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Outline of the talk

1.!Introduction. Many types of dark matter [all good].
2.! Particle dark matter just below the WIMP window (~ MeV DM).

3.1 Bosonic condensate dark matter.
4.! Search for macroscopic size dark matter with advanced Ligo.

5.1 Conclusions.



Big Questions in Physics

7 39/ DARK ENERGY

\23% DARK MATTER

! X

‘ 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

OMissing massO P what is it? !
New particle, new force, EBorh? How to bnd out? !

Challenges ?? Too many options for DM. In Odirect detectionO thel
extrapolations from kpc scale (~ 18 cm) down to 16cm scale. !



Simple classification of particle
DM models

At some early cosmological epoch of hot Universe, with temperatur
T >> DM mass, the abundance of these particles relative to a speci

SM (e.g. photons) was!

Normal: Sizable interaction rates ensure thermal equilibrium,N,,/N, =1.
Stability of particles on the scalg,; ... IS requiredFreeze-out calculation gives the
required annihilation cross section for DM -> SM of orderpbf, which points
towards weak scale. These &#VIPs. (asymmetric WIMPs are a variation.)!

Very small: Very tiny interaction rates (e.g. 3@couplings from WIMPs). Never in
thermal equilibrium. Populated by thermal leakage of SM belds with sub-Hubble
(freeze-in) or by decays of parent WIMP<5(favitinos sterile neutrinos, and other
OfeebleO creatures D call tsaper-WIMPs] !

Huge: Almost non-interacting light, me&V, particles with huge occupation number:
of lowest momentum states, e /N, ~10". OSuper-cool DMO. Must lb@sonic
Axions, or other very light scalar Pelds D call therper-cold DM. ! !

IMany reasonable optionSignatures can be completely different.



WIMP Olamp postO

Dark Matter

Leptons
electrons, muons,
taus, neutrinos
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles. and these interactions can be probed in several different wavs.
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New lampposts in DM searches

¥ WIMP dark matter outside of the “usual” mass range.
¥ Non-particle Dark Matter with precision measurements.

¥ Macroscopic dark matter (?)

With 50 orders of magnitude mass span just for particle DM, there ¢
be additional Owindows of opportunityO for DM searches



MeV-scale WIMP Dark Matter



Neutral OportalsO to the SM B an organizing
principle

Let us classifypossible connections between Dark sector and SM

H'H(AS +AS) Higgs-singlet scalar interactions

B, V. “Kinetic mixing” with additional U(1)” group

(becomes a specific example of J ' A extension)

LHN  neutrino Yukawa coupling, N — RH neutrino

Jui A, requires gauge invariance and anomaly cancellation

It 1s very likely that the observed neutrino masses indicate that
Nature may have used the LHN portal...

Dim>4
JAd,al, axionic portal

.......... k+l=n+44 ll. ) (1)

[ o . O med ()SI\I
mediation — \n .
kln }




OSimplified modelO for dark sector

(Okun OHoldom ,!)

! 1

L=2L Ao+ L a! 5FM#F;L# + imi! (A)2.
1 _ .
Lya="! Zij +" (18,0 eA) ! my)"
1 .
Lya =1 =(F,, )" +%#.(i$,! gA,)! m,]%

4

! : A B photond’ B Odark photonO,
: Y - an electrony - a DM state,
¢’ B a OdarkO charge

#

11 OEffectiveO charge of the Odark sectorO paiisc@ = e !
(if momentum scale g >n). At q < m, one can say that
particley has a non-vanishing EM charge radigs~ 6em,,”

|1 Dark photon can OcommunicateO interaction between SM an
dark matterit represents a simple example of BSM physics.



Search for dark photons, Snowmass study, 2013
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Dark photon models with mass undeg&V, and mixing angles ~ 10
represent a Owindow of opportunityO for the high-intensity experim
not least because of the tantalizing positive:4tje? correction to th1eo
muong - 2



L atest results: Al, Babar, NA48

Signature: ObumpO at invariant masseopairs = mg,
!
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Latest results by NA48 exclude the remainder of parameter space
relevant for g-2 discrepancy. !

Only more contrived options fonuong-2 explanation remain,
e.g. L, b L, or dark photongecaying o light dark matter. 11



Light DM D direct productlon/detectlon
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If WIMP dark matter is coupled to light mediators, the WIMP mass can
be much lighter than Lee-Weinberg range, (Boehm, Fayet)

1 1 K "
L O |D.x|* — mi|x|* — Z(VM--)2 + + ém%/(VM)2 — EVM-- P+ .

! 1

DM mediation .



Light WIMPs due to light mediators
direct production/detection

(Boehm,Fayet MP, Riz, VoloshinE) Light dark matter is not ruled ou
If one adds a light mediator. !

WIMP paradigm: " amin(v/c)! 1 pbn =$ #pu %0.25,

Electroweak mediators lead to the so-called Lee-Weinberg window,

| GZmz? for m- ' my,
- o(vic) & =$ few GeV<m. < few TeV
1/m? for m- ( my.

If instead the annihilation occurs via a force carrier with light mass,
can be as light as ~ MeV (and not ruled out by the CMB if it Is a sce

| X et

! € Y
! Y
13



Fixed target probes - Neutrino Beams

Proposed 1n Batell, MP, Ritz, 2009. Strongest constraints on MeV DM

y LY
L e
— I TC — U 'Vﬂ ]'/t+—>e+i/e'\’ﬂ > d(near) .
proton p+pn) —V —xx +etector v
beam ,77!' VA" gy NN'I*/V

We can use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic
beam. E.g.

12K MINOS MiniBooNE
30 GeV protons 120 GeV protons 8.9 GeV protons
(! ~5x1041 POT) 10%1 POT 1021 POT

280m to on- and off-  1km to (~27ton) 540m to (~650ton)
axis detectors segmented detector mineral oil detector



Light DM - trying to force the issue

!O"M// >WAA<
| v L V
\X q X!

Elastic scattering Elastic scattering Deep inelastic
on electrons on nucleons scattering

e e N N 9 Y
Same force that is responsible for depletion of ! to acceptable levels in

the early Universe will be responsible for it production at the collision
point and subsequent scattering in the detector.
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Comparison of Neutrino and light DM

Neutrinos: Light WIMPs:
Production Production

Strong scale o~ 100 mbn O~ Oyrong €
Detection Detection

Weak scale o~ G2E,,2 Larger than weak scale!

Signals ~ O, X Oyuection CaN be of comparable strength

production

The reason for “stronger-than-weak™ force for light dark matter comes
from the Lee-Weinberg argument. (The weak-scale force will be
iInsufficientin depleting WIMP DM abundance to observable levels if
mp< few GeV. Therefore, stronger-than-weak force and therefore

relatively light mediator i1s needed for sub-GeV WIMP dark matter). y



Prospects in improving sensitivity: protons

50 m

absorber Dirt Detector
8 GeV
protons
) decay X
T volume = >

| 540m |

MiniBoone has completed a long run in the beam dump mode, as
suggested 1n [arXiv:1211.2258]

By-passing Be target 1s crucial for reducing the background (R. van de
Water +...)

Timing 1s used (10 MeV dark matter propagates slower than neutrinos)

to further reduce backgrounds 7



Future big project: SHIP project at CERN

The SHIP experiment

SHip (as implemented in Geant4 )

Hidden Sector
decay volume

Spectrometer
-, Particle ID

Target/

hadron absorbe v, detector

ctive muon shield

See e.gA. Golutvin presentation, CERISHIP symposium, 2015!

18



Future?? SHIP proposal at CERN

The sensitivity of SHiP tau neutrino detector to light DM
scattering (400 GeV beam dump; >10%" protons on target)

10'2
Dark photon
mediator,
mpy =200 MeV
(Figure by v 109

P. deNiverville)

— Jly-invisible

—— Relic Density

04 1 | 4

The sensitivity of SHiP tau neutrino detector to light mediatorswill be,
improved.




Compilation of current constraints on dark
photons decaying to light DM

A' - invisible #n, = 1 MeV§ A'# invisible #mg %10 MeV$
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The sensitivity of electron beam dump experimetitdight DM is
investigated in [zaguirre, Krnjaic, Schuster, Toro 2013; Surujon et al. .
New collaboration, BDX 20



How to improve on the LSND constraints
Eder Izaguirre and Gordan Krnjaic, 2014, 2015

Borexino, Kamland,
SNO+, Superk,
Hyper-K (?) ...

LUNA, DIANA....,
1 e-linac for
calibration.

New accelerator ?

21




Three schemes to search for light DM

1.! Proton beam dump, large neutrino detector, near surface, 0.5 km

5 protons “Miniboone” scheme

_ —

—

2. Electron beam dump, small-ish detector, very near beam dump

w electrons
“BDX scheme”

— | >. 1]

3.1 Electron beam dump, huge detector,
deep undergroundrery near

beam dump
Electrons(protoig

‘DM-SK”

22




Sensitivity to light DM

ScalarThermalRelic DM

~

1
o
]

| BaBar

One will significantly advance sensitivity to light DM in the sub-100

MeV mass range. Assuming 10%* 100 MeV electrons on target
23

[zaguirre, Krnjaic, MP, 1507.02681, PRD



Super-cool Dark Matter from misalignment

SubeVmass ranges b has to be non-thermal.

¥ QCD axion (1981- onwards).

¥ Scalar DM through the super-renormalizable Higgs portal (P1azza,
MP, 2010) Also, pointed out dark photon DM possibility.

¥ Nelson, Scholtz (2011); Arias et al (2012); Jaeckel, Redondo,
(2013); ... J Mardon et al, (2014).

¥ Most models are subject to uncertainty related to the “initial
displacement” of the field from minimum (and possible isocurvature
perturbation constraints.)

¥ Sad part: for non-QCDaxionmodels, signals are not guaranteed,
because nothing requires this DM to be coupled to the SM 24



Superweakly interacting Vector Dark Matter

L1,
L. — —1""“’/ ‘v

H

v F/,w + L"h’ + L"dim_‘::»—'l-

I'l Vectors are long-lived if my, <2 m,. V has to decay to 3 photon
via the light-by-light loop diagram:

9

17 a3’ m . ms
['= — ‘ﬂ ~ (—1 70 % 107° ) oo —‘.

2736533 mB ms
Tulyv_s, =1 = my ( (1")1‘ < 1keV .

The #background constraints are weak. (No monochromatic lines) .
Can be viable DM model: MP, Ritz, Voloshin; Redondo, Postma



vector DM absorption signal
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Large DM experiments can compete with stellar constraints and have
sensitivity to mixing angles down to kappa ~10-1°.

Many experiments now (Xenonl00, CDMS, Malbec, Xmas, Edelweiss,
CoGeNT, and soon LUX) report their sensitivity to the keV-scale
super-WIMPs
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Dark Photon dark matter in the sub- eV range

v =m,[2x
Hz kHz MHz GHz THz

-14 +

Resonant

=16 | LC oscillators < ‘___m_.ap,o‘;r,‘:"‘. a?’

=B al0 =1 el o S B AT RE s f =N =g od
log,, m,[eV]

¥ Misaligned photon dark matter, sub-eV range, from Chaudhuri et al,
2014.
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Scalar DM through super- renormalizable portal

¥ Piazza, MP, 2010: There is a unique portal in the SM

m?2 m?
vz—7hH H+#H H)?+AH H" +7¢"2.

¥ There 1s no runaway direction if 42 /m}? < 2\

¥ After integrating out the Higgs, the theory becomes very similar to
Brans-Dicke — but betterbecause of UV completeness our theory.

P h _ Av
--------:z;——;n—;a— Jhzx O xx = m—ﬁghxx
200— 500 MeV _
y OhNN = v ~ 0(1077)

¥ Main consequence of such model 1s a new scalar force mediated by
dark matter.



5t force from Dark Matter exchange

¥ The main observational consequence of this model: possibility to
have an observable 5% force (x= A/mass)

.. . . _ Ma Mg —maor
¥ For the traditional parametrization, V()= -G——(1+ axage 7).
we can derive the strength of coupling | = gy —p AV
My M3
(! the second bracket0.83) 2070 (o ) A
115 GeV 10-3eV
108 T T T T T T
¢ b S, REGION | o E
104 ™ . \‘ ¥% ~o Colorado | 108 \ o ]
5107 ] < i 107 ]
B N S 1078 XB,M 3
100 - Irvine _| -
— — 107 f13,14 3
102 - ‘L : 00 ]
10*4 Lol 0l |E?t;|vv|€|i|S|T 200|6| 10" i ! 160 ! 163 L 165 L 169 L 11012
0°  10° 10t 100 10 LIl
X [m]
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One can expect a “natural” 5" force from DM in 10 micron — 100 m range



Anomalous spin precession frequency

Easy to see if e.g. “Lorentz violation” searches are sensitive to ALPs
dark matter:
oua

L = ——"ny,sn
fo "

Let us saturate pp,, by oscillating a(t).
Let’s take the maximum allowed, from stellar constraints at 10° GeV.

Let us take the range of masses 10-'7to 10-1> eV where ¢.g. K-He3
magnetometers designed for LV searches are the most sensitive

The energy shift due to DM: &
AR = T4 U _ _1bvm U
Ja ¢ Ja ¢
10 GeV ( DM 1/2 ’U/C
— ' 33 ' ' '
=150 107ceV: —+ (O.BGchm—3> 107

Right at the edge of current sensitivity! Reanalysis of LV data can

constrain dark matter in this mass range. 30



Macroscopic size DM other than primordial
black holes

MP et al] 2012:Dereviankoand MP 2013!

|
Laser Interferometers as Dark Matter Detectors

|
"Evan D. Hall! Thomas Callistet,Valery V. Frolov? Holger Muller.2 Maxim Pospelov;® and Rana X Adhikati

To be submitted
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Extended field configurations of light
| fields

Take a simple scalar beld, give it a self-potential e.g) ¥&(¢?-v2)2. !

If at X = - InPnity,¢ = -v and at x = +inPnityy = +v, then a stable
domain wall will form in between, e.gp = vtani(x m,) with !

m, = $/2y!

The characteristic OspanO of this object, d 5 afmd it Is carrying
energy per area ~Ad ~ v m, Network of such topologicakfects
(TD) can give contributions to dark matter/dark energy.!

0D object B ¢onopole (also a Q-ball) Energy
. proble

1D object b &tring E E

2D object B ®omain wall d~1/m,



Transient signals from macroscopic DM

Regardless of precise nature of TD-SM particles interaction it is cle:
that !

1.! Unlike the case of WIMPs @xions most of the time with TD DM
there is no DM objects around B and only occasionally they pas
through. Therefore the DM signal will [by construction]rheisient
and its duration given by ~ size/velocity.!

2.! If the S/N is not large, then there can be a benebt from a netwot
detectors, or co-located detectors searching for a correlated in ti
signal.!

3. There will be a plenty of the constraints on any model of such ty
with SM-TD interaction, because of additional forces, energy los
mechanismetcthat the additional light Pelds will provide. !

33



Simulation of sensitivity to  grav interaction
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A passage of 0-dim objects (e.g. “monopoles”) gives a disturbance
signal with characteristic w ~ v/L ~ 100 Hz (a good range for Ligo!).
Average energy density 1s fixed to galactic ppy,.

A few orders of magnitude short from being able to detect
gravitational-size interaction with macroscopic DM
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Sensitivity to new Yukawa interaction

¥ A non-gravitational interaction between DM and SM could be
parametrizedy a Yukawa force,!

¥ Vatoml-atomz: ) GN mym; Ir (1 +(y§ ? Exp[-r/$] ) |
¥ VatomDM GN Mator{Mpm Ir (1 +(y§M(yBM Exp[ r/$] ) |

¥ From the % force measurements we will know that the extra SM
couplings are smalfg,,>< 10°. In contrast, the coupling to the da
sector can be largégp,, >>1 Iif the range of the force is much smalle
than the galactic size (e §~ few km).!

% &
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Sensitivity to Ocat-sizeO DM
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FIG. 2. {color online). Event rate »(1) for non-SM mnteractions i 2 single Advanced LIGO detector, as a function of coupling g = dgydpy and

screening length A

One could have good sensitivity to extra force
between DM-SM, that is not constrained by other
means. !

Best sensitivity to O(1kg) range. !
Simulation by Adhikari, Callister Frolov, Hall!

(picture byVasyal.ozhkin)!
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Conclusions

1.! Dark matter takes 25% of the Universe’s energy budget. Its identity
1s not known. Many theoretical possibilities for the CDM exist:
WIMPs, super-WIMPs, super-cold DM

2.!1*It Is important to cast as wide an experimental net as possible*,
we continue our investments in WIMP searches

3.1 New signals of MeV dark matter can be investigated in the beam
dump experiments from production and scattering.

4.! Analysis of precision physics data (“Lorentz violation” searches, 5
force searches) may reveal the presence of new states.

5.1 Altogether different possibilitynacroscopic dark matter inducing
transient signal. Advanced Ligo will have strong sensitivity.
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