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WIMP (thermal relic) DM
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For sub-GeV DM: me < mpm < Mhad, @ (high intensity)
relativistic beam can be used to detect scattering.



Light (thermal relic) DM

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

M4

mediator

= 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.

Standard Model < > Hidden Sector
Light mediators |



Light (thermal relic) DM

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

M4

mediator

= 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.

DM Annihilation

<
> .

DM Production!

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

(particularly if Mmediator > 2 Mpm)
Br(mediator — DM) ~ 1



Philosophy - Neutrinos and Dark Matter...

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

* neutrinos are a (small) component of dark matter
e very abundant ~ O(100/cm?3)
e very hard to see via direct detection, since KE~10-4 eV

w BUT muon neutrinos were discovered via hadronic
production in meson decays (large rate!), and observing
the (weak) scattering of the relativistic neutrino beam

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,T and J. Steinbergert

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)




EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
O(SM) O(med) 1
L= Z . Anl ~ Oportals + 0 (A)

n=k-+[—4

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

_ K [Okun; Holdom;
/ e Vector portal: [ = —§BW/VMV Foot et al]

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

benchmark e Neutrino portal: £ = YYL,HN,
light WIMP N IS sterile
DM models neutrinos

Many more UV-sensitive interactions at dim = 5 (e.g. axions)



(Minimal) Vector portal DM model

mediators
Standard Model «—> Hidden Sector
| R % 1 5 5 2 2 2
£ — _ZV'L“/ — 5 ’u,/F — §mVVM -+ ’D,UX‘ — mDM]X\ + .-

¢ ¢

A’ - couples to the SM via the
EM current

DM candidate, coupled
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
{x, &', My, Mpm} [Pospelov, AR & Voloshin '07]

(NB: notation k = € for some later plots)



Probing the vector portal

mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

e rare (invisible) decays

* precision corrections - e.g. collider production plus
- e.g. lepton g-2 missing energy in decays,
O(k?) x Br(Hid)
e rare (visible) decays
- e.g. collider/fixed target * Anomalous NC-like
production plus e.g. leptonic scattering

A decays, O(k?) x Br(SM) - e.g. FT production plus

scattering, O(k? x k2Q’)

(also astrophysics & cosmology) 8



Fixed target probes - Neutrino Beams
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Proton Beam Target Charged Mesons Neutrino Beam Detector

7t K+

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



Fixed target probes - Neutrino Beams

p+N - X+7n5 K+ 75 KF 5 yu®
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Neutrino Beam

N

Detector

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

m—)

Proton Beam Target

p+N—=V*— xx
p,w,p —V — xx
0, n,n =4V = yxX

Intermediate States

Dark Matter Beam

Detector
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Fixed target - DM production

[deNiverville et al, to appear]

: : "0 B B
Unnormalized production m 0,W

rate at e.g. MiniBooNE 109
(vector mediator)

 NB: some components
of production model

can be validated with 0.01 | |
data, but not all... ' important on-axis
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DM Production - 11, n distributions

Burman-Smith (800 MeV) Distribution
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» Rate for 1%,n given by averaging
rates for ",

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

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

Characteristic DM (in)elastic scattering signatures
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Mimics scattering of neutrinos, which provide dominant background13



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)
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TT1

=

1

= Data with total error
Total MC

————— Neutral current elastic

---------------- NCE-like backgrounds

~ 5 _ 6 i
-------- Dirt backgrounds 10°-10 lscatterlng
i Other backgrounds events, with neutral
current cross-sections
measured to O(18%)

[MiniBooNE "10]
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w Counting experiments are not enough...
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Neutrino backgrounds...

However, there are 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)

e 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 (cosB > 0.99) very effective for e-scattering

Multiple techniques are being tested in the current MiniBooNE analysis



MiniBooNE beam dump

flux ratio: DM-mode / std v-mode

(v, + V) Flux Ratio: DM-mode / Std v-mode

- removal of decay volume
for charged mesons reduces
neutrino background by
factor of ~70

-
=t

-
<
(5]

50 m dump
50 m decay pipe < 490 m = 1633 nsecatc >
8 GeV ) WIMPs can travel slower than c .
protons
Resistive Wall Monitor (RMS) |
[
< >

Coax Cable delivers RMS timing signal to detector where it is recorded
16



Experimental Facilities

LSND

— 800 MeV, 1023 POT, off-axis detector at 30m (no decay
volume, so effectively a beam dump)

MiniBooNE (absorber)

— 9 GeV, 2x1020 PQOT, 650 ton on-axis detector at 450m
e T2K — [talk by A. Missert]

— 30 GeV beam, 102" POT, 2° off-axis detectors,
- near (~2ton, 280m), far (~50 kton, Super-K)
(also CHARM, MINOS,...)

Future —» [talk by K. Scholberg]

— COHERENT @ SNS (1 GeV, 1023 POT/yr, 90° off-axis at 20m)
— SHiP (400 GeV, 10%° POT, ~10 ton LArTPC on-axis at ~100m)

—MicroBooNE & NOVA \ [talk by E. Graverini]
— LBNF/DUNE,...

17



Sample event rates - MiniBooNE

Nx->Nx
1072
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MiniBooNE
—— LSND
E137
—— BaBar
—— K*> 71t +invisible
—— Electron/Muon g-2
— J/y-invisible
........ Relic Density

[Batell et al ’14, deNiverville et al, to appear]

POT=2x10%
1072

1073

my(GeV)

Nx->Nx® m,=10 MeV a'=0.1 POT=2x10%

A

MiniBooNE

LSND

E137

BaBar ]
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Electron/Muon g-2
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Relic Density

my(GeV)

Green contours show 1, 10, 1000 events
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Sample event rates - MiniBooNE

[Batell et al ’14, deNiverville et al, to appear]

Nx-Nx m,=10 MeV a'=0.1 POT=2x10%° ex—ex m,=10 MeV a'=0.1 POT=2x10%

1072 1072

1073 107°
w w
MiniBooNE ' I 0 | L MiniBooNE
i —— LSND / —— LSND
! E137 E137
1074 ——— BaBar . 1074 —— BaBar 1
i —— K*->r+invisible ] Lo —— K*->r+invisible
4 L L :'
—— Electron/Muon g-2 ] f —— Electron/Muon g-2
—— Jly-invisible : : —— Jly-invisible
-------- Relic Density - Relic Density
107" 1 107" 1
my(GeV) my(GeV)

Green contours show 1, 10, 1000 events
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Sample event rates - COHERENT (SNS)

Cs/lx=Cs/lx m,=5 MeV a'=0.1 POT=10% [deNiverville et al "19]
107

1073

Includes production
via pion capture:
m+p—-n+V

----- COHERENT Csl
—— LSND

E137
——— BaBar
L —— K*srrt+invisible
v —— Electron/Muon g-2

—— J/y-invisible

-------- Relic Density

10—5““"‘”\" ‘ L ‘ L
1072 107t 1

m\/(GeV)
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Sample event rates - T2K

[deNiverville et al, to appear]

Nx->Nx® m,=10 MeV a'=0.1 POT=5x10?" Nx->Nx m,=100 MeV a'=0.1 POT=5x10?"
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w | w
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ND280 - POD SuperK
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Sample event rates - SHIP

10_4:*

107°

ex—ex

m, =200 MeV a'=0.1

POT=2x10%

BaBar
K*>mt+invisible

Electron/Muon g-2 |

J/y-invisible
Relic Density

[deNiverville et al, to appear]

LArTPC at 100m (rates
assume only 2.5tons)

>

>

Electron Energy
€ [2,20] GeV.

Electron Scattering
Angle € [10,20] mrad.

~ 300 background
events expected in this
energy and angular

range. w. Bonivento]
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Sample event rates - SHIP

[deNiverville et al, to appear]

ex-ex my=200 MeV =0.1 POT=2x10%" ex>ex | my=1GeV @=0.1 POT=2x10%

—— K*>r*+invisible ]
— Electron/Muon g-2 |
— J/y-invisible

........ Relic Density

108
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Concluding Remarks

Light DM at the Luminosity frontier

¢ |ight 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)

B, V*, (AS+ASHH'H, YyLHN,

e Discussed a detection strategy by searching for deviations in NC (or
NCQE) scattering at fixed-target neutrino facilities.
- MiniBooNE analysis nearly complete (results expected spring 2016),
utilizing various techniques to improve S/B (removal of decay volume,
kinematic cuts)

¢ 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 carried out parasitically)

24



Extra slides
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MiniBooNE beam dump - timing

Events

1800
1600 — data (minus strobe & dirt) with stat. error
— total MC (correct WS)
— NC signal

1400
1200
1000
800
600
400
200

— dirt —+
robe

— st

0 2 4 6 % 10 12 14 16 18 20
Bunch time (ns)

WIMP Mass (MeV)

200 -

—
N
(=}

—_
[=3
S

50+

Time Delay (nsec)

e Travel time from 50m absorber to detector is 1633ns at v=c.

* Absolute beam-detector event timing known to ~ 1.8ns

* For higher mass WIMPs, with v<c, a timing cut can be used to
further reduce the neutrino background

Timing cut (nsec)

Background Reduction (%)

WIMP Velocity 3

WIMP Mass (MeV)

3.0 90 0.9984 85
4.6 99 0.9974 108
5.9 99.9 0.9967 122




Number of events

DM @ T2K/SK using timing

[T2K 14, analysis of NCQE events]
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Alternative - use timing in
combination with a
sufficiently large far-
detector, possible at T2K
due to the size of Super-K

- Signal rate is down by O(1072).
But, using the beam timing
structure + long travel distance,
the search for out-of-time events
has almost zero background!

[T2K, in progress]
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MiniBooNE beam dump - Nx scattering

lll'lllllll

— DM pred. M =100MeV k= 0.02

— DM_pred, M, =100MeV k=001

— DM pred. M =10MeV k= 0.01
B "‘-A-Cl";«.t‘q
0 5 A Il 2 4 l 4 L A4 l a4 L L l 2 AL A l ‘ 'I‘ ; l' i .:-"TIL;‘I.‘:."-TP.-
0 100 200 300 400 500 600

Reconstructed nucleon energy(MeV)

- background reduction using
scattering kinematics

Neutrino backgrounds and signal significance in g-2 band

0.35 x 10%POT | 0.35 x 10°POT | 1.75 x 10°POT | 1.75 x 10*°POT
Event Type In-Time Out-Time In-Time Out-Time

Data - - - -

NCE 54.9 10.9 274.6 54.7

Dirt 7.1 4.7 35.9 23.9

Cosmic 43.3 28.8 216.6 143.9

Total Background | 105.54+10.3+6.7 | 444+ 6.7+ 1.5 | 527.1 £23.0 £ 25.3 | 222.5 +14.9 +6.2
Dark Matter Signal 67 45 275 221
Signal Significance 5.40 6.50 8.00 13.70
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NuMI/LBNF off-axis kinematics
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Recent study for ~100 GeV
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S
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beam, using parton-level DM

production via baryonic vector

mediator [Coloma et al “15]
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NB: MiniBooNE/MicroBooNE
are ~6° off-axis wrt NuMI target
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MiniBooNE beam dump - ex scattering

NEvents

- N N w w H
n o L5 o L o
III|III

-
o

5

_llIlllllllllllllllllllll Ll L
8.9 091 092 093 0.94 095 0.96

é_black: total neutrino MC
= green: ey elastic scattering

| |

—

| |y

P I oreromromre (RN
0.97 098 099 1

cos(theta)

- Use of electron scattering
allows the neutrino background

to be further reduced (98%)
with a forward angle cut

estimated neutrino backgrounds and 90% CL upper limits

POT | Beam Configuration | 25m Absorber | 25m Absorber | 50m Absorber | 50m Absorber
(x10%9) v-Background 90% U.L. v-Background 90% U.L.

10.1 v beam on target 31 8.6

6.5 v beam on target 41 10.3

6.5 beam off target 0.45 2.75 0.90 3.20

4.0 beam off target 0.30 2.60 0.60 2.90

2.0 beam off target 0.15 2.45 0.30 2.60

1.0 beam off target 0.08 2.38 0.15 2.45
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Constraints on (minimal) sub-GeV thermal relic DM

Classes of sub-GeV (thermal relic) DM models (Mmed > 2mMpwm)

0 1 pb [Boehm et al '03;
2"DM b Fayet ‘04, 06
Qm <O‘U>f0 Pospelov, AR,
Voloshin '07;...]

. KR
 U(1) mediator O, = —§VWBW
- fermionic DM: s-wave annihilation, constrained by CMB
[Padmanabhan & Finkbeiner et al '05; Slatyer et al '08]

- scalar DM: p-wave annihilation, viable for small mixing k.

e Scalar mediator O3 = ASH'H

- fermionic DM: p-wave annihilation, so needs large mixing, in
tension with limits from B = K + Emiss. [Bird, Kowalewski & Pospelov '06]

- scalar DM: s-wave annihilation, also needs large mixing, in
tension with rare B-decays and the CMB.
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Parameter space - vector portal DM

Br(V — invisible)~1

1072
V-loop shift
helps resolve
X

muon g-2 —_—

discrepancy
[Pospelov '08]

— K*-sm*+invisible

10-3 [E949] — Electron/Muon g-2
— J/w-invisible

NB: many of — Monojet (CDF) BES)
these limits rely \ — Am; and EW fit
:)h” \I/ coupling to observed relic — n%y+invisible

e leptonic abundance — Relic Density
vector current... 104

1071 1
my(GeV)
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Current Sensitivity - Br(Hid)~O(1)

107!

1072

w 10-3E

104

[Batell, Essig, Surujon '14]
m, <0.5MeV,ap=0.1
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DM Production Channels

Production in proton fixed targets (e.g. MiniBooNE)
- vector portal -

o(cm?)
]0_313 p’w’cb — Total
_33 —-»‘_-r]\ | '\
] 0 _ ‘\\\ [ \“ II\ ’]
— \7 \ \ \
=35L_ \ . ) B \
n . -
| (aq
10 ’ | y
| Direct

— S ‘ E— my(GeV)
0.05 0.10 0.20 0.50 1.00

[9 GeV beam, Ge target]
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*“Minimal” sub-GeV DM models

mediators
Standard Model «—> Hidden Sector
| R % 1 5 5 2 2 2
L=—Vi =5V F" = omy Vi + 1Dpx|” — mpmlx|” + -

4W2U 2 U

L o DM candidate, coupled
Ling = —reVyJon through U(1)

Simple UV-incomplete generalization,
to isolate hadronic couplings

Vi D (kg™ q + rily*l)
q,! [Boehm et al '03;
. _ _ Fayet ‘04,’06;
Vector current: kg = exQq, k1 = exQr ol AR
Voloshin '07;...]
Baryonic current*; r, = g—B, k; = 0 [Recent analyses: Tulin ’14;
3 Dobrescu & Frugiuele '14]

(*)Anomalous, and requires additional heavy B-charged states



DM Production Channels

Production in proton fixed targets (e.g. MiniBooNE)
- baryonic portal -

o(cm?)
1026
10_28§ — Total
0
10_3(); -7
I 77'
10732 S w
5 — ¢
10-¥1 — Direct

s | s s s | | s s | s s s s | | mV(GeV)
0.05 0.10 0.20 0.50 1.00 2.00

[9 GeV beam, Ge target]
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1072

1073

1074}

Nx->Nx

Sample event rates - MiniBooNE

my=10 MeV

a'=0.1

g
-
-
-
-
e
'

POT=2x10%

[Batell et al ’14, deNiverville et al, to appear]

Nx—->Nx
1073

1074

k=0 POT=2x10%

my=10 MeV

MiniBooNE
————— —— LSND ----- MiniBooNE
-7
E137 10 P A —— K*->rrt+invisible
—— BaBar R S —— 1>y+invisible
—— K*->rm*+invisible I —— Monojet (CDF)
-8| i
—— Electron/Muon g-2 10 i —— Neutron Scattering
— J/y-invisible — J/y-invisible
-------- Relic Density I
“\1 . . L 10_9 “‘\_1 . . L
10 10 1
my(GeV) my(GeV)
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Sample event rates - COHERENT (SNS)

[deNiverville et al '15]

Cs/lx—~Csllx m, =5 MeV a'=0.1 POT=10% Cs/lx-Csl/lx m,=5 MeV k=0 POT=10%

10™
1078 107
/'/
rd
@ 11-6 <
x g 1077 A S COHERENT Csl
----- COHERENT Csl e
K *> 7t +invisible
—— LSND
A O y+invisible
107 E137 1107 o Monojet (CDF) |
] .~ —— Monojet
——— BaBar ] ]
P K * =77t +invisible —— Neutron Scattering |
’ . —— Electron/Muon g-2 1078 Jy-invisible E
Lo 4mas _
— J/y-invisibe ¢+ U 7 mE
N Relic Density
T T E T S
my,(GeV) my, (GeV)

Includes production via pion capture: m+p —->n+V
38



