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> Differential event rates in direct detection experiments are given by
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Dark matter (DM) mass and Local DM density and velocity
scattering cross section: distribution:
This is what we (particle physicists) These are uncertainties that
would like to find out enter experimental predictions

in a complicated way

> How reliably can we get to the particle physics properties of DM from future direct
detection signals in the Face of astrophysical uncertainties?
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There are many models of DM

y

> There are many plausible models for the interactions of DM beyond standard spin-
independent (51) and spin-dependent (SD) scattering:

* DM with an Anapole moment (AM):
AXA Y X 0" Fu

This is the only possible interaction of Majorana Fermions with photons.

= DM with a magnetic dipole moment (MDIM):
I Tl X HX'P-I R
Dinagn X0 I

This leads to long-range interactions due to the massless photon exchange.

= DM with a dark magnetic dipole moment (DMDM):
Dnmgn EJHUXF p:v
Same as the the MDM but for a massive hidden photon | 11,3.51""’ — ]j;H’E ).
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One can then construck a matrix D, such that the expected number of events in
bin /(R) is given by a simple matrix multiplication:

R; = Z Di;g;
J

Best-fit velocity integrals

Assume a specific velocity integral and
a true DM model (Sl, SD, anapole,
magn. dipole, or dark magn. dipole)

Make a choice for the fitted model Make a different choice for the
fitted model
Find the best-fit velocity Compare Find the best-fit velocity
integralandthe || integral and the
corresponding likelihood corresponding likelihood

T
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DM toy model
Xenon & lodine
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Results for xenon+iodine experiments

— True maodels —
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Axion dark matter from
topological defects

Ken’ichi Saikawa (DESY)

Based on

T. Hiramatsu, M. Kawasaki, KS, T. Sekiguchi, PRD85, 105020 (2012) [1202.5851]
T. Hiramatsu, M. Kawasaki, KS, T. Sekiguchi, JCAPOI, 001 (2013) [1207.3166]
M. Kawasaki, KS, T. Sekiguchi, PRD91, 065014 (2015) [1412.0789]

A.Ringwald, KS, PRD93, 085031 (2016) [1512.06436]




Axions in the inflationary universe: two scenarios

" Isocurvature
fluctuations

/| -~ Current data

/ /7e—— Planck

>
)
%
an
K=

log(H;/GeV) Hamann, Hannestad,
Raffelt and Wong (2009)

® Pre-inflationary PQ symmetry breaking
® Severe isocurvature constraints
e Ti
® Post-inflationary PQ symmetry breaking « this talk

topological defects




Production of axions in the early universe

(post-inflationary PQ symmetry breaking scenario)

Inflation

PQ symmetry breaking (i) Radiation from strings
* Formation of strings {)

String

(i) Coherent oscillation

(re-alignment mechanism)
QCD phase transition oy

* Axion acquires a mass

iii) Wall deca
* Formation of domain walls () £

.

NV Now > |
soon after String-wall networks exist
formation for a long time

Collapse of string-wall systems Annihilation of domain walls
4 .
before they overclose the universe
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Search for Hiden-Photc;n Dark Matter

Status & Perspectives

K. Daumiller, B. Dobrich, R. Engel, L. Gastaldo, J. Jaeckel, M. Kowalski,
A. Lindner, H.-J. Mathes, A.-S. Muller, J. Redondo, M. Roth, C. Schafer,
T. Schwetz-Mangold, R. Ulrich, D. Veberic
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Hidden Photons

~ o ~ 2~ o~
L= 3 (FuF" + X0 XM) — §F XM + 52X, XM + JHA,
light extra U(1) kinetic mixing mass term
gauge boson: coupling

Horns et al, JCAP 04 (2013) 016 hidden phutun
u

almost
perpendicular
emission

—_—
.
DM
signal focused at ﬁ
spherical center
power From spherical mirror scales with area
P o x2 pgm A ~ 10° W 2 &k
X Pdm X dm
assuming all DM is HP
background E E
remains unfocused ";r’” dm |

14



15

Spherical mirror
from PAO

dimensions:
~4x4m

6 x 6 segments

only 3 unique shapes PCO Sensicam VGA
640x480 pixel CCD

internally Peltier cooled to -15°C

1. test: CCD camera T

\\\\\\

15 20
rad ial dlstance from CM [mm]

spot size ~2 mm

curent: PMT 160-630 nm

S
elecuon!l ubes

N

30 nm 1.13" window
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Outlook and Future Plans
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New massive force carrier of extra U(1), gauge group;
predicted in almost all string compactifications

Dark photon
10° 10° 10
Axion ﬂ’,:‘gz . a

=

A way to relate the dark sector to the SM (coupling ~ €2)

¢
Dark | Y Y
Sector
U(1),
Dark Photon Heavy Charged Leptons L

(aka A", U, Z,, ...) (carry U(1)4 charge)

1ﬂ11

1{}13

Mass [eV]

Standard

Model
Sector
U(1)



Results from Al Pilot Run (2011) IGJU

Low-Energy Electron Acceler. with high intensity suited for DP search

@ N\P\N\\ o T

Schuster, Toro (2009)

2 days
e Y’ e- Backgroud
.......... ,..._::-_—':_:' las
1 E.|. ’\[\HN‘<.|!G
Target Detector i
Z
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Merkel et al. [A1]

PRL 11 — Sum of all settings
PRL ‘14 8o — Setting 1, 7,13, 19
T ;41 — Setting 2, 8,14, 20
\ ‘:f;; f A — Setting3, 9,15, 21
@ N\P\\\,\ s 60 | | Setting 4, 10, 16, 22
[\ — i
A \Nee\(s 9 I - Setting 5, 11,17, 23
o [} Setting 6, 12, 18, 24
B 40 | “
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- 100 pA beam current T || .I H
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- 22 kinematic settings . &
- 0O(1 month) of beam time .b ‘
Ib .-".n.‘l ".’h \ il J“h..__
100 200

Invariant mass mg,._ (MeV/c?)
KLOE 2013

at time of publication most
stringent limit ruling out major
part of the parameter range
motivated by (g-2),
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New T1ool for Low-Precision Physics: MESA

Mainz Energy-Recovering Superconducting Accelerator

E.. =155MeV g =1/10 Epawi ‘
|, >1mA (ERL) | =10 X lyawm
Recirculating ERL

Superconducting Cavities
commissioning 2020




Potential of MESA w/ MAGIX after 6 months data taking

102

L

10

10
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KLOE 2013
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Invisible Decay of Dark Photon

Consider now: M(y) < 0.5M(y")
Dark Photon decays dominantlyinto
Light Dark Matter (LDM), which is not yet constraint experimentally!

So far Kinetic Mixing: M(y') < 2M(x) : A
X 6

Beam Dump Experiment (BDX)

Electron Scattering on Beam Dump
-2 Collimated and boosed (!) pair of Dark Matter particles 1m3(1-51)

CsI(TI)
EM shower det.

e 10 m b 10 1 ——f

X

Beam Dump Detector

”s JLAB, Mainz, SLAC Cornell



Future of Invisible Dark Photon Searches

Missing Mass/Momentum Searches.

Invisibly Decaving A’
J" “
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DM models with two mediators.

How to save the WIMP

ﬁ HELMHOLTZ

I ASSOCIATION

Michael Duerr
MU Programmtag 2016
Mainz, 12 December 2016

based on:

dlfALV.13U& J, dl ALV I 13U .339/0,
arxXiv:1409.8165, arXiv:15068.01425, and
arxiv:1606.06/600

In collaboration with:

P. Fileviez Péerez, F. Kahlhoefer, K. Schmidt-Hoberq,

Th. Schwetz, J. Smirnov, S. Vogl, M. B. Wise



Worm et al.,

Less complete
arXiv:1506.03116 Dipole Top-down
Interactions
“Sketches of models™ More
complete

Drark Matter
Effective Field Theories

Bottom-up

Minimal
Supersymmetric
Standard Model

Simplified
Drark Matter
Models

Contact
Interactions

Complete
Dhark Matter
Models

Higgs
Portal

Universal

Extra
> DM EFT: > DM simplified model: Dimensions
only keep DM particle, keep DM and one mediator
integrate out the rest (the lightest)
Zy %3 ., Z3 ’

10TeV | 1 10TeV §
1TeV + 1TeV —

th,Z, W th, Z,W

W0CeV + ——  y 100GeV { —— vy
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Dark matter model with two mediators

> 6 independent parameters:

particle masses coupling constants
DM mass m, dark-sector coupling g, OF ¥y ) . . . .
Z’ mass mz: quark-Z’ coupling Og = A combination of different simplified models:
dark Higgs mass m; Higgs mixing angle 7]
gq > sing gg ~siné sin@ > gq
M M Spin-1 mediator Spin-0 mediator with
s z simplified model spin-1 terminator
Mz =~ Ms Two-mediator model
Mo > m Spin-1 mediator with S5pin-0 mediator
z = spin-0 terminator simplified model
DM Dark terminator
Dark terminator
new final state for
DM annihilation
DM Dark terminator —
Michaedl Duerr | DM models with teo mediators | 12 December 2016 | page 11 E‘gj\ﬁ
oY
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Two mediators: results

My=100GeV

My=500GeV

sizeable gq and sin @:

for my = 100 GeV, only small

regions close to the resonances
remain viable

for my = 500 GeV, larger regions

are allowed because s or Z° can
be terminators without being
strongly constrained

secluded from the SM:

region with Mg+, Ms > My is
tightly constrained because
annihilations into SM final states
cannot reproduce the relic
abundance with perturbative
couplings

for mz+, ms < my, annihilation
into dark terminators typically
dominates

experimental constraints can be
suppressed since gg and & can
be small — difficult to probe

fior small masses, set-up can still
be probed by indirect detection

»
Michaal Duerr | DM models with taro mediators | 12 December 2016 | page 15 fif:;__Es"; |
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Phenomenology of flavoured dark matter

MU Programmtag 2016, Mainz
Monika Blanke, Simon Kast | Dez 12, 2016

KARLSRUHE INSTITUTE OF TECHNOLOGY

KIT - The Resoarch Univarsity in the Halmholtz Association
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The Flavour Gate to Dark Matter AN {]]

Assume an analogy to the SM fermions — dark flavour triplet y;.

Flavoured Dark Matter coupling to SM right-handed up-quark triplet:

Lnpint = —AjUrixj¢ + h.c.

Dark Minimal Flavour Violation

Flavour Symmetry
U(3)y x U(3)g x U(3)g x U(3),

is only broken by SM Yukawa couplings and the DM-quark coupling A;
(Dark Minimal Flavour Violation).

=- only DM mass splitting comes from RG running:

mj = mY(IL — '?}}.Jr)t — ];J;
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How to Detect Flavoured Dark Datter?

SM DM

S DM
collider searches

DM SM

DM SM
indirect detection / freeze-out

SM SM

DM

SM DM SM

precision flavour data

M DM

SM SM
direct detection



DM Bounds from Direct Detection Experiments ﬂ(“’
[LUX collaboration ’16] o —

m Many contributions to total ':, /|
WIMP-nucleon cross section, only as| ,
B . . . || I:I'I,|d|=55|:|'[;l_'"¢". |:|'|.x=]ﬂl:l Gelr
Z-penguin with neutron is negative. 05| B0 GEV, <300 GeV
=- saves the day 04! B mg=B50 GV, my =540 GeV
m Tree level and neutron Z-penguin have 03|
to nearly cancel each other. 02

—- serious constraints on ©43 :
05 1.0 15 20

m For too large couplings the cancellation Figure : Valid mixing angle ©13 vs Dy, 3.

is no longer possible — excluded.
m Top-flavoured DM is the natural choice.

Xt u
T
¢! -

Xt u

Figure : Cancellation of tree-level and neutron Z-penguin contributions (symbolic).
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Conclusion and Outlook -ﬂ(“:

m All kinds of different constraints — multitude of effects and interesting
interplay.
m Especially interesting effect on mixing angle 13 due to DD and RA

constraints.

= Future measurements of direct detection experiments will test a
large part of the parameter space.

=- Ongoing Xenon experiments or experiments with other noble
gases well motivated.

m Simplified models are powerful tool to study diversity of constraints.

a Going beyond Minimal Flavour Violation is worth the effort.
— Dark Minimal Flavour Violation as guidance.
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