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INTRODUCTION

IN THE DARK…

▸ The evidence for dark matter is overwhelming 

▸ Early and late cosmology (CMB, LSS) 

▸ Clusters of galaxies 

▸ Galactic rotation curves 

▸ … 

▸ But - no idea about its composition at the particle level

First DES dark matter results, 26e6 galaxies
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INTRODUCTION

DARK MATTER CANDIDATES
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INTRODUCTION

DARK MATTER PARTICLE INTERACTIONS
Sub-MeV dark matter interactions with electrons

Benjamin V. Lehmann, UCSC

Cooley 2014

S
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Direct detection limits
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More soon!
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Electron recoil?

I. Motivation 2/13

Slide by Benjamin Lehmann, UCSC
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DIRECT DETECTION
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INTRODUCTION

EXPECTED NUCLEAR RECOIL SPECTRUM
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Figure 8. Best-fitting value for the local dark-matter density
ρdm,⊙ as a function of the assumed flatting q of the dark-matter
halo. A value of q = 1 implies a spherical halo, while smaller
values lead to oblate configurations. The dashed black line shows
a power-law fitted by eye to the points.

age or chemistry (e.g. Binney & Merrifield 1998), the minor
difference between the two thin-disc curves in Fig. 7 should
not be considered significant at this stage.

The green error bars in Fig. 7 show the stellar densities
inferred by Gilmore & Reid (1983) for stars with absolute
visual magnitude MV between 4 and 5 with an assumed
vertical metallicity gradient of −0.3 dex/ kpc−1 (in their Ta-
ble 2). The green dots in Fig. 6 show the χ2 values we obtain
when we adopt the Gilmore–Reid data points. They indicate
a deeper minimum in χ2 occurring at a smaller dark-halo
density: ρdm,⊙ = 0.01200M⊙ pc−3.

4.1 Systematic uncertainties

The results presented above are based on a very sophis-
ticated model that involves a number of assumptions and
approximations. Deviations of the truth from these assump-
tions and approximations will introduce systematic errors
into our results. We can assess the size of such systematic
errors much more easily in some cases than in others. We
have not assessed the errors arising from:

• the functional form of the mass model;
• the functional form of the df;
• the age-velocity dispersion relation in the thin disc;
• the adopted value of L0 in disc df: variation will affect

the normalisation of stellar halo;
• the power-law slope and quasi-isotropy of the stellar

halo – we will investigate this in a future paper;
• the solar motion w.r.t. the LSR.

We have investigated the sensitivity of our results to:

• R0, which controls the circular speed: a value of R0 =
8kpc reduces ρdm,⊙ by 5%.

• The contribution of the gas disc disc to the local bary-
onic surface density. If we assume 33% instead of our stan-
dard value of 25%, we find slightly different structural pa-
rameters for the stellar discs, but our best-fit value for ρdm,⊙
remains unchanged.

• Rσ,i for the thin disc: using Rσ,i = 6kpc reduces ρdm,⊙
by < 2%.

• The fact that r0,dm changes with ρdm,⊙ on account of
the halo constraints: setting r0,dm = 20 kpc increases ρdm,⊙
by 2%.

• Equal scale radii for thin and thick disc: setting
Rd,thick/Rd,thin = 0.6 (resulting in Rd,thick ≃ 2 kpc and
Rd,thin ≃ 3.5 kpc similar to Bovy et al. (2012)), increases
ρdm,⊙ by 4%.

• Flattening the dark halo: a flatter dark halo increases
ρdm,⊙ significantly. See Fig. 8.

• Systematic uncertainties in the distance scale of J08: if
this distance scale is increased by a factor α, ρdm,⊙ proves to
be almost proportional to α, with a 20% increase in α caus-
ing ρdm,⊙ to increase by 8%. A different value for the binary
fraction has a very similar, but smaller, effect to a general
change of the distance scale, and is hence also covered in
this uncertainty.

The two most critical systematic uncertainties are
therefore the axis ratio q of the dark halo and the distance
scale used to construct the observational vertical stellar den-
sity profile. Simply adding in quadrature the uncertainties
other than halo flattening listed above leads to a combined
systematic uncertainty of ∼ 10%. Combining this with the
uncertainty associated with dark-halo flattening we arrive
at our result

ρdm,⊙ =

!
(0.48× q−α) GeV cm−3 ± 10%

(0.0126× q−α) M⊙ pc−3 ± 10%
(22)

with α = 0.89 and q the axis ratio of the dark halo.
Note, there is an additional potential source of uncer-

tainty that we have not included in our estimate: Schönrich
& Bergemann (2013) find hints that the common practice
of assuming uncorrelated errors in the stellar parameters
when deriving distance estimates is not a good approxima-
tion and leads to over-confident results. Hence the parallax
uncertainties reported by Binney et al. (2014b) might be
under-estimated. To test the possible influence we doubled
the individual parallax uncertainties (a worst case scenario)
and repeated the fit. The best-fitting value for ρdm,⊙ in-
creased by ∼ 7%. A similar uncertainty is shared by all
studies that use distances inferred from stellar parameters.

4.2 Flattening-independent results

The inverse dependence of ρdm,⊙ on q implies that for simi-
lar scale radii r0,dm the mass of the dark matter halo within
an oblate volume with axis ratio q is approximately inde-
pendent of q. This is confirmed by Fig. 9 (upper panel) that
shows the cumulative mass distribution as a function of el-
liptical radius.

The invariance of the dark matter mass profile can be
qualitatively understood by the following consideration: flat-
tening the dark halo at fixed local density reduces its mass
and its contribution to the radial force, KR. But – due to its
still large thickness – its contribution to the vertical force
Kz at low z remains almost constant or slightly grows. To
restore the value of the circular speed at the Sun we have
to either increase the mass of the halo or that of the disc.
However, filling the gap with disc material increases Kz and
consequently compresses the vertical mass profile predicted
by the df. Thus the only possibility is to increase the mass
of the halo and decrease the mass of the disc in order to

c⃝ 2014 RAS, MNRAS 000, 1–17

%DM = 0.0126⇥ q�0.89M� pc�3 ± 10%

�tot(< 0.9kpc) = 69 ± 10M� pc�2

3144 T. Piffl et al.

For the surface density between ±900 pc, we find

!(z = 0.9 kpc) = (69 ± 15) M⊙ pc−2.

Below in Fig. 15, we set these measurements in context with esti-
mates from the literature.

4.3 Other properties

We now give results for the model with a spherical dark halo. The
best-fitting model has a virial mass3 M200 = (1.3 ± 0.1) × 1012 M⊙.
The above-mentioned systematic uncertainties translate into a
<10 per cent uncertainty in the virial mass, but this does not encom-
pass the uncertainty introduced by the assumed shape of the radial
mass profile of the dark matter halo. For the models with flattened
haloes, we find slightly increased virial masses of 1.4 × 1012 M⊙
and 1.6 × 1012 M⊙ for the axis ratios 0.8 and 0.6, respectively.

The total mass of the Galaxy’s stellar disc is
(3.7 ± 1.1) × 1010 M⊙. This is lower but not far from the
canonical value of 5 × 1010 M⊙. It is within the range of 3.6
– 5.4 × 1010 M⊙ estimated by Flynn et al. (2006). Combining
the stellar disc with the bulge and the gas disc, we arrive at a
total baryonic mass (5.6 ± 1.6) × 1010 M⊙, or a baryon fraction
(4.3 ± 0.6) per cent. This value is much lower than the cosmic
baryon fraction of ∼16 per cent (Hinshaw et al. 2013; Planck Col-
laboration XVI 2013), once again illustrating the ‘missing baryon
problem’ (e.g. Klypin et al. 1999). While this baryon fraction does
not include the mass of the Galaxy’s virial-temperature corona,
the mass of the corona within ∼20 kpc of the GC is negligible
(Marinacci et al. 2010); the missing baryons have to lie well outside
the visible Galaxy in the circum- or intergalactic medium.

The thick disc contributes about 32 per cent of the disc’s stellar
mass which is lower than the 70 per cent found by J08. This result
depends, however, on our decision to equate the radial scalelengths
of the two discs. If the scalelength of the thick disc is assumed to
be shorter, as found by Bovy et al. (2012a), the mass fraction in this
component increases to ∼60 per cent. The better agreement with
J08 is only apparent, however, because these authors found a longer
scale radius for the thick disc.

Fig. 12 shows for several fairly successful spherical models the
surface densities of the stellar and gaseous discs at R0 (upper panel)
and the ratio of the radial forces at R0 from the baryons and dark mat-
ter (lower panel). The upper panel shows good agreement with the
estimates of the baryonic surface densities derived from Hipparcos
data by Flynn et al. (2006, coloured bands). The lower panel shows
that equal contributions to the radial force are achieved for local
dark matter densities ρdm, ⊙ that are lower than our favoured value
for a spherical halo, but still within the range encompassed by the
systematic uncertainties, which is shaded grey. In our best-fitting
model, the solar neighbourhood is mildly dark matter dominated
with only 46 per cent of the radial force coming from gas and stars.
Alternatively, we can look at the contribution of disc to the total
rotation curve at 2.2 times the scale radius to check whether our
disc is ‘maximal’ according to the definition of Sackett (1997). We
find a ratio Vc, disc/Vc, all = 0.63 (Vc, baryons/Vc, all = 0.72) that is be-
low the range of 0.75–0.95 for a maximal disc, but slightly above
the typical range of 0.47 ± 0.08 (0.57 ± 0.07) for external spiral

3 We define the virial mass as the mass interior to the radius R200 that
contains a mean density of 200 times the critical density for a flat universe,
ρcrit.

Figure 12. Upper panel: mass surface densities in our models for the stars
(black points and lines) and gas (grey points and lines). The green and orange
shaded area show the corresponding one/two sigma regions reported by
Flynn et al. (2006). Lower panel: the ratio FR,bary/FR,dm of the contributions
to the radial force at R0 from baryons and dark matter. In both panels, the
grey shaded area illustrates the systematic uncertainties of ρdm, ⊙ with the
(interpolated) best-fitting value marked by the black dashed line. For this
value, we have FR,bary/FR,dm ∼ 0.85.

galaxies (Bershady et al. 2011; Martinsson et al. 2013). It is still
lower than the value of 0.83 ± 0.04 found by Bovy & Rix (2013).

5 K INEMATICS

Here, we discuss the kinematic properties of our best-fitting model.
The circular speed at the solar radius, vc(R0) = 240 km s−1 is largely
the result of the adopted values of R0 = 8.3 kpc, the proper motion of
Sgr A*, and v⊙, the solar motion w.r.t. to the LSR. Our constraints
for the mass model actually fix the ratio vc(R0)/R0 (McMillan 2011).

For the local escape speed vesc =
√

2#(R0), we find a value
of 613 km s−1. Piffl et al. (2014) recently found a lower value of
533+54

−41 km s−1, but for this they used a modified definition of the
escape speed as the minimum speed needed to reach 3Rvir. If we
apply their definition to our model we find a value of 580 km s−1

which is still on the high side, but within their 90 per cent confi-
dence interval. The uncertainties arising from the above-mentioned
systematics on this value are of order 1 per cent. This comes mainly
from our rather strong prior on the mass within 50 kpc and again
does not cover the uncertainties in the dark matter profile at large
radii.4

The data points in Fig. 13 show histograms for each principal
velocity component and spatial bins defined by 7.3 kpc < R < R0 and
ranges in z that increase from bottom to top: the upper limits of the
bins are at z = 0.3, 0.6, 1, 1.5 kpc and the coordinates of each bin’s
barycentre are given at the lower centre of each panel. The vertical
scales of the plots are logarithmic and cover nearly three orders of
magnitude in star density. The plotted velocity components V1 and

4 Because of this and also because of the focus of Piffl et al. (2014) on the
fastest stars in the RAVE survey, which carry most of the information on the
escape speed, we still consider their value as the more robust one.

MNRAS 445, 3133–3151 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/445/3/3133/1052064
by guest
on 29 April 2018

Piffle et al, 2014, 
MNRAS 445. 3133 

see also  
J. Hagen & A. Helmi,  
A&A 615, 2018 for 
somewhat higher 
dark matter densities 
(0.018 Mo/pc3)

Necib, Lisanti and 
Belokurov, arXiv: 
1807.02519 

Accreted stars 
trace their dark 
matter  
counterparts 

“It seems that we 
live in a huge 
debris flow”
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INTRODUCTION

EXPECTED NUCLEAR RECOIL SPECTRUM

Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar

Spin-independent (SI) nuclear recoil spectrum
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FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to

12
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.
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FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

SI
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INTRODUCTION

BACKGROUNDS

▸ In the ideal case: below the expected signal 

▸ Muons & associated showers; cosmogenic activation of 
detector materials 

▸ Natural and anthropogenic radioactivity 

▸ Neutrinos! Coherent neutrino-nucleus scattering was observed

⌫ ⌫

N
N

Z

COHERENT, Science, August 3, 2017

 
  

Fig. 3. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Shown are residual differences 
(datapoints) between CsI[Na] signals in the 12 µs following POT triggers, and those in a 12-µs window before, 
as a function of their (A) energy (number of photoelectrons detected), and of (B) event arrival time (onset of 
scintillation). Steady-state environmental backgrounds contribute to both groups of signals equally, 
vanishing in the subtraction. Error bars are statistical. These residuals are shown for 153.5 live-days of SNS 
inactivity (“Beam OFF”) and 308.1 live-days of neutrino production (“Beam ON”), over which 7.48 GWhr of 
energy (~1.76 × 1023 protons) was delivered to the mercury target. Approximately 1.17 photoelectrons are 
expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely following the 
Standard Model CEνNS prediction (histograms) are observed for periods of neutrino production only, with a 
rate correlated to instantaneous beam power (fig. S14). 

First release: 3 August 2017  www.sciencemag.org  (Page numbers not final at time of first release) 9 
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BACKGROUNDS AND SHIELDS

GO UNDERGROUND

▸ Bad news: you can’t 
shield neutrinos 

▸ Good news: 
eventually these will 
be one of your signals

GERDA XENON1T

OPERA

XENON100

LVD

Borexino

�9

LNGS, about 3600 m water equivalent

Figure by SuperKamiokande



TECHNIQUES AND TARGETS

DIRECT DETECTION SIGNATURES
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Heat

Charge Light LXe: XMASS 
LAr: DEAP-3600 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRELXe: XENON, LZ, PandaX, 

DARWIN 
LAr: ArDM, DarkSide, ARGO

Ge, Si:  
SuperCDMS 
EDELWEISS 

CaWO4:  

CRESST 

C3F8, CF3I: PICO 
Ge: CDEX 
Si: DAMIC, SENSEI  
CF4: DRIFT, DMTPC, 
MIMAC, Newage, NEWS

ER



CONSTRAINTS ON THE CROSS SECTION

THE WIMP LANDSCAPE ABOUT ONE YEAR AGO

Light 
dark matter

Standard WIMP

~ 1 event/ kg-day

~ 1 event/ tonne-year

Nature physics, 2017

Mostly noble 
liquids

Si, Ge, Ar, 
CaWO3, Xe, 
etc
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SIDE REMARK

RESULTS AT SUSY2007 & SUSY2010 & SUSY2013

2007 - Karlsruhe

68%

2010 - Bonn

�12

2013 - ICTP

XENON100



CONSTRAINTS ON THE CROSS SECTION

ADDRESSING “THERMAL” DARK MATTER

�13

1 keV 1 GeV

Recently: many new techniques to search for much lighter (sub-GeV) particles

See also “Cosmic visions”, 1707.04591 and 
http://online.kitp.ucsb.edu/online/hepfront_c18/

▸ Many new laboratory probes 

▸ Explore also dark matter 
electron scattering 

▸ Backgrounds still to be 
explored (mostly dark 
counts, also γ,NR)



CONSTRAINTS ON THE CROSS SECTION

ADDRESSING “THERMAL” DARK MATTER

1 keV 1 MeV

Rouven Essig, KITP 2018

Recently: many new techniques to search for much lighter (sub-GeV) particles

▸ Many new laboratory probes 

▸ Explore also dark matter 
electron scattering 

▸ Backgrounds still to be 
explored (mostly dark 
counts, also γ,NR)

Scattering on electrons
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LOW MASS SEARCHES

CRESST, SUPERCDMS, EDELWEISS, DAMIC, SENSEI, CDEX, NEWS,…

▸ Sub-keV energy thresholds 

▸ Probe sub-GeV particle masses

TeVPA 2016 CERNC. Strandhagen 21

Conclusion

● CRESST searches for light dark 
matter with cryogenic detectors 
made out of CaWO4

● the low energy threshold for 
nuclear recoils leads to the best 
sensitivity to dark matter below 1.7 
GeV/c2

● new data taking campaign started 
just now, using novel detectors with 
even lower thresholds (~100 eV)

● CRESST-III has great potential to 
explore light dark matter
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Figure 1. Di↵erential rates for WIMP recoils on a ger-
manium target as functions of recoil energy. WIMPs with
WIMP-nucleon spin-independent cross section of 10�41 cm2

and masses of 2, 5, and 10 GeV/c2 are considered. The bands
encompassing each curve are computed by varying the astro-
physical parameters of the dark matter halo within known
experimental uncertainties. The vertical lines designate ex-
ample nuclear-recoil thresholds of 0.5 and 2 keV respectively.

where x = vmin/v0, y = vE/v0, z = vesc/v0, k0 =�
⇡v2
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p
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�⇤
. The

final case in this expression is set to zero to avoid un-
physical negative rates.

Figure 1 shows the predicted di↵erential rates on a
germanium target for three low-mass WIMPs with spin-
independent WIMP-nucleon cross-sections of 10�41 cm2.
Lowering the experimental energy threshold boosts the
signal to background ratio, assuming a flat background
spectrum, and reduces the dependence of the WIMP sig-
nal on astrophysical uncertainties. A lower threshold
thus dramatically increases an experiment’s sensitivity
to lower-mass WIMPs.

CDMSlite (Cryogenic Dark Matter Search low ion-
ization threshold experiment) is a technique developed
by the SuperCDMS Collaboration to reduce the experi-
ment’s energy threshold and increase sensitivity to low-
mass WIMPs [11, 12]. This paper presents further de-
tails of the published CDMSlite analyses and some new
results. The organization of the paper is as follows: Sec-
tion II discusses the experimental technique, CDMSlite
data sets, and data reduction improvements. Section III
discusses the analysis and removal of noise. Section IV
discusses an energy resolution model and energy thresh-

olds. Section V discusses the e↵ects of bias instability in
the analyses and the steps taken to account for those ef-
fects. Section VI discusses the definition of a fiducial vol-
ume and its e↵ect on backgrounds. Finally, new WIMP
results are given in Sec. VII on the e↵ects of astrophysi-
cal uncertainties on the spin-independent WIMP-nucleon
scattering limit presented in [12] and new spin-dependent
WIMP-nucleon scattering limits.

II. DESCRIPTION OF THE EXPERIMENT

The SuperCDMS Soudan experiment was located at
the Soudan Underground Laboratory and used the same
cryogenics system, shielding, and electronics as the ear-
lier CDMS II experiment [13, 14]. Five towers, each con-
sisting of three germanium interleaved Z-sensitive Ioniza-
tion and Phonon detectors (iZIPs), were operated from
2011 to 2015 [15]. Each iZIP was roughly cylindrical
with a ⇠76 mm diameter, ⇠25 mm height, and ⇠600 g
mass. Particle interactions in these semiconductor crys-
tals excite electron-hole charge pairs as well as lattice vi-
brations (phonons). The top and bottom circular faces of
an iZIP, as depicted in Fig. 2, are instrumented with elec-
trodes for sensing the charge signal and tungsten tran-
sition edge sensors (TES) for measuring phonons. Read
out of the measurements occur as two charge and four
phonon channels on each face, with the approximate ge-
ometrical coverage depicted in Fig. 2. The electrons and
holes are drifted to the electrodes by applying a bias volt-
age across the crystal (nominally 4 V), while athermal
phonons are absorbed by Al fins that couple to the TES.
During data taking, the output traces from the detectors
were recorded (“triggering” the experiment) if the ana-
log sum of any detector’s raw phonon traces exceeded a
user-set hardware threshold [16].
Measuring both the charge and phonon signals allows

for discrimination between NRs and ERs through a quan-
tity called the ionization yield

Y (Er) ⌘
EQ

Er

, (4)

where EQ is the charge signal, and, for electron recoils,
EQ ⌘ Er. The e�ciency of producing electron-hole pairs
is lower for nuclear recoils, leading to yields of Y ⇠ 0.3
for Er & 10 keV. Below this energy, electronic noise
causes the widths of the ER and NR populations to in-
crease until they largely overlap at ⇠1 keV and complex
background modeling must be used to separate the recoil
types [17]. This, coupled with the additional di�culty of
separating low-energy events from noise, requires the typ-

SENSEI

Si CCD w/ ~million pixels

The SENSEI Collaboration: L. Barack, M. Crisler, A. Drlica-Wagner, RE,           
E. Ezion, J. Estrada, G. Fernandez, J. Tiffenberg, M. Sofo Haro,T. Volansky, T-T. Yu

Sub-Electron Noise Skipper-CCD Experimental Instrument

Hyun Su Lee,       Center for Underground Physics (CUP), Institute for Basic Science (IBS)

NEWS-G
Gases Spherical Proportional 

Detector

Astropart. Phys. 97, 54 (2018)

I. Giomataris @ ICHEP2018

25

(see Jodi’s talk)

SuperCDMS: first limits from a high-voltage detector

earlier this week: 1804.10697

CRESST SENSEI NEWS

Super-CDMS nuclear recoils
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LOW MASS SEARCHES

CRESST, SUPERCDMS, EDELWEISS, DAMIC, SENSEI, CDEX, NEWS,…

 threshold: 160eV

 The competitive  SI/SD results 

at light WIMP mass

CDEX-10 results

PRL120, 241301, 2018CDEX-10, 103 kg d, 160 eV Eth

• A future Ge detector composed of the PCGe detector 
array and LN shielding and cooling system in the CJPL-II. 

• Both Dark matter and Double Beta Decay
• (Some CDEX members are part of LEGEND programs)

 Toward CDEX-1T@CJPL-II

CDEX-1T projections
▸ Sub-keV energy thresholds 

▸ Probe sub-GeV particle masses

CDEX-1T@CJPL-II

18m

18m

CDEX-1T plans at CJPL

Nuclear recoilsElectron recoils

SENSEI surface run
arXiv:1804.00088
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HIGH MASS SEARCHES

LIQUEFIED NOBLE GASES

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

photosensors

photosensors

S1

S2

E

▸ Single and two-phase Ar & Xe detectors 

▸ Time projection chambers: 

▸ 3D position resolution via light (S1) & 
charge (S2) -> fiducialisation 

▸ S2/S1 ->particle ID  

▸ Single versus multiple interactions

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16

DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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HIGH MASS SEARCHES

LIQUEFIED NOBLE GASES

photosensors

E

S1

S2

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)

7

electron recoils

nuclear recoils

▸ Single and two-phase Ar & Xe detectors 

▸ Time projection chambers: 

▸ 3D position resolution via light (S1) & 
charge (S2) -> fiducialisation 

▸ S2/S1 ->particle ID  

▸ Single versus multiple interactions

See talks by Federica Agostini (XENON) 
& Roberto Santorelli (DarkSide)

S2

S1

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16

DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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LATEST RESULTS

NEW CONSTRAINTS ON WIMPS FROM XENON1T

▸ Strongest upper limit (at 
90% CL) on SI WIMP-nucleon 
cross sections > 6 GeV 

▸ Median sensitivity: factor 7 
higher than for previous 
experiments (LUX, PandaX-II) 

▸ 1-σ fluctuation at higher 
WIMP masses could be due 
to background or signal

�19

�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

arXiv:1805.12562

See talk by Federica Agostini



THE FUTURE

LIQUEFIED NOBLE GASES
▸ In construction: 

▸ LUX-ZEPLIN, XENONnT, 
DarkSide-20k, PandaX-4t 

▸ Planned (design and R&D stage) 

▸ DARWIN (50 t LXe), ARGO (300 t LAr)

DarkSide: 20 t LAr 
Data taking 2021

XENONnT: 8t LXe  
Data taking 2019

LZ = LUX + ZEPLIN

2

ZEPLIN‐III

6 kg LXe fid

LUX

100 kg

ZEPLIN
pioneered
WIMP‐search
with 2‐phase Xe
3.9 ×10‐44 cm2

+

1.1×10‐46 cm2

at 50 GeV/c2
(decommissioned 
in early 2017)

→
Scale‐up using demonstrated 
technology and experience for 
low‐risk but aggressive program:
‐ internal background‐free strategy
‐ some infrastructure inherited 

from LUX
‐ LZ expected sensitivity: 

2.3×10‐48 cm2 with 3‐yr run

LZ

5,600 kg

Large)Scale)TPC

• Drift)region:)! ~1.2m�H"~1.2m
– Xenon)in)sensitive)region�4ton

• Design)goal:
– High)signal)efficiency
– Large)and)uniform)electric)field
– Veto)ability
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Top)PMT)array,)3”

Top)Cu)plate

Teflon)
supporter

Electrodes)
and)shaping)
rings

Bottom)Cu)
plate

Bottom)PMT)array)
3”Veto)System

PandaX-4t LXe 
Data taking 2019

LUX-ZEPLIN: 8 t LXe 
Data taking 2020

DARWIN: 50 t LXe 
Data taking ~2026

The DarkSide Program at Gran Sasso Lab

DarkSide-50
150/50/30 kg total/active/fiducial

Sensitivity<10−44 cm2

Data: 2013-present

DarkSide-20k
30/23/20 T tot/act/fiducial

Sensitivity<10−47 cm2

Data: ~2021 

Features
• High light yield:  LAr Pulse 
Shape Discrimination >107

• Underground Argon:  low 39Ar
• TPC 3D event reconstruction
• High-efficiency neutron 
vetoing

Kaixuan Ni                               Recent Results from Dark Matter Direction Detection                    CIPANP 2018, 5/29-6/3/2018, Palm Springs, CA

Direct Detection of WIMPs by 2025?

 30

Neutrino Coherent Scattering

CMSSM
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TIME EVOLUTION

SPIN-INDEPENDENT CROSS SECTION

▸ Sensitivity increase: ~ factor 10 every 2 years

LB, Update from Physics of the Dark Universe 4,  2014

XENON100 
LUX/PandaX

XENONnT/LZ

DARWIN

XENON1T DEAP-3600

ARGO

DarkSide-20k

Neutrino background

Past Future

�21



PROBING AXIAL-VECTOR COUPLINGS

BUBBLE CHAMBERS
▸ Target material: superheated CF3I, C3F8, C4F10 

▸ Acoustic + visual readout (α vs NR discrimination, α 
αbout 4 times louder) 

▸ PICO-60L: 52 kg Octafluoropropane, C3F8, at SNOLAB 

▸ Run in 2016-2017, new results in summer  2018

• Superheated fluid CF3I 
– F for spin dependent 
– I for spin independent 

 
• Observe bubbles with two 

cameras and piezo-acoustic 
sensors. 

COUPP bubble chambers 

February 2nd, 2013 4 Russell Neilson 

R. Neilson, IDM2018

�22
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COUPP& PICO@2L&

PICO@60&

2013@17&@2012&

PICO@40L& PICO@500&

PICO'overview'

PICASSO&

Same	device,	beger	graphics	card	

4/24/17	 PICO-40L			-			SNOLAB	Gateway	Review	 15	

2018@&

IDM2018"Brown"University"25"

SD'limits'

IDM2018"Brown"University" 22"

Spatial'distribution'2.45keV'run''

IDM2018"Brown"University"

Fiducial&mass&increased&from&
to&45.7&to&48.8kg&(from&88&to&
94%&of&active&mass).&
•  Improved&optical&

reconstruction.&
•  Fiducial&cut&moved&closer&

to&walls&with&additional&
data&quality&cuts&added.&
•  Bubble&track&angle&

cut&in&cyan&region.&
•  Camera&timing&

agreement&cut&in&
magenta&region.&

Red&–&alphas&
Blue&–&WIMP&candidates&
Grey&–&Wall/surface&



PROBING AXIAL-VECTOR COUPLINGS

BUBBLE CHAMBERS

▸ PICO-40L: new detector design  

▸ Focus on neutron background reduction and demonstrate technology for PICO-500  

▸ Construction underway, deployment at SNOLAB: 2018 

▸ PICO-500: 2019-2020 PICO-500

34

• Designed to have an additional 
order of magnitude sensitivity 
beyond PICO-40L 

• Could run C3F8 and/or several 
other targets (i.e. CF3I or 
hydrocarbons: C2H2F4, etc.) to 
probe higher/lower mass or 
reduce a WIMP signal in a 
predictable way
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PICO40L-RSU, PICO-500, et al.

Deploying new detector
(2018)

PICO40L: Right Side Up

Xenon/Argon bubble chambers

PICO-500 on 2019-2020

Eric Vázquez-Jáuregui ICHEP 2018 21

PICO40L-RSU, PICO-500, et al.

Deploying new detector
(2018)

PICO40L: Right Side Up

Xenon/Argon bubble chambers

PICO-500 on 2019-2020

Eric Vázquez-Jáuregui ICHEP 2018 21

PICO-40L PICO-500 Sensitivity projections
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ANNUAL MODULATION SEARCHES 

SODIUM IODIDE EXPERIMENTS
▸ DAMA/LIBRA-phase2: 6 annual cycles, 1.13 tonne x year 

with 250 kg NaI(Tl) at LNGS 

▸ Evidence for annual modulation at 9.5 sigma CL, 1-6 keV 

▸ COSINE-100: data with 100 kg NaI(Tl) at YingYang 

▸ ANAIS-112 at Canfrac, SABRE at LNGS & SUPL, PICO-LON   

▸ Xe, Ge, CsI: no evidence for annual modulation (ER, NR)

ANAIS 112.5 kg NaI(Tl) @Canfranc
DAMA/LIBRA collaboration, arXiv:1805.10486

Summary and conclusions

● SABRE can perform an independent high sensitivity verification of the 
DAMA/LIBRA modulation

● SABRE features:
○ High purity NaI(Tl) crystals
○ Low energy sensitivity
○ Active background rejection
○ Twin detectors

15

● Proof of Principle phase in preparation 
and expected to run in the second half 
of 2018

● Background levels evaluated with 
GEANT4 simulations:
○ 0.027 cpd/kg/keV for KMM (40K excluded)
○ 0.22 cpd/kg/keV for DMM

●  Full scale experiment can confirm (reject) annual modulation with amplitude 
observed by DAMA/LIBRA with 3 years of data at 6 (5) sigma.

SABRE proof of principle @LNGS 
(1 NaI crystal, active shield)

ANAIS-112

M. Martinez. F. ARAID & U. Zaragoza                                                     SUSY2018 – Barcelona, July 23-27 2018
7

See talk by Maria Martinez
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ANNUAL MODULATION SEARCHES 

SODIUM IODIDE EXPERIMENTS
▸ DAMA/LIBRA-phase2: 6 annual cycles, 1.13 tonne x year 

with 250 kg NaI(Tl) at LNGS 

▸ Evidence for annual modulation at 9.5 sigma CL, 1-6 keV 

▸ COSINE-100: data with 100 kg NaI(Tl) at YingYang 

▸ ANAIS-112: dark matter run @Canfranc since in August 2017   

▸ Xe, Ge, CsI: no evidence for annual modulation (ER, NR)

COSINE-100 NaI detectorsDAMA/LIBRA collaboration, arXiv:1805.10486

COSINE-100 at ICHEP2018

Spin independent WIMP-nucleon cross section limit  
(59.5 days of the COSINE-100 data)

Chang Hyon Ha, Center for Underground Physics, IBS ICHEP2018, Seoul, July 4-1113

Preliminary

<standard halo>
     v0 = 220 km/s,  
ρDM = 0.3 GeV/cm3,  

vesc = 650 km/s 
fp/fn=1

Quenching factor

Q(Na)=0.3, Q(I)=0.09Savage et al

• Spectrum with known 
sources of backgrounds 

• COSINE-100 excludes 
DAMA/LIBRA-phase1’s 
signal as spin-
independent WIMP with 
Standard Halo Model in 
NaI(Tl) 

• Consistent with null 
results from other direct 
detect experiments with 
different target medium

COSINE-100 Construction Timeline
Dec. 2015 Jan. 2016 Feb. 2016

Mar. 2016 Apr. 2016

May. 2016 Sep. 2016Jun. 2016

5Chang Hyon Ha, Center for Underground Physics, IBS ICHEP2018, Seoul, July 4-11

See talk by Maria Martinez
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MEASURING THE DIRECTION OF THE INCOMING PARTICLE

DIRECTIONAL DETECTORS

▸ Low-pressure gas & nuclear emulsion detectors to measure the recoil 
direction (30º & 13º res) correlated to galactic motion towards Cygnus 

▸ Challenge: good angular resolution plus head/tails at 30-50 keVnr 

▸ Cygnus: coordination of R&D efforts for gas detectors, one common 
technology in 2019

MIMAC (MIcro-tpc MAtrix of Chambers) 

Strategy :  
!  Matrix of  micro-TPC  (~50 mbar) 
!  Energy (ionization) and  3D track) 
!  Multi-target (1H, 19F, …) 
!  Interaction axiale (spin-spin ) 
!  4He, CH4, C4H10, CF4  has been tested ! 
 

Recoil 19F (measured) 
(E ~ 40 keVee) 
50 mbar   CF4 + CHF3 (30%)  

Prototype Bi-chamber  (5 L) (2x (10x10x25 cm3 ) 
Installed at Modane –Fréjus (France) in June 2012   

25 James Battat     Bryn Mawr College 

3.2 keV Cd 

6.4 keV  Fe 

8.1 keV  Cu   

X-ray calibration by fluorescence 
From Cd , Fe and Cu foils 

Energy (ADC units) 

Get total E from 
charge integral 
 
But don’t know  
energy of  each hit 

NEWAGE 
(New generation WIMP search  

with an advanced gaseous tracker experiment)�

PI: Kentaro Miuchi （KOBE university） 

NEWAGE-0.3a 
detector 

40cm 

30cm µPIC 
(Toshiba) 

30 x 30 x 31 cm3, 400 um pitch 

James Battat     Bryn Mawr College 26 

DRIFT IIe - a Test-Bed for DRIFT III
New DRIFT IIe final construction

DMTPC: optical (CCD) and charge 
readout of CF4 target; measure 40o 
resolution, commissioning 1m3 module.

DRIFT: MWPC readout, operating 1m3 
detector in Boulby since 2001. Negative 
ion drift of CS2+CF4.

MIMAC: micromegas readout of CF4 
target, in Modane.  Focus on low energy.

NEWAGE: mu-PIX readout of CF4 target, 
in Kamioka.  First directional limit.

CYGNUS: coordination of directional R&D

Directional Detection

      Jocelyn Monroe                                                                                                                                    July 28, 2015 / p. 28

time (s)

V
o

lt
ag

e

charge data, nuclear recoil 

anode
grid

DMTPC n calibration data, 
50 keVr

MC fit templateDMTPC n calibration data, 
150 keVr

R&D towards ~30o resolution, low background, scalable 
detector to positively identify a candidate dark matter 

recoil signal as coming from the galactic dark matter halo

DMTPC

4

Nuclear Emulsions 

AgBr crystal size 0.2-0.3 µm 

After the passage of charged 
particles through the emulsion, a 
latent image is produced. 
 
The emulsion chemical 
development makes Ag grains 
visible with an optical microscope 

A long history, from the discovery of the Pion (1947) to the discovery of  νµ! ντ 
oscillation in appearance mode (OPERA, 2015) DMTPC, MIT 

Optical and charge readout 
CF4 gas 

NEWAGE, Kamioka 
CF4 gas at 0.1 atm 
50 keV threshold

DRIFT, Boulby Mine 
1 m3, neg ion drift 
CS2 +CF4 gas

MIMAC 100x100 mm2 
5l chamber at Modane 
CF4 gas

NEWSdm, LNGS 
Nuclear emulsions 
Prepare few kg detector

�26
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Fig. 1 The 2D reconstruction is performed in the xy-plane. The x-
axis is directed opposite to the Cygnus constellation and θ is the angle
between the x-axis and the projection of the nuclear recoil in the xy-
plane

The angular distribution of the recoiled nuclei is expected
to have a Gaussian shape peaked at zero, with standard devia-
tion (σWn −scatt

θ ) that decreases as the WIMP mass increases.
The lighter the WIMP, the stronger the angular anisotropy.
Indeed, due to the fact that low WIMP mass induce an
energy distribution shifted to low energy, events above 100
nm threshold are those with the most pronounced directional
feature.

As far as the background is concerned, the contribution
from β-rays is considered negligible. Indeed, at tempera-
tures around 100 K, NIT emulsion films become insensi-
tive to electrons while keeping sufficiently good sensitivity
to ions. The reason for such a result is the suppression at
low temperature of one mechanism to produce latent image
specs, i.e. the formation of interstitial silver ions producing
silver grains after the chemical development. This is the only
mechanism occurring for electrons. On the other side, given
the higher energy deposition of nuclear recoils, atomic dis-
placements are induced and phonons are transmitted to the
crystals, heating them up and producing latent image specs.
This result is illustrated in the Ref. [10]. The electron back-
ground is therefore neglected.
The background from neutrons is usually considered as irre-
ducible, since they induce nuclear recoils as WIMPs do.
Neutrons in underground laboratories originate from cos-
mic muon interactions, environmental radioactivity, spon-
taneous fissions and (α, n) reactions. The first two sources
can be reduced by an appropriate shielding, the latter one
comes from the intrinsic radioactivity of the target materials.
The measurements performed by the Collaboration on NIT
samples with ICP-MS and gamma spectroscopy techniques
together with a dedicated simulation show that the detectable
neutron induced background would be of the order of 0.06
n/kg/year [11]. The most radioactive compound in the emul-
sion is the gelatine which, given the mass fraction, provides
about 1/3 of the total neutron yield. The Collaboration plans
to replace the gelatine with synthetic polymers. This will
make the background from this emulsion compound neg-
ligible, thus reducing the radioactivity to 2/3 of the current
value. We assume that a careful selection of the raw materials
and the corresponding production processes could possibly
reduce AgBr radioactivity down to about 10% of the current
value. This would result in 0.004 n/kg/year that will be

sufficient to operate a 100 kg year scale detector with a neg-
ligible background. It is worth noting that the contribution
from intrinsic radioactivity is associated with an isotropic
distribution in the laboratory frame.

The directional detection has the unique capability of
distinguishing the WIMP signal from the background by
exploiting the feature of the signal, expected to be peaked
in the opposite direction to the motion of the Sun.

2.3 Recoil simulation

Nuclear recoil tracks produced in WIMP interactions show
deviations from their original path due to continuous col-
lisions with atoms in the target. In order to quantify these
deviations we evaluated the effect of the straggling in an
emulsion target made of the following nuclei (mass fraction
in %): H (1.6), C (10.1), N (2.7), O (7.4), S (0.3), Br (32.0),
Ag (44.0), I (1.9). The total density is 3.43 g/cm3. When a
charged particle passes through the emulsion film, a number
of AgBr grains per unit path length are sensitised. Measure-
ments performed with both a SEM and an X-ray microscope
showed that heavy nuclei produce on average 12 grains/µm
in NIT emulsions.

The study was performed with the SRIM [12] software
package and its TRIM (Transport of Ions in Matter) track
generator Monte Carlo program.

All nuclear recoils were simulated in the energy range
from 0 to 500 keV. All the tracks with at least 100 nm length
were considered. The range was calculated using the coordi-
nates of the first and last point of the ion track. The energy
threshold corresponding to the minimum track length was
evaluated from the average range estimated by SRIM. It
ranges from 25 keV for Carbon to 273 KeV for Iodine. Being
NIT emulsions less sensitive to protons, H recoils are con-
servatively not taken into account.

In the above mentioned DM model, the mean direction of
the track was compared with the initial direction of the recoil:
the difference of the two directions shows a Gaussian distri-
bution centered at zero, with a sigma (σ straggl

θ ) that depends
on the selected nuclei and on the recoil energy and reflects
the loss of the directional information due to the straggling
in the target. Figure 2 shows σ

straggl
θ as a function of the

recoil energy for the most abundant nuclei in emulsion. Only
ranges above 100 nm are considered. The angular deviation
due to straggling ranges from 0.3 to 0.5 rad for light nuclei
(C, N, O) and from 0.2 to 0.35 for heavy nuclei (Ag, Br).

Figure 3 shows the overall angular deviation expected for
nuclear recoils in an emulsion target as a function of the
WIMP mass. Black dots represent the angular deviation of
nuclear recoils from the direction of Earth’s motion, as it
arises from the WIMP-nucleus scattering (σWn −scatt

θ ), the
blue triangles represent the angular deviation due to strag-
gling in emulsion target only (σ straggl

θ ), the red boxes are the
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HOW LOW SHOULD WE GO?

NEUTRINO BACKGROUNDS
▸ Low mass region: limit at ~ 0.1- 10 kg y (target 

dependent) 

▸ High mass region: limit at ~ 10 kt y 

▸ But: annual modulation, directionality, momentum 
dependance, inelastic DM-nucleus scatters, etc

Solar neutrinos

ν’s begin limiting sensitivity for

RE, Mukul Sholapurkar, Yu
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DM-electron scatters (R. Essig,at al, PRD97, 2018)

Discovery 
limits (2-σ) 
for various 
ionisation 
efficiencies Y, 
solar ν 
background 
only

flux from Emin
ν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNEr=2

p
, which is the minimum

neutrino energy required to generate a nuclear recoil with
energy Er,

dRν

dEr
¼

Z

Emin
ν

dσ
dEr

dΦ
dEν

dEν: ð4Þ

The neutrino flux Φ is the sum of multiple different
components each with different individual energies and
uncertainties. The relevant contributions to the neutrino
background for WIMP searches are displayed in the left
panel of Fig. 1 with uncertainties listed in Table I. In fact

with advances in technology currently under way [47] it
will be possible for direct detection experiments to make
competitive measurements of these neutrino fluxes [48] and
even constrain new physics such as the existence of sterile
neutrinos [49] or new interactions between neutrinos and
nuclei or electrons [50].
Neutrinos from various fusion reactions in the interior of

the Sun dominate the low-energy, high-flux regime and are
the major neutrino background for direct detection with a
total flux at Earth of around 6.5 × 1011 cm−2 s−1 [55,56].
Neutrinos from the initial pp reaction make up 86% of all
solar neutrinos and have been detected most recently by the
Borexino experiment, determining the flux with an uncer-
tainty of ∼10% [57]. For all neutrino fluxes other than 8B
the theoretical uncertainty is smaller than the measurement
uncertainty. In this work we base our neutrino flux values
and uncertainties on the high-metallicity standard solar
model (SSM) calculation of Grevesse and Sauval [58],
using values presented in Ref. [51] which are based on
updated fusion cross sections [59]. However for the 8B
neutrino flux, a better estimate is found from considering
current measurements; in this case we use the result
presented in Ref. [52] based on a global analysis of all
solar and terrestrial neutrino data.
For WIMP masses between 10 and 30 GeV, the neutrino

floor is caused by the subdominant diffuse supernova
neutrino background (DSNB), the sum total of all neutrinos
emitted from supernovae over the history of the Universe.
The background flux is calculated by performing a line
of sight integral of the spectrum of neutrinos from a
single supernova with the rate density of core-collapse
supernovae as a function of redshift. See Ref. [53] for the
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FIG. 1. Left: Neutrino energy spectra that are backgrounds to direct detection experiments: solar, atmospheric, and the diffuse
supernova background. The atmospheric neutrino spectrum is the sum of contributions from electrons, antielectrons, muons and
antimuons. The diffuse supernova background is the sum of three different neutrino temperatures, 3, 5 and 8 MeV. Right: Xenon
scattering event rate as a function of recoil energy for each type of neutrino as well as a 6 GeVWIMP with σχ−n ¼ 5 × 10−45 cm2 (solid
black line) and a 100 GeV WIMP with σχ−n ¼ 2.5 × 10−49 cm2 (dashed black line).

TABLE I. Total neutrino fluxes with corresponding uncertain-
ties. All solar neutrino fluxes are from the updated high-
metallicity SSM (Ref. [51]) with the exception of 8B which is
from an analysis of neutrino data (Ref. [52]). The DSNB and
atmospheric neutrino fluxes are from Refs. [53] and [54]
respectively. The maximum neutrino energy, Emax

ν , and maximum
recoil energy of a Xenon target, Emax

rXe , are also shown.

ν type Emax
ν (MeV) Emax

rXe (keV) ν flux (cm−2 s−1)

pp 0.42341 2.94 × 10−3 ð5.98 $ 0.036Þ × 1010
7Be 0.8613 0.0122 ð5.00 $ 0.35Þ × 109

pep 1.440 0.0340 ð1.44 $ 0.017Þ × 108
13N 1.199 0.02356 ð2.96$ 0.41Þ × 108
15O 1.732 0.04917 ð2.23 $ 0.34Þ × 108
17F 1.740 0.04962 ð5.52 $ 0.94Þ × 106
8B 16.360 4.494 ð5.16$ 0.11Þ × 106

hep 18.784 5.7817 ð8.04 $ 2.41Þ × 103

DSNB 91.201 136.1 85.5 $ 42.7
Atm. 981.748 15.55 × 103 10.5 $ 2.1
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Nij
ν ðϕkÞ ¼ M

Z
Eiþ 1

Ei

Z
tjþ 1

tj

dRνðtÞ
dEr

ðϕkÞdtdEr; ð19Þ

where M is the mass of the detector.
In Fig. 10 we show the improvement on the neutrino

floor limit under the inclusion of time information. We
show only narrow mass ranges: between 0.3 and 1 GeV
when the 7Be, pep, 13N, 15O and 17F neutrinos play the
biggest role and between 4 and 8 GeV when the floor is
induced by 8B and hep neutrinos. Outside of these specific
mass ranges (for the exposures considered here) the
improvement offered by time information is negligible.
Because the annual modulation amplitudes are small,
obtaining a benefit from time information needs in excess
of Oð1000Þ neutrino events. Here, to isolate the effects
of including time information in the neutrino floor calcu-
lation, we have neglected additional detector effects and
use a 3 eV energy cutoff to map the low WIMP mass
dependence.
Incorporating uncertainties on the SHM parameters into

the energy þ time analysis we obtain limits shown in
Fig. 11. These limits are analogous to those of Fig. 7
extended to an exposure large enough to receive the benefit
of time information (104 ton-years). Again the discovery
limit under the assumption of the largest values of uncer-
tainty is up to an order of magnitude higher than the
astrophysics fixed case around 15 GeV. However it still

remains below the energy-only limit around the peaks due
to the solar neutrino contributions meaning the inclusion of
time information still mitigates the neutrino background
even when astrophysical uncertainties are taken into
account.

VIII. SUMMARY

In this work we have demonstrated the impact of
astrophysics uncertainties on the calculation of the neutrino
floor. Relaxing the assumption of perfectly known astro-
physics parameters such as the solar velocity, escape speed
and local WIMP density results in a shift in the range of
WIMP parameter values that are prohibited by the neutrino
background. We find that if there are reasonably large
uncertainties in the various astrophysics parameters (close
to those currently known) then the neutrino floor extends to
larger WIMP masses and is closer to existing experimental
limits than previously thought.
When attempting to reconstruct the input WIMP and

neutrino parameters we find that unfixing the astrophysics
parameters induces a significant increase in the uncertainty
of the reconstruction. Input WIMP parameters that lie
below the neutrino floor are recovered extremely poorly,
and this problem is only worsened by the inclusion of
astrophysical uncertainties; both the errors on the recovered
values ofmχ and σχ−n are increased but the range of masses
for which the reconstruction fails also increases. This
means that even if experiments were to become sensitive
to a WIMP with cross section and mass close to the
neutrino floor then the measurement of the properties of
such a WIMP will be extremely difficult or impossible to
measure accurately in conjunction with astrophysical
parameters.
The first detection of coherent neutrino-nucleus scatter-

ing is expected to be made with the forthcoming generation
of ton-scale direct detection experiments [11]. When this
occurs it will be crucial to begin to implement strategies for
dealing with neutrino backgrounds. This can be achieved in
a number ways. As can be seen in this work, as well as that
of Ref. [17] the number of events observed at these detector
masses are not yet enough to utilize the time dependence of
the WIMP and neutrino signals to discriminate the two. For
spin-dependent interactions as well as nonrelativistic
effective field theory operators, complementarity between
target materials will be a powerful and relatively easy
method for discriminating neutrinos [16,21]. Independent
of the WIMP-nucleus interaction however, directional
detection, if experimentally feasible, will prove the most
powerful scheme for distinguishing WIMPs and neutrinos
[18–20]. The angular signatures of WIMP and neutrino
recoils are entirely distinct and this is true for any
relationship set of astrophysical inputs or WIMP-nucleus
interactions. However for the upcoming generation of
direct detection experiments which will lack sensitivity
to either direction or time dependence, we have shown that
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FIG. 11. Spin-independent neutrino floor as a function of
WIMP mass calculated with the inclusion of astrophysical
uncertainties and time dependence. The blue, red and green
curves correspond to 3 sets of 1σ uncertainties on the parameters
ρ0, v0 and vesc. The sizes of the uncertainties are labeled from low
to high with values indicated. The black lines are the energy-
information-only neutrino floor (dashed black line) and the
energy þ time information neutrino floor (solid black line).
The filled regions are currently excluded by experiments,
CRESST [84], CDMSlite [85], Xenon100 [6] and LUX [7].
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DM-nucleus scatters (C.A.J. O’Hare, PRD94, 2016)

C.A.J. O’Hare , PRD94, 2016
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LAST SLIDE

SUMMARY & OUTLOOK

▸ ‘Thermal dark matter’ particles cover large mass & cross section range 

▸ A variety of technologies employed for their detection, many new ideas 

▸ So far: we have mostly learned what dark matter is not… so we have been 
narrowing down the options; but, tremendous progress over the past 
decades, and expected for next 

▸ Pragmatic goal: broaden the searches & probe the experimentally 
accessible parameter space 

▸ Rich non-WIMP physics programme (neutrinos, axions/ALPs, dark photons, 
etc) & remember that today’s background might be tomorrow’s signal
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Of course, “the probability of success is difficult 
to estimate, but if we never search, the chance of 
success is zero” G. Cocconi & P. Morrison, Nature, 1959
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