10.36 keV peak matches
the estimated fraction of Li-di!used volume, suggesting
an origin for most plateau events in partial charge collec-
tion from 71Ge decays within the n+ contact.
These partial energy depositions could be an issue, in

that they accumulate signals in the region of most in-
terest for dark matter studies, i.e., near threshold. In
inspecting preamplifier traces from PPCs we noticed a
population of low-energy slow pulses, featuring rise times
(t10!90) significantly longer than the typical t10!90 !

0.3 µs. These are mentioned in early germanium detec-

tor literature as originating precisely in the n+ contact.
Their cause is the weak electric field intensity next to
the lithium-di!used region [3]. We demonstrated the as-
sociation between partial charge collection and slow rise
time by irradiating the“closed end” (side opposite to p+
contact, Fig. 2 inset) of the PPC in [1] with gammas
from a 241Am source. Fig. 2 displays the much longer
rise times associated with partial energy depositions in
the n+ contact from the short-ranged 59.5 keV gamma
(attenuation length in Ge !1 mm). Full-energy depo-
sitions, taking place deeper in the crystal, produce the
expected t10!90 ! 0.3 µs. Using a MCNP-PoliMi [4]
simulation of the energy-depth profile in this calibration,
it is possible to faithfully reconstruct the 241Am energy
spectrum when the charge collection e"ciency ! is de-
scribed by a best-fit logistic (sigmoid) function of the
form ! = 1/(1 + 43.5 e!86 (d!0.14)), where d is the inter-
action depth in cm. This implies an outermost “dead”
layer of !1 mm, followed by a !1 mm “transition” layer
prone to partial charge collection, in good agreement with
[3]. Since we intend to reject surface events in our dark
matter search by performing data cuts based on t10!90,
in what follows we conservatively revise the fiducial mass
of our detector to be 330 g (two outer mm discarded).

Based on this discussion, low energy (few keV) radia-
tion can reach the PPC active volume through a single
region, the intra-contact passivated surface, at the cen-
ter of which the 5 mm p+ point-contact is established
(Fig. 2, inset). The protective SiOx passivation layer is
just !1500 Angstroms thick. Any events arising from
an external low-energy source must originate from ma-
terials in the line-of-sight of this surface (diameter 2.2
cm). These are specially-etched virgin PTFE, similarly
treated OFHC copper and a needle contact (gold-plated
brass, its tip wetted with low-background pure tin).

Fig. 2 (bottom) shows the rise time distribution for
low-energy events in the PPC at Soudan. These data
correspond to an eight week period starting three months
after underground installation, to allow for nearly com-
plete 71Ge decay. The top panel shows the same distri-
bution for a collection of electronic pulser events in this
detector. After a small upwards shift in t10!90 by 0.1µs,
these strongly resemble radiation-induced bulk events in
this representation. The shift accounts for the additional
charge collection time a!ecting energy depositions in the
bulk of the crystal. Simulations of charge collection cor-
roborated the magnitude of the applied shift. The dotted
line in the bottom panel represents the 90% boundary for
signal acceptance of pulser events. We further confirmed
that this signal acceptance also applies to bulk events
by observing the preservation of the L-shell EC activity
from 68Ge (1.29 keV) and 65Zn (1.1 keV), before and
after this rise time cut. While this makes us confident
that our signal acceptance for bulk events is understood
at least down to 1 keV, the possibility remains of some
unrejected surface events closer to threshold. A compari-
son with the distribution of 241Am surface events (Fig. 2)
indicates that any such contamination should be modest.

What is happening? �
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FIG. 3: Low-energy spectrum after all cuts, prior to e!ciency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling !SI = 10!4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
!n=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with m! !7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ! 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (!SI) vs. WIMP mass (m!). For
m! in the range !7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square "2/dof =20.4/20 (for example, the best fit for
m! = 9 GeV/c2 provides "2/dof =20.1/18 at !SI =
6.7 " 10!41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

CoGENT:	  Unexplained	  Excess	  	  
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Figure 5.18: Comparison of limits from this analysis to previous results in the scattering
cross section versus WIMP mass plane, assuming spin-independent elastic scattering. The
90% CL exclusion limits from this analysis (thick, black) disfavor parameter space consis-
tent with CoGeNT [189] (orange, filled), DAMA/LIBRA [176] (gray, filled), and CRESST-
II [154] (cyan, filled). An alternative calculation of the CoGeNT allowed region after sub-
tracting the expected surface event background [190, 192] (orange, dotted) is also shown,
as well as an alternative calculation of the DAMA/LIBRA allowed region which allows
for larger quenching factors at low energy [82] (gray, dotted). We ignore the e↵ect of ion
channeling on the DAMA/LIBRA allowed regions since recent analyses indicate channeling
should be negligible [194, 282]. Exclusion limits from the combined CDMS II data with a
10 keV threshold [153] (dash-dotted), the low-threshold analysis from the shallow site [186]
(dashed), XENON100 [54] (green, solid), and a low-threshold analysis of the XENON10
data [156] (red, solid) are also shown.

galactic escape velocity of vesc = 544 km/s [137, 146]. The resulting limits from Fig. 5.4a

are compared to the parameter space consistent with other experiments in Fig. 5.18.

As shown in Fig. 5.18, these results disfavor an interpretation of the DAMA/LIBRA

and CRESST-II experiments in terms of spin-independent scattering of WIMPs with m� <

10 GeV/c2 at greater than 90% confidence, given the standard assumptions about theWIMP

coupling and halo model discussed above. At the time of publication, these results [144]

were the most constraining in the 5–9 GeV/c2 mass range, although more recent results

from a low-threshold analysis of the XENON10 data provide stronger constraints [156].

Given the uncertainties in the WIMP model, astrophysics models, and detector response at

low energy, these results still provide useful constraints for models in which the XENON10

CoGENT	  
arXiv:1002.4703	  

•  Unexplained	  Excess	  below	  
3keVee	  

•  Even	  CoGENT’s	  argument	  starts	  
to	  break	  down	  below	  1keVee	  	  

•  Q:	  Phonons	  vs	  Charge	  ?	  
	  

•  	  Difference	  in	  tone	  between	  
paper	  and	  talks	  

•  CDMS	  unsuccessfully	  
a,empted	  numerous	  0mes	  
to	  begin	  a	  dialogue	  on	  0ming	  
cut	  leakage	  
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Figure 5.18: Comparison of limits from this analysis to previous results in the scattering
cross section versus WIMP mass plane, assuming spin-independent elastic scattering. The
90% CL exclusion limits from this analysis (thick, black) disfavor parameter space consis-
tent with CoGeNT [189] (orange, filled), DAMA/LIBRA [176] (gray, filled), and CRESST-
II [154] (cyan, filled). An alternative calculation of the CoGeNT allowed region after sub-
tracting the expected surface event background [190, 192] (orange, dotted) is also shown,
as well as an alternative calculation of the DAMA/LIBRA allowed region which allows
for larger quenching factors at low energy [82] (gray, dotted). We ignore the e↵ect of ion
channeling on the DAMA/LIBRA allowed regions since recent analyses indicate channeling
should be negligible [194, 282]. Exclusion limits from the combined CDMS II data with a
10 keV threshold [153] (dash-dotted), the low-threshold analysis from the shallow site [186]
(dashed), XENON100 [54] (green, solid), and a low-threshold analysis of the XENON10
data [156] (red, solid) are also shown.

galactic escape velocity of vesc = 544 km/s [137, 146]. The resulting limits from Fig. 5.4a

are compared to the parameter space consistent with other experiments in Fig. 5.18.

As shown in Fig. 5.18, these results disfavor an interpretation of the DAMA/LIBRA

and CRESST-II experiments in terms of spin-independent scattering of WIMPs with m� <

10 GeV/c2 at greater than 90% confidence, given the standard assumptions about theWIMP

coupling and halo model discussed above. At the time of publication, these results [144]

were the most constraining in the 5–9 GeV/c2 mass range, although more recent results

from a low-threshold analysis of the XENON10 data provide stronger constraints [156].

Given the uncertainties in the WIMP model, astrophysics models, and detector response at

low energy, these results still provide useful constraints for models in which the XENON10
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CoGENT:	  Background	  Subtrac0on	  	  
•  Impressive	  Monte	  Carlo	  

–  80%	  of	  saved	  traces	  are	  pretrigger	  
–  Monte	  Carlo	  uses	  actual	  prepulse	  noise	  

•  Monte	  Carlo	  doesn’t	  qualita0vely	  match	  data	  
•  Data	  Fit	  with	  log-‐normal	  probability	  distribu0ons	  

–  Juan:	  log-‐normal	  match	  monte	  carlo	  distribu0ons	  
well	  

–  Ma,:	  So?	  Monte	  Carlo	  doesn’t	  match	  data	  
•  Maximal	  likelihood	  fits	  must	  be	  tested	  for	  

func0onal	  form	  systema0cs	  (remember	  )	  
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FIG. 18. Simulated preamplifier pulses with an initial rise-
time of 325 ns, representing ideal fast (bulk) events, are con-
taminated with electronic noise and treated with the same
wavelet denoising and rise-time measurement algorithms ap-
plied to real events. This noise contamination is grafted di-
rectly from pre-trigger preamplifier traces taken from real de-
tector events, leading to perfect modeling of the noise fre-
quency spectrum. The resulting rise-time distributions are
represented by red curves, labelled by their energy equivalent.
The same is repeated for typical slow (surface) pulses with a
rise-time of 2µs, generating the blue curves. Each simulation
contains 35K events. These simulations provide a qualitative
understanding of the behavior observed in figure 12.

fecting the detector were known in intensity, radioiso-
tope and location, including surface activities, it might
be possible to consider a simulation able to predict the
exact distribution of pulse rise-times as a function of mea-
sured energy. This simulation would also require a pre-
cise knowledge of the surface layer structure estimated in
Sec.III-C (charge collection e!ciency and pulse rise-time
should correlate within the transition region [17]), and
modeling of the ensuing processes of charge transport
and electronic signal generation. This approach is par-
ticularly unrealistic when dealing with few keVee energy
depositions. Calibrations using external gamma sources
are of value in understanding the structure and e"ect of
the transition layer [4], but cannot replicate the exact dis-
tribution of events in rise-time vs. energy during physics
runs, which is specific of the particular environmental
radiation field a"ecting a PPC.
An alternative route departs from a study of simulated

preamplifier pulses, as described in figure 18. These pro-
vide a qualitative understanding of the blending in rise-
time of surface and bulk events as energy decreases. It
is also observed that all simulated rise time distributions
can be described by log-normal probability distributions.
A next step is to divide the large (27 month) dataset
accumulated up to June 2012 into discrete energy bins
for events passing all cuts but prior to any discrimina-
tion based on rise-time (figure 19). This large exposure
allows to study the evolution of these two families of
events as a function of energy. Surface and bulk events

are observed to form two distinct distributions for events
above few keVee (top panel in figure 19), where the im-
pact of the electronic noise on rise-time measurements
is minimal (figure 18). A progressive mixing of the two
distributions, expected from the simulations, is observed
to take place at lower energies (figure 19). This results
in a contamination with unrejected surface (slow) events
of the energy spectrum of pulses passing the 90% C.L.
fast signal acceptance cut derived from electronic pulser
calibrations (figure 12). The magnitude of this contami-
nation (figure 20) can be derived from fits to the rise-time
distributions like those shown in figure 19.

FIG. 19. Example rise-time distributions for events falling
within discrete energy bins, from a 27 month exposure of the
CoGeNT detector at SUL. These are fitted by two log-normal
distributions with free parameters, corresponding to slow sur-
face events (blue) and fast bulk events (red). Small vertical
arrows point at the location of the 90% C.L. fast signal ac-
ceptance boundary dictated by electronic pulser calibrations
(dotted red line in figure 12). A contamination of the events
passing this cut by unrejected surface events progresses as
energy decreases (see text).

These fits reveal two significant trends, both visible in
figure 19: first, the mean of the slow pulse distribution
is seen to drift towards slower rise times with decreasing
energy, an e"ect already observed in surface irradiations

WIMP	  Search	  Data	  
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distributions, expected from the simulations, is observed
to take place at lower energies (figure 19). This results
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fast signal acceptance cut derived from electronic pulser
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FIG. 19. Example rise-time distributions for events falling
within discrete energy bins, from a 27 month exposure of the
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is seen to drift towards slower rise times with decreasing
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CoGENT:	  Modula0on	  
•  arXiv:1106.0650(PRL)	  &	  arXiv:1208.5737	  	  
•  Enormous	  Modula0on	  	  

–  DAMA:	  2%	  vs	  CoGENT:	  >20%	  
–  2.8σ	  sta0s0cal	  signifcance	  

•  More	  Pronounced	  in	  0.5-‐3.0keVee	  bin	  
than	  0.5-‐0.9keVee	  bin	  

•  Different	  analyses	  have	  different	  
0.5-‐0.9keVee	  modula0on	  signatures	  
–  WHY?	  

•  Surface	  Events	  don’t	  show	  enormous	  
an0correla0on	  (nice	  check)	  

•  Incredibly	  Stable	  	  
–  Noise	  
–  Threshold	  

•  Modula0on	  is	  mostly	  away	  from	  trigger	  
•  C.	  Kelso,	  D.	  Hooper,	  et	  al:	  1110.5338	  

–  Non-‐maxwellian	  structures	  /	  Tidal	  
streams	  required	  to	  fit	  such	  a	  huge	  
modula0on	  

	  

	  

10

FIG. 15. Comparison between irreducible monthly rates in
two di!erent energy regions, for the UC (black) and UW (cir-
cles) analysis pipelines. The correction for low-energy cosmo-
genics present in these regions [5] is applied, and calculated
independently for each pipeline.

Specifically, 0.67±0.12 true coincidences per day were ob-
served during the 442 d of data analyzed in [5], whereas
0.77±0.15 coincidences per day are expected from (µ,n)
and (µ, !) simulations. The price to pay for this good
muon-detection e!ciency is a high veto triggering rate
(!5,000 Hz), resulting in a !12% dead time from dom-
inant spurious coincidences. It is however evident that
the application of the veto coincidence cut would e"ec-
tively remove a majority of muon-induced events in the
germanium detector.
The inset in figure 16 displays the fraction of events as

a function of energy that is removed by application of this
cut with a conservative 20 µs coincidence window. No
deviation from the !12% rate reduction expected from
spurious coincidences is noticeable at low energy, indi-
cating that at maximum a few percent of the spectral
rise at low energy observed in [4, 5] can be due to muon-
induced events. A similar conclusion is derived from the
simulations in Sec.V-A. As expected, the application of
the veto cut simply decreases the irreducible event rate
by this !12% fraction, not altering the possible modu-
lation investigated in [5] (figure 17). In Sec.V-A we will
conclude that the muon-induced modulation amplitude
expected for CoGeNT at SUL is of O(0.1)%.

B. Uncertainties in the rejection of surface events

As discussed in [4, 5] and visible in figure 12, the abil-
ity to discriminate between fast (bulk) and slow (surface)
events is progressively diminished for energies approach-
ing the 0.5 keVee threshold. When the amplitude of a
preamplifier pulse becomes close to the electronic noise
of its baseline, an accurate measurement of rise-time be-
comes harder to perform, even after wavelet denoising.

FIG. 16. True coincidences between muon veto and PPC
appear as an excess above spurious coincidences, displaying
the typical delay by a few µs characteristic of fast neutron
straggling. See text for a discussion on the comparison of
their rate with that predicted by simulations. Inset: fraction
of events removed by the muon veto cut (see text).

FIG. 17. E!ect of the application of a veto coincidence cut on
the monthly irreducible event rate. White circles incorporate
this cut (see text).

Determining the signal (bulk event) acceptance (SA) is
straightforward when electronic pulser signals are identi-
fied to be a close replica of fast radiation-induced events
in the bulk of the crystal [4]. In the analysis described
in this section this SA is kept at an energy-independent
90% (red dotted line in figure 12), as in [4, 5]. Using an
additional 12 months of exposure beyond the dataset in
[5], we can finally attempt the exercise of calculating the
surface event background rejection (BR) as a function of
energy. It must be emphasized that the resulting correc-
tion (the true fraction of bulk events in those passing all
cuts, figure 20) can be applied to the irreducible energy
spectrum, but not to individual pulses on an event-by-
event basis, similarly to the case of low-energy nuclear
and electron recoil discrimination in sodium iodide de-
tectors [26].
In the ideal situation where all radiation sources af-

CoGENT	  Modula0on	  Signature	  

arXiv:1208.5737	  

are taken to ensure that this noise is as stable as possible:
for instance, by automatically refilling the detector liquid
nitrogen Dewar every 48 h, the crystal temperature and its
associated leakage current are held as constant as possible.
The second panel shows the stability of the trigger thresh-
old, derived from the difference between the daily average
baseline DC level in the triggering channel and a constant
(digitally fixed) discriminator level. The small excursions
observed correspond to a temperature drift in the digitizers
(NI 5102) and shaping amplifier (Ortec 672) of !1" C.
These small instabilities do not result in any minor smear-
ing of the energy resolution, given that the amplitude of
each event is referenced to its individual pretrigger DC
level. The effect of this small baseline drift should instead
be envisioned as a maximum shift of the threshold effi-
ciency curve in Fig. 1 by about #10 eV. The third panel
shows the calculation of by how much such a shift can
affect the counting rate in the region 0:5–0:9 keVee.
This calculation includes the exponential spectral shape

observed there. The correction is referenced to the date of
the threshold efficiency calibration employed (small arrow
in Fig. 3) and found to be negligible at less than 0.1%. This
correction would be larger for events below 0:5 keVee, not
considered here, and even smaller for count rates in
broader energy regions starting at 0:5 keVee. The fourth
panel indicates the magnitude of the correction required to
account for the exponential decay of L-shell EC radio
isotopes, prior to an annual modulation analysis. This
correction affects the 0:4–1:6 keVee region (Fig. 1), where
a light-WIMP can express a modulated signature. The
uncertainties in this correction, indicated in Fig. 3 in
parentheses, are modest even at the present exposure. A
direct comparison of these predictions with the low-energy
spectrum, as done in Fig. 1, demonstrates that they are
robust.
Figure 4 shows the temporal rate behavior in several

spectral regions following the correction for L-shell EC
activity, when applicable. Even with the present limited
exposure, a noticeable annual modulation can be observed

FIG. 4. Rate vs time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation. A
solid line indicates a prediction for a 7 GeV=c2 WIMP in a
galactic halo with Maxwellian velocity distribution. Background
contamination and/or a non-Maxwellian halo can shift the am-
plitude of this nominal modulation (see text). Dotted and solid
lines overlap for the bottom panels.

FIG. 3. Assessment of the stability of the CoGeNT PPC at
Soudan (see text). First panel: daily average in detector elec-
tronic noise (shaping time 10 !s). Second panel: stability of the
trigger threshold level. Third panel: negligible correction to the
counting rate in the region 0:5–0:9 keVee induced by it. Fourth
panel: expected counting rate in this same region originating in
L-shell EC. The observed stability augurs well for WIMP
modulation searches using next-generation PPCs like those
planned for the upcoming expansion of CoGeNT (C-4),
MAJORANA, GERDA, and CDEX.
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