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HAVE WE PUT TOO MUCH EFFORT
INTO THE WEAK SCALE?
(AN ALLEGORY)

An amazmg achlevement
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THE DANGERS OF AN
IMBALANCED WORKOUT




LIMITATIONS OF DIRECT DETECTION
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& LDM

nucleus .

Nuclear scattering transfers only ~(mpm/mn) of energy
(no ionization, sub-eV phonon energy: undetectable)

Wednesday, April 17, 13



& LDM

electron

nucleus .

Energy available =~ eV (mpv/MeV)

Electron scattering can transfer most of energy
(ionizes an electron)
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Strategy:

Search for DM scattering with electrons

Signal is a single (or a few) ionized
electrons

Sensitivity down to MeV scale

“"Direct Detection of Sub-GeV Dark Matter”

Essig, Mardon & Volansky
arXiv: | 108.5383

see also Graham, Kaplan, Rajendran & Walters [203.253 |
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VARIETIES OF suB-GEV DM

(an illustrative example)

High-scale physics

Standard

Model
Dark

Sector




VARIETIES OF suB-GEV DM

(an illustrative example)

Low-energy effective theory

Light Mediator

f

ing

Standard
Model

See eg. | 108.5383, | | | 1.029 5 SS2AEE
1203.253 1, 12034854 A5 CZaSEEe

Wednesday, April 17, 13



BENCHMARK MODELS

DM coupled to a hidden photon DM
mediator (aka A’ boson)

A: hidden photon mass ~ 10 MeV

B: hidden photon mass << keV shoton —

e.g Essigetal 11085383, Linetal I111.0293, Chuetal |112.0493
Hall et al 0911.1120

DM

hidden
photon T ——

<«— kinetic mixing

e

dipole moment

DM DM DM with an electric or magnetic

dipole moment

photon ———>

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

e e Graham et al 1203.253
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BENCHMARKS: ABUNDANCE

Basic freeze-out ruled out by CMB for DM lighter than 10 GeV

e.g. Galli et al 0905.0003
Giesen et al 1209.0247

Hidden photon mass ~ 10 MeV: Asymmetric

Essig, JM & Volansky 1108.5383
Lin, Yu & Zurek 1111.0293

Hidden photon mass << keV: Freeze-In

Hall et al 0911.1120
Essig, JM & Volansky 1108.5383
(but see also An, Pospelov & Pradler 1304.3461)

MDM/EDM: generically overabundance problem
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PROOF OF PRINCIPLE: XENON1O
XENON10:

- Incredible sensitivity: could measure single electrons

- Hardware trigger only recorded single electrons
during a 15 kg-day exp. in 2006
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“A search for light dark matter in XENON10 data”  Zodof. . ¢ ~
| 104.3088 :
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PROOF OF PRINCIPLE: XENON10O

Extracting limits on 1-, 2-, and 3-electron rates:

(skipping many important details...)

Rl < 39
limits: R2 < 4.7 counts per kg-day

R3<|.I at 90% CL

limits on
DM--electron (skipping details of

PRSP calculation...) D M--eleCtron

scattering

Essig, Manalaysay, M, Sorensen & Volansky. 1206.2644
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PROOF OF PRINCIPLE: XENON10O

cross-section to
scatter with free
electron\
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“First Direct Detection Limits on sub-GeV DM"

Essig, Manalaysay, Mardon, Sorensen & Volansky
arXiv:1206.2644
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HOW DOES THIS COMPARE TO BENCHMARKS?
(PREVIOUSLY ALLOWED REGIONS ARE SHADED)
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different momentum-dependence of DM coupling
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HOW DOES THIS COMPARE TO BENCHMARKS?

(PREVIOUSLY ALLOWED REGIONS ARE SHADED)

This Is just a proof of principle

(with a lucky, small dataset)

Essig, Manalaysay, Mardon, Sorensen & Volansky. [206.2644
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background photoelectrons
StUdY § 1.0:— L i o L e
g r ﬁ#
Xenonl00 & go's;_ F
LUX o.a:— run_10
coming soon - run_08
04— .
o2l
0.00:-- - '5|o' - '1(|m' - '1.'|>o - lztlm' - '25101 - 13(;0' - '3éol - l4tl)ol
Dual phase xenon R sz [PE]
prie, Lar dCK
- Xenon100 study underway *
- LUX coming soon
- needs low trigger thresholds! electrons (estimated)
100 % - S —
1st priority is backgrounds «* —
60 %
- what causes them? ool o
- how can they be reduced? ool
0 1 2 3 4 5 6 7 8

Dedicated

Xenonl 00 S2 trigger:

S2 electrons
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Dedicated Semiconductor

background detectors
study lower thresholds

Xenonl 00 &
LUX
coming soon

Germanium  Xenon XENON10

limit Semiconductor detectors

g | O Rection Sepitivity snd B ate fperevean 3 - lower threshold (~1eV)

s S B W o _ - technology being developed

e o1 by CDMS and DAMIC

o 10 o - lower backgrounds?
S 107 102
i e 3
1074 s B

10—42
10—43 R

I 10 g2 108
Dark Matter Mass [MeV] Essig, Mardon & Volansky. | 108.5383
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Dedicated Semiconductor

background detectors Modulation
study lower thresholds analysis

Xenonl 00 &

LUX
coming soon

Making a discovery

- no way to discriminate signal events from background events(?)
- there’s always annual modulation
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Xenonl 00 &

LUX
coming soon

Dedicated
background
study

Semiconductor

detectors Modulation
lower thresholds analysis

Improved rate
calculations

particle atomic semi-
l mechanics model
. o . TN
Event _ free atomic secondary scattering
rate cross-section \_form-factor probability

- current error O(1) (not O(10))

- biggest uncertainty is in size of S2
- can this be calibrated experimentally?
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Dedicated Semiconductor

background detectors Modulation
study lower thresholds analysis
Xenonl 00 &
LUX
Ll Improved rate

calculations
...... : / Dedicated experiment?
r . New ideas?
° SOMETHING - ... €.9. molecular dissociation
A NEW? + = detect nuclear recoil with ~eV threshold
N - could this ever be detected?

b, K - with T. Volansky, R. Essig & others

Wednesday, April 17, 13



CONCLUSION

We may have paid too much attention to the
Weak scale and WIMP DM

Direct detection can probe DM masses down to
the MeV scale via electron scattering

Need to understand and reduce backgrounds

XENON100 study underway
LUX coming soon

New single-electron detectors?
CDMS & DAMIC

There’s room for new ideas!
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BACK UP SLIDES
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SUB-GEV DARK MATTER




IS ANYTHING WRONG WITH SUB-GEV DM

Warm DM?

- too light --- moves too fast --- washes out small-scale structure
- typically only a problem for masses below ~|0keV

Self-interactions!?
- lighter DM --- more numerous --- more self scattering

- In conflict with e.g. Bullet Cluster and halo ellipticrty

Markevich et.al. 2003
Miralda-Escude 2000
Feng et.al. 0905.3039

- constrains couplings for DM lighter than ~GeV

Jeremy Mardon, SITP Stanford
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IS ANYTHING WRONG WITH SUB-GEV DM

Annihilation distorts CMB

- DM annihilation into EM-interacting particles delays
recombination

- would be observable in CMB
constraints on f <gv> from CMB Ga”| et.al. 0905.0003

standard freeze-out
cross-section

Standard freeze-out is ruled out below ~10 GeV

Jeremy Mardon, SITP Stanford
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IS ANYTHING WRONG WITH SUB-GEV DM

Abundance:

* Asymmetric DM

- e.g. SUSY (at some scale) + inflation + accidental symmetry

——> generic matter asymmetry
Dine, Randall & Thomas 1995

* Freeze-in
Hall et.al. 0911.1120

e Freeze out within hidden sector
Feng & Kumar 0803.4196

Jeremy Mardon, SITP Stanford
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VARIETIES OF SUB-GEV DM

| Qntact interactioy s Light mediator exchange

Mmediator <& O ( 1 OOGGV)

~light hidden photon
photon e

me-suppressed

: XX

Constrain by LEP
(gamma # MX.)

Foxxt al |103.0240

y

’ Fo0Ge Not well constrained by

y \‘\\
p _//J ‘ \
LEP
4
/ " LEP

Jeremy Mardon, SITP Stanford
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HIDDEN PHOTON MODELS
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Jeremy Mardon, SITP Stanford
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HIDDEN PHOTON MODELS

Jupiter Earth

LoglOX

Hidden Photino DM

-18 -15 -12 -9 -6 -3 0 3 6 9 12

Jaeckel & Ringwald, 1002.0329

Jeremy Mardon, SITP Stanford

Wednesday, April 17, 13



OTHER POSSIBLE SIGNALS?

Scattering with electrons
atomic exitation

individual photons?

- single-photon detection s
currently far too noisy

Jeremy Mardon, SITP Stanford
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SINGLE ELECTRON EVENTS IN XENON10

Understanding the events

- study single electrons seen In other
event records 100F T R ERPTTTRRTEE TR

- - - Allowed at 90% upper limit |
o Raw spectrum ]

- Monte Carlo simulation of trigger
efficiency

- produce 90% CL upper limits on
|-, 2- and 3-electron rates

\
" double
electron }-

Counts / 0.1 electrons

Efficiency

0.5 115 2 25 3 35 4
Ionization Signal [electrons]

Jeremy Mardon, SITP Stanford

Wednesday, April 17, 13



CALCULATING RATES




CALCULATING EVENT RATES

@

particle
| Micro;copi; & thSiCS
interaction with
| electron
Cross section to *
jonize electron from [~ .

single atom atomic

Dor Binding eflects  |@=— qUantum
L, l mechanics

Secondary scattering/

detector response Secondary scattering/ Semi =
detector response [ @

empirical
v model
Jeremy Mardon, SITE Stanford Essig, Mardon & Volansky. | 108.5383
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CALCULATING EVENT RATES

particle physics

/

~ Microscopic parametrize theory with:
Interaction with
electron cross-section to scatter

Y with a free electron: &,
Binding effects
v and
Secondary scattering/ “DM fOrm-faCtOl"”

detector response

containing q-dependence
of microscopic interaction: Fpy(q)

Jeremy Mardon, SITE Stanford Essig, Mardon & Volansky. | 108.5383
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CALCULATING EVENT RATES

atomic quantum mechanics

— typical atomic form factor
scattering ()2
Microscopic :
interaction with amPIItUde 0.1°
electron —
: - 0.001 }
il microscopic
amplitude 107>
Binding effects | | o | 4 LS ]
° X 0 1 \2 3oy nalemed
I Auliule suppressed for ¢ > ams
form-factor | |
Secondary scattering/ wavefunctions computed numerically

detector response Bunge /et.al. A.D.NiD.T. S5l

2 AN
‘f(Q)‘ ~ Z |<¢ionized |62q T| bound>‘
degeneracies
B, tanford Essig, Mardon & Volansky. | 108.5383
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CALCULATING EVENT RATES

.

Microscopic l
interaction with d<(7n v} _ q dq nl 2 2
eleciron ks d1n Er — Ue/&uie f (ER7 Q)‘ |FDM(Q)‘ n(vmin(Q))
‘Egilnding’ + ER q
. —P Umin —
Binding effects q 2MpM

v

Secondary scattering/
detector response

<

Jeremy Mardon, SITE Stanford Essig, Mardon & Volansky. | 108.5383
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CALCULATING EVENT RATES

semi-empirical model

e — How many electrons do we see!
interaction with
electron - | coifEliceRe.

v

Binding effed’s

- Use probabllistic model to distribute the recoll
energy between electrons (which we see) and
photons/heat (which we don't)

>econdary scattering/ - O(1) uncertainty --- but not O(10)!

detector response

- good enough for now

Essig, Mardon & Volansky. | 108.5383
Jeremy Mardon, SITE Stanford Essig, Manalaysay, Mardon, Sorensen & Volansky. 1206.2644
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