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“Beyond WIMPs, from theory to detection”

• A comprehensive discussion of non-WIMP dark matter hosted by Tomer 
Volansky. Organizers include Rouven, Jeremy Mardon.

• Theory: virtually every talk invokes dark photons in one form or another. 
However, searches for visible decays are are so mainstream (!) that they aren’t 
really discussed to any significant extent.

• Experiment: Focus mostly on direct/indirect detection techniques.

• technologies for direct detection of KeV - GeV DM

• new analysis and interpretation of astrophysical data

• On dark forces, some interesting topics

• invisible decays

• light hidden photons as dark matter

• millicharged particles

• Lots of other discussions and ideas generated during down-time
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Light dark matter in LUX

A. Manalaysay, May 30, 2015

Problem 2: single electrons

31
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Rate Spikes

 We notice periods 

of elevated pulse 

rates from the 

DAQ

 Pulse rate spikes 

that follow a large 

S2

 Quiet region pulse 

rate 2-3 Hz “Quiet” Region

“Noisy” Region From S. Uvarov, APS2014• Because LUX’s acquisition 
system is triggerless (i.e. we 
record everything), we can 
monitor these events as well.

• Following a large event, we see 
elevated pulse activity, which 
decays through several 
different time constants.

Direction Detection Down to M𝝌 ≃ KeV

• Below KeV, generally too hot to be dominant DM.

• Detection of KeV DM requires sensitivity to meV(!!) recoils.

• Electron recoils (down to M𝝌~MeV)

• Noble liquids: LXe “single electron” analyses

• Semiconductors: CDMSLite, Damic, etc.

• Crazy ideas (below M𝝌~MeV)

• Cooper pairs have meV binding energies.   
How do you amplify a quasiparticle signal?  
(http://arxiv.org/abs/1504.07237)

• Molecular interactions: creation of color centers in crystals?

• Single excitations in scintillators (RE’s idea… not discussed in a talk.)

• Theorists generally thinking that meV energy sensitivity with zero background is achievable in  
~10 years.  Experimenters trying to bring some realism to the table: it’s another 30-year program.

• How do we develop signatures that allow a good understanding of background with such small 
energy depositions?  How valuable are experiments that can only set limits due to the qualitative 
nature of the signal?
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Rafael Lang – Fun with XENON 4 

Discrimination: Need Information 
e-/g: electronic recoil a/n/WIMPs: nuclear recoil 

Background Signal 

Most relevant though: 
Detector artefacts! 
→ Extract as much 
information as possible 

How valuable is a limit-only 
analysis, really? 

http://arxiv.org/abs/1504.07237


Crazy Idea #1 (cooked up by Andrew Sonnenschein, Javier Tiffenburg, TN)

• Build on known techniques using HgCdTe sensors.  

• Bandgap is adjustable between 0-1.5 eV. Mobility and mean free path are very high.

• Make thick drift sensors with very small collection/readout node (for low noise as with 
Damic). 

• Run VERY cold (mK).

• In principle, ~meV sensitivity may be possible without tackling entirely new techniques.
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dR

dER
=

NT ⇢�
m�

Z v
max

v
min

d3~v f(~v(t))
d�|~v|
dER

Comparisons between positive signals and null results are discussed in Sec. 2.3. In Sec. 2.4,
we describe how the halo-independent information for one specific DM mass may be simply
and unambiguously mapped to other DM masses, avoiding the proliferation of limit plots and
calculations. The reader only interested in a short explanation of how to apply the methods
can proceed directly to Sec. 2.5 where all necessary calculation steps for setting limits and
for interpreting signals are briefly set out. In Sec. 3 the new unbinned halo-independent
methods are applied to the three anomalous events observed in the CDMS-Si detector and
compared to the current constraints from XENON10 and LUX. Finally, in Sec. 4 conclusions
and suggestions for areas of future development are presented. App. A contains a proof that
our method works equally well for both the idealized case of perfect energy resolution and
the more realistic case of finite experimental energy resolution.

2 Halo-Independent Analysis Methods

The di↵erential event rate2 at a direct detection experiment is

dR

dER
=

NA⇢��nmn

2m�µ2
n�

C2
T (A,Z)

Z
dE0

RG(ER, E
0
R)✏(E

0
R)F

2(E0
R)g(vmin(E

0
R)) , (2.1)

where m� is the DM mass, mn the nucleon mass, µn� the nucleon-DM reduced mass, �n the
DM-nucleon scattering cross-section, ⇢� the local density, NA is Avogadro’s number, F (ER)
is the nuclear form factor which accounts for loss of coherence as the DM resolves sub-nuclear
distance scales, CT (A,Z) = (fp/fnZ + (A� Z)) is the usual coherent DM-nucleus coupling
factor, ✏(ER) is the detector e�ciency, and G(ER, E0

R) is the detector resolution function.
The velocity integral is

g(vmin) =

Z 1

vmin

f(v + vE)

v
d3v , (2.2)

where f(v) is the DM velocity distribution, and vE is the Earth’s velocity, both in the galactic
frame. We ignore the small time-dependence introduced by the Earth’s motion around the
Sun. For elastically scattering DM the minimum DM velocity required to produce a nuclear
recoil energy ER is

vmin(ER) =

s
mNER

2µ2
N�

, (2.3)

where µN� is the nucleus-DM reduced mass. As is now standard, the constant factors which
are common to all DM detectors are absorbed into a rescaled velocity integral

g̃(vmin) =
⇢��n
m�

g(vmin) . (2.4)

An observation critical to the halo-independent methods, first noted in [18, 19], is that
because the velocity integrand is positive definite, g̃(vmin) is a monotonically decreasing
function of vmin for any DM halo. This observation becomes very powerful in developing
halo-independent methods for the comparison of multiple experiments, as now described.

2Throughout this paper we consider only spin-independent coupling of DM to nuclei, the generalization of
these techniques to the spin-dependent case is straightforward.

– 3 –

Theory

Expt.

Saturday, 30 May 15

Problem*#1:*Parasi2c*Power*
As*we*lower*Tc,*we*become*more*
sensi2ve*to*nuclear*recoils,*but*we*
also*become*more*sensi2ve*to*
environmental*noise*
*

Cryocooler Vibrations @ Soudan 
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However, everything here is very, very difficult!!



Indirect Detection / Astrophysics

• Positron excess

• DM annihilation has finally been declared dead.

• DM decay not completely ruled out but definitely disfavored.

• Fermi GeV Excess

• Very interesting analysis by Mariangela Lisanti and Tracy Slayter of spatial 
granularity of signal to determine whether more consistent with a diffuse source 
(DM) or unresolved point sources.  Not complete (slides not posted) but case for 
unresolved point sources looked compelling.

• Many discussions of open questions in cosmology, structure formation, DM halos, 
galactic dynamics, etc.  Clearly a big struggle with unknowns there too.  What are the 
effects of having a component of self-interacting dark matter?
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Dark Forces - Visible Decays

CERN SHiP Proposal: http://ship.web.cern.ch/

• Reach similar to HPS dump concept 
studied for Snowmass.

• Designed for sensitivity to broader set 
of portals (also scalar, neutrino).
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Figure 2.6: Summary of constraints on the dark photon model. The limits at ✏ ⇠ 10�7; mA0 > 200
MeV range come from old experiments, and can be improved with SHiP. The g�2 region of interest
is shown as a green band. The projected SHiP sensitivity contour is derived using three modes of
production: mesons, bremsstrahlung, and QCD production.

ensuing constraints are quite strong (reaching down to ✏ ⇠ few ⇥ 10�4 at ↵D ⇠ ↵), but applicable
only to mh0 > 2mA0 region of parameter space. Another study at KLOE [170] have searched for
missing energy signature from h0 decays outside of the detector, and reached the constraints at the
level of ✏ ⇠ few ⇥ 10�3. Constraints on the most motivated case, mh0 ' mA0 , are more di�cult to
obtain because they involve stable h0 on the scale of the detector.

2.5.2 Production and detection of light vector portal DM

New constraints on vector portals occur when direct production of light dark matter states � opens
up. The missing energy constraints on dark photons derived from e+e� colliders were analyzed in
[95]. Invisible decays of A0 are usually harder to detect, except K+ ! ⇡+A0 ! ⇡++missing energy,
where the competing SM process, K+ ! ⇡+⌫⌫̄ is extremely suppressed [86]. Also, fixed targets
experiments sensitive to the missing energy decays of vector states have been proposed recently
[171, 172].

A rather systematic study of the detection of light dark matter produced via the dark photon
portal has been performed in a number of papers [157, 162, 173, 174]. The most stringent constraints
follow from the highest POT experiment, LSND, provided that the dark matter is within kinematic
reach. A typical detection scheme in the proton beam dump experiments is built on the following
chain of events:

pp ! ⇡0 + X, ⇡0 ! V �, V ! ��̄, � scattering on electrons/nuclei (2.5.1)

These results significantly constrain, but do not fully rule out, MeV-scale dark matter models,
suggested as a candidate explanation of the 511 keV excess from the galactic bulge. Currently, the
MiniBooNE collaboration is conducting a dedicated search for such states in a beam dump mode
run [175]. The summary of the existing constraints on light dark matter produced via vector portal
is given in Fig. 2.7. Similar constraints were also derived for light dark matter coupled to the
SM via the baryonic vector portal [68]. It is important to emphasize that these constraints cover
the low mass region of parameter space inaccessible to traditional underground direct detection
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Dark Forces - Invisible Decays

• Gordon Krnjaic reviewed main efforts:  
B-factories, dump experiments, missing 
momentum.

• Not going to branch off into discussion of 
the missing momentum experiment here: 
that’s another entire meeting.  Despite 
many open questions, it still appears 
feasible.

• SHiP wasn’t discussed (and I haven’t looked 
into it much yet) but clearly could be a key 
player.  Anecdotally, it’s a major investment  
(>$100M) so it’s not going to happen 
overnight.

• Maxim Pospelov: Build small particle 
accelerator next to an existing deep 
underground detector?
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Figure 2.7: Summary of the constraints on the scattering of the light dark matter produced in
e and p collisions with fixed targets. Upper pannel, small dark matter mass m� and ↵D = 0.1,
with SHiP sensitivity contours assuming 10 and 1000 electron-scattering events; Lower pannel is
for m� = 200 MeV. The SHiP sensitivty with 10 events is shown as a blue region.

experiments.

2.5.3 Cosmological and astrophysical constraints on vector portals

The question of the astrophysical and cosmological constraints on light particles associated with the
vector portal is very important. The consistency of deuterium and helium abundance predictions
with observations require that the new particles decay or significantly reduce their energy density at
the time prior to BBN, or more specifically, before the neutron-proton interconversion freeze-out. If
coupling constants in the dark sector (✏, ↵D, ...) are sizable, this requirement translates into mV,� >
few MeV [176, 177]. Recent measurements of the radiation energy density at the time of the CMB,
parametrized by Neff , also agrees very well with the SM prediction of 3.04, reinforcing the BBN
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Dark Forces - Millicharges

• Eder Izaguirre & Itay Yavin with  
Chris Hill (CMS) & Andy Haas (ATLAS)

• Build simple detector in cavern adjacent 
to CMS and ATLAS IPs

• Runs parasitically with LHC program.
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SHiP

Efficient Detection

Why not deploy a similar version of  the mQ detector in the counting (or control) room?
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p p
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Existing Wall 20 m

1.4
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 ̄

 

Deploy 10 cm x 5cm x 140 cm scintillating bars 
Need 200 to cover 1m2

High detection efficiency 
mCP with Q = 10-3e gives ~ 1 PE in one PMT 

(Assuming a 10% det. efficiency)

The problem 
Not a pulsed beam. Large dark current rates

From PMT Handbook 
Rate (1 PE) ~ 500 Hz

Livetime ~ 1 year

Background = 1010 events

mCP@LHC Potential

Model-independent (direct) bounds on mCPs

0.01 0.1 1 10 100
0.001

0.005

0.010

0.050

0.100

0.500

1.000

MmCPHGeVL

e
=
Q
êe

CMS

CMB NeffHindirectL
SLAC MilliQ

Colliders

L=300 fb-1

L=3000 fb-1

s =14 TeV
Detector 450 wêr to transverse plane



Dark Forces - Dark Photons as Dark Matter

Jeremy Mardon gave a very nice exposition on low-mass dark photons as a DM 
candidate: existing constraints, new ideas, and potential cosmological origins.

• Sensitivity in direct detection experiments.

• “Radio in a Box”: Peter Graham, Kent Irwin, Jeremy Mardon, et. al
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Jeremy Mardon,  SITP,  Stanford

DETECTING HIDDEN PHOTON DM

electromagnetic cavities
 — ADMX is automatically sensitive! 
 

 — cavity size restricts mass range

Redondo et al 1201.5902 

A “hidden electric field” that penetrates shielding
— E’ ≈ √ρDM ≈ 2000 V/m

Has fixed frequency
— ω=mγ’  ,   δω/ω=10-6

Can excite an electromagnetic resonator

3. Resonant searches

Jeremy Mardon,  SITP,  Stanford

EXPERIMENTAL SETUP
Metal box to shield backgrounds

oscillating 
E’ field L

C
Tunable resonant LC circuit 

Read out with SQUID

Jeremy Mardon,  SITP,  Stanford

DETECTION SUMMARY
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Crazy Idea #2 (stupidity here is all mine)

• LCLS II will produce ~1021 ~1KeV photons / second.

• Won’t LCLS undulators produce low-mass (<< 1KeV) hidden photons relatively 
copiously?

• Place a detector alongside LCLS undulators to observe ultra-light DM or hidden 
photon interactions?

10Jeremy Mardon,  SITP,  Stanford

DETECTION SUMMARY
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And much, much more!
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• Really too many interesting ideas to list

• Go have a look for yourself.  Time to start using a few CPU cycles on new ideas.

http://tomerv.wix.com/lightdm#!sessions/c3kh

McDonalds in Israel

http://tomerv.wix.com/lightdm#!sessions/c3kh

