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Dark	Ma'er	

Most	of	the	mass	in	the	universe	is	
dark	parDcles	

Hot Gas 
(x-rays) 
 

Dark Matter 
(Lensing) 



Dark	Ma'er:	Big	Bang	Nucleosynthesis		

Dark	Ma'er	is	non-Baryonic	
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Dark	Ma'er:	Structure	FormaDon			

Dark	Ma'er	is	Cold		
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Dark	Ma'er:	CMB			

Complete	
ConfirmaDon:	

Dark	Ma'er	is	cold	and	
non-Baryonic	

Planck 2015 
“Precision Cosmology” 



Dark	Ma'er	&	ParDcle	Physics	
•  How does it fit into the 

visible world that we 
know? 

•  What are it’s properties? 
•  Mass ? 
•  Spin ? 
•  Dipole Moment? 

•  How does it interact? 
•  What does it tell us about 

how the universe works? 
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Dark	Ma'er:	Type(Mass)	
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S. Rajendran 

Galaxy sized 
density 
perturbations 

Bosons 

Fermions 

100 eV 

10-22 eV 1048 GeV 1019 GeV 
(Planck) (MACHO) 

Fermions not packable 



Dark	Ma'er:	ProducDon	&	Coldness	
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•  DM particles thermally produced 
in the early hot universe 

•  Relativistic particles don’t clump 

1048 GeV 
(Planck) (MACHO) 

10-22 eV 

 Thermal Fermions  

~keV 

 Thermal Bosons  

100 eV 

1019 GeV 



Dark	Ma'er:	ProducDon	&	Coldness	
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Misalignment Mechanism 

Bosonic Dark Matter

a

V

a(t) � a0 cos (mat)

Photons

~

E = E0 cos (!t� !x)

Dark Bosons

Early Universe:
 Misalignment Mechanism

m2
aa

2
0 ⇠ ⇢DM

Detect Photon by 
measuring time varying 

field Spatially uniform, oscillating field

•  Misalignment Mechanism 
•  Initial value of field not near the 

minimum 
•  Bosons are super cold 

•  Production during Inflation  
   (Vector bosons only)    

•  Graham, Mardon, Rajendran: 
1504.02102 

1048 GeV 
(Planck) (MACHO) 

10-22 eV 

 Thermal Fermions  

~keV 

 Thermal Bosons  
100 eV 

1019 GeV 

 SuperCold Bosons  



WIMP	Miracle:	Thermal	Freeze	Out	
+Supersymmetry	

•  Relic	DM	density	
suggest	weak	scale	
cross	secDons	

•  New	physics	(and	
parDcles)	at	the	
weak	scale	could	
solve	the	hierarchy	
problem		

11	

Thermal	Equilibrium	

Expansion	
&	Cooling	



WIMPs:	CMB	Lower	Bound	

	
•  Energy	InjecDon	During	

RecombinaDon	
–  delays	photon	decoupling	

•  Energy	InjecDon	a[er	
recombinaDon	increases	
opDcal	depth	
–  more	ionized	parDcles	=	

more	sca'er	

•  Slayter	et	al,	0906.1197	
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Ruled out by WMAP5

Planck
forecast CVL
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 1 XDM µ+µ- 2500 GeV, BF = 2300
 2 µ+µ- 1500 GeV, BF = 1100
 3 XDM µ+µ- 2500 GeV, BF = 1000
 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
 9 XDM µ+µ- 400 GeV, BF = 110
10 µ+µ- 250 GeV, BF = 81
11 W+W- 200 GeV, BF = 66
12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section ⟨σAv⟩
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

⟨σAv⟩saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section ⟨σAv⟩ =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

0906.1197 



Dark	Ma'er	Search	Techniques	
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LZ, SuperCDMS 
& ADMX 



WIMPs:	Future		@	Accelerators	
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SUSY Physics ProjectionsSUSY Physics Projections
● ATLAS recently presented new detailed studies on the expected sensitivity for Phase-1 
and Phase-2 LHC upgrades.
● SUSY: 3000 fb-1 typically extend mass reaches by 30-50% compared to 300 fb-1.

Luca Fiorini         60

ATL-PHYS-PUB-2013-011

present 
limits

ATL-PHYS-PUB-2013-011 

•  LHC	Run	2	ongoing!	
•  7	TeV	->	13TeV	
•  Large	fracDon	of	the	remaining	SuperSymmetry	will	be	
probed	



WIMP	Direct	DetecDon	Detector:	
2	Phase	Noble	TPC	

	•  G2:	LZ	and	XENON	1	Ton		
•  Xe	/	Ar	/	Ne	/	He	
•  Measures	both	IonizaDon	&	
ScinDllaDon	

•  Design	Drivers:	
– Minimize	Backgrounds	

•  intrinsically	clean	
•  self	shielding	
•  Electron	Recoil	/	Nuclear	Recoil	
DiscriminaDon	

–  Large	Exposure	
•  Big	AcDve	Volume	

–  Talks:	
•  T.	Shu'	
•  B.	Jones	
•  M.	Leyton	
•  Y.	Li	

15	
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CRESST

CoGeNT

(2012)

CDMS Si

(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

COUPP (2012)

 DAMIC           (2012)

CDM
Slite (2013)

Si HV

Xenon1T

LZ

LUX 300day

SuperCDMS SNOLAB

SuperCDMS S NOLAB

8B

Neutrinos

Atmospheric and DSNB Neutrinos

7Be

Neutrinos

COHERENT NEUTRIN O SCATTERING  
CO

HERENT NEU
TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

    SuperCDMS LT (2014)

CRESST (2014)

DEAP3600

G
e HV

G
e iZIP

CDMS II Ge  (2009)

Xenon100 (2012)
ZEPLIN-III (2012)

LUX (2013)

XMASS

WIMP	Direct	DetecDon:	Future	

16	

•  > x102 Sensitivity 
Improvement 

•  Further 
Improvement 
Possible 

Neutrino Floor:  
L. Strigari 



Dark	Ma'er:	Explore	Lower	Masses?	
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1048 GeV 
(Planck) (MACHO) 

10-22 eV ~keV 

100 eV 

1019 GeV 

 SuperCold Bosons  

W
IM

P
s 

Thermal Production Mechanisms 
•  Freeze Out 
•  Freeze In 

•  Hall, et al: 0911.1120 
•  Assymetric Production 

•  Kaplan, Zurek et al: 0901.4117 
 

Thermal	Equilibrium	

Expansion	&	
Cooling	

WIMP -> Baryon 

•  Large	InteracDon		
						Cross	SecDon	
•  Incredibly	small			
						relic	density	
•  WE	DON’T	EXIST	
•  What’s	Missing?	
					Baryon	AnDbaryon	
					Assymetry	



Light	Dark	Ma'er:	Some	Theories	

Dark-Matter Particles without Weak-Scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

(Received 4 April 2008; published 1 December 2008)

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 ðmX; gXÞ !
ðmweak; gweakÞ, 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.

PRL 101, 231301 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

5 DECEMBER 2008

0031-9007=08=101(23)=231301(4) 231301-1 ! 2008 The American Physical Society

Jeremy Mardon,  SITP,  Stanford

hidden photon mediator: 
— light (~10 MeV) 

— massless (or << keV) 
!

e.g. Essig et al 1108.5383, Lin et al 1111.0293, Chu et al 1112.0493!
Hall et al 0911.1120

DM DM

e- e-

dipole moment

photon

DM DM

e- e-

kinetic mixing

photon

hidden!
photon

dipole moment: 
— MDM 

— EDM 
!

Sigurdson et al Phys.Rev. D70 (2004) 083501 + Erratum-ibid.!
Graham et al 1203.2531

BENCHMARK MODELS

Essig et al: 1108.5383 
Lin et al: 1111.0293 

Dark Sector 
•  Feng & Kumar (0803.4196) 
•  Not seen at accelerators because 

of tiny coupling to visible sector 
 

 

Jeremy Mardon,  SITP,  Stanford

hidden photon mediator: 
— light (~10 MeV) 

— massless (or << keV) 
!

e.g. Essig et al 1108.5383, Lin et al 1111.0293, Chu et al 1112.0493!
Hall et al 0911.1120

DM DM

e- e-

dipole moment

photon

DM DM

e- e-

kinetic mixing

photon

hidden!
photon

dipole moment: 
— MDM 

— EDM 
!

Sigurdson et al Phys.Rev. D70 (2004) 083501 + Erratum-ibid.!
Graham et al 1203.2531

BENCHMARK MODELS

Electric/MagneDc	Dipole	Coupling	DM	
•  P. Graham, S. Rajendran et al: 1203.2531 



19	

Light	Mass	DM	Limits:	Why	So	Bad?	



The	low-mass	Dark	Ma'er	Design	Driver:		
Energy	Threshold	

Mn	

v MDM 

Large Mn: 
•  Coherent Scattering 

Rate Enhancement 
•  Detector must have 

very low energy 
thresholds 

•  self shielding 
(sometimes) 



Light	Mass	Dark	Ma'er	Detectors:	
1)	Massive	Cryogenic	Calorimeters	

•  G2: SuperCDMS SNOLAB 
•  Insulator / Semiconductor  
•  Operated near absolute zero 

(10mK-50mK) 
•  Heat Capacities -> 0 @ T=0 
•  Stochastic Noise -> 0 @ T=0 

•  x103 Sensitivity Improvement 
Potentially Possible  
•  E. Figueroa-Feliciano  

 
Recoil Phonons 

Luke Phonons 

ΔV 

Ionization measurement 
possible 
•  ER/NR discrimination 
•  Luke/Neganov Phonon 

Ionization Amplifiers  
•  N. Mirabolfathi 
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CRESST

CoGeNT

(2012)

CDMS Si

(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

COUPP (2012)

 DAMIC           (2012)

CDM
Slite (2013)

Si HV

Xenon1T

LZ

LUX 300day

SuperCDMS SNOLAB

SuperCDMS S NOLAB

8B

Neutrinos

Atmospheric and DSNB Neutrinos

7Be

Neutrinos

COHERENT NEUTRIN O SCATTERING  
C

O
H

EREN
T N

EU
TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

    SuperCDMS LT (2014)

CRESST (2014)

DEAP3600

G
e H

V

G
e iZIP

CDMS II Ge  (2009)

Xenon100 (2012)
ZEPLIN-III (2012)

LUX (2013)

XMASS

CDMSlite																SuperCDMS	SNOLAB	
SuperCDMS SNOLAB should 
be sensitive to completely 
unexplored parameter space 
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The	low-mass	Dark	Ma'er	Design	Driver:		
Energy	Threshold:	2	

Mn	

v MDM 

Small Mn: 
•  Coherent Scattering 

Rate Enhancement 
•  Detector can have 

much higher energy 
thresholds 

•  D. McKenzie 
•  LHe (1302.0534) 
•  LNe doped LXe 

  

WIMP direct detection parameter space

strawman
photon+roton detector

300 eV threshold
(~10 photons, conservative)

1 ER event/keV/kg/day
flat 95% discrimination

two exposures:

20 kg-days
0.4 kg (3.2 liters) for 50 days

20,000 kg-days
55 kg (440 liters) for 1 year

DAMIC 2012

CRESST 2014

CDMSlite 2013

SuperCDMS 
2014

LUX 2013

7Be

8B

atmospheric
supernovae

Dominated by 
Coherent
Neutrino 

Scattering
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Low	Mass	Dark	Ma'er:		e	sca'ering		
Energy	Threshold:	3	

Mn	

v MDM 

Jeremy Mardon,  SITP,  Stanford

DIRECT DETECTION VS OTHER BOUNDS
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Essig et al: 1108.5383 

Jeremy Mardon,  SITP,  Stanford

hidden photon mediator: 
— light (~10 MeV) 

— massless (or << keV) 
!

e.g. Essig et al 1108.5383, Lin et al 1111.0293, Chu et al 1112.0493!
Hall et al 0911.1120

DM DM

e- e-

dipole moment

photon

DM DM

e- e-

kinetic mixing

photon

hidden!
photon

dipole moment: 
— MDM 

— EDM 
!

Sigurdson et al Phys.Rev. D70 (2004) 083501 + Erratum-ibid.!
Graham et al 1203.2531

BENCHMARK MODELS

•  Essig et al. 1108.5383 & 1509.0159 
•   (J. Mardon) 
•  Single e- sensitive detectors 

•  2 Phase TPCs (P. Sorensen) 
•  Semicondutor Calorimeters 
•  CCDs 

•  Sensitivity to very light recoils  (very 
light masses) improves as one goes 
to smaller bandgaps 

•  Superconductors ? 
•  Zurek et al. 1504.07237  
 



Degenerate	Boson	Dark	Ma'er:	
Couplings	
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1048 GeV 
(Planck) (MACHO) 

10-22 eV 

 Thermal Fermions  

~keV 

 Thermal Bosons  
100 eV 

1019 GeV 

 SuperCold Bosons  

Spin 0  
(Axion) 

Spin 1  
(Dark Photon) 



ADMX	
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Search for an spin 0 axion field that coupling through  

•  G2:  ADMX 
•  Talks: 

•  G. Carosi 
•  J. Sloan 



CASPEr	
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Search for an spin 0 axion 
field that couples through  

•  Leverage enormous 
sensitivity of SQUIDs / NMR 
to search for DM 

•  Fully complementary to 
ADMX 

•  S. Rajendran 
    1306.6089 
    1306.6088 
    1101.2691  
 

  



DM	Radio	
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Search for an spin 1 dark photon field that 
couples through  

•  Leverage enormous sensitivity of 
SQUIDs to search for DM 

•  S. Rajendran 
     J. Mardon 
     S. Chaudhuri 
     1411.7382 
     
      
 

  



Conclusions	
•  A	really	exciDng	next	decade	in	Dark	Ma'er	
Searches:	
–  LHC	
–  G2	Direct	DetecDon	program	

•  If	WIMPs	not	found:	Search	Everywhere	
•  Dark	Ma'er	sensiDvity	fundamentally	linked	to	
detector	technology	improvements	and	new	
experimental	ideas	
–  CASPEr	
–  DM	Radio	
–  Improving		energy	thresholds	by	many	orders	of	
magnitude	in	calorimeters	

•  		
29	



Things	I	should	have	talked	about	
but	didn’t	have	Dme	

•  Black	Holes	/	Q	Balls	/	Dark	Ma'er	Nuclei	
•  Different	Sca'ering	InteracDons	(EFT)	
•  Light	Mass	Beam	Dump	/	Fixed	Target		
Experiments	

•  Indirect	DetecDon	

30	



Backup	



EFT:	Different	Operators	
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Orbital Angular Momentum Coupling 
W. Haxton 

Vector (Transverse) Proton Spin Coupling 
W. Haxton 

Vector Proton Spin Coupling 
W. Haxton 



pMSSM 
M. Cahill-Rowley+ 
1206.4321 

CMSSM 
T. Cohen and  
J.G. Wacker  
1305.2914   

pMSSM	&	cMSSM	Direct	DetecDon	Sca'ering	
Rates:	Theory	&	Experiment	Limits	

CDMS II Ge  (2009)


LUX (2013)


CoGeNT

(2012)


DAMA


DAMA


•  No Discovery at LHC 
•  Masses Pushed to 

Higher Energy 
•  Unnatural? 

•  All viable models have 
large DM mass 



CMSSM 
T. Cohen and  
J.G. Wacker  
1305.2914   

nMSSM	Direct	DetecDon	Sca'ering	Rates	
Theory	&	Experiment	Limits	

NMSSM 
J. Cao + 
1311.0678 

CDMS II Ge  (2009)


LUX (2013)


pMSSM 
M. Cahill-Rowley+ 
1206.4321 

CoGeNT

(2012)


DAMA


DAMA


Lots of light mass DM models 
exist once we start to relax MSSM 
model constraints 



InteracDon	Products	in	
Semiconductors	
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Recoil Energy (keVr) 

Nuclear Recoils (NR) 
•   8% e-/h+   
•  92% phonons 

Electron Recoils (ER) 
•  25% e-/h+ 

•  75% phonons 

Electron Recoils 

Nuclear Recoils 

e- 

e- 
e- 

h+ 
h+ 

h+ 
e- h+ 



Luke-Neganov	Phonon	ProducDon	
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•  Drifting charges release kinetic energy 
via Luke-Neganov Phonon Production 

•    
 

Recoil Phonons 

Luke Phonons 

ΔV 



At high voltage 
•  Bad: No ER/NR discrimination 

through Ionization Yield 
•  Good: You’ve made a phonon 

amplifier for charge 

 

Detector	Design	#2:			
Luke	Neganov	IonizaDon	Amplifier	
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Recoil Phonons 

Luke Phonons 

ΔV 

P.N. Luke et al. NIM A289, 405 (1990)




PreferenDal	Stretching	of	Electronic	
Recoils	
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Preferential Electronic Recoil Background Stretching: mPt=50eVt

 

 

ER: Vb=0V

3GeV 10−43cm2: Vb=0V

ER: Vb=100V

3GeV 10−43cm2: Vb=100V

Since Electronic Recoils (ER) 
have larger Ionization Yields 
than Nuclear Recoils (NR), they 
have larger Luke Neganov Gain 

If you have phonon sensitivity to spare, this is great! 

Total Phonon Energy [keVt] 

σ = 50eVt 



ER/NR	Stretching:	The	Single	e-/h+	Limit	
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Preferential Electronic Recoil Background Stretching: mPt=5eVt

 

 

ER
1 e−/h+

ER
2 e−/h+

ER
3 e−/h+

ER: Vb=0V

3GeV 10−43cm2: Vb=0V

ER: Vb=100V

3GeV 10−44cm2: Vb=100V•  σ = 5eVt 
•  Single e-/h+ Sensitivity 
•  ER/NR Discrimination  

Total Phonon Energy [keVt] 

1 e-/h+ ER 
1x(100+3) 

2 e-/h+ ER 
2x(100+3) 

3 e-/h+ ER 
3x(100+3) 

1 e-/h+ NR 
1x(100+30) 
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CNS
Compton
3H
CosmoLines
206Pb
RnBeta

SuperCDMS	HV	SensiDvity	EsDmates	

Exposure	 16.5kgyr	

Compton	
Background	

5	evt/
keVrkgyr	

3H	
Background	

3	months	
@	surface	

Radon	
Background	
Cu	(alpha)	

5.6mBq/m2		

Expected Raw Backgrounds 

      Bulk 
      High Radius 

68Ge M 
65Zn M 

49V M 



SuperCDMS	HV	SensiDvity	EsDmates	
Exposure	 16.5kgyr	

Compton	
Background	

5	evt/
keVrkgyr	

3H	
Background	

3	months	
@	surface	

Radon	
Background	
Cu	(alpha)	

5.6mBq/m2		

Voltage	Bias	 100V	

Phonon	
Resolu3on	

50eVt		

Trigger	
Threshold	

7σ	
	

Expected Total Phonon Backgrounds 

Total Phonon Energy [eVt] 
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With 100kgyr of SuperCDMS 
HV with10eVt resolution, We 
can hit CNS background from 
0.5GeV-6GeV 

G2+:	Improving	Phonon	ResoluDon	



SuperCDMS	HV	ER	Search	

Signal = Electron Recoils 
Background = Nuclear Recoils 



∞	Luke-Neganov	Gain?	
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P.N. Luke et al. NIM A289, 405 (1990)
 •  Charge Breakdown Limits 
Luke-Neganov Gain 

•  What’s Vbreakdown for our 
detectors? 

•  Test Setup: Unplug 1 side of an 
iZIP 

 
 

V 

E 

•  E breakdown ~ 27V/cm (69V) 
•  This is a really low breakdown 

field (Potential For Huge 
Improvement) 



CDMSlite:	“low	ionizaDon	threshold	experiment”	
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•  Measured		σq	=	14eVee	

	 	 	 		σpt	=	340eVt														
–  YIKES!		x7	worse	than	
SuperCDMS	SNOLAB	specs	

–  CoGENT:	σq	=	50eVee	
–  √2	due	to	unplugging	½	the	
phonon	sensors	

•  Threshold:	12	σpt		
–  YIKES!	6-7σ	

•  6kgd	Exposure	
•  Only	Quality	Cuts	
•  PRL	112,	041302	(2014)	

	



Why	So	Large:	VibraDonal	Noise!	

M. Pepin 

Baseline Noise vs Time 
R133 SuperCDMS HV (T5Z2) Vibrations from the 

cryocooler produce high 
frequency phonons within 
our detectors which look 
like real events.  

Toggle CryoCooler ON/OFF 
•  Threshold: 12σpt          7σpt (?) 
•  σpt: 340eVt      90eVt 
•  Caveats: 

•   Study done at 0V 
•  Trigger vs Analysis Threshold  

Baseline Noise PSD (T5Z2D) 



Athermal	Phonon	Sensors	

Collect and Concentrate 
Phonon Energy into W TES 
(Transition Edge Sensor) 
 

R 

T 



Phonon	Signal	Bandwidth	

Phonon energy signal bandwidth 
limited by athermal phonon 
collection  

⌫signal = 210hz



TransiDon	Edge	Sensor:	Dynamics	

49	

0 50 100 150 200
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
Ites vs. time

time (us)

I te
s (u

A
)

C

G

Bath

⌫
sensor

/ G

C
= 4khz

⌫
signal

<< ⌫
sensor



L

R

RL

_
+

VB
Rs L

R

Rp

IB

TransiDon	Edge	Sensor:	Noise	
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C

G

Bath

SpG = 4kbT2G  

⌫
sensor

DC noise scales with G 



Bandwidth	OpDmizaDon	Rule	

51	10!1 100 101 10210!11

10!10

10!9

10!8

10!7

! (khz)

"
P (f

W
/sq

rt
(h

z)
)

NEP noise as a function of Tc

 

 

20

30

40

50

60

70

80

⌫signal

⌫
sensor

< ⌫
signal

Power Noise for various G 



101 10210−1

100

101

102

103
Phonon Energy Resolution

Ba
se

lin
e 

En
er

gy
 R

es
ol

ut
io

n 
(s

ig
m

a)
  [

eV
t]

TES Transition Temperature [mK]

 

 
Ge iZIP4
Si iZIP4
Ge ulZIP
Si ulZIP
G48: Measured
G48: 1/f subtracted
S12C: Measured
S12C: 1/f subtracted

Phonon	SensiDvity	with	Tc							

G / T 4
c

Sp tfn = 4kbT
2
c G

/ T 6
c

�E / T 3
c



S12C:	Our	Best	ResoluDon	Ever	

S12C	 Tc	 Measured	
σ	

Flat	
σ	

Side	1	 62-69mK	 43eVt		 23eVt		

Side	2	 96-105mK	 74eVt		 61eVt		

Lots	of	Noise	Work	
in	the	future	

Update: Low Frequency 
Noise Significantly 
Improved in most recent 
studies 



PotenDal	Problems:	ParasiDc	Power	

•  ParasiDc	Power	Noise	
– Vibra3ons	
– High	Frequency	EMI	
–  IR	
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Our first- and second-generation TESs were designed to
achieve NEPs suitable for ground-based astronomy and were
fabricated using MoCu bilayers on 500-nm-thick SiNx mem-
branes with Tc of around 370 and 200 mK, respectively. We
tested many different devices having legs tens of microns
wide and hundreds of microns long. We found that the
thermal conductance to the bath varied approximately as
Gb ’ j0 (Atot/L) Tc

n!1 across a wide range of geometries and
critical temperatures, where Atot and L are the total cross sec-
tional area and length of the nitride support legs respectively,
n ’ 3 and j0 ’ 3" 10!3 W/m/Kn. The total area is given by

Atot¼
PI

i¼1

diwi, where di and wi are the thickness and width,

respectively, of the individual bridges forming the conduct-
ance, and I is the number of bridges. In the work described
in this paper I¼ 4.

The problem of extrapolating a design developed for
ground-based telescopes to that needed for space missions,
which must operate with a lower Tc and with a reduction in
Gb of three orders of magnitude, is nontrivial. For example,
typical thermal phonon wavelengths become greater than the
thickness of the nitride legs at temperatures of T3D!2D .
hct/pkbd where ct is the transverse sound velocity. Below this
temperature we expect a transition from bulk three-
dimensional (3D) transport to two-dimensional (2D) trans-
port and an associated reduction in n.13,14 As the temperature
is reduced further, the typical wavelengths become compara-
ble with the width of the legs, and the transport becomes
one-dimensional (1D), which is associated with a further
reduction in n. The precise value of n depends on the nature
of the phonon scattering mechanism. With ct¼ 6.2" 103

m/s, we find T3D! 2D ’ 470 mK for d¼ 200 nm and T2D! 1D

’ 100 mK for w¼ 1 lm, although we would not expect the
transitions to be sharply defined because the temperature de-
pendence of the Bose–Einstein distribution that describes the
phonon occupancies will tend to smear out the changes. We
would, however, expect the 200-nm-thick bridges described in
this paper to be operating in the 2D–1D regime, rather than the
3D–2D regime characteristic of our previous work.

In our early work on ground-based detectors we studied
the spectral density of the current noise, in(f). The measure-
ments showed significant current noise above that arising
from the experimental limiting sources.15 Concurrently with
that work we measured the heat capacity of our thin-film
SiNx (Ref. 16) and found, in agreement with the measure-
ments of others on bulk amorphous dielectrics,17 a specific
heat that was much greater than that expected on the basis of
a simple Debye model. The measured heat capacity shows
an almost linear dependence on temperature, which is usu-
ally attributed to Two Level Systems. With this in mind we
were able to create an extended thermal model that gave a
convincing account of the measured noise in two distinct
geometries at two operating temperatures. A clear conclusion
was that the excess noise was associated with the random
flow of thermal energy between the bilayer and parasitic heat
capacities—particularly those of the SiNx and the SiO2 layer
used to passivate the Cu of the bilayer. In the TESs reported
here, unnecessary dielectric was removed so that the com-

pleted devices had minimal heat capacity. We also omitted
the thin-film resistive absorbers and associated SiNx support
structures needed to make complete FIR detectors in order
that we could investigate the intrinsic physics of the TES.
We continue to use lateral and longitudinal normal-metal
bars on the bilayer to increase its internal thermal conduc-
tion. The lower operating temperature, Tc ’ 120 mK, was
achieved by increasing the thickness of the Cu in the bilayer.

In this work we report a study of the thermal properties of
a large number of MoCu TESs fabricated on ultrathin, 200
nm, free-standing SiNx membranes. In Sec. II, we briefly
describe the measurement system and the physical parameters
of the fabricated devices. In Sec. III, we review the thermal
measurements, giving details of the transition temperatures,
thermal conductance, saturation powers, and normal-state re-
sistance Rn. The dependence of Gb on the dimensions of the
support legs was studied and compared with simple models.
A total of 53 devices, having leg widths and lengths in the
ranges 1–4 lm and 160–960 lm, respectively, on four differ-
ent chips, each with 16 TESs, cut out from two different
wafers were characterized. To assess pixel-to-pixel uniformity,
the variation in Gb across 15 nominally identical TESs was
also investigated. Section IV presents the linearized electro-
thermal model that was used to predict dynamic behavior.
Section V describes how the electrothermal parameters, aI and
bI, and the heat capacity of the bilayers were extracted from
impedance measurements. The measured rise times and noise
spectra of a subset of the TESs are presented. These are com-
pared to the modeling, and the dark NEP is calculated. Finally,
Sec. VI summarizes the work and comments on the outlook.

II. SAMPLES AND MEASUREMENTS

The TESs studied in this paper consisted of a supercon-
ducting MoCu bilayer formed on a 200-nm-thick SiNx island
isolated from the heat bath by four long and narrow legs.
Figure 1 shows a photograph of one of the MoCu TESs
measured in this study. The device is slightly curved because
of residual stress in the SiO2 passivation layer. Similar devi-
ces with MoAu bilayers on 200 nm SiNx without the

FIG. 1. A single Mo/Cu TES with longitudinal and partial lateral Cu bars
across the bilayer. The SiNx island has an area 110" 110 lm2 and is 200 nm
thick. The supporting legs are 4 lm wide.

084507-2 Goldie et al. J. Appl. Phys. 109, 084507 (2011)
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SuperCDMS		
(modeled)	

SAFARI	
(measured)	

Tc	 30	mK	 111	mK	

G	 12800	fW/K	 170	fW/K	

Pbias		 76	fW	 8.9	fW	

SNEP		 6x10-19	W/rthz	 4.2x10-19	W/
rthz	

JAP 109, 084507 (2011) 

SAFARI has created 
devices with x75 smaller 
G & x9 smaller Pbias than 

we require 



Nuclear	Recoil	IonizaDon	#1	

•  Ionization Yield for 254eVr 
nuclear recoil directly measured 
via  72Ge(n,γ)  

•  K.W. Jones and H.W. Kramer 
PRA 11 (1975) 

  



Nuclear	Recoil	IonizaDon	#2	

SuperCDMS HV can 
directly measure the full 
ionization pdf as a 
function of energy  

Discrete Ionization Distributions  

Er=30eVr 
Q=1 

Er=30eVr 
Q=2 

Er=30eVr 
Q=3 

Systematics: 
•  Degenarcies between 

Pt(Er,Q) 
•  Multiple Scatters 



FiducializaDon	
If there is nothing between 
the peaks in Ba Calibration, 
we know that our 
fiducialization is working 
great 



NaI	Calorimeters	

58	

18.08.2006 TES III  Workshop

Phonon detector
   300g CaWO4

Ø=40mm, h=40mm

Light detector
   Si

(30x30x0.4)mm3

 W thermometer

CRESST II prototyping phase
detector module•  P.	Nadeau	et	al	
(Philippe)	1410.1573	

•  Orbital	Coupling	
•  ER/NR	DiscriminaDon	
(CRESST	like)	

	


