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Direct Detection Review
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Direct Detection Review
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For: m, = 100 GeV mp = 130 GeV, ER max =~ 50 keV.

For: m, = 10 GeV m¢y = 130 GeV, ER max =~ 1.3 keV.



Alternative Signals for sub-GeV Probes

Bremsstrahlung

e

Migdal X



Bremsstrahlungin y + N — x + N + v DM scattering has

been explored as a means of accessing sub-GeV mass DM

C. Kouvaris and J. Pradler, PRL 2017, 1607.01789
C.McCabe, PhysRevD (2017) 1702.04730
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We want to examine the possibility of brem signals when
nuclear recoil energies are below threshold.

Also see the recent paper: A.Millar, G.Raffelt, L.Stodolsky, and E.Vitagliano, 1810.06584 for very low F/,,
with an examination of neutrino mass effects
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Bremsstrahlung in the process 'y + N — X + N + Y
Can be used to detect scattering processes that produce nuclear

recoils below detector thresholds.
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Typically one finds that sub-GeV dark matter creates

5max > ER,maX

For example, a 1 GeV particle incident on xenon will produce

FRomax S 107 keV and oy ~ 3 keV



The double differential cross-section factorizes into kinematic
terms multiplied by the 2-2 elastic differential cross-section
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C. Kouvaris and J. Pradler, PRL 2017, 1607.01789



The Migdal Effect A.B.Migdal, J.Phys. USSR (1941), Landau & Lifschitz, QM Sec.41

lonization and excitation of electron states from the relative
momentum arising when the nucleus is given an impulse.

X /VaX

cf/

Va Vg,

Proposed for dark matter detection years ago, and recently
revisited in more detail. M. Ibe, W. Nakano, Y. Shoji, and K. Suzuki, JHEP (2018) 1707.07258

M.Dolan, F.Kahlhoefer, and C.McCabe, PRL(2018) 1711.09906
(above figure adapted from this paper)

Does not suffer from the same suppression as brem.

R. Bernabei et al., Int. J. Mod. Phys. A22, 3155 (2007), arXiv:0706.1421
B. M. Roberts, V. V. Flambaum, and G. F. Gribakin, Phys. Rev. Lett. 116, 023201 (2016),arXiv:1509.09044



\
/ Y The double differential cross-section
factorizes into the ionization rate multiplied
by the 2-2 elastic differential cross-section
R d*R,r
dFE R dv dE R dv

The ionization rate is given in terms of the ionization probability
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Ionization Probabilities have been calculated: Flexible Atomic Code
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X The Migdal effect has been used to place new bounds on
X sub-GeV dark matter
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We'’ve also reassessed the neutrino background in the
presence of these effects
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To include the Migdal effect for coherent neutrino-nucleus scattering,
we include the ionization rate

do _G% (1_mTER—E§M

¥op ) F(q)? x |Zp1|?

The kinematic endpoints are

(Ee T En£)2 < Ep < (QEI/ — (Ee + Enﬁ))2
2mir r 2(my + 2E,)

Including the incident fluxes from solar and atmospheric neutrinos, we
have calculated the new rates as a function of detected energy
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There is a small window where the Migdal effect induced signal is
comparable in rate to the nuclear recoil signal.



Cosmic ray induced dark matter scattering

C.V. Cappiello, K.C.Y. Ng, and J.F. Beacom PRD 2019, 1810.07705

Bringmann and Pospelov PRL 2019, 1810.10543

JBD, B.Dutta, J.L.Newstead, |.Shoemaker, to appear soon
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CRDM Preliminary Results
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CRDM Preliminary Results
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Summary

mremendous variety of searches are being
carried out for sub-GeV mass dark matter.

R
i,

Utilizing complementary approaches from

§ experiment and theory in astrophysics,

&~ cosmology, and particle physics, we expect a
£ continued coverage of unexplored regions of

parameter space.



Neutrino Floor



Solar neutrinos

pp
o 8B — "Be* + et + v, p+p —*H+et + v,
' SHe + p —>4_He—|—e+—|—l/e v+ e + p —-2H+v,
hep pep

electron capture on "Be  neutrinos from the CNO cycle

. Svoboda and K. Gordan

An irreducible background

JUEMEEEN | for direct DM searches

R air nucleus

Atmospheric

neutrinos

Image Credit: NASA/ESA/HEIC and The Hubble Heritage Team (STSC/AURA)
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Cross section [cm?] (normalised to nucleon)
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Migdal and Brem limits and experimental results



o 10-23 T o~ =
5 5
5 1= 5
© ©
B 107 A
o o
g 10—29 g
©)
= -
= P L
K :
Z 1
o 1073 s
= —— EDELWEISS-Surf § —— EDELWEISS-Surf
< »E | EDELWEISS-Surf Migdal o s | RREDalon
o 107 —— RRS-Balloon o 1077 | === CcMB
@ — xac CDMSLite
1o CDMSLite 10°% | — wux
= LUX PandaX-Il
1073° PandaX-li 10739 | — XENON1IT
—— XENON1T PICO-60-II Leduded
10_41 Ll ' . Lo 1 10—41 | Lol ! I Lol
2x10™" 1 2 3 4567 10 20 30 2x10™" 1 2 3 4567 10 20 30
WIMP Mass (GeV/c?) WIMP Mass (GeV/c?)

33.4 g Ge, 60 eV threshold

EDELWEISS Collaboration (E. Armengaud (IREU. Saclay) et al.). Jan 11, 2019. 15 pp.
Published in Phys.Rev. D99 (2019) no.8, 082003



http://inspirehep.net/search?p=collaboration:%27EDELWEISS%27&ln=en
http://inspirehep.net/author/profile/Armengaud%2C%20E.?recid=1713435&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22IRFU%2C%20Saclay%22&ln=en
http://inspirehep.net/record/1713435

Migdal effect (This work)
Bremsstrahlung (This work)

CDEX-1B AM
30 XMASS AM
10 XMASS AM (Bremsstrahlung)
-32
&\10 \
=
S0
-
0N xR
© 10—36
Il CoGeNT 2013
10-—38 .
DAMA Migdal effect
10
10—42||| ] ] ||||||| ]
107" 1 5
m, (GeV/c?)
939 g Germanium detector at CJPL
Constraints on spin-independent nucleus scattering with 1107.5 kg.day exposure and 250 eVee

sub-GeV WIMP dark matter from the CDEX-1B Experiment

at CJPL

threshold for annual modulation search

CDEX Collaboration (Z.Z. Liu (Tsinghua U.. Beijing) ef al.). May

1, 2019. 5 pp.
e-Print: arXiv:1905.00354 [hep-ex]



http://inspirehep.net/record/1732511
http://inspirehep.net/record/1732511
http://inspirehep.net/record/1732511
http://inspirehep.net/search?p=collaboration:%27CDEX%27&ln=en
http://inspirehep.net/author/profile/Liu%2C%20Z.Z.?recid=1732511&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tsinghua%20U.%2C%20Beijing%22&ln=en
http://inspirehep.net/record/1732511
http://arxiv.org/abs/arXiv:1905.00354

4
101

EDELWEISS- Surf(Siandard)
EDELWEISS-Surf (Migdal)
EDELWEISS-IIl LT
CRESST Surface
CRESST-II

SuperCDMS LT
CDMSLite

LUX (Standard)

LUX (Migdal)

XENONLIT (Standard)
XENON100 LT

NEWS-G

DarkSide (Standard)

XQc

CMB

- Neutrino discovery limit

. . . . . PR . . . . o
tessmsmadicsssscnlonnssdeassdonnductth o lodiacccass s Qannnttoscascsnatanemas seetasaloatantan
. . . . . o . . .
. . . . . o s . . . . |
.

|%Wq*W§II

0? 2x107°

||¢&Mw i
101 2x10*

WIMP Mass [GeV/c?]

1

2 3 4567 10

33.4 g Ge, 60 eV threshold

EDELWEISS Collaboration (E. Armengaud (IREU. Saclay) et al.). Jan 11, 2019. 15 pp.
Published in Phys.Rev. D99 (2019) no.8, 082003


http://inspirehep.net/search?p=collaboration:%27EDELWEISS%27&ln=en
http://inspirehep.net/author/profile/Armengaud%2C%20E.?recid=1713435&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22IRFU%2C%20Saclay%22&ln=en
http://inspirehep.net/record/1713435

ot
9
@

ot
e}
nl 0
o
5]

Bremsstrahlung

[a— [a—
9 9
w oo
= =

—

9
w
[

WIMP-nucleon cross section [cm?]

Light scalar mediator
0 X A%, m,. < MeV
10—4[) R —

101 100

—_

Ol
'
=

WIMP-nucleon cross section [cm?]

10—47

10—38 i

10—44 L

CRESST-surface

NEWS-G A

CRESST-II

Heavy scalar mediator
0« A%, m,., > MeV

med

101 100 10!

Masspy [GeV/c?]

Collaboration (D.S. Akerib (Case Western Reserve U. & SLAC &

KIPAC. Menlo Park) et al.). Nov 27, 2018. 7 pp.

Published in Phys.Rev.Lett. 122 (2019) no.13, 131301

e-Print: arXiv:1811.11241 [astro-ph.CO]



http://inspirehep.net/search?p=collaboration:%27LUX%27&ln=en
http://inspirehep.net/author/profile/Akerib%2C%20D.S.?recid=1705661&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Case%20Western%20Reserve%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SLAC%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22KIPAC%2C%20Menlo%20Park%22&ln=en
http://inspirehep.net/record/1705661
http://arxiv.org/abs/arXiv:1811.11241

4 IIIIIlllllllllllllllllllllIlllllllllllllllllllll]

9.0 192keVee

=
W

log,((S2 [phd])

230/ ~
- 3 9 15 21 * ’ 27 i
2_IIIIIllllllIlIIIIIllllllIIIllIllllIllllIllllIllll_
0 5 10 15 20 25 30 35 40 45 50
S1 [phd]
4
S1 52 o
E:W(’n,,y—kne):W( + 36
34

g1 g2

log, (S2 [phd))

Collaboration (D.S. Akerib (Case Western Reserve U. & SLAC &5

32
3
2.8
2.6
2.4
2.2

|II‘\I\‘III

KIPAC. Menlo Park) et al.). Nov 27, 2018. 7 pp.
Published in Phys.Rev.Lett. 122 (2019) no.13, 131301

i H.lolu.lsuj.zo.l.

10!

102

103

10+

10

106

107


http://inspirehep.net/search?p=collaboration:%27LUX%27&ln=en
http://inspirehep.net/author/profile/Akerib%2C%20D.S.?recid=1705661&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Case%20Western%20Reserve%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SLAC%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22KIPAC%2C%20Menlo%20Park%22&ln=en
http://inspirehep.net/record/1705661

10~ 28 :m_H'_"H—\\ XQC

Tl ' ‘\‘“\“RKXENONN S S || b 1 PO
T N ENON

10732 - ‘, -.:.:.E;.E:-:.'“._

“tttii. CRESST-II

oy (cm?)

10—34 L

LXT S1 (principal reach) © CDMSlite

CRESST-III (projected) -----
CDF (my = 300MeV) ----

10—36 |

10—38 1 ! 1 [ ! I ! I I L ]\ T |
100 1000

C. Kouvaris and J. Pradler, PRL 2017, 1607.01789



Matrix element factorization for 2-to0-3 §=p —p
into 2-2+ kinematic factors fr=k—kK =q+a
w/m, <K 1
N(K" )TN N (k) v(w)
un (k) un(k') un(k) an (k')

_ F E+my ) ]6’+mN @ s
i (k) [PN ((k—w)2—mfv . (k—w)2—mf\,)¢+¢ ((k:-l—w’)z—m?V i (k+w)2—m%,)FN] n (k)

G Twu) (s + )




Discovery Evolution

o
=
|
S
ES
@

A ArRE =0.125keV
e Ge, Elh =0.1keV
» Xe E =0.1keV

| A a Ar E'r =30 keV
« Ge, Eh =7 keV
Bl Xe, Ew =4 keV

=

H

n
S
F N
(=2}

S
'
w
|
=
B
-

Q
FS
kN

= xmiﬁ

Disgcovery limit at 6 GeV/c” [cm?]
Q
3

Discoyery limit at 100 GeV/c” [cm?]

~ 6 GeV/c? ol B | = 100 GeV/c?  *VIMT A 4
- \ constant - - 4
10-45 LlJlL LU L LU Ll ‘lll | LU LU 10-49 LU Ll ld Ll llill LI Ll |
.2 1 2 3 2 A 2 3
1 i Nu1mber of e1>90ected r;gutrino ev1e?1ts 10 10 Nu1mber of e1)90ected r?gutrino ev1e?1ts

Discovery limits as a function of background neutrino events for Argon, Germanium, and Xenon.

A given experiment has a 90% probability to obtain at least a 3¢ detection

6GeV WIMP: Ge 240 kg-yr, Xe 130 kg-year

100GeV WIMP: Ge 32.5 ton-yr, Xe 21.5 ton-year

The issue is that the spin-independent (and spin-dependent) WIMP-Nucleus scattering is practically
indistinguishable from the coherent neutrino-nucleus scattering.
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