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Traditional Direct Detection strategy:

look for nuclear recoils from DM-nucleus scattering

DM

light
phonons
electric charge

targeting ““WIMPs”’: weakly-interacting massive
particles w/ mass ~ 10-1000 GeV



Direct Detection Landscape

uperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)
1073° , ¥ W, COMSII Ge Low Threshold (2011) ___
N A A\ W \
Vo \\\‘ CoGeNT
\ \ .
AR NS
. A\ I
& 10741 "2 i \\“Q.\ N IMPLE @ 00AZ
B N 00 o012
‘ A U pammtT ’ A\
';‘ 1042 ,S ¢ i \‘{' \\\. ZEp\,\N - 50
ke, O Yy . \ T WG a
8 1043 o, N0 co ud3
=2 v ) .
g i ~\‘ SNOLA \ \\ “‘ SG‘G 0&2\- ----
~-210LA B\ Y . ' oM\ gide-0 - -
3 1074} N\ S et
L 107 gy NG iy
et Neutrinos 2 e O T 239'025 =Tt
= 10_45 i . . W\ W Trmmmmsmmttt =T - — _‘
o Neutrinos > >« N -~ e non
2 e(\\'\. N "\’"‘E—;\PSGOO /;‘-—";’/ ---- Re deg'z .
Q _46_ VhO TS < —7,-""'_‘——_ ----------- %\‘{5‘\,/"’
= 10 \ "‘u—.::_:-’—_—.-l'" ------- f"‘ Dé/’\i
= N e v -~
| \\ ___________________________________________ .
oW 10_47 - (Green ovals) Asymmetric DM \ \\ ,,,,, . ’ ‘
E (Violet oval) Magnetic DM RO /
—48 | (Blue oval) Extra dimensions 1n0S
= 107" (ged circle) susy Mssm \ ﬁ B Neutdin
A MSSM: Pure Higgsino ’4 fiC an
10_49 - @ MSSM: A funnel \ ’ Nmosphe
@ MSSM: Bino-stop coannihilation
10_50 ¥ MSSlM: Bino:squa‘rk qoa‘nqihliI‘aFipn o - -
1 10 100 1000 10
WIMP Mass [GeV/c?]

an active, important, and exciting program!

1310.8327



Beyond the WIMP Paradigm

* many other DM candidates exist
* no clear evidence for WIMPs (yet?)
* no new physics at the LHC (yet?)

e several challenges
(“small-scale crisis of cold DM”)

Must search broadly for DM!

focus on mass ~ MeV — GeV

(an old idea, e.g. Boehm, Fayet, ...)



Direct Detection below 1 GeV?

current best limit from CRESST ||
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Direct Detection below 1 GeV?

WIMP-nucleon cross section [cm?]

in future e.g. SuperCDMS: ~300 MeV

!
10-37 | 1 ' ' . , 10—1
< O -
' \
10—38 "0 \ | 10_2
'\ RO\
10_39 r \ \ CoGeNT | 10_3
; ‘\‘% Q\ \\'Q . (2012)
10—40 "| \(‘2) < \:\‘ \ CDMS Si 10—4
-. AN 9 m
10—41 L] ¢ \\CJ] 2\ \\\“ \ —"'_EAP.V S\MP\—E (20\ 2) 10—5
3 AN R COUPE_v2)
10742t @ 9 '\\'\\ ZE?\-‘N"“ 5 11076
\% Voo “ s o0

” \@/:CD Ay \‘ \ ' \\ 0 y N o 55 @0'\ 1) D k20\2\ -7

10 - \S?'S‘NOMB\‘ \ g ?{ DELW ¥enol . 10
¥ B . \\ .‘ \‘ '_‘\“; p—— 4 - Qx_ ..... .—

-44.7?\ RUERARR R i LhagodeL -<2110-8
10 Neutrinos w, s\ VS . — ” 4550 U’éﬁs’s’b@\;&&; 10
10-45! 8B .\ T N e Q%“f,--‘_’sg‘l"ffe.ﬁ%" 11070

Neutrinos % N3 @99%09——:5@62593 oo TR NenoM
RS T =T s ST P
1074 N e T kSige O --";;__\1" {10710
10~47 ‘\:.'"""‘"'""""-‘-------""""::_’_—""' - N 10-11
10~ ‘ ------ B comeRE 5 o euno® 11072
NB N€
. andos .
107% Py cprEANS | roseher 110713
10—50 - e e 0—14
1 10 100 1000 101‘
WIMP Mass [GeV/c?]

WIMP-nucleon cross section [pb]

Figueroa-Feliciano



Difficult to probe much <100 MeV w/ Nuclear Recoils

inefficient energy transfer from DM to nucleus
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Difficult to probe much <100 MeV w/ Nuclear Recoils

keV r

ENg

eV r

EnNgr =

inefficient energy transfer from DM to nucleus

q° < 2/1>2<N'U2

zler(

2my ~  mp
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DM mass

my )2(
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)

Exp Eih (keVnR) Ref
LUX ~3 1512.03506
DAMIC ~0.5 1510.00044
CDMSIite ~0.3 1509.02448
CRESST-II ~0.3 1509.01515




Can we go lower in DM mass!?

SuperCDMS Soudan Low Threshold
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Can we go lower in DM mass!?

Yes!
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DM-electron scattering

RE, Mardon, Volansky

Signal depends on detector setup

e.g. one/a few e or Y, phonons from drifting e...



Recoiling e can access entire DM kinetic energy!
(in principle)

MeV GeV TeV
DM mass



DM-electron scattering can probe <1 MeV

to overcome binding energy A F/

1
heed EDM ~ 5 MpDM 'U%M > AE

AFE
VDM 5 00 km/s ——> MDM Z 300 keV (1 eV)



Typical momentum & energy transfer

bound e~ does not have definite momentum

Typical momentum transfer is set by e not DM

Qtyp ~ MM N 4 keV (for outer shell electron)



Typical momentum & energy transfer

bound e~ does not have definite momentum

Typical momentum transfer is set by e not DM

Qtyp m~J ame ~J 4 keV (for outer shell electron)

transferred energy: AFE, ~ ¢- UpMm

AE 2 4 eV requires g
on tail of e- wavefunction



Target materials?



Target materials?

Type Examples | Eiw (eV) |mpwm,t (MeV) Status

Noble Xenon ~10 eV Done w/ XENON10+100 data:
o argon ~5 MeV . .
liquids helium (atom) improvements possible

RE, Mardon, Volansky
RE, Manalaysay, Mardon, Sorensen, Volansky

RE, Mardon, Volansky, Yu (to appear)




Target materials?

Type Examples | Eiw (eV) |mpwm,t (MeV) Status
Noble Xenon 1 10 ev Done w/ XENON10+100 data;
o argon ~5 MeV . .
liquids : (atom) improvements possible
helium
Semi- germanium| ~1eV 200 keV ~40-50 eV (SuperCDMS, DAMIC);
conductors silicon (bandgap) improvements need further R&D
RE, Mardon,Volansky
conduction Graham, Kaplan, Rajendran,Walters
Lee, Lisanti, Mishra-Sharma, Safdi
’ RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu
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Target materials?

Type Examples | Ew (eV) |mpm, th(MeV) Status
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. argon ~5 MeV . .

liquids : (atom) improvements possible

helium

Semi- germanium| ~1eV 200 keV ~40-50 eV (SuperCDMS, DAMIC);
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. GaAs, Nal,| ~71eV Requires R&D, but
Scintillators Csl, ... | (bandgap) 200 keV probably feasible soon

Semiconductor & Scintillator bandgaps are near
“typical” electron recoil energy — no wavefunction
suppression
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Type Examples | Eiw (eV) |mpwm,t (MeV) Status
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Target materials?

Type Examples | Eiw (eV) |mpwm,t (MeV) Status

Noble Xenon 1 1oev Done w/ XENON10+100 data;

. argon ~5 MeV . .

liquids : (atom) improvements possible

helium

Semi- germanium| ~1eV 200 keV ~40-50 eV (SuperCDMS, DAMIC);
conductors silicon (bandgap) improvements need further R&D

. GaAs, Nal,| ~1eV Requires R&D, but
Scintillators Csl, ... (bandgap) 200 keV probably feasible soon

SUPe- | oluminum | ~1meV | ~1keV Requires R&D
conductors

superfluid helium, 2D graphene, ...

also possible targets

Schutz, Zurek

Hochberg, Kahn, Lisanti, Tully, Zurek




Target materials?

Type Examples | Eiw (eV) |mpwm,t (MeV) Status

Noble Xenon - _qoev Done w/ XENON10+100 data

. argon ~5 MeV : :

liquids : (atom) improvements possible

helium

Semi- germanium| ~1eV 200 keV ~40-50 eV (SuperCDMS, DAMIC);
conductors silicon (bandgap) improvements need further R&D

. GaAs, Nal, ~1 eV Requires R&D, but
Scintillators Csl, ... (bandgap) 200 keV probably feasible soon

SUPer | iuminum | ~A meV | ~1 keV Requires R&D

conductors




XENON IO detector schematic

PMT’s
Xe gas

Xe liquid

PMT’s

ran in 2006/2007, sensitive to single electrons!



Sub-GeV DM scattering off electrons
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Sub-GeV DM scattering off electrons

an energetic outgoing
e” can ionize other e's
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Sub-GeV DM scattering off electrons

an energetic outgoing
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one e” produces ~27

detected photons
(“S2-signal”)




Sub-GeV DM scattering off electrons

an energetic outgoing
e” can ionize other e's

one e” produces ~27

detected photons
(“S2-signal”)




Counts / 0.1 electrons

10;

0.1

100;

The XENON10 data

from published “S2-only” analysis,1104.3088 (15 kg-days)

___Allowedat90%upperlimit; 90% C.I. UPPer boundS
(counts/kg/day):
INE 1e:34.5
T
) SR 2e:4.5
e i.. --fs--- -i — L fiSlll 'é — fiSll\ '4 :3 EET:().&B:B

Tonization Signal [electrons]

conservative limit: require DM signal < data



DD limits down to a few MeV
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RE, Manalaysay, Mardon, Sorensen, Volansky, 2012
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e Can you detect a DM event down to mpm ~ few MeV!?

e Yes

* More study needed to understand large number of
observed single/few-e- events

 Not a general “physics” background, but seems specific to
dual-phase detectors (also present in XENON100, LUX), e.g.

e ¢ gets trapped at liquid-gas interface & released later

e ¢ gets trapped by impurities and released later

* ¢ emission by cathode



Comments on XENON IO results

e Can you detect a DM event down to mpm ~ few MeV!?

e Yes

* More study needed to understand large number of

observed single/few-e- events

 Not a general “physics” background, but seems specific to
dual-phase detectors (also present in XENON100, LUX), e.g.

* ¢ gets trappec

* ¢ gets trapped

at liquid-gas interface & released later

by impurities and released later

* ¢ emission by cathode

¢ Could some events be DM?

* Yes (more later)



Recent XENON100 S2-only data sets new limits!

9.1

Energy [keV]
0.7 1.7 3.4 5.3 7.2
- WIMP-spectrum -
i ¢ Search data i
1 | | T -
0 80 20 400 600 800

[onization signal [PE]

RE, Mardon, Volansky, Yu (to appear)

from 1605.06262

spectrum for
>4 electrons



Recent XENON100 S2-only data sets new limits!

RE, Mardon, Volansky, Yu (to appear)
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XENON0+100 & beyond

clever cuts could significantly reduce backgrounds
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DM masses & have reduced backgrounds



XENON0+100 & beyond

clever cuts could significantly reduce backgrounds

large exposures of LUX, XENONIt, LZ could compensate
for uncertain backgrounds (e.g. look for annual modulation)

BUT: need a different detector to probe smaller
DM masses & have reduced backgrounds

focus here on semiconductors & scintillators,
since technologies should be available over
next few years



Semiconductors & Scintillators (schematic)
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Semiconductors & Scintillators (schematic)
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Semiconductors & Scintillators (schematic)
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Semiconductors & Scintillators (schematic)

15

10

E [eV]

[ NI
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av
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Brillouin zone path

recoiling e” can
create additional
e /h* pairs

e.g. one pair for each
2.9 eV (3.6 eV)
in Ge (Si)



Semiconductors & Scintillators (schematic)

15

10

E [eV]

[ NI

-10

- S1

o
B

N
-

N

W K
Brillouin zone path

semiconductor:
apply electric field

to measure
electrons
(ionization)

scintillator:
e.g.e/h* can
recombine to

produce photons

(no E-field
needed)



Possible advantages & challenges for scintillators

Derenzo, RE, Massari, Soto, Yu
(submitted to PRL)

* Single photons easier to detect than single electrons?
(photodetectors under development by e.g. M. Pyle et.al.)

* No electric field, so no dark counts?

* A possible challenge: “afterglow’?

more R&D needed



Current best limit from a semiconductor (DAMIC, Si)

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu
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currently limited by readout noise (not backgrounds) to ~11 electrons



Rates increase dramatically for lower thresholds
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Rates increase dramatically for lower thresholds

E. [eV)
1:1 47 83 119 155 19.1 22.7 26.3 299 335 37.1
10°) m, = 10MeV Current
10% my=1GeV -
T 103 thresholds, e.g.
3 100} ‘
T o0l CDMSlite: ~56 eV
on 1Y)
< L (1509.02448)
O .
S 0.1 Si DAMIC: ~40 eV
0.01} 7,=10" cm? - (1105.5191)
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| active R&D could reduce

thresholdto | or 2 e-

1 2 3 45 6 7 8 9 10
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Prospects?

95% c.l. for zero background (i.e. 3.6 DM events)

1079°,
10—37 |
10—38 |

' lkg—year
XENONIO

-~ - -
‘55——’ ”

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu

Derenzo, RE, Massari, Soto, Yu




Backgrounds!?

* “traditional” backgrounds (radioactivity etc.)
< few/kg/year/eV (likely not important)

* understanding & controlling detector & unknown
backgrounds is much more important

Ge HV detectors expected bgnd spectrum atVy = 100V, 0 = 50 eV
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1000 ¢ w—\/ AriOUS M
L Electron Capture
Background Sum
== w=Threshold
‘ 110 eVe
100} 1 =30 eV, ﬂ
' I =330 eV: (~ 70)

:
|

1 g2 - 10°
Total lonization E v
otal lonization Energy [eVeel .k by S. Golwala, UCLA DM 2016

Differential Background Rate [evt/keVee/kgyr]

-t
oﬁ——_



Handles to distinguish signal from backgrounds

1. distinctive shape of recoil spectrum

E, [eV]
11 47 83 119 155 19.1 22.7 263 299 335 37.1

51 i
107 m, =10 MeV
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100} —
10} ‘ |
0.1 Si

0.01 — 7,=107" cm?

1073F  Fowm(g)=1

Rate [(kg—year)_l]

1 2 3 45 6 7 8 9 10

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu



Handles to distinguish signal from backgrounds

2. large annual modulation

E, [eV]

11 47 83 119 155 19.1 227 263 299 335 37.1 40.7
[ T T T T T T T I T i
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RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu



Handles to distinguish signal from backgrounds

3. directional dependence of DM wrt crystal axes

RE, Mardon, Soto,Volansky, Yu (in progress)

DM “wind”

http://butane.chem.uiuc.edu/pshapley/GenChem?2/C4/1.html



Handles to distinguish signal from backgrounds

3. directional dependence of DM wrt crystal axes

RE, Mardon, Soto,Volansky, Yu (in progress)

DM “wind”

http://butane.chem.uiuc.edu/pshapley/GenChem?2/C4/1.html



Handles to distinguish signal from backgrounds

0.0035
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-0.0005
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3. directional dependence of DM wrt crystal axes

DM “wind”
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04

8/2x
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08

10

RE, Mardon, Soto,Volansky, Yu (in progress)

http://butane.chem.uiuc.edu/pshapley/GenChem?2/C4/1.html

preliminary: Si/Ge very symmetric
(<1% variation);

other crystal targets (e.g. GaAs)
under investigation



Handles to distinguish signal from backgrounds

4. Ptolemy setup w/ 2D graphene sheets

(challenging to get large mass) Hochberg, Kahn, Lisanti, Tully, Zurek

5. gravitational focusing can give energy-

dependent modulation phase
Lee, Lisanti, Mishra-Sharma, Safdi

0. other ideas?

maybe you!?



Models!?

DM-e" scattering can probe lots of models!



Models!?

DM-e" scattering can probe lots of models!

e DM w/ alight A" (~mpwm)

e DM w/ an ultralight A" (<« keV)

e A/scalar/pseudoscalar DM (<« MeV)
* Electric or magnetic dipole moment
e SIMP ELDER

* inelastic DM

e A'/scalar/pseudoscalar from Sun (<10 keV)



DM

DM w/ dark photon (A") mediator

DM

kinetic mixing
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DM w/ dark photon (A") mediator

DM

* |light A’ (~mpm) Fpopmy =1

kinetic mixing

e ultra-light A" (KkeV) Fpy o 1/¢?

simple & predictive



DM w/ dark photon (A") mediator

DM DM

¢ |Ight A, (~mDM) FDM =1
kinetic mixing

e ultra-light A" (€keV) Fpy o 1/¢?

simple & predictive

see e.g.Arkani-Hamed et.al.; Weiner et.al.; Pospelov & Ritz; RE, Kaplan, Schuster, Toro; RE,
Mardon,Volansky; Lin,Yu, Zurek; Chu, Hambye, Tytgat; Hall, Jedamzik, March-Russell, West;
Boehm, Fayet; Borodatchenkova, Choudhury, Drees; Pospelov, Ritz,Voloshin; Batell, Pospelov,
Ritz; lzaguirre, Krnjaic, Schuster, Toro; RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu; ...



Direct Detection for ma’~ mpm

Oe X 4 :uxe FDM =1



Thermal freeze-out
X SM

ma’ > 2my

(very predictive)

see e.g. Boehm & Fayet (2003); Borodatchenkova, Choudhury, Drees (2005);
|zaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)



Thermal freeze-out

X SM
ma’ > 2my
AI
(very predictive)
X SM
: e*ap 2 2
scalar X:  ov ox ——m3 v
m’y,
. . EQOZD 2
Dirac fermion X: v m
m%, X

similar combination of parameters as direct detection!

see e.g. Boehm & Fayet (2003); Borodatchenkova, Choudhury, Drees (2005);
|zaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto,Volansky,Yu (2015)



Thermal freeze-out

X SM
ma’ > 2my
AI
(very predictive)
X SM
: e‘ap 5
scalar X:  ov ox ——m3 v p-wave
oy
. . €2OCD 9
Dirac fermion X:  ov oc —=m? s-wave
™
A/

similar combination of parameters as direct detection!

see e.g. Boehm & Fayet (2003); Borodatchenkova, Choudhury, Drees (2005);
|zaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)



Planck

see also e.g. Galli et.al; Slatyer, Padmanabhan, Finkbeiner;
Madhavacheril, Sehgal, Slatyer

+ CVL

Planck TT,TE,EE+lowP
WMAP9

Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

1000 10000

my |GeV]

Constraints from CMB

standard s-wave

freeze-out

disfavored
<10 GeV

but p-wave
or asymmetric
is ok

for Y-ray constraints see e.g. RE, Kuflik,
McDermott,Volansky, Zurek; 1309.4091



Thermal freeze-out

scalar X:

Dirac fermion X:

X SM
ma’ > 2my
AI

X SM

EQCXD
OV X — mi v p-wave

T 4 unconstrained by CMB
OV X —— M, s-wave = asymmetric

oy

CMB sets lower
bound on ov

e.g. Kaplan, Luty, Zurek;
Lin,Yu, Zurek



Thermal freeze-out

X SM
MA'’ > 2mX
AI
X SM
EQOCD 29 9
scalar X:  ov ox ——m3 v p-wave
Ma unconstrained by CMB
Dirac fermion X: Cap o
actermion X: ov oa s-wave = asymmetric
A/
CMB sets lower
brovides nice targets for bound on ov

direct detection experiments! e.g. Kaplan, Luty, Zurek

Lin,Yu, Zurek



Direct Detection, complex scalar, ma>2mpm

10-33
10-34
10735
107
10-37
— 10738
510
b 10-40
10~41
1042
107% g
; Neir | &
10_44FDM= E
m, [MeV]

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu



Direct Detection, Dirac fermion, ma>2mpm

10—33
10—34
10—35
1073°
10-37
10738
10-%9
107
10—41
10—42
1043
10—44

- Fpm=

45
10 "

O, [cmz]

Current
NR

dastraints -
10° 10° 10
m, [MeV]

QO | (model dependent)

[

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu



Direct Detection, Dirac fermion, ma=>2mpm

10—33
10—34
10—35
1073°
10—37
10738
10-%9
107
10—41
10—42
1043
10—44

- Fpm=

45/
10 "

O, [cmz]

Current
NR

dgstraints -

Lo L L L
10 10° 10  probably no time to
m, [MeV] discuss constraints...

QO | (model dependent)

[

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu



Semiconductor prospects

10—33
10—34
10734
10—36
10—37
10—38
10—39
10—40
10—41 B
10—42 B

95% c.l., assuming
zero background
(i.e. 3.6 events)

o, [cm?]

1074 - g

107 +

10_45 E/ o o ICorllstII‘ailntlsl k
10 10? 103 10

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu



O, [cmz]

10—33
10—34
10—35
10—36
10—37
10—38
10—39
10—40
10—41
10—42

10—43 B
10—44 B

107+

XENONI00

RE, Mardon, Volansky, Yu (to appear)

XENON 100 limit (49 kg, 2016)

XENONI00

events could be
mostly DM...

NR
Constraints -

Lo L L
102 10° 10*
m, [MeV]

= [(model dependent)

-



O, [cmz]

10—33
10—34
10—35
10—36
10—37
10—38
10—39
10—40
10—41
10—42

10—43 B
10—44 B

107+

LUX prospects

RE, Mardon, Volansky, Yu (to appear)

Event Rates LUX detector (145 kg, 2015)

& 1 event/minute!

. 4— 1 event/hour!

NR
Constraints -
L] L] L

107 10° 10*
m, [MeV]

= [(model dependent)

-



O, [cmz]

LZ prospects

RE, Mardon, Volansky, Yu (to appear)

Event Rates LZ detector (6350 kg)

10—33

10—34

10—35

0-36 4« 1 event/second!
18_1 &1 event/minute!
107

10740 Message to
104 XENONI00/ It/
10+ LUX/LZ:
1074 g ; analyzing observed
104 urtey S2-only events is
107, ; e time well-spent!

-

Lo L L
102 10° 10*

(+ annual modulation)
m, [MeV]



Other constraints?
(probably skip due to lack of time)



Self-interactions

constraint from
bullet cluster etc.

m’,

sets upper bound on Op



RE, Mardon, Papucci,Volansky, Zhong

+ - ° |zaguirre, Krnjaic, Schuster, Toro;
e e C O I e rs Fayet; Borodatchenkova et.al.

invisible

A

Constrained from 30/fb @BaBar

Interesting prospects @Belle-2

(need mono-photon trigger)



Batell, Pospelov, Ritz

Proton-beam dumps oo

Aguilar-Arevalo et.al.

N
g
Decay Shield Detector
pipe
4
€E p
Nobs X 9
oy

constrained by LSND

MiniBooNE search underway

plenty of room for future exploration, see SLAC Dark Forces workshop, 2016



Electron-beam dumps: e.g. SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon

~400 m
>
e X
)0<_

Electron €

Beam Target Dirt Detector

X X
Production Scattering

plenty of room for future exploration, see SLAC Dark Forces workshop, 2016

see lzaguirre, Krnjaic, Schuster, Toro; Diamond, Schuster; Battaglieri et.al.



End of constraints



DM w/ dark photon (A") mediator

DM DM

* |light A’ (~mpm) Fpopmy =1

e lultra-light A" (€keV)  Fpum o 1/

kinetic mixing

simple & predictive

see e.g. RE, Mardon,Volansky; Chu, Hambye, Tytgat; RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu;



Direct Detection w/ ultralight A" (< keV)

€ €
167 p5 o pe? 167 % e pe? a’m? °
g 1 — 222 2
q (@®m3) q

assume
mar << O Me

~ keV enhanced at low g?!



Direct Detection w/ ultralight A" (< keV)

€ €
167 p5 o pe? 167 % e pe? a’m? °
g 1 — 222 2
q (@®m3) q

assume
mar << O Me

~ keV

]
Qi
Q)
X
3
<
2
e

enhanced at low g?!



“Freeze-in”’

can generate correct DM

. . . Hall et.al. (0911.1120)
relic density by “freeze-in”

SM X
build up DM
) abundance as
A Universe cools
SM X

—_




“Freeze-in’’

can generate correct DM

. . . Hall et.al. (0911.1120)
relic density by “freeze-in”

SM X
build up DM
) abundance as
A Universe cools
SM X

—_

e.g. my = |00 MeV, correct relic abundance for ape? ~ 3 x 1072

(~independent of ma)

RE, Mardon, Volansky
Chu, Hambye, Tytgat



Direct Detection w/ ultralight A" (< keV)

0 Freeze—in, DM with Ultralight Dark Photon
10_ S D N [ T

107"
10725
10758
10745
107 F
107708
10775
107%F
10775
107%C
10741 E

1072 -

_43: L

DD powerful due to
~1/q* enhancement

O, [cmz]

note bounds on
millicharged particles;
accelerator-based

e o e e e v el mmf

10731072107 10° 10' 10% 10° 10* 10° 10° 10’

m, [MeV] searches very weak
X

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu



Summary

DD of DM to <1 MeV is possible w/ e recoils

noble-liquid experiments have demonstrated sensitivity
& large exposures (significant improvements possible if

backgrounds can be controlled or understood)

semiconductors & scintillators (& other ideas) have

great potential, but further R&D needed

many opportunities for significant progress in next few

years!



