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Conventional
direct sensitivity
to halo DM with
v~10- drops for
m<0O(GeV), due
to recoil energy
thresholds.

WIMP (thermal relic) DM
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- [Billard et al '13]
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For sub-GeV DM: me < mpm < mhad, @ (high intensity)
relativistic beam can be used to detect scattering.
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WIMP—nucleon cross section [pb]
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Philosophy - Neutrinos and Dark Matter...

= maybe dark matter is more like the CvB...

* neutrinos are a (small) component of dark matter
 very abundant ~ O(100/cm?)
e very hard to see via direct detection, since KE~104 eV

{YSICAL REVIEW D VOLUME 30, NUMBER 11 1 DECEMBER 1984

Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky
Max-Planck-Institut fiir Physik und Astrophysik, Werner-Heisenberg-Institut fur Physik,
Munich, Federal Republic of Germany

IYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

- Mark W. Goodman and Edward Witten

Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak

—cth ard —»oepc 110 GeV- or strongly interacting particles of massee ! 1011 =
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Light (thermal relic) DM

The Lee-Weinberg bound (WIMP mass = few GeV) applies
if annihilation in the early universe is via SM forces.

2
my
: DM
Tann X A

““Tmediator

= viable thermal relic density for a sub-GeV WIMP requires new annihilation

channels through light states, i.e. light DM as part of a hidden sector.
[Boehm et al '03, Fayet '04,'06; Pospelov, AR, Voloshin '07; Hooper & Zurek '08]

DM Annihilation
Ea

Standard Model Light mediators Hidden Sector
>

DM Production!
o> by inversion, light mediators allow direct production of DM at low energy!

(particularly if Mmediator > 2 Mpwm)
Br(mediator — DM) ~ 1
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EFT for a (neutral) hidden sector

mediators
Standard Model > Hidden Sector

(SM) ~(med)

, oM o _, /1
L= Z Am ~ ();mrfufs + C) (A)
n=k+I[l—4

Generic interactions are irrelevant (dimension > 4), but there are three
UV-complete relevant or marginal “portals” to a neutral hidden sector

[Okun; Holdom;
Foot et al]

- K L/
e Vector portal: [ = —;B’” Viw

e Higgs portal: £ = —HTH(AS + AS?) [Patt & Wilczek]

e Neutrino portal: £ = —}‘}"'E,-,HNj

Many more UV-sensitive interactions at dim = 5 (e.g. axions)
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(Minimal) Vector portal DM model

mediators
Standard Model €t—> Hidden Sector

C 77‘7‘2 K

JLv 9

1 . . .
e T Al Enq V“ + \Df,x\‘z — miyv|x|? +

(scalar or pseudo-Dirac,
to avoid CMB limits)

2 -_, L
Emt. — —K¢ "ﬂ ](1111 U

A - couples to the SM via the DM candidate, coupled

EM current through U(1)’, with “fine
structure constant” o’

e Allows viable sub-GeV thermal relic DM candidates [Boehm et al ‘03, Fayet
'04,'06:; Pospelov, AR, Voloshin '07; Hooper & Zurek '08]

e For mpm < my, the correct relic density fixes a specific relation between
{k, a’, mv, mpm}

(NB: notation k = € on some slides)
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Probing the vector portal

(vector)
mediators

Standard Model .<—>. Hidden Sector

9 DM Models

Experimental probes /

e rare (invisible) decays/missing E
- e.g. collider production plus missing
energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- E}gdizltligsr;flijsiSr?ee;tonic  anomalous NC-like scattering
, N o - e.g. fixed target production plus
A decays, O(k<) x Br(SM) anomalous NC-like scattering,
O(k? x K2a’)

(also astrophysics & cosmology)
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Fixed target probes - Neutrino Beams

Proton Beam larget Charged Mesons Neutrino Beam Detector

e, K°

Basic idea: use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic beam.

—

Proton Beam Target Intermediate States Dark Matter Beam Detector

[Batell et al '09, deNiverville et al '11]
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Fixed target -

Unnormalized production
rate at e.g. MiniBooNE
(vector mediator)

100

* NB: some components
of production model
can be validated with
data, but not all...

—

Proton Beam Target

Intermediate States

DM production

[deNiverville et al '16]

P,Ww
_brem

\

Important on-axis

0.2 0.4 0.6 0.8

Dark Matter Beam Detector
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DM Production - 11, n distributions

04

BMPT (400 GeV) Distribution on Tungsten

400 GeV H

£ [Bonesini et al '01]

» Rate for 1°,n given by averaging
rates for m*,

» calibrated for thin targets, so will
broaden for an absorber

e charged mesons are magnetically
focused, and neutrino energy
spectrum has a lower peak

[deNiverville et al '12, "16] 11
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PR

rod

~

LAy

400 GeV

* Rate for % n given by averaging

rates for ",

* calibrated for thin targets, so will
broaden for an absorber

* charged mesons are magnetically

focused, and neutrino energy
Spectrum has a lower peak
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Characteristic DM (in)elastic scattering signatures
X X X X

> > > >

V

N

Mimics scattering of neutrinos, which provide dominant background12
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Neutrino backgrounds...

Neutrino elastic scattering provides a large background at all v-beam
facilities with a decay volume after the target, e.g. at MiniBooNE

Events/(12 MeV)

[ Data with total error
Total MC
Neutral current elastic
+ NCE-like backgrounds
Dirt backgrounds
= Other backgrounds

~10° -10° scattering
events, with neutral
current cross-sections
measured to O(18%)
[MiniBooNE '10]

= Counting experiments are not enough...
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Neutrino backgrounds...

Ways to enhance S/B...

* Run as a “beam dump”
— steer beam past target and into absorber. This removes decay
volume, cuts down neutrino background by a large factor (but
cannot run in “parasitic” mode, unless well off axis)

« Timing
— time delay (Y=10) = O(10ns), effective for higher mass
— possible at MiniBooNE, also very effective at a far detector
(e.g. T2K — SuperK)

» Energy cuts (especially if detector is off-axis)

— neutrino beam peaks at lower energy
— different scattering kinematics

« Scattering angle cuts
— forward angle cut (cos6 > 0.99) very effective for e-scattering

Multiple techniques are being tested in the current MiniBooNE analysis
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MiniBooNE beam dump

+ \— ) Flux Ratio: DM-mode / Std v-mode

- removal of decay volume
for charged mesons reduces
neutrino background by
factor of ~50

WIMP Time of Flight

50 m dump

50 m decay pipe P 490 m = 1633 nsecatc

8 GeV_oum
protons

Resistive Wall Monitor (RMS)

&
<
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MiniBooNE beam dump

Optimized use of neutrino facility in beam dump mode, aligning
beam off-target to minimize the neutrino background
~2x102° POT approved at FNAL Booster

Target Decay Pipe Beam Dump MiniBooNE Detector

P =

Be .
) Air

[Batell et al '09, 14, deNiverville et al 11, '12 16, + MiniBooNE '12]
[see also Dobrescu et al '15, |zaguirre et al 17 ]
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MiniBooNE beam dump

Optimized use of neutrino facility in beam dump mode, aligning
beam off-target to minimize the neutrino background

Target D " T FT 2 = Detector

] p
10 F  XENON10 .~ Direct
Y8 I . Detection
- . ‘ Nucleon
p ‘

m,=3m ,a, =05

- MB 90% CL
MB 90% Sensitivity
+ 1o

+20

| m, (GeV)
[MiniBooNE 2017] '

T — T —
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MiniBooNE - further scattering channels
[deNiverville et al 11, 12,

my=3my a'=0. POT=2x107" Nx-Nyrt’ my=3my POT=2x10""

1078
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Sample event rates - T2K

POT=5x107" my POT=5x10%"

107k =" 2 ! . 7 7
LSND/E137 /.~ 7 CRESST Il

NEWS

—— Direct Detection
10 2 10"
m,(GeV) m,(GeV)

ND280 - POD Superk

(very low background with timing cut)
19
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Future facilities
SBND @ FNAL [deNiverville et al '16; Van de Water, Cosmic Visions '17]

_SBND-;I“ - SBND-Electron

ax-say POT=2x1(

ot

3
k-]
W

Y=

107’

107
m,(GeV)

m,(GeV)

An optimized setup with a 110 ton LArTPC at ~100m from the absorber
on the Booster beamline

20
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Future facilities
COHERENT (SNS)

[see also talk by L. Strigari]

Cs/ly-Csllx m,=5 MeV

1072
[COHERENT '16]

Csl delayed (20 m, 14kg)
Csl prompt
Ge delayed (22 m, 15kg)
Ge prompt
LXe delayed (29 m, 100kg)
L.Xe prompt

COHERENT Csl
—— LSND

E137

BaBar

K =" +invisible

|

Il L 1 1 1
10 20 30 40 50 60
recoil energy keVnr

—— Electron/Muon g-2

— J/y=invisible
-~ Relic Density
1071 1

my(GeV) Recoll energy cut limits

o neutrino background
Includes V-production via pion capture: m+p —-n+V g

[deNiverville et al 15]
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Future facilities
SHiP (LArTPC at 100m)

COHERENT (SNS)

Csllx-Cs/ly m,=5 MeV POT=10% my=3m =05 POT=2x10
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Includes V-production via pion capture: m +p —n+V [deNiverville et al *16]
deNiverville et al "15] ,
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Future reach in e/p channels (scattering + missing E/mtm...)

7

Scalar Elastic DM (Kinetic Mixing)

'
’

&
&
3

_—

Event rate ~ g4 for

missing E/mtm vs

e for scattering
Monophoton

Missing Mtm

10 10}
m, [MeV]

[See also talk by E. Izaguirre]
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Complementarity with direct detection

Also multiple proposals to extend low-mass direct detection reach using
nucleon and electron scattering

Thermal Relic Targets & Current Constraints

MinilsoaNL

D

-
£
=
g
£
-
-~
=
W
|
>

Inelastic Scalar

i s Tl m, [MeV]

(Pseudo)Dirac Fermion

Couplings vs mass targets more tightly spaced
10 102 : when probed by relativistic beams
}FID_\l(MC\")

24
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Concluding Remarks

Light DM at the Luminosity frontier

e Light sub-GeV thermal relic DM is difficult to probe using conventional
direct detection.
- provides benchmark models to test within a broader exploration of the
relevant/marginal “portal” operators (hidden sector)

Bu/V*, (AS+AS*)H'H, YNLHN.

* Discussed a detection strategy by searching for deviations in NC (or
NCQE) scattering at fixed-target neutrino facilities.
- MiniBooNE elastic scattering analysis complete, other channels in
progress, utilizing various techniques to improve S/B (removal of decay
volume, kinematic cuts)

- public code: https:/github.com/pgdeniverville/BANMC/releases

* More model-independently, these searches are for anomalous NC/CC
ratios in scattering, distinct from NSI that impact oscillations.
- Discovery potential (beyond setting limits) provides further motivation for
improving calculational precision in production modes, and neutrino
scattering (particularly if searches are carried out parasitically)
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