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Your guest lecturer
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Grad school in Rhode Island 
but mostly worked in NYC (Nevis Lab) and Italy 
PhD in 2008 
3 years of Postdoc at LLNL Rare Event Detection (RED) group 
3 years as Staff Scientist at LLNL 
Past 2 years as Divisional Fellow at LBL 

Dark matter searches are often classified as “astroparticle physics” 
i.e. I am a terrible astrophysicist and a terrible particle physicist 

A significant fraction of my work is actually detector development 
(including theoretical investigation and analysis (cf. articles in Phys Rev D/
Lett.) 
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PhD work in Italy: life was good, above ground
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We were never above ground!!
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shameless plug
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if you’re interested in particles whose existence is unproven, come work on 
LUX/ LZ! The experiment is in South Dakota not Italy, but it has it’s own 
charms and the underground has a swimming pool 

e.g. Kelsey, Kate (pictured), Vetri

For research opportunities, check with 
• Kevin Lesko (LBL senior scientist) 
• Dan McKinsey (UCB professor) 
• me 
and also be sure to talk with our current students
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The universe exists, is expanding, and has stuff in it
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ΔT ΔM

3/8 million years after big bang 13700 million years after big bang
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CMB data interpreted in terms of the ΛCDM model:
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we know:
• matter ~5%
• dark matter 23%
• dark energy 72%

(you should make sure you catch a 
CMB talk by an actual CMB expert)
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Astrophysical observations + BBN give the baryon content of the universe:
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∴ don’t need to rely on ΛCDM, there appears to be a lot of  non-baryonic stuff out 
there

~5 protons/m3 

~5 keV/cm3
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Alpha, Beta, Gamma...
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Ralph Alpher
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Fritz Zwicky circa 1933
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•suggested we “throw some light on the problem of 
the density of internebular matter in clusters.“ 
•suggested gravitational lensing (it was not yet an 
established technique)

•stars account for <1% of the mass of 
Coma cluster 

•remains true for all observed clusters

“Tin tin et la stella misteriosa”
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Bullet cluster is a particularly sweet example
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hot gas, 90% of 
the baryons 
(from x-ray obs.)

~95% of the mass 
(from gravitational 
lensing)

Clowe et al. Nucl. Phys. B 173 28 (2007)

The physicist’s view:The “ooooh, ahhhh” view:

These data tell you something 
specific about dark matter 
(besides, it exists)…
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All the rage in the late 1970s (via a single example galaxy)
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•The observed rotational velocity for 
(example galaxy) NGC 4303 as a function 
of radius from the galactic center

•we know:

•data require:

•which implies:

•The simplest explanation is an isothermal 
halo of non-interacting, non-luminous, yet 
gravitating matter
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large-scale dark matter structure 
filaments in the Bolshoi simulationDietrich et al, Nature 487 202 (2012)

~15 M
pc/h

Dark matter filaments between clusters (it all hangs together)
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Where did all the dark matter come from?
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The WIMP miracle: It has 
always been there, it just fell 
out of thermal equilibrium 

basic arguments lead to 
weak scale cross section

JKG, Phys Reports, 1996



P. Sorensen, intro to dark matter for UC Berkeley PH290E 7 Sept 2016

Connection with supersymmetry
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•A vanilla WIMP is the lightest, stable SUSY particle 

•If WIMPs are the dark matter, we solve a cosmic riddle 
and the hierarchy problem at the same time!

http://xkcd.com/74/
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The allure of direct detection of dark matter
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• A deep connection between dark matter, 
cosmology and particle physics  

• What are it’s properties? 
• How does it interact? 
• What does it tell us about how the universe 

works? 
• Direct detection (scattering) would be a unique 

probe of these questions
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Classical WIMP 21st century WIMP
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But! No SUSY @ LHC, no DM underground and no shortage of possibilities
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http://xkcd.com/74/

mirror DM, self-interacting DM, exothermic DM, inelastic DM, isospin-violating DM, sub-GeV 
DM, composite DM, accidental composite DM, Rayleigh DM, magnetic inelastic DM, 
millicharged DM, millicharged atomic DM, magnetic fluffy DM, higgsino DM, sneutrino DM, 
pure wino DM, asymmetric DM, leptophilic DM, too broke to pay attention DM, semi elastic 
DM, Q-ball DM, axino DM, Kaluza-Klein DM…

1/2

iε

3/8



P. Sorensen, intro to dark matter for UC Berkeley PH290E 7 Sept 2016

Lets be optimistic, though, and think about direct detection
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R. Gavazzi et al., Ap. J. 667 176 (2007)

distribution of dark matter
distribution of visible matter

us

estimated DM density in our hood: ~0.3 GeV/cm3 (x6e4 above critical) 
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Assume a spherical halo, and spherically symmetric scattering
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Back in the day

Ahlen et al. Phys Lett B 195 603 (1987) 

1 cts/keV/
kg/day

Basic recipe (p3): 

(1) go underground

(2) build a castle

(3) avoid miners

~100 
GeV 
WIMP

20
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LUX 2016

CRESST 2015

CDMS 2015

e- γ

kT

signal triangle

should add step: (4) be discriminating
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particle discrimination! how does it work?
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PDG plot for qualitative explanation
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The most critical form of discrimination is edge vs bulk
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Direct Evidence for Neutrino Flavor Transformation from Neutral-
Current Interactions in the Sudbury Neutrino Observatory
(SNO Collaboration)
Phys. Rev. Lett. 89, 011301 – Published 13 June 2002

Results from a Search for Light-Mass Dark Matter with 
a p-Type Point Contact Germanium Detector
(CoGeNT Collaboration)
Phys. Rev. Lett. 106, 131301 – Published 29 March 2011

>500 citations

>1400 citations
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Measured dN/dE => exclusion limits
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Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX (2013)

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING

CDMSlite

(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB

(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

 arxiv:1310.8327 (Snowmass Report) Z

H

exclusion limits: classical WIMPS ruled out
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Down-select
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source: http://bigthink.com/strange-
maps/xx-ways-to-carve-up-england
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Seminal paper:
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(note implicit Lee-Weinberg bound aka “the Tyranny of the WIMP” bound)
— Neal Weiner, NYU
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Coherence! lets calculate the deBroglie wavelength of a 100 GeV WIMP in the halo
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and compare it to the nuclear size

h/q ~ rA
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30 years later, still using Goodman+Witten framework…
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=> spin 
independent

=> spin 
dependent
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Nowadays: EFT operators
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arxiv:1203.3542

nucleon 
angular 
momentum

nucleon 
spin and 
angular 
momentum 
(L dot S)

usual spin 
independent

spin 
dependent
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Effect of effective field theory treatment
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arxiv:1203.3542

for 100 GeV dark matter
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arxiv:1203.3542

for 3 GeV dark matter

Effect of effective field theory treatment
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Demonstrating ability to detect signal is CRITICAL when your primary results are null

33

0 10 20 30 40
1.5

2

2.5

3

3.5

keV
r
   [QF=0.19]

lo
g

1
0
(S

2
/S

1
)

 

 

137
Cs

AmBe

γ,β

n

centroid 
-3σ

my plot!

Sheldon on how to calibrate 
dark matter detectors



P. Sorensen, intro to dark matter for UC Berkeley PH290E 7 Sept 2016

Calibrating: LUX data prior to (x,y,z) cut

34
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•motivated a search for sub-GeV dark matter 
•conceptually similar to CDMSlite technology 
•sub-GeV or “beyond WIMPs” is presently an active 

area of enquiry!

Search for Light Dark Matter in XENON10 Data
J. Angle et al. (XENON10 Collaboration)
Phys. Rev. Lett. 107, 051301 – Published 27 July 2011; Erratum Phys. Rev. Lett. 110, 249901 (2013)

New directions

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.249901
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non-WIMP mechanisms for populating the universe with DM
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•There are compelling possibilities!  

•freeze-in (Hall et al 2012)  

•asymmetric dark matter,” relic density 
determined by baryon asymmetry (Zurek 
et al 2009) 

•vector DM from inflation (Graham, 
Mardon and Rajendran 2015) 

•Often coupled with postulation of a new 
vector boson, which evades the Lee-
Weinberg bound by reducing the 
annihilation cross section of the DM

Hall et al JHEP 03 (2010) 080
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Specialized technology for measuring such tiny energy depositions: superCDMS SNOLab
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The future’s uncertain, and the end is always near…
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meaning, its up to nature if we 
will directly detect dark matter 

but its up to the funding agencies 
if we will detect low-energy solar 
neutrinos (and possibly zero-
neutrino double beta decay, too)

arXiv:1605.02889, with 
overlaid projections by 
K. O’Sullivan (LBL)

*EXO-200, Nature (2014)

                *LZ

*LZ 90% 136Xe

*80 tonne natXe*nEXO
*DARWIN
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Connection with solar neutrino experiments
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LZ, XENONnT 
0.001 MeV

BOREXINO 
0.16 MeV SNO 

3.5 MeV

0.010.005 0.05

(blob area ∝ detector mass)

Homestake 
0.81 MeVSAGE 

0.22 MeV

~50% of pp flux has 
energy < Ga threshold

superK 
4 MeV

0.02

LUX

40
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dashed: DM masses 5, 6, 7 and 10 GeV 
solid: 8B coherent neutrino-nucleus scattering 

(perfect resolution)
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8B coherent neutrino nucleus scattering

•Neat! 

•extremely challenging to 
extract new physics due to 
sharply forward-scattered 
spectrum convolved with 
detector energy reconstruction 
uncertainty 

•BUT! we come full circle… 
dark matter direct detection 
experiments (CDMS) evolved 
from efforts to bolometrically 
detect coherent neutrino 
nucleus scattering! PRL 55, 25 
(1985)
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doing physics with the pp solar neutrino “background”
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•given flux, LZ could constrain θw to 4.5 % at momentum 
transfers of ~10 keV (leveraging luminosity, Borexino pp flux). 
arXiv:1604.01025 

•given θw, LZ could reduce pp flux uncertainty to 2.2% from 
~11% (helps with solar models) arXiv:1604.01025
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In trying to isolate this peculiarity, if it exists at all and is not simply 
an illusion, we must beware of a danger well known  to explorers 
of both the micro- and macrocosmic -- that of confusing the thing 
observed with the mind of the observer, of constructing not a 
picture of external reality but simply a mirror of the thinker. 

-- Edward Abbey, Desert Solitaire

parting shot
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extra slides follow
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Energy calibration in liquid xenon
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DAMA
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Bernabei et al, Nucl. Instr. Meth. (2007)

•~2% annual modulation at ~ 
2 keV... now in its Nth year at 
N2 sigma significance 

•attempts to duplicate with 
NaI have so far not achieved 
comparable energy threshold 
(~1 keV) and low counting 
rate (~1 dru) 

•inconsistent with null results 
from numerous experiments 

•“the mother of invention”
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Example: inelastic dark matter
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in brief: consequences:

MX = 100 GeV on Ge
elastic

inelastic

Nuclear Recoil Energy

need at least

to scatter

Phys. Rev. D 64, 043502 (2001)
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XENON10, 2007
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ER band

NR 50% acceptance box (from neutron cal.)

~ 1 cts/kg/keV/day

Phys. Rev. Lett. 100 021303 (2008)

background events outside 
blind analysis window
(cuts were not optimized 
above ~27 keV)

58 live days / 5.4 kg target

•we were looking exclusively 
for a low energy, exponentially 
falling signal! 

•our reported results looked 
*just* like the iDM prediction! 

•prompted a re-analysis
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XENON10, 2009
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Phys Rev D 80 115005 (2009)

•re-analysis confirmed signal-
like event population! 

•now generally understood to 
be due to background 
processes 

•signal interpretation ruled 
out by later experiments e.g. 
XENON100
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Neutron scattering on xenon
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Inelastic nuclear transitions
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